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Abstract

Systems-oriented approaches involving integrated in vitro and
in silico models are emerging as a basis for future risk
assessment strategies to address the current challenge in
chemical risk assessment of increased numbers of registered
chemicals with no toxicological data. Liver toxicity poses a
major concern in risk assessment as the liver is exposed to
most xenobiotic compounds and their bioactive metabolites,
making the liver susceptible to chemically induced liver dis-
eases. Nonalcoholic fatty liver disease (NAFLD) is a rising
global burden with an estimated prevalence of about 25% in the
general population. Risk factors for NAFLD include metabolic
disorders, genetics, drugs, and environmental exposures. To
integrate in vitro data into computational models and use in vitro
to in vivo extrapolation to systematically assess the risk of
chemicals to induce NAFLD, sophisticated human cell models
are needed. Reviewed here are characteristics and limitations
of 2D and 3D monoculture and coculture human liver cell
models, including microphysiological systems, in which
NAFLD-relevant end points were addressed together with their
results. The aim of this review is to inform selection of experi-
mental test systems depending on the toxicological question to
be addressed and to promote the further development of in vitro
approaches that address existing technological gaps.
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Introduction

Current chemical risk assessment faces a huge challenge
as there are increasing numbers of chemicals registered
at federal agencies, in the United States over 80000 [1]
and in the European Union over 90’000 [2]. Most have
limited or no toxicological data suitable for informing
risk assessment. Together with the widely acknowl-
edged ethical and financial requirements that limit
animal use in toxicological studies, systems-oriented
approaches involving integrated i vitro and i silico
models are an emerging future risk assessment strategy
[3,4].

Liver toxicity poses a major concern in risk assessment
as the liver is exposed to xenobiotic compounds and
their metabolites, making the liver susceptible to
chemically induced liver diseases. Nonalcoholic fatty
liver disease (NAFLD) is a rising global burden with an
estimated prevalence of about 25% in the general pop-
ulation, suggesting it will probably be the leading cause
of end-stage liver disease in the coming decades [5,6].
Risk factors for NAFLD include metabolic disorders,
genetics, drugs, and environmental exposures [7—9]. A
number of drugs, such as amiodarone, valproic acid, and
some cancer chemotherapeutics, are known to cause
NAFLD in some patients, particularly after chronic
treatment [10—13]. Exposure to environmental chem-
icals, such as solvents, persistent organic pollutants, and
pesticides, has been implicated as a risk factor [8,14].
Epidemiological studies suggest a link between expo-
sure to heavy metals (lead and mercury) and poly-
chlorinated biphenyls and NAFLD prevalence [15,16].
"To integrate iz vitro data into computational models and
use 2 vitro to in vivo extrapolation to assess systemati-
cally the risk of chemicals to induce NAFLD, sophisti-
cated human cell models are needed that reflect
molecular processes underlying the etiology of NAFLLD
(Figure 1, Table 1).

Pathology of NAFLD

NAFLD, often referred to as the hepatic manifestation
of metabolic syndrome, encompasses a wide spectrum of
liver diseases starting from simple fat accumulation
(steatosis) to nonalcoholic steatohepatitis (NASH) with
or without fibrosis, cirrhosis, and eventually hepatocel-
lular carcinoma (Figure 1). The underlying molecular
mechanisms are complex, involving multiple parallel
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From a relatively simple disease phenotype (steatosis) to a more complex one (NASH), multiple tissues are involved and more complex cells models are
required. These start from 2D monoculture to 2D coculture over to 3D monoculture and coculture up to body-on-a-chip models. NASH, nonalcoholic

steatohepatitis.

factors acting synergistically on the liver and leading to
the development or progression of the disease
(Figure 2). One of the key events in the development of
NAFLD is insulin resistance, which leads to an increase
in hepatic de novo lipogenesis and impaired inhibition of
adipose tissue lipolysis. Together with elevated free
fatty acid (FFA) levels in serum, the accumulation of
FFA within the liver increases and results in steatosis, a
key cellular event in NAFLD. Ongoing accumulation of
FFA leads to endoplasmic reticulum stress and mito-
chondrial dysfunction where the latter will induce an
overproduction of reactive oxygen species. Genetic
variants in the form of single-nucleotide polymorphisms
in genes mostly involved in lipid metabolism influence
hepatic FFA flux, oxidative stress, response to endo-
toxins, and cytokine production and activity, increasing
the risk of NAFLD [17,18]. Thus, all these molecular
and cellular events result in inflammation and
apoptosis and eventually in liver disease.

Human in vitro models of NAFLD: current
approaches and challenges

2D monoculture cell models

Primary human hepatocytes (PHHs, Table 1) are
considered the gold standard short-term human # vitro
liver model because of their high functionality relative
to the human organ z vive. They can be obtained either
from isolation of liver resections or liver tissues improper
for transplantation or cryopreserved from commercial
suppliers. Therefore, they are considered to be highly
reliable for predictive results in toxicological and phar-
macological research; however, limited culture duration

of only a couple of days and donor variability are two
major drawbacks. The donor variability is a double-
edged sword; as on one hand, the relevance of interin-
dividual variations in genetic polymorphisms can be
investigated using samples from different donors, while
on the other hand, donor difference and cell alteration
after isolation can lead to variance in experimental re-
sults and poor reproducibility [19—21]. Nevertheless,
FFA-exposed PHHs showed a dose-dependent increase
in lipid accumulation, expression of C/EBP homologous
protein (key protein leading to endoplasmic reticulum
(ER) stress), induction of the profibronetic gene
transforming growth factor beta (TGFf), fibronectic
activation of hepatic stellate cells via conditioned media
from lipid-loaded PHH, and expression of the chemo-
kine regulated upon activation, normal T-cell expressed
and secreted [22—25]. Thus, despite limitations, PHHs
are used effectively to study various key events of
NAFLD.

A promising alternative to PHHs is hepatocyte-like cells
(HLCs) derived from induced pluripotent stem cells
(iPSCs). These iPSCs are pluripotent stem cells
reprogrammed from somatic cells by the ectopic coex-
pression of transcription factors. They can be used to
generate patient-derived HLCs to screen for drugs
tailored to individual patients to address hepatotoxicity
and interindividual variation in response as major rea-
sons for drug failure in preclinical trials [20,26]. Graff-
mann et al. [27] used HLL.Cs differentiated from iPSCs
to create an NAFLD model, whereupon exposure to
FFA lipid accumulation, upregulation of perilipin 2, and
genes involved in the peroxisome proliferator—activated
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Table 1 Overview of human in vitro cell models of NALFD.
Cell type Exposure Duration NAFLD-relevant end points Validation Reference
analyzed
2D monoculture PHH Oleic acid 24 h Steatosis A° [22]
Palmitic acid ER stress apoptosis
Elaidic acid
Either oleic acid or palmitic 24 h Steatosis [23]
acid Secretion of TGFf
Palmitic acid 24 h Expression of RANTES [24]
Palmitic acid 24 h Steatosis [25]
Fibrosis
Mixture of oleic acid and 14 h,24 h,36 h Steatosis [31]
palmitic acid Apoptosis
HepG2 Bisphenol A 48 h Steatosis B¢ [28]
Valproate 24h&48h Steatosis B, C° [29]
Oleic acid 24 h Steatosis A [30]
Apoptosis
Mixture of oleic acid and 14 h,24 h,36 h Steatosis [31]
palmitic acid Apoptosis,
Oleic acid 24 h Steatosis [27]
HuH 7 Palmitic acid 24 h Steatosis [35]
Oleic acid and palmitic acid 24 h Steatosis, [36]
ER stress
Apoptosis
HepaRG 16 previously known steatosis 24 h Steatosis B, C [40]
inducer MMP
12 previously known as Oxidative stress
non-steatosis inducer Cell viability
Either stearic acid or oleic acid FFA: 1 week Steatosis A [39]
to induce lipid APAP: Last 6 h, CYP2E1 and CYP3A4
accumulation. 24 h or 48 h of expression and activity
APAP to study cytotoxicity the 1 week Oxidative stress
under steatotic conditions FFA exposure
Tetracycline 24 h or 14 days Steatosis (e} [41]
Amiodarone
Cyproconazole 24hor72h Steatosis B [42]
Nuclear receptor activation
Mitochondrial respiration
iPSC Oleic acid iPSC: 48 h Steatosis A [27]
2D coculture Huh 7 and Mixture of oleic acid and 24 h Steatosis in hepatocyte and A [43]
LX2 (human palmitic in a molar ratio of stellate cells, activation of
stellate cell line) 2:1 (oleic acid:palmitic acid) stellate cells
3D monoculture PHH Mixture of oleic acid and 7,14 and 21 days Steatosis A [46]
palmitic acid (1:1 M ratio) Insulin resistance CYP3A4
High fructose expression
2:1 mixture of oleic acid and 7 and 14 days Steatosis [47]
palmitic acid under constant Metabolic capacity
flow Expression of inflammatory
and fibrotic markers
3D coculture HepaRG and primary  APAP 24 h Activation of HSC and B [49]
HSC Ally alcohol 13 days® expression of profibrotic
Methotrexate markers
Mitochondrial dysfunction
PHH and primary Cyclosporine AP 48 h Steatosis B [50]

Kupffer cells
PHH and primary
HSCs

PHH and primary
biliary cells

(continued on next page)
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Table 1 (continued)

Cell type Exposure Duration NAFLD-relevant end points Validation Reference
analyzed
PHH and primary Lipotoxic environment: High 10 days Steatosis D' [51]

human HSCs and glucose Dysregulation of insulin

primary human Oleic acid signaling

macrophages Palmitic acid Oxidative stress
Apoptosis
Inflammation
Expression of profibrotic
markers

NAFLD, nonalcoholic fatty liver disease; iPSC, induced pluripotent stem cell; PHH, primary human hepatocyte; FFA, free fatty acid; HSC, human stellate cell;
ER, endoplasmic reticulum stress; TGFp, transforming growth factor beta; RANTES, regulated on activation normal T cell expressed and secreted; MMP,
mitochondrial membrane potential. APAP, N-acetyl-para-aminophenol, acetaminophen.

4 Repeated exposure.
® Monospheroids only.

€ A: selected FFAs are found the be elevated in obese patients with fatty liver.

9 B: confirmed in animal studies.
¢ C: confirmed in human studies.
D in vitro data compared to clinical data.

receptor pathway was observed. Despite the advantage
of studying patient-specific disease models, a major
limitation is difficulties in producing large volumes of
these cells and the risk of teratoma formation.

Another alternative to PHH or HLLC are human hepa-
toma cell lines (HepG2, Huh 7, and HepaRG). HepG2
cells have been widely used to model NAFLD i vitro.
Bisphenol A—treated cells showed a dose-dependent
increase in lipid accumulation, expression of sterol reg-
ulatory element—binding transcription factor 1, and
other genes involved in d¢ novo lipogenesis. Valproate
treatment induced lipid accumulation via upregulation
of cluster of differentiation 36, a fatty acid transporter,
and diacylglycerol transferase 2. FFA-exposed cells
showed a dose-dependent increase in lipid accumula-
tion with an elevated production of tumor necrosis
factor alpha, a proinflammatory cytokine [28—31]. In
addition, a high-content imaging assay has been

Figure 2
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Hallmarks of NAFLD. Key cellular events important in the induction and
progression of the disease. NAFLD, nonalcoholic fatty liver disease.

developed to simultaneously investigate lipid accumu-
lation, oxidative stress, mitochondrial membrane po-
tential, and cell viability of 16 previously reported
steatosis-inducing drugs where all were positive for
lipid accumulation in this assay [32]. A major drawback
in using HepG2, however, is the lack or low expression of
drug metabolizing enzymes, which can be partially
overcome by transfecting with vectors containing rele-
vant enzymes [20,33].

To further address limitations in important metabolic
enzyme functions, there exist cell lines with metabolic
enzyme expression patterns similar to PHH. HuH 7
cells exhibit effective CYP3A4 activity when grown to
confluence [34] and have been used to investigate the
mechanism of steatosis-ameliorating chemicals as well
as unveiling new mechanisms in the pathogenesis of
NAFLD [35,36]. In addition, HepaRG cells are
emerging as a popular cell line with expression patterns
of drug-metabolizing enzymes and drug transporters
similar to PHH. Derived from a human hepatocellular
carcinoma, differentiated HepaRG cell cultures typi-
cally contain hepatocyte- and biliary-like cells and were
shown to express various drug-metabolizing enzymes
including CYPs and transporters of the phase II meta-
bolism [37,38]. Therefore, it has been used in toxico-
logical and drug metabolism studies [37,38]. Recently,
HepaRG cells exposed to FFAs showed an increase in
triglycerides levels and a decrease in CYP2E1 activity,
which resulted in a higher decrease in cell viability upon
acetaminophen treatment, compared with nonsteatotic
cells [39]. In addition, a high-content analysis of
HepaRG cells exposed to 16 compounds previously
known to induce steatosis flagged them as positive for
lipid accumulation in this assay [40]. Moreover, the
HepaRG cells have been used in elucidating the
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mechanism of the induction of steatosis by amiodarone
and tetracycline after short-term and repeated exposure
[41]. Lately, they also have been used to investigate key
events from the adverse outcome pathway of chemically
induced liver steatosis, by exposing HepaRG cells to
cyproconazole. They confirmed activation of retinoic
acid receptor alpha and pregnane X receptor as molec-
ular initiating events and triglyceride accumulation and
mitochondrial dysfunction as key events. However, they
also observed different molecular changes than those
described in the adverse outcome pathway [42]. Thus,
HepaRG and other 2D cell models are suitable for the
study of several key events in NAFLD, but most studies
have addressed steatosis and oxidative stress, and un-
derlying mechanisms individually, rather than tracking
multiple parallel cellular events and how this networked
interaction impacts NAFLD risk.

2D coculture cell models

The relatively easy handling of 2D monoculture systems
and possibility of scaling up to high-throughput
experiments make them attractive models, but they lack
dimensionality and do not have medium flow or other
liver cell types such as Kupffer or Stellate cells. Intro-
ducing a second cell type into # vitro NAFLD models
increases their complexity, but some drawbacks from
monoculture systems can be effectively overcome. A
recent study demonstrated an # vitro model of NASH
involving cocultured HuH 7 and human stellate cell line
(LX2), which is an immortalized cell line derived from a
normal liver and retains key features of cytokine
signaling and fibrogenesis. After exposure to FFA for
24 h, lipid accumulation in both cell types and activation
of human stellate cells (HSC) were observed [43,44]. A
clear advantage in such a model is that the same
methodologies as in monoculture can be used and they
are also scalable to high-throughput experiments.
However, 2D coculture systems with human hepato-
cytes and another human cell type (Kupffer cell, HSC)
where NAFLD is reflected are scarce, potentially due to
the challenge of finding optimal culture condition and
sources for both cell types.

3D monoculture cell models

In the past decades, major advances in 3D cell culture
system have been made, especially in the field of liver
research. One of the most common techniques used is
the 2D sandwich culture where hepatocytes are put
between layers composed of extracellular matrix com-
ponents [45]. Other techniques involve hydrogels,
synthetic scaffolds, and spheroids. 3D cell culture has
the advantage of more closely mimicking the iz vivo
situation than 2D, suggesting more physiological or
pathophysiological relevance. A recently published
study introduced a 3D spheroid model with PHH to
investigate steatosis and insulin resistance. They
treated the spheroids at physiologically and
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pathophysiologically relevant concentrations of FFA and
insulin to induce lipid accumulation and insulin resis-
tance over a timeframe of 21 days. Transcriptional
analysis also revealed the upregulation of lipogenic
genes and they could also reverse the steatotic pheno-
type with antisteatotic chemicals [46].

Microfluidic devices as a basis of perfused micro-
physiological systems are of great interest to model i vivo
blood flow. Thus, another 3D NAFLD-relevant i vitro
model involved a perfused platform using PHH /cells.
The system was exposed to FFA over 7 and 14 days, and
metabolic, transcriptome, and phenotypic changes were
then measured [47]. Gori et al. also developed a micro-
fluidic perfused liver model with HepG2 cells to create
liver-on-a-chip devices and exposed those to FFA to
induce steatosis. They showed that accumulation in the
chip model is much slower compared with the traditional
2D cell culture and the viability is higher as well [48].
These three models emphasize the advantages of 3D as
PHHs can be cultivated up to 3 weeks, allowing for ex-
periments with repeated exposure and thus lowering the
concentration of NAFLLD-inducing agents to more rele-
vant levels. Moreover, 3D liver spheroids are scalable for
high throughput screening (HTS) experiments. Besides
using only one cell type, however, the development of
such 3D models is time consuming and requires signifi-
cantly more validation work as it is still in early stages of
use. The future full potential of 3D models is anticipated
to be exploited with the advent of coculture systems and
capacity for sustaining long-term exposure scenarios.

3D coculture cell models

3D coculture models can be used to study the more
complex phenotype of NASH, where inflammation and
liver fibrosis occur. For that, human liver cells need to be
cocultured with either human Kupffer cells or HSC or
both together. Recently, Leite et al. published a model
where they created 3D spheroids consisting of HepaRG
cells and primary HSC and that maintained their
metabolic activity over 21 days, allowing for repeated
exposure. They also showed that the hepatic organoids
showed fibrotic features after treating them with profi-
brotic chemicals such as allyl alcohol and methotrexate.
In addition, they also showed that acetaminophen can
activate HSC 2 vitro and confirmed it 2z vivo, which was
previously unknown [49].

Besides fibrosis, inflammation is another important key
event in NAFLD. Bell et al. demonstrated that PHH
spheroids can be cocultured with either Kupffer cells,
HSC, or biliary cells, and they showed that stimulating
PHH spheroids cocultured with Kupffer cells elicit an
increase in interleukin-6 secretion, modeling an in-
flammatory response. They also investigated steatosis in
pure PHH spheroids by treating them with cyclosporine
A. However, other key cellular events of NAFLD or
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other NAFLD inducing chemicals were not further
analyzed as the main focus lied on characterization of
PHH spheroids [50].

A different study by Feaver et al. presented an m vitro
NAFLD model where PHH were cocultured with
human macrophages and HSCs under hemodynamic and
transport condition. They exposed the model to a lipo-
toxic environment, consisting of elevated glucose, in-
sulin, and FFA levels to induce a NASH phenotype.
With that, they showed that the model exhibited lipid
accumulation, mitochondrial dysfunction, an increase in
oxidative stress, secretion of inflammatory markers, as
well as fibrotic markers. They also challenged the dis-
ease state with obeticholic acid, a phase III drug and
showed an amelioration in the phenotype [51]. Besides
directly coculturing hepatocytes with nonparenchymal
cells, microfluidic devices are capable of coculturing
different tissues on a chip, mimicking closer the  vivo
situation. A recent published study presented for the
first time a gut-liver-on-a-chip model, where they
included gut absorption of FFA to successfully induce
steatosis in hepatocytes [52].

These 3D coculture models of NAFLD are the closest
to mimicking the 7 vivo phenotype. They can recapit-
ulate multicellularity in 3D and maintain important
metabolic function up to 3 weeks, and phenotypes can
be induced under pathophysiologically relevant condi-
tions. In addition, microphysiological systems allow for
coculturing multiple tissues on a chip, which can
address the multitissue etiology of NAFLD. Neverthe-
less, owing to its complexity, these models are time
consuming and costly to establish, limiting scalability
and allowing for testing a small number of drugs or
chemicals.

Conclusion

Developing  vitro models of NAFLD poses a highly
relevant challenge to the research community with
several recent advances (see Table 1). The majority of
models used are 2D involving either PHH or a human
cell lines. With these relatively simple systems, steatosis
as a key event has been most investigated and these
models were mainly exposed to FFAs and chemicals
known to induce steatosis. A few studies have advanced
to the level of testing hundreds of chemicals for their
steatotic potential with a high-content assay, while there
are also emerging complex 3D and microfluidic models
with the potential to address synergistic processes
contributing to the complex pathology of NAFLD.

Emerging new techniques such as the liver on a chip or
body on a chip will allow future studies to expand the
NAFLD scope beyond liver cells to also include adipose
tissue or the gut microbiome as important contributors
to the pathogenesis of the disease, together with critical

computational models such as SteatoNET, which is a
multipathway and multitissue model that identified
pathway branches that drive a healthy liver
toward steatosis [53]. NAFLD disease mechanisms are
anticipated to be better understood. This mechanistic
knowledge and  vitro tools will contribute to novel
therapies and improve the capacity to predict the con-
tributions of drugs and chemicals to NAFLD risk.
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