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THE ADVANTAGES AND LIMITATIONS OF HUMAN LIVER MODELS
IN IN VITRO TOXICOLOGY STUDY

Abstract: This review collects and analyses information about modern liver models used in toxicological
studies from 2015 to January 2026. Currently, human liver models are increasingly being improved and
various approaches being explored, including the selection of different cell types and advanced cultivation
methods, to more accurately simulate the in vivo liver environment to replace animal models. These new
methods are increasing the complexity of in vitro systems. However, the complex liver models currently
available are not yet a complete replacement for animal models and does not have all the characteristics of
the liver. Since many models undergo phenotypic changes during prolonged cultivation, this limits their
suitability for long-term studies of repeated administration toxicity. Moreover, they have limited suitabil-
ity, lack of vascularization, labour demanding and expensive. However, compared to early 2D hepatocyte
cultures, these modern systems demonstrate significantly improved prediction accuracy and physiological
relevance. With continued development, it may be possible to create models capable of tracking the occur-
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rence, progression, and potential reversibility of liver drug toxicity.
Keywords: liver cells, HepG2, HepaRG, 2D culture, 3D culture, toxicology.

Introduction

The liver is the central organ for the metabolism
and transformation of xenobiotics and is therefore a
major focus of toxicological research. The toxico-
logical effect of drugs is one of the main reasons for
drug elimination during development (Guengerich,
2011). Moreover, proper liver models are also used
to study mechanism of action of different environ-
mental pollutions (Baratzhanova et al., 2025). This
highlights the need for reliable preclinical models ca-
pable of predicting hepatotoxicity. Although animal
models have traditionally been used to assess safety,
interspecies differences and ethical considerations
have stimulated the development of human-relevant
in vitro systems (Poh & Stanslas, 2024).

The use of human cell culture systems makes it
possible to study human metabolism and physiology,
which are difficult to accurately reproduce in in vivo
studies (Philippeos et al., 2012). Cell culture mimics
the reaction of target tissue cells in the human body
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in response to chemicals. However, there are impor-
tant differences between systems of whole organisms
and isolated cellular systems regarding the types and
complexity of toxic effects that can be measured. In
animal studies, toxicity assessment often focuses on
one or two critical endpoints that appear first when
the dose of a xenobiotic is increased. Although such
models provide valuable systemic information, they
may not reflect the full range of biological reactions
occurring in the body, and some effects may go un-
noticed during experimental observation. In contrast,
cell culture models allow the assessment of specific
cellular and molecular mechanisms of toxicity. Nev-
ertheless, the results obtained in vitro require care-
ful verification of compliance with the in vivo data
obtained in humans to confirm their physiological
significance.

In vitro systems are particularly advantageous
for screening purposes because localized toxicity can
be assessed more quickly under controlled exposure
conditions. In addition, cellular toxicity data can be
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compared with calculated in vivo exposure levels to
improve risk assessment. The other advantage of cell
culture models is the relative homogeneity of the cell
population, which reduces variability resulting from
genetic and environmental factors. This makes pos-
sible to manipulate genes and molecular pathways.
It allows generation of data with high reproducibility
and consistency, which cannot be guaranteed when
studying entire organ systems (Segeritz & Vallier,
2017).

Nowadays, significant progress has been made
in the development and application of cellular sys-
tems, which has led to the stability and functionality
of liver models. An important and main criteria for
evaluating liver models in fundamental or pharmaco-
logical studies is their ability to perform basic liver
functions and maintain appropriate metabolic path-
ways. As mentioned above, liver plays a central role
in the metabolism of endogenous substrates and ex-
ogenous compounds, the regulation of homeostasis
of amino acids, carbohydrates and lipids, the synthe-
sis of plasma proteins such as albumin and transfer-
rin, as well as in the activation of inflammatory and
immune responses after damage caused by diseases,
drugs or toxic effects (Zeilinger et al., 2016).

Hepatocytes are generally considered to be meta-
bolically adequate models for in vitro assessment of
hepatotoxicity. They are increasingly being used in
studies on xenobiotic toxicity, including genotoxic
effects (Guo et al., 2020). Over the past decades,
liver modelling has progressed from traditional two-
dimensional (2D) hepatocyte cultures to more ad-
vanced three-dimensional (3D) systems, including
spheroids, organoids, extracellular matrix 3D mod-
els, and organs on a chip. These models aim to more
accurately reproduce the structural and functional
complexity of the human liver. However, increasing
the complexity of the model does not always lead to
improved predictive characteristics, and cultivation
conditions, endpoints, and applications vary signifi-
cantly (Fukunaga & Takebe, 2025).

Given this rapid development of liver modelling
technologies and their growing role in toxicological
assessment, it is necessary to conduct a comprehen-
sive analysis of the available models and their ap-
plications. The purpose of this review study is to
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systematically examine existing in vitro human liver
models used in toxicology, summarize their advan-
tages and limitations, and identify gaps that need to
be addressed to increase their predictive value re-
garding the toxicity of xenobiotics to the liver.

Data collection method

This scoping review was conducted to map exist-
ing and new literature on hepatocyte models which
can be used in toxicology studies. A comprehen-
sive literature search was conducted through online
library sources in PubMed, Science Direct, Web of
Science from 2015 to January 2026. The specific
search criteria for Science Direct and Web of Science
was (“2D liver cells” OR “3D liver cells” OR “liver
cell” OR “HepG2” OR “HepaRG” OR “PHH liver
cell” OR “HuH-7 “) AND (“toxicology research” OR
“ drug discovery”). For PubMed search criteria was
(“Primary human hepatocytes” OR “HepG2” OR
“HepaRG” OR “HuH-7" OR “Fa2N-4") AND (toxi-
colog™ OR toxico™ OR “toxicity” OR “toxic effects”
OR “toxic response”). Key words such as “2D hepa-
tocyte models”, “3D hepatocyte models”, “toxicol-
ogy research on liver cells”, etc. were used.

Reference list of included studies was manually
screened to identify other relevant articles. Included
articles were describing or evaluating hepatocyte-
based models used in toxicology studies. Only stud-
ies published in English were included. The results
were summarized in a descriptive form. Hepatocyte
models were classified according to their structur-
al complexity (2D, 3D, organoids, etc). Research
trends, advantages, limitations, and gaps in the litera-
ture were summarized in Tables and Figures.

Results

The database search yielded 518 articles in Web
of Science and 4761 articles for Science Direct, and
1424 for PubMed. Search depending on liver cell
types was also performed and showed that among
three databases article concerning usage of HepG2 in
toxicological studies was predominant (Fig.1). After
removing duplicate, articles were screened by title
and abstract.
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Figure 1

Literature search results for human liver cell publications across three databases

(from January 2015 to January 2026)
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2D cultures

Primary human hepatocytes (PHH) isolated
from the liver have morphological and biochemical
characteristics that are most similar to the original
tissue (Segeritz & Vallier, 2017). Such cells are con-
sidered the gold standard for the creation of human-
appropriate models for the cultivation of liver cells in
vitro. They recreate the functionality of the liver as in
vivo, and provide fairly accurate results in pharmaco-
logical and toxicological studies in vitro. Also, these
cells allow analysing a wide range of genetic poly-
morphisms, since they are derived from an individual
donor. However, this fact also complicates model
standardization due to interindividual variability and
alterations induced during isolation procedure. In ad-
dition, the limited availability and complex logistical
requirements associated with PHH cells prevent their
large-scale application (Shulman & Nahmias, 2013;
Zeilinger et al., 2016). The characteristics of the do-
nor, including age, liver fat content and pre-existing
liver damage, as well as procedural factors such as
tissue conditions and transportation time, significant-
ly affect cell viability (Richert et al., 2004). Immedi-
ately after tissue extraction, hepatocytes become very
sensitive to ischemic damage and quickly lose their
viability. Regardless of preservation method there is
usually a significant decrease in the activity of en-
zymes that metabolize phase I and phase II drugs
(Godoy et al., 2013; Kammerer & Kiipper, 2018).
These disadvantages makes them also expensive to
use (Van den Hof et al., 2014).
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Several approaches have been proposed to over-
come the limited cell viability of PHH (Castell et al.,
20006). One such strategy involves cellular immortali-
sation. Immortalized cell lines are characterized by
their ability to proliferate indefinitely in vitro, over-
coming normal replicative senescence. This state is
usually achieved through genetic modifications such
as ectopic expression of telomerase reverse transcrip-
tase (hTERT) or introduction of viral oncogenes that
suppress key cell cycle regulators (e.g., pS3 and Rb),
or by culturing tissues derived from tumours.

Viral oncogene introduction. Transformed Hu-
man Liver Epithelial-2 cells (THLE-2), derived from
healthy human liver, were immortalized by the intro-
duction of the simian virus 40 large T antigen (SV40)
(Pfeifer et al., 1993). Yalda Soltanpour et al. in their
study analysed the expression of 96 representative
genes involved in drug absorption, distribution, me-
tabolism, and excretion of drugs (ADME) in THLE-2
cells. These genes encode various transporters, phase
I and II drug-metabolizing enzymes, and nuclear hor-
mone receptors (Table 1). During their study, it was
shown that the expression of most genes was absent
or at a low level, with the exception of some cyto-
chrome P450 (CYP) genes, CYP2C9 and CYP3A4
(Soltanpour et al., 2012).

Other human hepatocytes immortalised by trans-
fection with SV40 are Fa2N-4 cells. They were de-
rived from a 12-year-old female donor. These cells
show ability to induce CYP344, CYP2C9, CYP1A2,
UGTIA, and MDR1 mRNA in response to known in-
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ducers similar to PHH. Moreover, this induction also
can be noticed at the enzyme activity level (Mills et
al., 2004). Youdim et al. confirmed that Fa2N-4 cells
are suitable model for evaluation of P450 induction
using cocktail approach (Youdim et al., 2007). More-
over, they are easily available and can be grown in
culture as needed for experimental use, unlike freshly
isolated human hepatocytes, whose availability de-
pends on access to suitable donor liver tissue (Mills
et al., 2004). Hariparsad et al. showed that the ex-
pression of PXR and AhR is similar between Fa2N-
4 cells and human hepatocytes, but CAR and some
hepatic uptake transporters, the organic anion-trans-
porting polypeptides, were significantly reduced in
this cell line compared to primary cells (Hariparsad
et al., 2008).

Hepatocarcenoma cell lines. Considerable ef-
forts were made to develop reliable cell models of
human liver cells that would show a fairly accurate
prediction of results after exposure to genotoxic
chemicals for effective screening. As a result, several
models of human hepatocarcinoma cell cultures were
created, which are used in toxicological studies, like
HepG2 (Knasmiiller et al., 2004), HepaRG (Mandon
et al., 2019), HuH-7 (Nakabayashi et al., 1982), etc
(Table 1). Cells obtained from liver tumour tissue
have been widely used as models for toxicological
studies in vitro. These cell lines have good availabil-
ity, high ability to proliferate and stable metabolism.
However, the high potential for proliferation of these
cells usually leads to the loss of differentiated func-
tions. Because of this, for toxicological studies, it is
necessary to take into account the specific functional
characteristics of the cell lines (Zeilinger et al., 2016).

HepG?2 cell line, derived from hepatocellular car-
cinoma, was obtained from a 15-year-old Caucasian
male diagnosed with hepatoblastoma. This cell line
has been extensively characterised and retains a num-
ber of functional properties of normal hepatocytes
(Roe et al., 1993). HepG2 cells are cheap and easy
to cultivate, and over the years, a significant amount
of experimental data has been accumulated, allowing
for the creation of an extensive reference database
(Figure 1) (Misik et al., 2019). Moreover, HepG2
cells are less technically demanding than PHH and
demonstrate superior experimental reproducibility
(Ramirez et al., 2018). However, there have been still
some reports of showing interlaboratory variability,
as well as inconsistency in the reproducibility of ex-
periments with individual compounds (Waldherr et
al., 2018).

These cells express a wide range of CYP en-
zymes; However, both mRNA and protein levels are
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generally lower than those observed in normal hepa-
tocytes. In addition, they are also capable of perform-
ing second-phase metabolic reactions, including glu-
tathione conjugation as well as glucuronidation and
sulfation reactions (Donato et al., 2008). Notably,
HepG?2 cells exhibit relatively high levels of antioxi-
dant enzymes and intracellular glutathione compared
to many other human cell lines. Similar metabolic
responses to dioxin and dibenzofurans have been
reported in HepG2 and PHH (Dehn et al., 2005). In
addition, transcriptomic analysis showed that HepG2
cells exhibit increased expression of genes involved
in DNA, RNA, and protein metabolism, as well as
cell cycle-related processes compared to HepaRG
and PHH cells (Jennen et al., 2010).

HepG?2 cells have been shown to be suitable for
cytotoxicity screening by assessing reactive oxygen
species (ROS) formation, glutathione depletion, and
loss of membrane integrity (Schoonen et al., 2005).
In addition, comparable modulation of gene expres-
sion profiles was observed in both PHH and HepG2
cells after exposure to the hepatotoxic compound tro-
vafloxacin (Liguori et al., 2008). Magkoufopoulou et
al. further showed that the integration of transcrip-
tome analysis with the Ames test improves the predic-
tion of genotoxic potential in vitro (Magkoufopoulou
et al., 2012). Moreover, transcriptomic profiling of
HepG2 cells exposed to toxic substances allowed the
development of an in vitro screening test for phos-
pholipidosis (Sawada et al., 2005). Van den Hof et
al. applied gene expression analysis in HepG2 cells
to classify chemical compounds according to their
hepatotoxic properties (Van den Hof et al., 2014).

HepG?2 often used as well to study human Apo-
lipoprotein-B100 metabolism because they secretes
predominately higher density Apolipoprotein-B100
-containing particles and low density lipoproteins,
unlike normal human liver, which secretes Apolipo-
protein-B100 mainly associated with VLDL particles
(Meex et al., 2011). In the study of Meex et al., they
showed that HepG2 cells are more efficient in lipi-
dation of apoB100 than Huh-7 cells. Compared to
PHH, HepG?2 cells has defect in assembly of hepatic
VLDL. Tsai et al. showed that through inhibition of
the overactive ras-MEK-ERK pathway this defect
can be corrected (Tsai et al., 2007).

HepG2 cells also wildly used model to predict
mitochondrial dysfunction and hepatotoxicity (Berg-
er et al., 2016; Kamalian et al., 2015; Ramirez et al.,
2018; Stanley & Wolf, 2022). Unlike many mamma-
lian cells, HepG2 cells exhibit metabolic flexibility,
allowing them to switch between glycolysis and oxi-
dative phosphorylation to sustain proliferation, even
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under low-oxygen conditions. This capacity to rely
on glycolysis can render them less sensitive to mito-
chondrial toxicants (Marroquin et al., 2007). How-
ever, Kamalian et al. demonstrated that HepG2 cells
subjected to acute glucose deprivation become more
dependent on mitochondrial respiration and therefore
represent a suitable model for detecting mitochon-
drial toxicity. The combined assessment of ATP lev-
els and cytotoxicity in both metabolic states provides
a more comprehensive evaluation of the underlying
mechanisms of toxicity (Kamalian et al., 2015).
Huh-7 cells is a well-differentiated and charac-
terized in vitro model of hepatocellular carcinoma
(HCC) that is widely used in metabolic research. The
cell line was isolated in 1982 from 57-year-old man
with highly differentiated HCC and was proposed as
an alternative to PHH and HepG2 cells (Nakabayashi
et al., 1982). Huh-7 cells are often used to evaluate
the efficacy and metabolism of anticancer drugs that
affect the liver. For example, Huh-7 cells have prov-
en valuable for studying drug distribution in the liver
mediated by transporter proteins and for studying in-
teractions with proteins associated with multidrug re-
sistance (Jouan et al., 2016; Malinen et al., 2019). In
addition, Huh-7 cells have also been effectively used
in toxicity studies and are capable of bioactivating
certain compounds, including acetaminophen, which
leads to the formation of the hepatotoxic metabo-
lite N-acetyl-p-benzoquinone imine (Nelson et al.,
2015). Jouan et al. showed that Huh-7 cells exhibit
significant activity of the multidrug-resistant pro-
tein (MRP), which probably reflects the expression
of several liver MRPs, including MRP2. However,
these cells lack the functional activity of key uptake
transporters such as organic anion-transporting poly-
peptides, sodium-taurocholate co-transporting poly-
peptide, and organic cation transporter 1, as well as
tubular transporters including P-glycoprotein and
breast cancer resistance protein (Jouan et al., 2016).
Huh-7 cells have several distinctive features. In
particular, they are homozygous for the null CY-
P3AS5*3 null allele, indicating that the metabolism of
CYP3 substrates is mediated exclusively by CYP3A4
(Dorr et al., 2017). Another characteristic is that
Huh-7 cells secreted more Apolipoprotein-B100 than
HepG2 cells did, according to the mass data (normal-
ized to cell protein) (Meex et al., 2011). HuH-7 cells
are also highly susceptible to the hepatitis C virus
(HCV) which make them perfect model to study HCV
(Lohmann et al., 1999). However, genomic analyses
revealed significant chromosomal abnormalities in
Huh-7 cells, including changes affecting all chromo-
somes and extensive loss of heterozygosity covering
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approximately 55.3% of the genome, consistent with
the presence of numerous homozygous variants iden-
tified by sequencing (Kasai et al., 2018).

HepaRG cell line was derived from the liver tu-
mour of a patient with chronic hepatitis C and mac-
ronodular cirrhosis (Marion et al., 2010). In culture,
HepaRG cells typically differentiate into a mixed
population of hepatocyte-like cells and cholangio-
cyte-like cells (Aninat et al., 2006). These cells retain
the ability to express a wide range of liver-specific
genes involved in carbohydrate, bile acid, and lipid
metabolism, as well as in xenobiotic detoxification
processes (Guo et al., 2020). HepaRG cells express
key drug transporters such as ATP-binding cassettes
(ABCs), nuclear receptors (e.g., CAR and PXR),
CYP enzymes, phase II conjugating enzymes, and
functional proteins such as albumin, transferrin, al-
dolase B, as well as various apical and tubular pro-
teins (Zheng et al., 2021). It is important to note that
differentiated HepaRG cells are considered one of
the most comparable in vifro liver models to PHH
(Cerec et al., 2007).

It was shown that genes located in 7" chromo-
some are highly expressed in HepaRG cells in com-
parison to PHH due to extra copy of this chromo-
some (Hart et al., 2010). Complex proteomic and
secretomic analyses have shown that HepaRG cells
have functional mitochondria and retain the ability to
secrete hepatokines (Tascher et al., 2019). Compared
to HepG2 cells, HepaRG cells exhibit higher activity
of CYP enzymes and phase Il conjugation enzymes.
The differences in expression levels in the major
drug-response gene families, such as CYPs, AL-
DHs, ADHs, NATs, FMOs, GSTs, UGTs, SULTsS,
ABCBs, ABCCs, ABCGs, and SLCOs showed that
HepG2 and PHH were have much larger differences
than the differences between HepaRG and PHH for
most genes (Hart et al., 2010). In addition, HepaRG
cells have been shown to be more sensitive to de-
tecting DNA damage caused by xenobiotics, which
confirms their suitability for genotoxicity assessment
(Guo et al., 2020; Seo et al., 2019, 2020).

However, HepaRG cells less sensitive in de-
tecting some direct- and indirect acting genotoxic
carcinogens, such as cadmium chloride, etoposide,
2-amino-3-methylimidazo, and 2,4-diaminotoluene
(Mandon et al., 2019; Misik et al., 2019). Another
limitation of this cells are their expansivity, scarce,
and recurrence in higher levels of maintenance (Do-
nato et al., 2013).

HepaRG cells are highly proliferative, they can
differentiate toward hepatocytic and biliary linecage
and into functional hepatocytes in vivo. Moreover,
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probably due to their tumour origin, HepaRG cells
have the potential to transdifferentiate through a he-
patic bipotent progenitor (Cerec et al., 2007). It was
also shown that HepaRG cells have higher galactose/
sorbitol elimination rates and albumin production in
comparison to PHH, however urea production was
not observed. As well CYP expression was found
to be more stable over cultivation in HepaRG cells
(Liibberstedt et al., 2011).

Human Induced pluripotent stem cells (iP-
SCs). Recently human iPSCs became popular a re-
newable starting material for generating primary cell
types, as they enable the recapitulation of human
tissue from a sustainable source (Gracey & Lampe,

Table 1
Overview of 2D liver cells used in toxicology studies

2025). In liver research, most teams focus on differ-
entiating iPSCs into hepatocyte-like cells (HLC) that
will replicate the metabolic activity of PHH. Multiple
studies have demonstrated the applicability of HLC
in drug metabolism studies, toxicity screening and
modelling of specific liver diseases (Dao Thi et al.,
2020; Donowitz et al., 2020; Gémez-Lechon & To-
losa, 2016; Mann, 2015; Matsui et al., 2020). Never-
theless, full maturation and restoration of HLC meta-
bolic activity to adult levels remains a challenge, and
none of the existing protocols for differentiating iP-
SCs into HLCs can produce cells that fully replicate
the phenotype of adult human liver (Graffmann et al.,
2022).

Models Advantages Disadvantages Application References

PHH + Functionality of the liver ~— Limited availability e Hepatotoxicity (Parmentier et al., 2018;
as in vivo — Instability of the e DILI prediction Segeritz & Vallier, 2017;
+ Diversity in genetic phenotype o Inter-individual Shulman & Nahmias,
polymorphisms — Short time cultivation variability test 2013; Zeilinger et al.,

— Higher Cost 2016)

THLE-2 + Non-tumorigenic — Expression of ADME e Oxidative stress (Sefried et al., 2018; Shah
+ Expression of CYP2C9 genes is absent or in low e inflammatory responses et al., 2014; Soltanpour
and CYP3A4 genes level e Cytotoxic assays etal., 2012; Sahin et al.,
+ Stable cell culture — Low receptor abundance 2024)

Fa2N-4 + Consistent and — Low basal level of CAR e Cocktail approach (Mills et al., 2004;
reproducible nuclear receptor and some e Pathway-Specific Ramboer et al., 2015;

+ Express ADME genes like enzymes such as CYP1A2, Toxicological Studies Youdim et al., 2007)
PHH CYPI1A1, CYP2D6,
+ Higher mRNA level of CYP2EI1, UGTI1AI,
MDRI1 UGT1AG6 etc
— Incapable of metabolizing
compounds
HepG2 + Easy handling and low — Low CYPs expression e Cytotoxic assays (Donato et al., 2008;
cost compared to PHH e Pathway-Specific Jennen et al., 2010;
+ Stable growth — Tumour-Derived Toxicological Studies Kamalian et al., 2015;
+ Active phase II Phenotype e ROS formation assays ~ Magkoufopoulou et al.,
metabolism enzymes — Altered lipid metabolism e Transcriptomic profiling 2012; Meex et al., 2011;
+ High antioxidant capacity — Interlaboratory variability e Mitochondrial toxicity =~ Misik et al., 2019; Ramirez
+ Metabolic specificity screening et al., 2018; Sawada et
e Genotoxicity prediction  al., 2005; Schoonen et al.,
(combined with Ames’s 2005; Stanley & Wolf,
test) 2022; Waldherr et al.,
e Phospholipidosis 2018)
screening
HuH-7 + High susceptibility to — Tumor-Derived e Drug Transport and (Jouan et al., 2016;

hepatitis C virus
+ Higher ability to secrete

Phenotype
— Genomic Instability

lipoproteins — Altered CYPs expression
+ Capable of bioactivating ~ compared to PHH
acetaminophen

+ Significant activity of the
multidrug-resistant protein

Multidrug Resistance
Studies
e studying HCV biology

Lohmann et al., 1999;
Malinen et al., 2019;
Marroquin et al. 2007;
Nelson et al., 2015;
Sawada et al., 2005)
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Continuation of the table

Models Advantages Disadvantages

Application References

HepaRG + High similarity to PHH
+ High expression and
inducibility of CYPs

+ Functional Phase I1
Enzymes and Transporters
+ Mixed population

of hepatocytes and
cholangiocytes

— Higher Cost in

— Less sensitive in

carcinogens

— Complex and time-
consuming differentiation

comparison to HepG2

detecting some direct-
and indirect genotoxic

e Hepatotoxicity

e DILI prediction

e Metabolism and
biotransformation of
xenobiotics

o Genotoxicity prediction
e Oxidative stress assays
e Detection of drug-
induced mitochondrial
toxicity

(Aninat et al., 2006; Cerec
etal., 2007; Guo et al.,
2020; Hart et al., 2010;
Mandon et al., 2019; Misik
etal., 2019; Seo et al.,
2019, 2020; Tascher et al.,
2019; Zheng et al., 2021)

3D cultures

The 3D cellular model combines the advantages
of conventional 2D cultivation models, such as lower
labour intensity, fever ethically debates compared to
live animal models, which makes 3D culture more
powerful and widely used in vitro model. Currently,
3D models are widely used in fields such as biology,
medicine, and pharmacy (Brancato et al., 2020). In
addition, 3D culture can also provide a good cellu-
lar microenvironment that resembles the real internal
conditions of the human body (Fig.2), and thus re-
spond more realistically to environmental pollution
(S. Yang et al., 2021; H. Wang et al., 2023).

Spherical hepatic culture. As mentioned before,
PHH in 2D monolayer culture rapidly de-differentiate
and lose hepatocyte-specific functions. To overcome
this issue PHH can be cultured as 3D spheroids. It
was shown that this 3D culture can be maintained for
longer time in comparison to 2D PHH and produce
albumin and urea. It was found that in comparison to
2D PHH the level of expression of proteins involv-
ing in drug ADME and catalytic activities of CYPs
enzymes, were significantly higher in 3D spher-
oid cultures (Bell et al., 2018). Moreover, they can
form a functional network of bile channels extend-
ing from the surface to the inside of the spheroids
after 3-4 weeks of cultivation (Tostoes et al., 2012).
PHH spheroids can also be obtained using bioreac-
tors (Mueller et al., 2011). However, there are some
limitations connected to 3D PHH spheroids such as
inability to control spheroids” size, difficulty in sus-
pension of them in medium and its replacement.

Except PHH spheroids nowadays several 3D
HepaRG models were obtained, which can mimic in
vivo like microenvironments. In comparison to 2D
HepaRG they show improved differentiation, func-
tionality and longevity (Darnell et al., 2012; Gun-
ness et al., 2013; Leite et al., 2012). There are as well
HepG2 spheroids that actively used as biosensor-like
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cell based system to evaluate genotoxicity (Stampar
et al., 2022). Compared to 2D HepG2 cells, 3D
HepG2 spheroids showed time-dependent decrease
in cell proliferation, increased liver function specific-
ity and demonstrated strong physiological relevance
in terms of the expression of liver marker genes and
metabolic enzymes (Stampar et al., 2020).

3D hepatic organoids. Organoids are 3D self-
organised cells derived mostly from stem cells that
mimic tissues and organs by recreating their basic
functions on a small scale through cell-cell and cell-
matrix interaction (Lancaster & Knoblich, 2014).
They allow modelling human diseases to evaluate
therapeutic strategies. For instance, Ramli et al. de-
veloped liver organoid with gene expression signa-
ture of nonalcoholic steatohepatitis, destruction of
the bile duct network and ductal reactions (Ramli
et al., 2020). Another model is CFTR-mutant chol-
angiocyte organoids, which were used to study the
patient-specific response to CFTR modulators in pa-
tients with cystic fibrosis (Sampaziotis et al., 2021).
De Crignis et al. generated transgenic organoids to
model hepatitis B and C virus infections, which can
enables drug screening and identification of cancer-
related gene signatures in hepatitis B-infected tissues
obtained from patients (De Crignis et al., 2021).

Organoids are also widely used in the assess-
ment of drug toxicity, drug development, and phar-
macological research. For example, Bronsard et al.
obtained 3D multi-cell-type liver organoids using
different cell cultures such as primary human mac-
rophages, HepaRG, and hepatic-stellate-cell-derived
LX-2 cells to model drug-induced liver injury (Bron-
sard et al., 2024). Another example is the human liver
organoid model developed by Wu et al. which has
successfully model liver fibrogenesis after stimula-
tion of TGF-B or LPS and has demonstrated applica-
tion in screening of antifibrotic drugs and drug safety
testing (Wu et al., 2023).
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Extracellular matrix 3D models. The under-
standing that the interaction of cells with the extracel-
lular matrix (ECM) affects the morphology, function
of cells, as well as their therapeutic response has in-
fluenced the development of other types of 3D mod-
els that are embedded in the matrix. For example, re-
searchers from Italy have presented a hybrid alginate
and ECM hydrogel for creating 3D in vitro models
of the liver called Hep3Gel to reproduce the chemi-
cal and mechanical behaviour of the liver with the
possibility of adapting its shape to various production
technologies. The viscoelastic properties of Hep3Gel
were adjusted considering the available knowledge
about liver biomechanics, which made it possible to
reproduce the properties of a physiological organ. In
addition, this model can be used as a bioink for 3D
printing (Guagliano et al., 2023).

Another example of ECM use a method that
makes it possible to isolate and further use the main
types of human liver cells from cryopreserved mate-
rial which was developed by Belgium team (Alevra
Sarika et al., 2020). Calitz et al. showed that com-
position of ECM can influence on HCC behaviour
and increase liver stiffness (Calitz et al., 2023). There
are some studies which applied hepatic spheroids of
PHH or HepaRG cells into collogen I ECM (Rose
et al., 2021, 2022). Liao et al. showed that HepaRG
spheroids embedded with collagen accelerate dif-
ferentiation of cells compared to spheroids grown in
suspension (Liao et al., 2022). However, most of the
ECM are made from animal origin hydrogels which
can create ethical issues and limit its use in human
toxicity testing. Another option is synthetic hydro-
gels, which have reproducible quality, lower immu-
nogenicity, greater mechanical strength, and are eas-
ily modifiable. However, they are less biologically
active and lack viscoelasticity (Ye et al., 2019). One
of the examples of synthetic hydrogen is HepMat gel
developed by Kumar er al. a fully defined polyeth-
ylene glycol-based synthetic hydrogel functionalized
to support co-culture of pluripotent stem cell derived
hepatocyte- and non-parenchymal cellular -like cells.
This system can model the key molecular and func-
tional features of fatty acid-induced inflammation,
TGFp-induced liver fibrosis better than monocultures
(Kumar et al., 2021).

The other method that can be related to ECM is
collagen-based sandwich culture, where PHH cul-
tured between two layers of collogen gel. Sandwich
culture is better replicates the in vivo liver microen-
vironment and preserves key liver functions, includ-
ing albumin and urea secretion, CYP activity, liver
polarity, and bile duct formation in comparison to

Int. j. biol. chem. (Online)

2D cells (Dunn et al., 1989; Keemink et al., 2015).
Consequently, this system is widely used for studies
of drug clearance and polarity-dependent processes
such as endocytosis (Treijtel et al., 2004; Zeigerer et
al., 2017). Despite these advantages, sandwich cul-
tures prone to cholestasis due to changes in bile me-
tabolism, which limits their long-term preservation
(Swift et al., 2010).

3D bioprinting. Currently, 3D printing is a wide-
ly popular field and has expanded its applications in
regenerative medicine, tissue engineering, and drug
screening. This technology allows to construct com-
plex 3D structures which contains multiple cell types
and biomaterials. Using this technology researcher
can control of the mechanical and biological charac-
teristics of 3D structures with high resolution along
three dimensions. Using special bio-inks, it is pos-
sible to precisely tune the response or activity of cells
to mimic the in vitro environment (Ma et al., 2018).
There are various methods for 3D bioprinting such
as extrusion-based bioprinting, inkjet-based bioprint-
ing, acoustic bioprinting, laser-based bioprinting, at
photopolymerization bioprinting (VPB) and magnet-
ic bioprinting (Matai et al., 2020; Shukla et al., 2022)

Extrusion-based bioprinting allows the printing
of the main components of liver units, while requir-
ing only a simple and easily installed experimental
setup. For applications involving microvessels, high-
resolution DLP technology can be used to produce
more complex matrices with excellent resolution. For
3D liver bioprinting bioinks contains hydrogels and
different cells such as hepatic parenchymal cells (he-
patocytes) and liver nonparenchymal cells (hepatic
stellate cells, hepatic sinusoidal endothelial cells, and
Kupffer cells) (W. Li et al., 2023). This technology
was already used to mimic different diseases such as
hepatocellular carcinoma (Xie et al., 2021) and fibro-
sis (van Grunsven, 2017). 3D bioprinter liver also
can be applied in organ regeneration (Y. Yang et al.,
2023) and drug screening (J.-Z. Wang et al., 2018).
One of the latest bioprinted liver tissue on the basis
of functional hepatocyte organoids derived from hu-
man chemically induced pluripotent stem cells was
constructed by Li ef al., 2025. They showed that this
model significantly reduced liver damage, inflamma-
tion, and fibrosis, while promoting liver regeneration
and expression of biological functions in mice with
acute chronic liver failure caused by CCl,, as well
as Fah -/- mice (G. Li et al., 2025). Another recently
developed method is a 3D model of the human liver
made of a disc-shaped structure from a mixture of
PHH cells and collagen-1 placed in a highly perme-
able support medium made of polyethylene glycol
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(PEG) microgels. This method has proven to be ac-
curate, precise, and scalable. One hundred tissues
can be produced per hour with a variability and error
in diameter of about 4%. Histological and immuno-
histochemical evaluation showed self-organisation,
cell cohesion, and expression of key markers in the
liver (Subramaniam et al., 2025). Bioprinting repre-
sents a promising approach for use in liver toxicity
testing, drug development, and organ regeneration.
However, a number of challenges remain, including
the manufacture of perfused vascular networks that
play an important role in liver function, the accurate
reproduction of the complex liver microenvironment,
and the limited effectiveness of currently available
bioinks (W. Li et al., 2023).

Organ-on-chip. The liver on a chip recreates the
real conditions of liver functioning in an in vitro en-
vironment, such as a constant flow of blood and bile.
With the help of this technology, a continuous flow of
nutrient medium passes through microchannels, which
delivers nutrients, oxygen and removes metabolic
products (Ehrlich et al., 2019). Thanks to this flow, the
liver cells on the chip retain their specialization better,
metabolize drugs more actively, synthesize albumin
and urea, and react correctly to toxic substances.

Liver in chip mostly used in disease modelling.
For example, Gori et al. presented liver-on-chip in
vitro models of human Non-alcoholic fatty liver
disease, which enables higher hepatic cell viability,
minimal oxidative stress and gradual and lower intra-
cellular lipid accumulation (Gori et al., 2016). Hou
et al. developed integrated Biomimetic Array Chip
which is co-culture model that simultaneously evalu-

Figure 2

ates anti-cancer efficacy and liver toxicity by inte-
grating 3D models of liver and tumour tissues, which
improves the accuracy of drug screening at early
stages (Hou et al., 2020). Another study tested if liv-
er-in-chip reliably detects toxicity of known hepato-
toxin Diglycolic acid. They showed that this method
allows reliable detect the hepatotoxicity with high
sensitivity, low variability and improved physiologi-
cal significance compared to traditional PHH multi-
well plate format, which confirms its potential use in
the regulatory assessment of drug safety (Eckstrum
et al., 2020). Recent study also demonstrated the use
of liver-on-chip for liver metabolism study and for
genotoxicity assay to detect both direct and metaboli-
cally activated DNA damage, providing a promising,
animal-free tool for early drug safety testing (Kopp
et al., 2024). It was even shown that liver on-chip
can model in some extend gut-liver interaction. This
study demonstrated a multiorgan-on-a-chip platform
that combines the human microbial-crosstalk gut-on-
chip and the Dynamic42 liver-on-chip platform. This
platform captures the influence of gut microbes on
human drug metabolism, exemplified by E. coli con-
verting irinotecan metabolites back into toxic forms.
This is offering a human-relevant tool for studying
microbiome-drug interactions and improving drug
safety prediction (Lucchetti et al., 2024). Despite
their advantages, liver-on-a-chip models still face
several limitations. Their manufacture is a time-con-
suming and expensive process, and the accuracy and
reproducibility of chips largely depend on the choice
of materials and methods used in their creation (Liu
et al., 2024).

3D culture methods and their disadvantages (ECM — extracellular matrix)

{ 3D liver cells
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— Create ethical effectiveness of
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Conclusion

This review compiles and analyses informa-
tion on modern liver models used in toxicological
research. Currently, human liver models are being
increasingly refined and various approaches are be-
ing explored, including the selection of different cell
types and advanced culture techniques, with the aim
of more accurately modelling the conditions of liver
function in vivo to replace animal liver models.

Both 2D and 3D liver models play critical role
in toxicology studies. Traditional 2D cultures remain
widely used due to their simplicity, cost-effective-
ness, reproducibility. They provide valuable insights
into basic cellular mechanisms, toxicity testing and
early stage of drug development. However, their
inability to accurately reproduce the complex pro-
cesses of native liver tissues limit their physiological
relevance.

In contrast, modern in vitro liver models have sig-
nificantly advanced toxicological studies by provid-
ing more physiologically relevant systems than early
2D hepatocyte cultures. The 3D cell models combine
the advantages of conventional 2D cultivation mod-
els, such as lower labour intensity and the absence of
ethical issues compared to live animal models, which
makes the 3D culture a more powerful and widely
used in vitro model. The use of various cell types and
sophisticated cultivation methods has improved the
prediction of the compounds’ effects on the liver.
However, problems such as phenotypic drift during
long-term cultivation, limited suitability, lack of vas-
cularization, etc., still limit their full-fledged use as
an alternative to animal models. Despite these limita-
tions, the continuous improvement of these models
promises to provide more accurate tools for studying
the occurrence, progression, and potential reversibil-

ity of hepatotoxicity. This will contribute to a saf-
er and more effective assessment of chemicals and
drugs in preclinical toxicology.
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