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Development of a reference
and proficiency chemical
list for human steatosis
endpoints in vitro

Barbara Kubickova and Miriam N. Jacobs*

Radiation, Chemical and Environmental Hazards (RCE), Department of Toxicology, UK Health Security
Agency (UKHSA), Harwell Science and Innovation Campus, Chilton, United Kingdom

The most prevalent liver disease in humans is non-alcoholic fatty liver disease,
characterised by excessive hepatic fat accumulation, or steatosis. The western
diet and a sedentary lifestyle are considered to be major influences, but chemical
exposure may also play a role. Suspected environmental chemicals of concern
include pesticides, plasticizers, metals, and perfluorinated compounds. Here we
present a detailed literature analysis of chemicals that may (or may not) be
implicated in lipid accumulation in the liver, to provide a basis for developing and
optimizing human steatosis-relevant in vitro test methods. Independently
collated and reviewed reference and proficiency chemicals are needed to
assist in the test method development where an assay is intended to ultimately
be taken forward for OECD Test Guideline development purposes. The selection
criteria and considerations required for acceptance of proficiency chemical
selection for OECD Test Guideline development. (i.e., structural diversity, range
of activity including negatives, relevant chemical sectors, global restrictions, etc.)
is described herein. Of 160 chemicals initially screened for inclusion, 36 were
prioritized for detailed review. Based on the selection criteria and a weight-of-
evidence basis, 18 chemicals (9 steatosis inducers, 9 negatives), including some
environmental chemicals of concern, were ranked as high priority chemicals to
assist in vitro human steatosis test method optimisation and proficiency testing,
and inform potential subsequent test method (pre-)validation.

KEYWORDS

HepaRG, human hazard, lipid accumulation, triglyceride, drug-induced liver injury,
validation, alternative method, new approach methodology

1 Introduction

The global increase in metabolic disorders is not only due to diet, lifestyle and genetic
factors; that environmental factors also play a role is being increasingly acknowledged.
Exposure to endocrine disrupting chemicals (EDCs) which disrupt metabolic functions -
chemicals collectively referred to as ‘metabolic disrupting chemicals’ (MDCs) - is an
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environmental risk factor of concern that requires investigation to
support public health protection via regulatory and policy action.

Within European chemical regulations, criteria to identify
EDCs have been proposed that require information on a
chemicals’ endocrine mode of action (MoA) and related adverse
effects relevant for human health (1). This involves the screening
and testing of EDCs according to the EU Test Methods Regulation,
which mainly incorporates internationally accepted test methods
developed under the Organisation for Economic Cooperation and
Development (OECD). Currently, test methods to identify EDCs
are based upon well-studied endocrine pathways in the oestrogen,
androgen, steroidogenesis, and thyroid systems, although the need
for additional endocrine modality test methods, including
metabolic disruption, was recognised by OECD member countries
a decade ago (2). The need for test development in the field of
metabolic disorders has also been highlighted in expert surveys on
identification of gaps in available test methods for EDC evaluation
(3, 4) and in work on temporal aspects of EDCs (5). Currently,
introduction and definition of hazard classes for the classification,
labeling, and packaging of EDCs is being discussed in the EU",
particularly in relation to the established oestrogen, androgen,
steroidogenesis and thyroid modalities, but for other endocrine
modalities, such as MDCs, the potential test method tools are
insufficiently characterized for regulatory purposes as yet.

MDCs can be endogenous, natural and anthropogenic
chemicals that have the ability to promote metabolic changes that
can ultimately result in obesity, diabetes and non-alcoholic fatty
liver disease in humans (6). Whilst there are no standardised test
methods adopted as regulatory chemical hazard assessment tools as
yet, work is underway internationally, including as part of the EU-
funded Horizon 2020 GOLIATH project (7) (https://
beatinggoliath.eu/; https://cordis.europa.eu/project/id/825489).
GOLIATH is developing and pre-validating in vitro test methods
for chemical hazard testing in relation to metabolic disruption,
including steatosis as a key event (KE).

Non-alcoholic fatty liver disease (NAFLD) is ‘characterised by
excessive hepatic fat accumulation, defined by the presence of
steatosis in >5% of hepatocytes’ (8). It is the most prevalent liver
disease in humans and linked to sedentary lifestyle, western diet, but
also exposure to chemicals. It can progress from (reversible)
steatosis to steatohepatitis, fibrosis, or cirrhosis and cancer
(Figure 1) (9).

Hepatic steatosis is well-known in the fields of pharmacology,
medicine, and nutrition with respect to the development of NAFLD,
but the significance of chemical perturbation leading to steatosis
and down-stream adverse events, in response to xenobiotics is less
well understood, and has been identified as a key gap in the safety
assessment of chemicals at international and European levels (2, 7).
The fact that it is a disease characterised by the ‘presence of steatosis
in >5% of hepatocytes’, means that the occurrence and progression
is measurable in cells such as hepatocytes, and in vitro tests can be

1 Impact Assessment available here: https://circabc.europa.eu/ui/group/
a0b483a2-4c05-4058-addf-2a4de71b9a98/library/9d5b03e5-6a0b-4214-
8ef4-622bd7f50ad6/details.
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developed on this basis. Appropriate tests need to be developed and
shown to be relevant, reliable, and reproducible, before they can
reasonably be expected to be utilised in Integrated Approaches to
Testing and Assessment (IATA), and ultimately be suitable tool kits
to be incorporated into chemical legislation.

Assessment of chemical hazards towards the endpoint of
steatosis, and informing upon the adverse human health endpoint
of NAFLD for chemical regulatory purposes, are currently based
mainly upon rodent in vivo liver histochemistry and blood
biomarkers for liver function. These parameters are reported
when conducting OECD in vivo Test Guidelines (TGs) for acute,
sub-chronic, and chronic studies, as for example under the
European Union’s Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH, (10)), and Plant Protection
Product legislation (11). However, as steatosis is of high interest
to nutrition research and the pharmacological industry, many
potential candidate in vitro models that inform upon both
molecular mechanisms and biomarkers, and also on the more
apical lipid accumulation in hepatocytes relevant towards human
hepatic steatosis, are being developed. They have also been mapped
to a varying extent in (preliminary) Adverse Outcome Pathway
models (12-14) and are also indicated in Figure 2.

For regulatory purposes, test methods need to demonstrate that
they are able to address the intended chemical applicability domain
and to classify chemicals correctly (17). To date, safety assessment
of chemicals in the European Union still heavily relies on animal
testing. However, substantial efforts over the last 20 years to
develop, validate, and demonstrate regulatory acceptability of
New Approach Methodologies (NAMs) are evident (18, 19) in an
international consensus-driven approach to reduce and replace
animal testing, whilst increasing human health protection
relevance when assessing chemical hazard (20-23). In vitro test
method tools can provide mechanistic understanding of apical
adverse outcomes earlier, thereby contributing to avoiding
redundant in vivo studies (19).

The objectives of the study presented here are to a) propose a
list of reference and proficiency chemicals to facilitate the
development, refinement, and (pre-)validation of human-health
relevant steatosis in vitro test methods, and b) to prepare a
chemical evidence basis for the integration of suitable steatosis in
vitro test method(s), as part of a battery of suitable tests for an IATA
for metabolic disruption (7, 24, 25).

Here we present a detailed analysis of chemicals, including
putative negatives, as a basis for developing and optimizing human
steatosis-relevant in vitro test methods with a measurable endpoint
of hepatic lipid accumulation, for regulatory applications.

2 Methods

Critical considerations for the selection of reference and
proficiency chemicals for test method development and validation
were reported in detail earlier (17). Briefly, the chemicals selected
need to be structurally diverse and representative of the chemical
universe that is intended to be tested, for the respective endpoint.
This includes chemicals from different industrial sectors, such as
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FIGURE 1

Liver disease progression for non-alcoholic fatty liver disease. Author: Signimu Figure version from 7 October 2019, 20:06, accessed on 4 January
2023. https://web.archive.org/web/20230104123719/; https://commons.wikimedia.org/wiki/File:NAFLD_liver_progression.svg (Wikimedia Commons,
CC BY-SA 3.0).
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FIGURE 2

Model of the natural history of the progression towards steatosis. Steatosis is the first adaptive response to liver stress, and first indicator of NAFLD,
but is (potentially) reversible. However, if left untreated, it can progress to more severe and progressively less reversible (maladaptive) disease states
of fibrosis, cirrhosis, and ultimately, hepatocellular cancer. Key: On the basis of the mechanistic literature reviewed herein (including the
Supplementary Table 1), the grey rectangles identify indicative biomarkers (unless otherwise indicated, the upwards or downwards arrows indicate
the trend of the biomarker that corresponds to that of the associated key event); the red boxes indicate pivotal key events and the yellow boxes
specify the Mode of Action. The blue hexagons capture the prototypical chemical effects/ stressors (modified from (15, 16), and with data from
Supplementary Table 2).
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pharmaceuticals, industrial manufacturing chemicals, food additive
and packaging materials, industrial by-products and contaminants,
pesticides, but also (endogenous) metabolites, and naturally
occurring chemicals. Chemicals subject to international
agreements limiting their use and transport (e.g., the Stockholm
Convention on Persistent Organic Pollutants) and undefined
chemical mixtures, including isomeric mixtures, were avoided
where possible, such that one can have increased confidence that
the effects being reported are due to the specific chemical being
investigated, and are not confounded by the interactions of other/
additional chemical(s). Chemicals of limited availability or excessive
cost (e.g., experimental pharmaceutical chemicals) were not
prioritised in the selection, despite such chemicals often exerting
specific molecular effects that are of scientific interest and can target
e.g., specific nuclear receptors and signalling pathways. This is
because for the intended OECD test method guideline purposes,
chemicals need to be reasonably available globally in the foreseeable
future, for ease of access by TG end-users. Finally, proficiency
chemicals proposed for method optimisation and (pre-)validation
testing should cover a range of activity (weak, moderate, strong
activity), including chemicals that are negative on the respective
endpoint (i.e., lipid accumulation in hepatocytes, steatosis). Ideally,
the share of negative chemicals should be 25-50%, in order to
reliably inform as to whether a test method can discriminate
between positive and negative chemicals, and ultimately be
suitable to predict the chemical activity and ideally potency in
relation to the target endpoint.

2.1 Data sources and critical evaluation

A schematic workflow on the identification and prioritisation of
chemicals for detailed steatosis-specific literature review is depicted
in Figure 3. To retrieve relevant publications, the Scopus database
(https://www.scopus.com/) was initially queried to obtain
publications relevant towards (human) hepatic steatosis (see
Supplementary Material 1, “Broad Search”). The retrieved
publications were screened based on title and abstract to identify

« Scopus database query and

=

160 chemicals

&  accumulation

+ Review of prioritised chemicals
L Identification of focus chemicals

A

+ Full-text

10.3389/fendo.2023.1126880

chemicals that were tested in relation to hepatic steatosis in reverse
chronological order (i.e., starting from the most recent
publications), with application of the above-mentioned inclusion/
exclusion criteria (e.g., exclusion of studies reporting on
experiments with undefined chemical mixtures/undefined
extracts, co-exposure experiments, etc.). Upon identification of
160 chemicals (data not shown), this selection underwent expert
review to identify focus chemicals for chemical-specific database
queries in Scopus; 36 chemicals were identified for chemical-
specific searches.

For chemical-specific sub-searches (see Supplementary Material
1, “Chemical-specific sub-searches”), the initial search strings were
complemented with chemical-specific identifiers (such as chemical
name, CAS number, IUPAC-compliant chemical name, name of
formulation (if applicable)). If the search returned unfeasibly many
hits (> 1000 per chemical) to conduct the review, the search was
refined to include articles only in English, focused on original
research, but including systematic reviews and Open Access
articles (including hybrid/green Open Access modalities) as far as
possible; this is denoted in the chemical-specific search strings
provided in Annex 1, where applicable. In addition, WHO/FAO
Joint Meeting on Pesticide Residues (JMPR) monographs and EFSA
pesticide summaries were checked for any relevant metabolic
disruption and lipid dysregulation information for the pesticides
considered here, and EMA and US FDA evaluations were consulted
for specified pharmaceuticals.

The chemical-specific searches were filtered for relevance
towards (human) steatosis/hepatic lipid accumulation;
prioritisation of references for full-text assessment was based on
title and abstract screening.

Highest priority was given to human-health relevant
publications (human in vivo epidemiological studies, clinical
trials, adverse event case reports, meta—analyses, genome/
transcriptome/ metabolome-wide association studies, and in vitro
studies with human liver-relevant models, such as primary human
hepatocytes, HepaRG, or HepG2 cells). However, where only
epidemiological studies with no defined exposure scenario (i.e.,
quantification and duration/timing of exposure) were available, the

« Reverse-chronological title & abstract screening of human hepatic steatosis-relevant data
from humans/ cells/ animal studies + effects on mechanistic KEs linked to hepatic lipid

« Scopus database query for (human) hepatic steatosis-relevant chemical-specific literature
« Prioritisation (based on title & abstract) of references for full-text assessment

for weight-of-evidence support

« ldentification of

tand data extracti

icals with sufficient literature support and

chemicals that will aid

v

under

optimization, proficiency, and (pre-)validation testing

and for method

18 chemicals high-priority candidates (9 steatosis inducers, 9 negative)

(4 lower priority candidates, 9 back-up candidates, 5 not recommended)

FIGURE 3

Tiered search strategy for the identification and prioritisation of preliminary proposed proficiency chemicals for in vitro hepatic steatosis/lipid
accumulation test method optimisation, proficiency, and (pre-)validation testing.
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utility for conclusion on chemical hazard assessment was
considered limited and utilised as supportive, rather than primary
evidence. Mechanistic information from in chemico and in silico
studies was considered for weight-of-evidence support, followed by
rodent in vivo and in vitro studies, and studies with other well-
characterised species frequently used for chemical hazard risk
assessment, such as Danio rerio (zebrafish) or Xenopus laevis
(African clawfrog).

The literature searches and search iterations were conducted
between 6-8" January 2021, and 15" February 2022 (details are
listed in Annex 1 for each chemical and database query).

Where available, we utilised recommendations for chemical
testing related to hepatotoxicity, including steatosis, developed
previously in the EU funded projects SEURAT-1 (16) and
LIINTOP (15). Due to lower confidence in the predictive capacity
of some high throughput data sources such as ToxCast/Tox21
projects for nuclear receptor transactivation assays and
triglyceride lipid accumulation in murine pre-adipocytes (3T3-L1)
(26, 27), screening of this database was not considered reliable for
the chemical selection, and we did not have the resources to conduct
adequate manual data cleaning, curation and repeat testing, as for
example reported by (28).

Full-text assessment of prioritised references and data-
extraction was conducted by two team members and tabulated
during October 2021-April 2022; each reviewing the others’ results,
and an additional third team member reviewed for scientific
correctness and consistency (April-July 2022).

Where feasible, preliminary expected potency activity profiles
for the chemicals with respect to human steatosis induction were
postulated on the basis of the literature evaluation for each
(prioritised) chemical. Chemicals where the evidence basis was
considered supported by a reasonable number of independent
literature reports were proposed as tentative proficiency chemicals.

The focus of the chemical review was to address the induction
or increase of hepatic steatosis/ hepatic lipid accumulation, and not
a decrease in lipid accumulation. It is noted that some chemicals,
particularly pharmaceuticals and essential nutrients included in the
list of proposed proficiency chemicals are reported to decrease
steatosis/ hepatic lipid content in vivo and/or in vitro (Table 1 and
Supplementary Material 2). Reduction of lipid accumulation in the
liver is an important area for therapeutic drug development (12).
Human biomarkers have been identified, and there are many
animal models (including genetically modified) that have been
developed for studying disease mechanisms and in relation to
drug discovery of hepatic lipid-lowering steatosis drugs.
Additionally, there are in vitro steatosis models including with
fatty acid pre-loading, or animal models on high fat diets (59-61).
Data from these assays are included as part of the weight-of-
evidence evaluation in Supplementary Material 2. All chemicals
that do either not induce steatosis, or reduce steatosis were
categorised as “negative”.

The development of in vitro models representative of a healthy
lean individual (i.e., without additional fatty acid stimulation or
fatty acid pre-loading) could be considered to be more technically
challenging when attempting to capture therapeutic mechanisms
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leading to a decrease of lipid accumulation, such as very low basal
lipid accumulation.

2.2 Chemical potency ranges

Whilst in vitro test methods or ‘NAMSs’ were initially developed
within the OECD Test Guideline Programme more for hazard
classification and as prioritisation tools for subsequent in vivo
testing, such that it was sufficient to only have negative or
positive classifications, this is not the situation any longer. As we
seek to be able to (gradually) replace in vivo testing with in vitro
testing, the need for potency data is growing. The regulatory testing
paradigm is now shifting towards IATAs and defined testing
approaches, such that relevant in vitro test methods can
ultimately be combined together in an appropriate integrated
testing fashion.

Chemical potency can be used in the context of an AOP to
inform as to whether an adverse effect at the molecular level leads to
higher cellular and tissue effects, i.e., if it surpasses the “tipping
point” leading from one key event to the next, or if physiological
adaptation and compensatory mechanisms can prevent adversity at
higher levels (62-66). In the context of an IATA, such potency
information could be used to inform if or which higher-tier tests are
needed to confidently conclude on chemical hazard
characterization. For regulatory purposes, chemical potency
information can be a first indicator to inform upon the derivation
of a toxicological reference dose (RfD), and regulatory exposure
limits such as the acceptable daily intake (ADI) (66).

While ideally chemicals of different potency (i.e., negative,
weak/moderate/strong inducers) should be included in
proficiency chemical lists, this was not robustly feasible for most
chemicals that were evaluated. A critical limitation for such
classification is the lack of a gold standard (in vitro) test method
to conclude on such activity. For example, a chemical could be
considered a weak/moderate/strong inducer both, based on the
absolute magnitude of lipid accumulation achieved, in the tested
concentration range, or based on the lowest observed effect
concentration (LOEC). Probably, both criteria should inform
upon the classification of a chemical, once a sufficiently robust
test method is available. Further, the LOEC of a chemical can
depend on the endpoint assessed (e.g., lipid accumulation vs.
alteration of early molecular-level biomarkers), and therefore was
variable across the studies included in the weight-of-evidence
evaluation. Whilst not formally concluded upon in the summary
tables, information on “active” concentration ranges is given in the
relevant columns in Supplementary Material 2, where available in
the respective study.

3 Results

A detailed table for all chemicals considered in full-text
assessment, including the extracted evidence basis for the
tentative assignment of steatosis activity profiles is listed in

frontiersin.org
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TABLE 1 Summary of the evaluation of chemicals to be proposed as preliminary reference and proficiency chemicals for (pre-)validation of in vitro human steatosis test method(s).

Chemical

Perfluorooctanoic acid (PFOA)*

Perfluorooctanesulfonic acid
(PFOS)

Tributyltin chloride (TBT)*

Bisphenol A*

Triphenyl phosphate (TPP)*

3825-26-1

1763-23-1

1461-22-9

80-05-7

115-86-6
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HO“O L,

Industrial chemical,
non-stick coating

Fluorosurfactant

Biocide (fungicide,
molluscicide)

Corrosion inhibitor in
fast-drying epoxy
resins, thermal paper
(receipts)

Plasticizer,
organophosphate

flame retardant

Triglyceride
accumulation in
relation to steatosis

Negative/weak inducer
(in human)

More potent in rodents

Tentative positive
Induction (potential)

Tentative Positive (in

vivo), uncertain in vitro

Positive

Interaction
with

key pathways/
receptors

PPARo, ERol

PPARo
(agonism)

PXR
(agonism), GR
(antagonism),
PPARY

Conclusion and summary
of reviewed studies

Conflicting evidence from (human) in vitro and in vivo (human epidemiology and rodent)
studies. Mechanistically, strong evidence supports PFOA acting as a (weak-moderate) PPARo
agonist, therefore supporting a plausible mechanism for interfering with lipid metabolism,
including in the liver.

However, differences in the affinity of PFOA to murine and human PPAR0, have been
described (weaker affinity in humans). Therefore, rodent studies might overestimate the
steatosis hazard potential via the MIE of PPARx

Data from human epidemiological studies indicate changes in blood/serum (Liver enzyme
activity, cholesterol or triglyceride levels), but these are not consistent across studies. No
studies reported on hepatic lipid accumulation (either not reported or not observed), but this
is difficult to extrapolate from epidemiological studies/blood samples. Nevertheless, liver
weight gain is identified as the occupational human health hazard with the smallest margin of
exposure (29).

PFOA is listed under the Stockholm Convention on Persistent Organic Pollutants, Annex A:
Elimination (30). However, generation of data on well-characterised perfluoroalkyl substances,
such as PFOA, will provide an evidence base for the development of suitable alternatives.

PFOS is listed under the Stockholm Convention on Persistent Organic Pollutants, Annex B:
Restriction of use (30).

(Due to time constraints the literature search was not pursued further, as PFOA is a priority
within the GOLIATH project and restrictions to marketing and use under the Stockholm
Convention apply.)

Moderate-weak weight of evidence supporting TBT to induce hepatic steatosis in rodent in

vivo and in human cell lines in vitro.

Increased lipid accumulation is observed in human in vitro models at nanomolar levels, but
potentially close to the cytotoxicity threshold.

TBT is a model obesogenic chemical, inducing (transgenerational) increase in body weight/

visceral lipid accumulation. This provides mechanistic support for a role in inducing and/or
promoting hepatic lipid accumulation and steatosis.

In the wider literature, epidemiological associations are reported but not causative biomarker-
related evidence for BPA inducing steatosis/metabolic disruption. Mouse in vivo data support
steatogenic effect of BPA on a weight of evidence basis.

BPA (as a well-known oestrogen) is likely to also have obesity-related effect via ERa,, as other
oestrogens do.

Effects on lipid accumulation reported in rodent studies and associations in human
epidemiological studies might be secondary, due to dysregulated glucose homeostasis and/or
insulin signalling and sensitivity in different tissues, and nuclear receptor signalling. Such
secondary hepatic steatosis could be challenging to capture in single organ/tissue in vitro
systems, such as differentiated HepaRG cells.

In vivo data indicate a potential for changes in liver weight (increase), lipid metabolism, and
altered blood lipid profile in human, rodent, and (zebra)fish, but the weight of evidence for
conclusion on TPP being causative of primary hepatic steatosis is moderate.

Key references to conclude on TPP inducing steatosis are human in vivo increase of liver

weight (31), mouse in vivo steatosis (triglyceride accumulation in hepatocytes) (32), and
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TABLE 1 Continued

Chemical Structure Triglyceride Interaction Conclusion and summary
accumulation in with of reviewed studies
relation to steatosis key pathways/
receptors

(agonism), zebrafish in vivo lipid accumulation in liver (33); details are listed below.

PPARa Mechanistic support for TPP contributing to lipid accumulation can be provided by an in
vitro study reporting increased lipid accumulation in primary human subcutaneous
preadipocytes.

Triclosan 3380-34-5 c cl antibacterial and Uncertain/ negative Ocxidative stress | Moderate weight of evidence does not indicate triclosan to induce primary hepatic steatosis.

\Q\OQ/ antifungal agent Though changes to hepatic lipid metabolism might occur due to some evidence associating
“ o triclosan with increased body weight and an obesogenic potential. Conflicting evidence is

reported from an amphibian study, where early life stage exposure to triclosan induced
metabolic syndrome in FO adults (including hepatic steatosis) (34), but molecular mechanisms
in Xenopus might be of limited relevance towards human health predictivity due to, e.g.
substantial structural differences in the ligand binding pocket of relevant nuclear receptors
(PPARY).
However, the reviewed literature indicates sex differences, with males being more susceptible
to triclosan effects.

pp- 72-55-9 Cls__Cl Metabolite of Positive Moderate weight of evidence to support DDE causing primary hepatic steatosis.

Dichlorodiphenyldichloroethylene | organochlorine Epidemiological evidence reports an association of DDT, the parent chemical of DDE, with

(DDE)* O O insecticide increased incidence of fatty liver (35), and hepatotoxicity and fatty changes in the liver

“ “ observed in non-human primates exposed to DDT (36). This is supported by a systematic

review and meta-analysis associating DDE exposure with increased BMI/adiposity
(mechanistic support for lipid accumulation in different tissue) (37).
DDT and its metabolite DDE are listed under the Stockholm Convention on Persistent
Organic Pollutants, Annex B: Restriction of use (30). DDT and its metabolites are restricted
for use for regulatory purposes in some OECD member countries, e.g. Japan.

Cyproconazole 94361-06-5 (N\> azole fungicide, wood Positive (tentative) RARa, PXR, Moderate-strong mechanistic weight of evidence to support cyproconazole causing primary

N=N - OH o preservative CYP (gene hepatic steatosis in vitro. Levels of lipid accumulation observed upon cyproconazole exposure
o expression and correspond those observed with the assay positive controls (oleate, or oleate-palmitate

protein mixture), or cyproconazole is used as a (positive) reference chemical (38).

abundance) However, GLP rodent in vivo studies (strong weight of evidence) identify the liver as a target

CYP51 (target organ for (tri)azole toxic effects, including increased relative liver weight, but no

of triazole histopathological evidence for steatosis or lipid accumulation is reported, including in 2-year

fungicides; chronic exposure rodent studies (39).

mode of Reasonable level of in vivo literature available, but high level of uncertainty to conclude on

fungicidal steatosis induction in vivo.

action)

Tebuconazole 107534-96-3 triazole fungicide Positive (tentative) CYP51 (target Very strong weight of evidence for tebuconazole causing (general) hepatotoxicity, but

Cl
H;C CHy
HaC’
OH
N

NN

(plant pathogenic
fungi)

of triazole
fungicides;
mode of

fungicidal

action)

moderate weight of evidence to support tebuconazole causing primary hepatic steatosis in
vitro.

Rodent in vivo studies included for weight of evidence assessment followed (principally)
OECD Test Guidelines and GLP standards, but offer some conflicting data:

Tebuconazole is reported to induce fatty changes in the liver (steatosis not specified) in vivo
(38), based on OECD TG 417 (toxicokinetics) studies submitted to EFSA for pesticide active
substance risk assessment. Conversely, a study with Wistar rats principally following OECD
TG 407 (repeated dose 28-day oral toxicity study) reported hepatocellular hypertrophy, but no
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steatosis/hepatic lipid accumulation (40), which is also in line with the conclusion on liver
effects of the triazole fungicide class (39).

The reviewed (rodent) in vivo data does not support a role for tebuconazole in causing
primary hepatic steatosis.

Tebuconazole is prioritised for inclusion in the preliminary proficiency chemical list due to
the availability of human in vivo data (experimental exposure) for toxicokinetics and its
extensive use in farming. (Tri)azole fungicides are also used as pharmaceuticals, however, due
to the limited number of industrial and agrochemicals with human in vivo data, tebuconazole
is being proposed as a chemical group representative chemical; evidence from pharmaceutical
chemicals (ketoconazole, see below) was used as mechanistic supporting information.
Reasonable level of in vivo literature available, but high level of uncertainty to conclude on

steatosis induction in vivo.

Ketoconazole 65277-42-1 " C;'D R ase imidazole fungicide, Uncertain GR antagonist, Strong weight of evidence for ketoconazole adverse effects on the liver, however the weight of
IS antiandrogen and CYP enzymes. evidence for causing primary hepatic steatosis/lipid accumulation is weak: adverse human health
o ;i}J‘ OO antifungal CYP51 (target effects included hepatitis, cirrhosis, and liver failure, but not steatosis (41, 42). However, human
s} pharmaceutical of triazole in vitro mechanistic data (mitochondrial dysfunction) are supportive of a potential to induce or
fungicides; contribute to the development of steatosis.
mode of Stereoisomers may have different toxicological effects. (2R,4S)-(+)-ketoconazole (image top)/
fungicidal (25,4R)-(-)-ketoconazole (image bottom).
action) Other pharmaceutical (tri-)azoles were screened (voriconazole, miconazole fluconazole), but due
to time constraints, only three (tri-)azole class representative chemicals with substantial literature
information available were included in the more detailed literature review.
Benzo[a]pyrene 50-32-8 polycyclic aromatic Yes, tentative positive CYP1A1 Moderate weight of evidence supporting induction of primary hepatic steatosis in vitro
“ hydrocarbon (including mechanistic support and transcriptomic/metabolomic data). Moderate-weak, but
OOO not contradicting weight of evidence in vivo (rodent and human). Strong weight of evidence
supporting induction of steatosis in Amphibians in vivo, although human relevance and
predictivity is uncertain (e.g., due to substantial species-specific structural differences in
PPARy ligand binding pocket).
Pemafibrate 848259-27-8 JQM\/\KU“ 1)7“ Pharmaceutical Negative PPARo Strong weight of evidence supporting no induction of steatosis in human in vivo. Mechanistic
8 Inactive/ Decrease (agonism) data, and pharmaceutical mode of action to lower abnormal blood lipid levels provide
mechanistic support for pemafibrate not inducing primary hepatic steatosis.
‘While pemafibrate seems to be a more potent (~100x) pharmaceutical to treat
hyperlipidaemia, fenofibrate was prioritised due to longer market authorisation.
Fenofibrate 49562-28-9 o o @ )\ Pharmaceutical Negative PPARa Moderate weight of evidence supporting no induction of steatosis in human in vivo.
O O %’LD (abnormal blood lipid Inactive/ Decrease (agonism) Mechanistic data, and pharmaceutical mode of action to lower abnormal blood lipid levels
\‘\b(‘/ levels) provide mechanistic support for fenofibrate not inducing primary hepatic steatosis. However,

one study investigating liver changes by magnetic resonance indicates increased liver volume
and some indication of potential increased liver lipid content (43).

One human in vitro study reports partially conflicting data (with increased lipid accumulation
at nM concentrations), but this was considered of lower relevance due to a lack of
concentration-response kinetics, and lower confidence in high-throughput data, especially as

human in vivo data are available.
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‘While pemafibrate seems to be a more potent (~100x) pharmaceutical to treat
hyperlipidaemia, fenofibrate was prioritised due to longer market authorisation.

Pioglitazone 111025-46-8 m‘?\h ,u\A‘é Pharmaceutical, anti- Negative Meta-analyses of (human in vivo) clinical studies indicate pioglitazone improves the hepatic
r o diabetic drug Decrease/ inactivity in score in (diabetic) patients with NASH; in particular improvement was seen in steatosis and
healthy population can be lobular inflammation.
inferred from decreased These two studies are of high confidence and were therefore utilised as a primary source of
NASH and steatosis in information (full-text evaluation of references was restricted where pharmaceutical
diabetic patients in clinical mechanisms are well understood. Rosiglitazone (see below) is the thiazolidinedione with least
trials contraindications that proceeded to market and is therefore considered a better suited
candidate to be included for preliminary proficiency testing of metabolism disrupting
chemicals. Therefore, the weight of evidence is indicated as moderate.
Rosiglitazone 122320-73-4 Sy o N/@ Pharmaceutical, anti- Negative PPAR agonist Strong weight of evidence from human in vivo studies (clinical trials, meta-analyses) supports
wy*J‘/\j ! diabetic drug Decrease/ uncertain (esp. PPARY) decreased lipid accumulation in the liver, improvement of NASH, or at least no induction/

increase in lipid accumulation in the liver. The conclusion for the activity of rosiglitazone
towards primary hepatic steatosis is based on these studies.

Human in vitro studies (primarily conducted on HepaRG cells) have not necessarily looked
for steatosis endpoints are conflicting, and partially contradicting the human in vivo
observations (i.e. rosiglitazone is reported as a strong inducer of steatosis (44); this needs to be
independently reproduced); the in vitro evidence is considered weak due to uncertainties and
contradictions. However, extensive mechanistic data presented in in vitro studies supports an
altered lipid metabolism.

Moderate weight of evidence for rosiglitazone inducing steatosis is available in rodents (mice).
Predisposition to steatosis was stronger in obese mice/mice on a high-fat diet, and possibly
stronger in females. Furthermore, lipid accumulation was dependent on the expression level of
PPARY receptors in the liver: low expression levels were protective of rosiglitazone-induced
hepatic steatosis (45). Furthermore, there are interspecies differences in activation profiles of
the PPARY receptor, which could contribute to the interspecies differences indicated here (46).
It should be noted that outcomes in clinical trials focused on efficiency of rosiglitazone in
(type 2) diabetic patients, as the primary pharmaceutical action is insulin sensitisation. Type 2
diabetes is already a strong indication for, and hallmark of, metabolic disruption, and
therefore caution should be taken in the extrapolation of these results to the general
population.

Rosiglitazone is an established model PPARYy agonist and highly potent obesogen, well
documented in the broader literature. Therefore, inclusion of rosiglitazone in the chemical
selection is proposed, even though supporting data from human in vivo epidemiological and
in vitro studies is (partially) conflicting. From the group of antidiabetic thiazolidinediones
pharmaceuticals, rosiglitazone is prioritised due to having the most substantial literature body,
and toxicological characterisation, and to convey mechanistic overlap between other key
metabolic disruption processes/test methods under development, such as the hPPARo/y
reporter gene assays, and human in vitro adipogenesis assays.
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Bis(2-ethylhexyl) phthalate 117-81-7 I Plasticizer, metabolite Negative Moderate weight of evidence for no effect of DEHP on steatosis in human in vivo. Though
(DEHP) i j\ﬁml Inactive/ potential increase several in vivo epidemiological studies were retrieved and analysed, steatosis/ lipid
C&;o in hepatic (neutral) lipid accumulation in the liver was not assessed or reported, and the primary focus was on body
° g\/\/c"’ accumulation and steatosis; weight/ BMI, abdominal fat, or analytical chemistry monitoring exposure levels. For DEHP
o mainly mediated via and its main metabolite MEHP studies either reported no association, or a positive association
metabolite MEHP not with (increased) body weight/ BMI, or abdominal fat. In addition to human in vivo
parent chemical epidemiological data, a non-human primate study (47) was retrieved and included, where 28-

day oral exposure to 1 g DEHP/kg bw/d did not induce liver steatosis.

Strong weight of evidence for steatosis induction is assigned to human in vitro, and rodent
and zebrafish in vivo studies, also supported by mechanistic information on changes in
biomarkers (e.g. PPARY signalling pathway activation) in the liver. Interspecies differences in
PPAR expression in the liver and affinity need to be considered.

Steatogenic activity through PPARy is mediated through the DEHP metabolite, MEHP.
Therefore, and to include active metabolites of environmental chemicals in the chemical
selection, the evidence for steatogenicity of DEHP is supportive to include its primary
metabolite, MEHP in the chemical selection (see below). Additional relevant literature that
was abstract-screened, but did not undergo full-text screening due to time constraints and
prioritisation of the metabolite MEHP over DEHP was concluded.

Mono-ethylhexyl phthalate 4376-20-9 cf’i\e,\(\ﬁ% Plasticizer metabolite Strong positive PPAR Strong weight of evidence from human in vivo epidemiological studies did not find (or report)
(MEHP) o e signalling an association of MEHP exposure with hepatic steatosis. However, some studies report a

positive association of MEHP exposure and body weight/BMI, or abdominal circumference,
suggesting changes to the lipid homeostasis in tissues other than the liver, and thus inferring
possible changes to lipid homeostasis in the liver as well.

Strong weight of evidence from human in vitro and animal in vivo studies suggesting MEHP
induces lipid accumulation both in hepatocytes and other cell lines. The apical endpoint of
lipid accumulation is also supported by sound mechanistic data on several levels, including
gene expression data and lipidomic analyses.

The conclusion regarding MEHP as a steatosis-positive chemical gives higher weight to in
vitro studies, supported by inferred disrupted lipid homeostasis in other tissues from human
in vivo studies.

MEHP is the bioactive metabolite of DEHP, and unlike DEHP it is a PPARy agonist (in
humans), providing strong mechanistic support for effects of MEHP exposure to (liver) lipid
metabolism in general, and increased lipid accumulation more specifically. Therefore, we
propose the inclusion of MEHP over DEHP in the provisional chemical selection list.
However, if additional testing capacity is available, inclusion of both, DEHP as the parent
chemical, and its metabolite MEHP might be informative to indicate and evaluate the
metabolic capacity of a test system.

Amiodarone 1951-25-3 Pharmaceutical; Positive Metabolism Very strong weight of evidence supporting induction of hepatic steatosis in human in vitro,
antiarrythmic drug Strong induction of predominantly including substantial complementary supportive mechanistic information.
steatosis via CYP3A4 Rodent ex vivo data do not conclude on steatosis induction by amiodarone, but mechanistic
and CYP2C8 evidence reported is in line with molecular mechanisms observed in human cell lines in vitro.
(US FDA) No human in vivo data were retrieved, but side effects to the liver (steatosis/lipid accumulation

not specified) are included in the label of marketed amiodarone tablets (48).
Amiodarone was selected as a reference chemical for hepatotoxicity as a disruptor of
mitochondrial function and fatty acid metabolism, inducing steatosis in other EU funded

(Continued)
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projects: Seurat-1 and LIINTOP. Molecular-level modes of action are (mitochondrial)
membrane disruption, proton uncoupling and phospholipid binding, resulting in steatosis,
phospholipidosis (by accumulation of phospholipids in lysosomes), and/or cytotoxicity.
Intracellular triglyceride accumulation occurs through increased de novo lipogenesis and
decreased B-oxidation/ mitochondrial respiration.

Docosahexaenoic acid (DHA)

6217-54-5

omega-3 fatty acid

Negative/ reduction

PPARo

Strong weight of evidence supports that DHA does not induce hepatic steatosis; evidence
(including human in vivo dietary supplementation studies) suggests that DHA may contribute
to decreased hepatic lipid content.

A limitation in reviewing the literature was found to be that most studies (especially dietary
supplementation studies) investigated effects of several poly-unsaturated fatty acids (PUFAs)
and lacked a DHA-only treatment group, but composition of the PUFA dietary supplement
used in clinical trials was often well-characterised, particularly for the content of DHA and
eicosapentaenoic acid (EPA). Unsaturated fatty acids are well established as having nutritional
modulatory function in lipid metabolism.

Resveratrol

501-36-0

Ho.

Natural phenol,
stilbenoid,
phytoalexin; dietary
supplement

Negative/ decrease

SIRT1, LXRou

Strong weight of evidence supporting resveratrol not inducing hepatic steatosis. This is
consistent in vitro (human and murine cell lines), and in vivo (human clinical trials, meta-
analyses of clinical trials, and in rodents).

In most experimental model studies in cells and rodents, resveratrol had no effect on hepatic
lipids or decreased hepatic lipid content. However, the decrease in hepatic lipid content could
not be confidently replicated in human double-blind placebo controlled in vivo clinical studies
(in patients with NAFLD), where resveratrol had no effect on hepatic lipid levels and did not
lead to a significant decrease.

Mechanistically, resveratrol is a SIRT1 agonist, and its activity in lowering intracellular

accumulation (especially in vitro) is largely attributed to this activity.

Rotenone

83-79-4

Isoflavone; insecticide,
piscicide, pesticide;
naturally occurring (in

Fabaceae plants)

Negative for steatosis/lipid

accumulation, but

hepatotoxic

Inhibition of
mitochondrial
complex I,

apoptosis,

oxidative stress.

Strong weight of evidence supporting rotenone does not induce primary hepatic steatosis at
non-cytotoxic concentrations. However, rotenone is classified as hepatotoxic; in vitro LOEC
for cell viability is e.g., 5 uM (49). In vivo literature was not retrieved, probably due to the
rapid onset of (cyto)toxicity: In rat in vitro (50), the onset of apoptosis was within 20 minutes
of exposure, providing mechanistic support for the absence of steatosis.

Rotenone is reported as a model chemical to impair mitochondrial respiration (by blocking
mitochondrial complex I), resulting in mitochondrial membrane potential alterations,
oxidative stress, and apoptosis.

Rotenone was included as a reference or proficiency chemical in at least two European
projects aimed to address hepatotoxicity or steatosis in in vitro methods: the LIINTOP project
and SEURAT-1, indicating stakeholder support for inclusion of this chemical in the steatosis

chemical selection.

Metformin

657-24-9

NH NH

SNTNT NH,
H

Pharmaceutical; anti-
diabetic

Negative
No effect/ reduction

Very strong weight of evidence supporting that metformin does not induce primary hepatic
steatosis; this observation is consistent in vitro and in vivo, and metformin is being trialled for
treatment of NAFLD and NASH.

Data on human in vivo hepatic lipid lowering efficiency is inconsistent (no effect or decreased
lipid accumulation/improved NASH activity; never increased lipid accumulation); it is largely
attributed to the insulin sensitizing (primary therapeutic) properties of metformin, improving

glucose homeostasis in the liver.

(Continued)
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Chemical

2-propylvaleric acid (valproic
acid)

99-66-1

Structure

HO'

Pharmaceutical;
treatment of epilepsy,
seizures, bipolar
disorder, migraine
prevention. Branched
short-chain fatty acid

Triglyceride
accumulation in
relation to steatosis

Positive
Induction

Interaction
with

key pathways/
receptors

Conclusion and summary
of reviewed studies

Metformin reduces steatosis in experimental models. In clinical studies in patients with type 2
Diabetes Mellitus or hepatic steatosis, metformin reduced steatosis. In most studies in NASH
patients, however, metformin had no effect on steatosis or other histological markers of liver

function.

Strong evidence from human in vitro and in vivo studies for valproic acid (usually
administered as sodium valproate) inducing hepatic steatosis.

In rodent, evidence supporting induction of primary hepatic steatosis is moderate.

A possible mode of action for increased hepatic lipid accumulation mediated by the valproate
metabolite valproyl-CoA (valproic acid Cofactor A ester) inhibiting mitochondrial fatty acid
[B-oxidation; bioactivation of valproate to the CoA ester seems essential for the induction of
lipid accumulation.

Inhibited/decreased mitochondrial fatty acid B-oxidation was sometimes accompanied by an
increase in gene or protein expression of relevant components of the mitochondrial fatty acid
B-oxidation pathway, probably as a physiological reaction to counteract the decreased fatty
acid oxidation.

Induction of steatosis is usually observed at higher concentrations in the millimolar range, but
therapeutic levels observed in human serum overlap with such high experimental
concentrations.

Prototypical chemical inducing steatosis, this chemical has also been previously selected as a
steatosis-positive reference chemical in other EU-funded projects, namely SEURAT-1 and
LIINTOP.

In most experimental model studies in cells and rodents, valproic acid induced lipid
accumulation. In many of the cell models, high mM concentrations (0.5-15 mM) are used to
induce lipid accumulation. In some patients, valproic acid produces hepatotoxicity, including
steatosis.

Caffeine

58-08-2

Pharmaceutical/
natural compound;

stimulant

Negative/ reduction

Moderate-strong evidence, primarily from rodent and human in vivo that caffeine does not
induce primary hepatic steatosis. Several studies report and confirm a protective effect of
caffeine to prevent or ameliorate lipid accumulation in conditions leading to increased hepatic
lipid accumulation (e.g., high-fat diet, or steatosis animal or in vitro models).

Caffeine reduced lipid accumulation in experimental models. In humans, caffeine intake has
been associated with a lower risk of NAFLD. However, there is insufficient clinical data
available to conclusively determine the effect of caffeine on NAFLD in humans.

A challenge for finding suitable caffeine references for inclusion was that many studies report
effects of coffee rather than caffeine. It is likely that this influences the outcome, as multiple
other constituents (e.g., other polyphenols and metabolic breakdown products) may skew the
results.

Ascorbic acid (vitamin C)

50-81-7 (as salt:
134-03-2)

Vitamin/essential
nutrient; dietary
supplement

Negative/ reduction

PPARo

Strong weight of evidence supporting ascorbic acid/vitamin C not inducing primary hepatic
steatosis. Most evidence evaluated reports on rodent in vivo studies (mouse, rat, guinea pig).
Human in vitro and in vivo studies were fewer, but the results are concordant with rodent in
vivo studies, despite ascorbic acid not being essential for rat and mice.

Most studies reviewed investigated the hepatoprotective effect of ascorbic acid in models

of controlled induced hepatic steatosis (chemically or dietary induced). Protection was
assessed either by pre-treatment or co-administration of a defined

dose of vitamin C (true protection), or reversion

(Continued)

sqoder pue eAoyIqNY

088921T'£2020pU4/68¢¢ 0T


https://doi.org/10.3389/fendo.2023.1126880
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

TABLE 1 Continued

Chemical Structure Triglyceride Interaction Conclusion and summary

accumulation in with of reviewed studies
relation to steatosis key pathways/
receptors

ABojourdopul Ul s1a13uU0I4

et

[SSIRVFETM I

of previous steatosis (therapy). In both scenarios, ascorbic acid had no effect, or improved
(decreased) lipid accumulation in hepatocytes,

and steatosis-associated blood markers (especially serum AST and ALT).

Evidence from human in vivo (epidemiological)

data is weaker, but in line with observation from (human) in vitro and rodent studies. A
limitation in the assessment of low ascorbic acid intake in humans is, that ascorbic acid is an
essential micronutrient in humans, that needs to be supplied through the diet to prevent other
deficit symptoms, also known as scurvy, and it is not ethical to control for very low/no
ascorbic acid intake.

One study in zebrafish identified a potentially higher baseline susceptibility of male over
female fish for developing (microvesicular) hepatic steatosis in the absence of dietary ascorbic
acid. However, steatosis was accompanied with general symptoms of scurvy.

It must be noted, that unlike for humans, vitamin C is not an essential micronutrient for most

rodents, including mice and rats (excluding guinea pigs).

Niacin (nicotinic acid; vitamin Bj) 59-67-6 (@] Essential human Negative/ reduction Moderate-strong evidence from in vitro (human and rodent), and rodent in vivo studies
nutrient; supporting no induction of primary hepatic steatosis. Few studies investigated niacin effects on
| = OH pharmaceutical lipid accumulation in “healthy lean” models, i.e., in animals not fed a high-fat diet or cell-
N/ (dyslipidaemia) culture models without additional supply of fatty acids, in some form. In models favoring lipid

accumulation and/or

obesity, niacin reduced body weight gain,

improved serum lipid markers, and prevented hepatic lipid accumulation.

Human in vivo evidence is less conclusive (moderate-weak weight of evidence). On one
hand, niacin is being prescribed for the treatment

of some types of hyperlipidemia, on the other hand, adverse side effects of hepatotoxicity,
including elevated blood liver enzyme markers, and (usually local) fatty infiltrations of the
liver are described. Adverse hepatic side effects are more likely with prolonged intake of
higher doses of niacin (=3 g/d); a higher incidence of niacin-induced hepatotoxicity was
reported with the no longer authorized form of “sustained release” niacin (currently, niacin is
marketed as “extended release” formulation, which is between the “immediate release”/
crystalline form and the “sustained exposure” formulation).

In some patients, nicotinic acid causes hepatotoxicity, including local fatty infiltration of the
liver, (microvesicular) steatosis, increased serum levels of AST, ALT, and ALP, fibrosis,
inflammation, and necrosis.

The detailed literature review of human in vivo studies summarized below might give the false
impression of niacin acting as an inducer of hepatic steatosis in vivo, but the continued
marketing authorization for the treatment of dyslipidemia since the 1950s, and the rather
small number of adverse effect drug reports indicates that hepatotoxicity remains a side effect,
and is not a major mechanism of disease.

However, the potential of niacin inducing or contributing to the development of steatosis in
vivo, which was not observed in rodents or in in vitro models, makes this chemical a less
suitable candidate for proficiency testing of steatosis test methods.

It has also been noted that reports of induction of microvesicular steatosis in humans may be

due to secondary effect and not by primary action on the liver.
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Chemical

Acetaminophen (Paracetamol)

GW3965

Structure

103-90-2 H

405911-17-3 ™
(hydrochloride)

Pharmaceutical (non-
steroidal anti-
inflammatory drug)

Candidate
pharmaceutical

Triglyceride
accumulation in
relation to steatosis

Negative

Uncertain

Interaction
with

key pathways/
receptors

CYP2E1,
CYP3A4

Conclusion and summary
of reviewed studies

Strong weight of evidence supporting acetaminophen not inducing primary hepatic steatosis,
at non-cytotoxic levels. This is supported by data from rodent in vivo, rodent and human in
vitro, as well as human in vivo epidemiological studies.

In most studies in experimental models and humans, acetaminophen is not associated with
steatosis. However, at high doses/concentrations acetaminophen does induce hepatotoxicity
(drug-induced liver injury, DILI), including hepatic apoptosis, necrosis, neutrophil infiltration,
and increased serum ALT and AST. In contrast to inducing steatosis, underlying steatosis/
fatty liver is a risk factor for developing DILI following acetaminophen treatment.

A possible explanation for increased risk of DILI in individuals with steatosis could be a
higher activity of CYP2E1, and consequently an imbalance in acetaminophen metabolism
forming non-toxic metabolites more towards the reactive toxic metabolite NAPQI (via
CYP2EI and/or CYP3A4).

LXR agonist (EC50 = 190 nM hLXRo and 30 nM hLXRp)Extensively reviewed and discussed
in (16).
Other LXR agonists of interest are oxysterols, which are the endogenous ligands for LXR.

Chlorpyrifos

2921-88-2 O L
[ Sy O CH
BOGY
‘\CH

3

Organophosphate
pesticide

Negative/ inactive

(tentative)

The weight of evidence for concluding on the activity of chlorpyrifos towards primary hepatic
steatosis is weak/insufficient; the retrieved literature does not allow confident conclusion on its
activity.

While the mechanisms observed upon exposure to chlorpyrifos are possibly facilitating/
contributing to the development of steatosis, it is not likely causative of (primary) steatosis at
non-toxic levels.

Retrieved toxicological evaluations of chlorpyrifos by intergovernmental organizations (high
confidence) do not support or indicate hepatotoxicity in general, including steatosis/lipid
accumulation. Toxicological effects of concern and leading to withdrawal of marketing
authorization in the EU from 2020, are indications of (non-genotoxic) carcinogenicity

and neurodevelopmental effects, including in

children (51).

Sex-specific effects (predominantly male)

observed in rodents, predisposing animals for type 2 Diabetes and atherosclerosis in
adulthood by early postnatal exposure; this could also be a contributory route to metabolic
syndrome/ metabolic disruption in the wider sense, but the studies did not report adverse
effects in the liver.

EU market approval for plant protection products containing chlorpyrifos (and chlorpyrifos-
methyl) as an active ingredient was withdrawn on 6™ December 2019, and formally adopted
by the European Commission on 10" January 2020. (https:/food.ec.europa.eu/plants/
pesticides/approval-active-substances/renewal-approval/chlorpyrifos-chlorpyrifos-

methyl_en#modal)

Thiacloprid

111988-49-9 =N

Neonicotinoid

insecticide

Uncertain: Negative/ weak

induction

Hepatic
aromatase,
thyroid
hormone
signalling

The weight of evidence for thiacloprid effects to the liver is moderate-weak in general, and
weak/insufficient to conclude on induction of (primary) hepatic steatosis specifically. Whilst
there is no strong indication for thiacloprid causing substantial lipid accumulation, some
potential for lipid accumulation cannot be ruled out.

In rodents, increased liver weight was reported in one study (52), but not in GLP studies

(Continued)
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TABLE 1 Continued

Chemical

Structure

Triglyceride
accumulation in
relation to steatosis

Interaction
with

key pathways/
receptors

Conclusion and summary
of reviewed studies

reviewed for the identification of Cumulative Assessment Groups by EFSA (53). No
accumulation of lipids in hepatocytes or 3T3-L1 pre-adipocytes was detected.

However, in HepaRG cells in vitro, moderate lipid accumulation was observed at high
concentrations (= 100 pM (38)). It is unclear if this is due to interspecies differences, or
limited toxicokinetics in vitro. Human in vivo data were not retrieved.

Market authorisation in the EU was withdrawn on 3 Feb 2020 (54) based on an unacceptable
level of risk for honeybees (A potential structurally similar chemical to pursue could be
acetamiprid, CASRN: 135410-20-7, with market approval in EU granted until 2033 (low risk
for honeybees)). (55)

Acetamiprid

Thiamethoxam

135410-20-7

153719-23-4

Neonicotinoid
insecticide

Neonicotinoid
insecticide

Tentative negative

Uncertain

possibly inactive in human
in vitro (HepaRG), but
(weak) positive in rodent

in vivo

Market approval in EU granted until 2033

(low risk for honeybees) (55).

From JMPR (2011): no indication for steatosis induction, including evaluation of occupational
exposure and human poisoning events. Critical effects in rodents were: Decreased body weight
gain and decreased food consumption; hepatocellular hypertrophy. (No new data were
available for an update request to the JMPR in 2017).

The weight of evidence for thiamethoxam effects to the liver is moderate-weak in general, but
weak/insufficient to conclude on induction of (primary) hepatic steatosis specifically.

In rodents, GLP studies reviewed for the identification of Cumulative Assessment Groups

by EFSA (53) indicate fatty changes in the liver,

in vivo, however, other hepatic changes observed

are more related to cytotoxicity and/or carcinogenicity than to steatosis. However, a

recent study reported induction of dyslipidaemia and NAFLD, including histopathological
evidence

of steatosis in rat liver (56).

In HepaRG cells in vitro, no lipid accumulation was observed up to 1 mM (38). It is unclear if
this is due to interspecies differences, or limited toxicokinetics in vitro. Human in vivo data
were not retrieved.

Based on the larger discrepancy between (rodent) in vivo and (human) in vitro effects for
thiamethoxam, inclusion of other neonicotinoid pesticides such as thiacloprid is preferred,
despite the very limited amount of retrieved literature.

Market approval for EU expired on 30 April 2019 based on an unacceptable level of risk for
honeybees. (57)

Fructose

57-48-7

CHZOH
u. OH

CH,0H
OH

Dietary
monosaccharide;

ketonic simple sugar

Highly likely positive but
not pursued for test
method development

reasons

Based on the interconnectedness of hepatic carbohydrate and lipid metabolism, responses to
energy state, and with respect to the bigger picture of metabolic disruption, inclusion of a
dietary sugar (glucose or fructose) was considered.

However, with many human in vitro steatosis assays under development, glucose is already a
culture medium constituent at a substantial concentration (millimolar range), and a glucose-
free media formulation is not available/compatible with the assay. This would make
assessment of effects of dietary sugars like glucose or fructose difficult. Furthermore, it might
result in a change of cell physiology that cannot be maintained for the longer duration of the
assay necessary to detect changes in lipid accumulation.

A detailed literature review was not pursued further, despite indications of substantial
available literature for the role of glucose homeostasis in NAFLD/metabolic disruption and

syndrome.

(Continued)
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Chemical Structure

Triglyceride Interaction

Conclusion and summary
accumulation in with of reviewed studies
key pathways/

receptors

relation to steatosis
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Glucose 50-99-7 CHEOH Dietary As above for fructose (See comment on fructose; literature review was not pursued due to technical limitations of
0. monosaccharide; testing sugars in in vitro assays).
aldehyde simple sugar
OH Y ple sug;
OH OH
OH
Rifampicin 13292-46-1 P Antibiotic Uncertain/ tentative PXR The weight of reviewed evidence is conflicting (limited full-text review conducted). Whilst a
~ S o oo positive relevant study, (58) concludes that rifampicin as a model steatogenic chemical, but it was not
ol OO N"N listed or recognised as such in an earlier literature review for proposing reference chemicals
‘\Uo o 'O\ for (in vitro) steatosis test methods (16).
~ o
Rifampicin is a positive control chemical for PXR activation, especially in humans.
Tetracycline 60-54-8 oH 0 HOHO O Antibiotic Positive Strong weight of evidence supporting tetracycline inducing steatosis in vitro and in vivo;
(64-75-5 O“‘ NH Induction tetracycline is a model steatosis-inducing chemical.
hydrochloride) 3 OH The literature summarised below is partial; due to the strong weight of evidence, including
HO
A historic data more than 50 years old, not all retrieved studies were subjected to full-text
scrutiny. Examples with a focus on in vitro studies are listed below.
Tetracycline was selected as a reference chemical for hepatotoxicity as a disruptor of
mitochondrial function and fatty acid metabolism, inducing steatosis in the EU funded project
LIINTOP.
Oleic acid 112-80-1 Dietary constituent; Positive Very strong weight of evidence to support oleic acid inducing hepatic steatosis. Oleic acid is

fﬁwv»ﬁw
P (monounsaturated

omega-9) fatty acid

Test method positive

control

used as a positive control/reference chemical both, in vitro and in vivo.

The literature reviewed is relatively substantive; oleic acid was included as a/the positive
control in most reviewed in vitro studies (quantitatively) evaluating intracellular lipid
accumulation (listed above). As a positive control chemical, it was often applied in equimolar
mixture (1:1) with palmitic acid.

Unsaturated fatty acids are well established as having nutritional modulatory function in lipid
metabolism.

Palmitic acid 57-10-3 /\/\/\/\N\/\,JL Saturated fatty acid
oH

p<0.05 as indicated in source literature, is considered statistically significant unless stated otherwise.

Positive

Induction of steatosis
might be subject to serum
composition/ batch effects,
particularly in vitro)

As opposed to oleic acid, palmitic acid alone does not always reliably induce steatosis,
particularly under (chemically) defined culture conditions and especially with different sera/
serum batches. Therefore, palmitic acid is currently not recommended as a reference or
proficiency chemical for a human in vitro steatosis assay.

The references listed below are selected examples; a complete literature review was not
pursued due to time constraints and technical limitations for the use of palmitic acid in the
steatosis assay. Exposure of hepatocytes to high levels of exogenous fatty acids is expected to
activate PPARc and therefore modulate the baseline gene expression profile (16).
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Supplementary Material 2, a summary of the weight-of-evidence
assessment is provided in Table 1. Table 2 summarises the
recommendations and prioritisation for in vitro human steatosis
test method optimisation, proficiency, and (pre-)validation testing,
based on the weight-of-evidence assessment, and inclusion/
prioritisation criteria outlined in the Methods section above, in
line with OECD practice and guidance for in vitro test method
development (67).

Overall, 18 chemicals (9 steatosis inducing chemicals:
amiodarone, benzo[a]pyrene, MEHP, oleic acid, TBT chloride,
tebuconazole, tetracycline, TPP, valproic acid; 9 negative
chemicals: acetaminophen, ascorbic acid, caffeine, DHA,
fenofibrate, metformin, resveratrol, rosiglitazone, rotenone) are
identified as high-priority tentative proficiency chemicals for in
vitro human steatosis test method optimisation, proficiency, and
(pre-)validation testing. Evidence supporting these chemicals was at
least “moderate”, and the reviewed literature was consistent
between in vivo and in vitro findings.

Four chemicals are listed as lower priority candidate chemicals,
as they are subject to international restrictions for use and/or
transport (DDE, PFOA) or the weight of evidence supporting the
conclusion on their activity was weaker (chlorpyrifos, thiacloprid).

While per-/polyfluoroalkyl substances (PFAS), including PFOA
and PFOS, have lower priority as proficiency chemicals, the very
high persistence of these chemicals in the environment will result in
continued exposure over generations. Despite the international
efforts to restrict manufacture and release of PFAS, e.g., through
inclusion in the Stockholm Convention on Persistent Organic
Pollutants (30), sadly, it has recently been demonstrated that the
planetary boundary for PFAS toxicity has already been exceeded
and these hazardous chemicals are detected above tolerable limits in
many environmental matrices, including surface water, rainwater,
and ubiquitously in soils (68).

Nine chemicals that underwent detailed chemical-specific
database searches were not prioritised for proficiency testing. This
includes chemical classes where another chemical with similar
structure and/or activity is included in the high(er) priority
chemicals (cyproconazole, ketoconazole, pemafibrate, pioglitazone,
rifampicin, thiamethoxam), that are proposed as potential
replacement chemicals (acetamiprid, PFOS), or that activate
pathways of scientific interest to strengthen mechanistic
understanding of chemically-induced steatosis, but were excluded
per the search criteria (e.g., Liver X Receptor activation by GW3965,
an experimental pharmaceutical chemical). It should be noted that
pioglitazone had particularly strong literature support and would
have been a very good high-priority candidate chemical. However,
the structurally similar thiazolidinedione pharmaceutical,
rosiglitazone, is the most broadly studied representative of the
pharmaceutical group. It also serves as a positive control in parallel
test methods addressing key processes of metabolic disruption, such
as PPARY agonism and commitment of differentiating cells to the
white adipose tissue fate and lipid accumulation in (pre-)adipocytes.

On the basis of the weight-of-evidence evaluation (Table 1 and
Supplementary Material 2, and references therein, chemicals not
currently recommended for proficiency testing (5 candidates)
include dietary sugars (fructose, glucose). These are technically
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difficult to test during longer-term cell culture, as glucose levels
are maintained in cell culture medium to mimic blood glucose levels
in healthy individuals and are critical for cell health and survival.
Furthermore, alteration of (dietary) sugars in the cell culture
medium might be more reflective of dietary-induced, rather than
chemically-induced effects. DEHP is not prioritised due to its
bioactive metabolite, MEHP, being selected as a high-priority
chemical. As a dietary constituent and essential vitamin niacin
was reviewed as a potentially negative candidate chemical.
However, despite its use for medicinal purposes and as a dietary
supplement since the 1950s, adverse effects including on the liver
were reported depending upon on the formulation of the vitamin
(i.e., immediate release (crystalline form), sustained, or extended
release) and/or idiosyncratic reactions. Also, another vitamin
(ascorbic acid) is already included as a high-priority chemical.
For BPA the reviewed literature suggests mechanisms leading to
steatosis that might be mediated by other organs/tissues (e.g.,
oestrogen receptor-dependent effects on the pancreas and
subsequent alterations to glucose/insulin homeostasis), and a
discrepancy between activity observed in vivo versus in vitro was
noted. Whilst BPA led to adverse effects to the liver, including
indications of increased lipid accumulation/ steatosis, the literature
data from in vitro studies is variable.I It is notable that the in vitro
models are not sufficient to reliably model the interactions between
the endocrine pancreas, liver, and/or other organs or tissues. This
remains an important limitation to explore further, but on the basis
of the reviewed literature herein, BPA is not considered to be a
suitable chemical for steatosis proficiency testing, as yet.

However, testing of lower priority and back-up candidate
chemicals would be of high regulatory and scientific interest, and can
contribute to increasing confidence in the results generated with a test
method, once it has been sufficiently demonstrated that the respective
method is capable of correctly identifying and distinguishing the
predicted activity for the higher priority chemicals.

4 Discussion

NAFLD encompasses a spectrum of progressive (reversible)
disease states, from benign steatosis to irreversible pathological
cirrhosis, with an estimated worldwide prevalence of approx. 25%
(69). Strikingly, this was recently also confirmed in a young British
cohort (4021 participants, mean age 24 years), with suspected steatosis
detected in 20.7 %, and 10.0 % showing findings of severe steatosis (70).
While steatosis characterised by accumulation of lipids in hepatocytes,
is benign and reversible, if unrecognised and/or untreated it can
progress to steatohepatitis with inflammation, fibrosis, and possibly
even to irreversible stages of hepatic cirrhosis and hepatocellular
carcinoma. The high prevalence of NAFLD, including in the younger
population, could result in a substantial public health burden in the
next decades (9). Particularly chemical/drug-induced liver disease is a
subject of substantial research with regard to its implications in
cardiovascular disease and metabolic disruption.

Due to the clinical importance of NAFLD, including steatosis,
previous efforts to provide chemicals with high confidence and
scientifical consensus on their mechanism and involvement in
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TABLE 2 Prioritisation summary of potentially suitable proficiency chemicals for in vitro steatosis test method optimisation, proficiency, and (pre-)

validation testing.

Chemical

High-priority candidates

Activity towards
steatosis/

triglyceride
accumulation

Recommendation
for steatosis test
method
proficiency testing?

Comment on suitability

Some
mechanisms
impacted
(in relation to
steatosis)

2-propylvaleric acid Pharmaceutical; Induction Yes Model chemical for steatosis, and also Oxidative stress,

(valproic acid) treatment of reference and/or proficiency chemical for increased fatty
epilepsy, seizures, other test methods, including (neuro) acid B-oxidation,
bipolar disorder, developmental toxicity. mitochondrial
migraine stress,
prevention. phospholipidosis,
Branched short- PPAR, retinol
chain fatty acid metabolism

Oleic acid Dietary Induction Yes Positive control and model chemical

constituent; Test method positive Unsaturated fatty acids are well
(monounsaturated control established as having nutritional
omega-9) fatty acid modulatory function in lipid metabolism.

Tetracycline Antibiotic Induction Yes Model chemical Inhibition of fatty
acid catabolism,
triglyceride export
Oxidative stress

Triphenyl phosphate Plasticizer, Induction Yes PXR (agonism),

(TPP) organophosphate GR (antagonism),

flame retardant PPARY (agonism),
PPAR0, Leptin
resistance

Tributyltin chloride Metal complex, Induction (potential) = Yes RXR, STAT5

(TBT) biocide (fungicide,

molluscicide)

Mono-ethylhexyl Plasticizer Induction (strong) Yes MEHP is the active metabolite of DEHP PPAR

phthalate (MEHP) metabolite

Amiodarone Pharmaceutical; Induction (strong) of = Yes Model chemical Metabolism

antiarrythmic drug | steatosis predominantly via
CYP3A4 and
CYP2C8
Mitochondrial
function
Phospholipidosis

Benzo[a]pyrene polycyclic aromatic | Induction (tentative) = Yes AhR and CYP

hydrocarbon 1A1, 1B1, 2E1
oxidative stress

Tebuconazole Triazole Induction (tentative) Yes Class-representative chemical with human | CYP51 (target of

fungicide (plant toxicokinetic data available from triazole fungicides;
pathogenic fungi) experimental exposure of volunteers mode of fungicidal
(human in vivo data relevant towards action)
hepatic steatosis were not retrieved) PPARaq, PXR,
Reasonable level of in vivo literature CAR, LXRa, AhR
available, but high level of uncertainty to and related P450
conclude on steatosis induction in vivo. enzymes

Acetaminophen Pharmaceutical Negative Yes Model chemical CYP2EIL, CYP3A4,

(Paracetamol) (non-steroidal anti- mitochondrial and

inflammatory drug) oxidative stress

Rotenone Isoflavone; Negative for Yes Inhibition of

insecticide, piscicide, | steatosis/ lipid mitochondrial
pesticide; naturally accumulation, but complex I,
occurring (in hepatotoxic apoptosis,

Fabaceae plants)

oxidative stress
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TABLE 2 Continued

10.3389/fendo.2023.1126880

Chemical Activity towards =~ Recommendation Comment on suitability Some
steatosis/ for steatosis test mechanisms
triglyceride method impacted
accumulation proficiency testing? (in relation to
steatosis)
Ascorbic acid (vitamin C) | Vitamin/essential Negative/ decrease Yes Antioxidant
nutrient; dietary
supplement
Caffeine Pharmaceutical/ Negative/ decrease Yes Suppression of
natural compound; markers for fatty
stimulant acid B-oxidation
Docosahexaenoic acid omega-3 fatty acid Negative/ decrease Yes PPARo and v,
(DHA) ‘Wnt/B-catenin
signalling, COX-2
Fenofibrate Pharmaceutical Negative/ decrease Yes While pemafibrate seems to be a more PPARo agonism
(abnormal blood potent (~100x) pharmaceutical to treat
lipid levels) hyperlipidaemia, fenofibrate was
prioritised due to longer market
authorisation.
Resveratrol Natural phenol, Negative/ decrease Yes SIRT1, LXRo
stilbenoid,
phytoalexin;
dietary supplement
Rosiglitazone Pharmaceutical, Negative/ decrease; Yes Despite some uncertainties, rosiglitazone PPARYy agonist,
anti-diabetic drug uncertain is given higher priority over pioglitazone PXR
(and other thiazolidinedione considered
in the early review phase).
Rosiglitazone is the thiazolidinedione
with least contraindications that
proceeded to market and is therefore
considered a better suited candidate to be
included for preliminary proficiency
testing of metabolism disrupting
chemicals.
An additional asset is the overlap with
test chemicals for other metabolic
disruption test methods, including
rosiglitazone being a model inducer and
positive control for white adipose tissue
differentiation and lipid accumulation and
strong PPARY agonist.
Metformin Pharmaceutical; No effect/ decrease Yes Decreased
anti-diabetic of steatosis adiponectin
Lower-priority candidates
p>p’- Dichlorodiphenyl- Metabolite of Induction Yes (potentially) Use by certain OECD member states may | Increased lipid
dichloroethylene (DDE) | organochlorine be limited due to chemical being listed accumulation,
insecticide under the Stockholm Convention oxidative stress
Perfluorooctanoic acid Industrial Negative/weak Yes (potentially) Inclusion will provide evidence base for PPAR« agonist,
(PFOA) chemical, inducer (in human) development of suitable alternatives ERa
non-stick coating More potent in Support from ongoing work at OECD
rodents and UK Environment Agency.
Use by certain OECD member states may
be limited due to chemical being listed
under the POPs Stockholm Convention
Chlorpyrifos Organophosphate Negative (tentative) Yes (potential) Uncertain, but no indication for steatosis CYP activity,
pesticide induction in reviews for regulatory Oxidative stress
hazard/risk assessment
Thiacloprid Neonicotinoid Uncertain: negative/ Yes (potential) Uncertainty Hepatic aromatase,
insecticide weak induction Inclusion of a neonicotinoid insecticide thyroid hormone

class chemical would be of interest to
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TABLE 2 Continued

Chemical

Back-up candidates

Activity towards

steatosis/

triglyceride
accumulation

Recommendation
for steatosis test
method
proficiency testing?

10.3389/fendo.2023.1126880

Comment on suitability

support the development of substitution
chemicals.

Evidence to conclude on activity towards
steatosis is weak, but inclusion could
strengthen the confidence in the
classification.

Some
mechanisms
impacted
(in relation to
steatosis)

signalling, PXR,
PPARY

Perfluorooctanesulfonic
acid (PFOS)

Industrial
chemical, non-stick

(not concluded)

No (back-up)

(See PFOA above)
Use by certain OECD member states may

PPARo. agonism

coating, be limited due to chemical being listed
fluorosurfactant under the Stockholm Convention
Only consider inclusion if PFOA is not
tested
Acetamiprid Neonicotinoid (not concluded) No (back-up)
insecticide
GW3965 Candidate (not concluded) No (back-up) While inclusion of an LXR ligand would LXR agonist
pharmaceutical be mechanistically valuable, inclusion of

Palmitic acid

Saturated fatty acid

Induction

No (back-up)

experimental pharmaceuticals was not
pursued in this study

Positive control

Induction of steatosis might be subject to
serum composition/batch effects,
particularly in vitro)

Triglyceride
accumulation

Cyproconazole Azole fungicide, Induction (tentative) No (back-up) Reasonable level of in vivo literature RARaq, PXR, CYP
wood preservative available, but high level of uncertainty to (gene expression
conclude on steatosis induction in vivo. and protein
abundance)
CYP51 (target of
triazole fungicides;
mode of fungicidal
action)

Pioglitazone Pharmaceutical, Negative/decrease in ~ No (back-up) (See comment with rosiglitazone above) PPAR agonist
anti-diabetic drug healthy population Rosiglitazone is the thiazolidinedione (esp. PPARY)

can be inferred from with least contraindications that

decreased NASH proceeded to market and is therefore

and steatosis in considered a better suited candidate than

diabetic patients in pioglitazone to be included for

clinical trials preliminary proficiency testing of
metabolism disrupting chemicals.

Pemafibrate Pharmaceutical Negative/decrease. No (back-up) While pemafibrate seems to be a more PPARo agonism

potent (~100x) pharmaceutical to treat
hyperlipidaemia, fenofibrate was
prioritised due to longer market
authorisation.

Ketoconazole Imidazole Uncertain No (back-up) Provides valuable mechanistic GR antagonist,
fungicide, information and class-support for the CYP enzymes.
antiandrogen and inclusion of an azole fungicide, including CYP51 (target of
antifungal from clinical trials and epidemiological triazole fungicides;
pharmaceutical studies mode of fungicidal

action)

Thiamethoxam Neonicotinoid Uncertain No (back-up)
insecticide possibly inactive in

human in vitro
(HepaRG), but
(weak) positive in
rodent in vivo
(Continued)
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TABLE 2 Continued

Chemical Activity towards

steatosis/

triglyceride
accumulation

Recommendation
for steatosis test

method

proficiency testing?

10.3389/fendo.2023.1126880

Comment on suitability

Some
mechanisms
impacted
(in relation to
steatosis)

Triclosan antibacterial and Uncertain/negative No (back-up) Uncertainty Oxidative stress
antifungal agent
Rifampicin Antibiotic Uncertain/tentative No (back-up) Model chemical. PXR
positive PXR model agonist
Currently not recommended for proficiency testing due to identified limitations
Fructose Dietary No Technical limitations may apply to the
monosaccharide; testing of sugars in in vitro steatosis
ketonic simple assays.
sugar Mechanistically, dietary sugars could
contribute to hepatic lipid accumulation
via pancreatic effects (insulin/glucose
homeostasis). In this case, steatosis would
be a secondary effect.
Glucose Dietary No Technical limitations may apply to the
monosaccharide; testing of sugars in in vitro steatosis
aldehyde simple assays.
sugar Mechanistically, dietary sugars could
contribute to hepatic lipid accumulation
via pancreatic effects (insulin/glucose
homeostasis). In this case, steatosis would
be a secondary effect.
Bis(2-ethylhexyl) Plasticizer, Inactive/potential No MEHP is the active metabolite of DEHP. PPARa, SREBP-
phthalate (DEHP) metabolite increase in hepatic In studies where steatosis/lipid 1c, oxidative stress

(neutral) lipid
accumulation and
steatosis; mainly
mediated via
metabolite MEHP

Corrosion inhibitor
in fast-drying
epoxy resins,

Bisphenol A Induction (in vivo), No

uncertain in vitro

thermal paper
(receipts)

accumulation with DEHP was observed,
this could be attributed to the MEHP
metabolite.

Potential discrepancy in outcome in vivo
versus in vitro.

Indications that lipid accumulation is
mediated via (extrahepatic) endocrine
mechanisms via ERo.

PPARo, ERo.

Niacin (nicotinic acid; Essential human Negative/decrease No

vitamin Bs) nutrient;
pharmaceutical

(dyslipidaemia)

In human in vivo studies (clinical trials
and epidemiology), different adverse
effects were associated with the
formulation of niacin (i.e., immediate,
extended, or sustained release), therefore

Essential vitamin.
Redox functions
Substrate for
ADP-ribose
transfer reactions

raising some uncertainty about the
predictivity in vitro.

Recommendations are based on the Weight of Evidence analysis (Table 1, Supplementary Table S2), and criteria for the selection of chemicals.

NAFLD are supported and expanded upon in this study (15, 16).
The chemical applicability domain was expanded to account for
inclusion of negative/ non-inducing chemicals and address the
specific regulatory needs of the OECD Test Guidelines
Programme. Further, the chemicals prioritised and tentatively
proposed in this study also address mechanisms relevant to
chemical-induced metabolic disruption beyond or in addition
to hepatotoxicity.

We acknowledge the extensive nutrition research on fatty acid
metabolism (as summarised in e.g., 71), however this is outside the
scope of this chemical selection evaluation for steatosis/ hepatic
lipid accumulation. Independent of the nutritional implications of

Frontiers in Endocrinology

diet fatty acid composition and balance, the weight of evidence for
oleic acid as a positive control chemical for hepatic lipid
accumulation/ liver steatosis both, in vitro and in vivo is very
high (see Supplementary Table 2).

The work described herein provides a basis upon which suitable
test methods can be developed and optimised, with the intention of
ultimately adopting appropriate test methods as TGs to be used for
the hazard assessment of metabolic disruption, and in this
case steatosis.

Within the GOLIATH project, in vitro test methods to
determine the potential chemical hazard of chemicals towards
different key events and endpoints of metabolism disruption,
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including hepatic steatosis, are being developed and optimised for
(pre-)validation, with the aim to inform and develop integrated
testing strategies for MDCs.

As such, while steatosis is an important key event in the
manifestation of metabolism disruption, it is important to
integrate results from other models representative of different
tissues/organs in order to achieve the most accurate
representation of the (human) in vivo situation by in vitro
methods. E.g., based on the retrieved and reviewed literature,
BPA seems to alter hepatic metabolism, and could be inferred to
contribute to hepatic steatosis (72-74). However, this was not
reliably reproduced in the in vitro models reviewed here. A
possible explanation is, that in vivo a parallel metabolism
disrupting action of BPA is on the endocrine pancreas, altering
survival of, and subsequently insulin secretion by pancreatic 3 cells
in an oestrogen signalling-related fashion (75, 76). The resulting
changes in circulating blood insulin/glucose levels can affect
(hepatic) lipid metabolism and lead to lipid accumulation in
hepatocytes (steatosis). Indeed, diabetes is a risk factor for the
development of steatosis (77, 78). However, such indirect
steatogenic effects of BPA via modulation of pancreatic insulin
secretion might be missed in a single-tissue hepatic model. It is
therefore paramount to integrate information from different
relevant in vitro test methods, for more accurate human health
hazard and risk assessment. This can be achieved, for example by
delineating the use and combination of test methods in the form of
an IATA.

Indeed, it has been recently demonstrated how mechanistic
events leading to steatosis can be included in a read-across IATA
(13, 14). Using valproic acid as a prototypical steatosis-inducing
chemical, the authors comprehensively map how molecular-level
events such as nuclear receptor activation can be translated across
levels of biological organisation and contribute or lead to
microvesicular liver steatosis (Figure 1 in 14). Based upon such
mechanistic understanding of the cellular events, a tiered testing
strategy for hepatic steatosis is proposed, encompassing amongst
others non-target transcriptomics, targeted molecular-level
screening via reporter gene assays (PPARY, PXR, AhR, GR, LXR,
Nrf2, ESRE, SRXN1, BIP), mitochondrial stress, cellular-level
triglyceride accumulation in human hepatocyte cell lines (HepG2,
HepaRG, and primary human hepatocytes), and supporting lines of
evidence arising from relevant non-human models (e.g.,
histopathological alterations of liver in zebrafish embryos).
Finally, a probabilistic approach towards weighting the evidence
and uncertainties (Dempster-Shafer Theory) is successfully
employed in order to inform on the hazard potential of specific
branched-chain carboxylic acids (14). Despite being driven by the
key event “hepatic steatosis”, this IATA case study demonstrates
how read-across approaches can be supplemented with in vitro
NAM data in order to increase confidence in in silico findings, and
finally contribute to reducing the use of animals for research
purposes, replacing animal testing with human-relevant data thus
increasing human relevance. Whilst a successful demonstration of
applying a read-across IATA to determining the steatosis hazard of
a branched chain carboxylic acid based on NAM data, this approach
was not applicable to the chemical selection reported in this study.
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Read-across in silico methods depend on a data-rich training set of
structurally similar chemicals, whilst to the contrary, the proficiency
chemical set for test method development needs to demonstrate a
broad structural diversity to cover different chemical applicability
domains (see also methods section above). However, once sufficient
reliable high-quality data have been generated on the proficiency
chemical set and other chemicals, e.g., with a validated test method,
it would be beneficial to supplement the proficiency chemicals with
in silico information, and potentially to employ in silico methods to
subsequently expand and/or refine the proficiency chemical set.

The availability of an independently selected, reviewed, and
expert-endorsed set of reference and proficiency chemicals is a first
critical step in the development and validation of regulatory
accepted test methods including NAMs. This will be utilised in
the development of appropriate test systems and models.

Until relatively recently, regulatory testing relied predominantly
upon rodent (in vivo) models, but now with the paradigm shift to in
vitro testing, the use of human cell-based models that are more
reflective of human biology are being developed and adopted as
regulatory decision-making tools. With a vast diversity of human
cell lines available, two models are of particular interest and
relevance for modelling human hepatic processes: primary human
hepatocytes (PHH) and (differentiated) human HepaRG cells.
While primary human hepatocytes can reflect the interindividual
diversity of a population, including sex and ethnic backgrounds,
such variability reduces the reproducibility needed to ensure
regulatory confidence in the results. It is therefore differentiated
HepaRG cells that have been prioritised for successful validation of
a human hepatic metabolism in vitro test method at the level of the
OECD (79, 80). Another frequently used human liver model are
HepG2 cells. However, HepG2 cells have been reported to be
misidentified: originally thought to be a hepatocellular carcinoma
cell line, it was shown to be from an hepatoblastoma, which can
have implications in the interpretation of biological (and
therapeutic) processes (81).

Additionally, it is being recognised that concentration-response
data, that are often already recorded in non-animal alternative
methods, but not yet utilised for regulatory purposes are key to
leverage in vitro test methods beyond prioritisation and regulatory
hazard identification (66). It was intended that the tentative
proposed chemicals for human in vitro steatosis test method
optimisation, proficiency, and (pre-)validation testing provided in
this study cover chemicals with a range of activity (negative, low,
moderate, high induction potential) towards steatosis. While good
coverage and satisfactory weight-of-evidence of negative and
generally positive chemicals was identified (Table 1), the intended
potency range could not be covered in full with sufficient supporting
evidence. This especially applies to chemicals that have low steatosis
induction potential, or where steatosis was induced at
concentrations close to (cyto-)toxicity. We recommend that initial
method optimisation and proficiency testing should be based on the
qualitative criterion distinguishing between steatosis (non-)
inducing chemicals but testing and reporting on a range of
concentrations. Once the above proposed chemicals (Table 1) are
tested in a sufficiently developed and robust human in vitro steatosis
test method, a (semi)quantitative secondary criterion for
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distinguishing between week/ moderate/ strong steatosis inducers
could be added, ideally supported by indicative benchmark activity
bands obtained with the respective test method.

It is acknowledged that the development of steatosis is a
complex outcome, and that secondary effects e.g., due to
signalling from other tissues such as the endocrine pancreas pose
a challenge to in vitro hepatic models. This is true for most in vitro
models, particularly those addressing more apical endpoints/ higher
key events. However, the chemical selection proposed herein does
not exclude other relevant endpoint-specific test methods.

In the future, developments in the field of multi-tissue in vitro
methods, such as organ or human on a chip, may potentially help
narrow the whole organism extrapolation gap between in vitro and
in vivo test systems.

5 Conclusion

Here we have proposed a minimum set of 18 tentative
preliminary proficiency chemicals for human in vitro steatosis test
method optimisation, proficiency, and (pre-)validation testing.
These chemicals have good and unequivocal support from
publicly available literature which, together with a weight-of-
evidence assessment with respect to their identified activity
towards steatosis, showed a reasonable weight of evidence.

The provision of this set of tentative proficiency chemicals will
aid the development, refinement, (pre-)validation, and acceptance
of (human in vitro) models for steatosis, also in the context of the
human health hazard and risk assessment of metabolism disrupting
chemicals. Finally, this study will contribute to the forthcoming
OECD detailed review paper on metabolism disrupting chemicals
(OECD Test Guideline Programme workplan project 4.147).
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