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[bookmark: _Hlk109139668]Supplementary Table 1: Evaluation of chemicals to be proposed as preliminary reference and proficiency chemicals for (pre-)validation of an in vitro human steatosis test method. p≤0.05 is considered statistically significant unless stated otherwise.


	Chemical
	CAS No.
	Structure
	Use
	Model
	Triglyceride accumulation in relation to steatosis
	Interaction with key pathways/ receptors/ mechanisms
	ref
	Comments/ inclusion in test method preliminary proficiency chemical set ?
	Quality of the study/relevance (and comments on potential biases or limitations)

	Perfluorooctanoic acid (PFOA)
	3825-26-1
	[image: ]
	Industrial chemical, non-stick coating
	SUMMARY
	Negative/weak inducer (in human)
More potent in rodents
	PPARα, ERα
	
	Conflicting evidence from (human) in vitro and in vivo (human epidemiology and rodent) studies. Mechanistically, strong evidence supports PFOA acting as a (weak-moderate) PPARα 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 PPARα have been described (weaker affinity in humans). Therefore, rodent studies might overestimate the steatosis hazard potential through PPARα.
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 (Butenhoff et al., 2004).
PFOA is listed under the Stockholm Convention on Persistent Organic Pollutants, Annex A: Elimination (UNEP, 2019). 
	Will contribute to evidence base for the development of suitable alternatives
Support from ongoing work at OECD and UK Environment Agency

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24-48 h, 100-750 µM)
	Not concluded
	Strong decrease of CYP7A1 expression (protein & genes assessed mostly related to bile acid/cholesterol synthesis, transport, detoxification) 
	(Behr et al., 2020)
	PFOA and PFOS did not affect cholesterol levels but altered bile acid synthesis (strong effects at concentrations >10 µM). Suggested cholestatic effects. (Further: no 48 h-cytotoxicity in HepaRG up to 500 µM PFOA; PFOS toxic above 100 µM)
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 72 h, 1.5×10-8 - 1×10-3 M)
	Not assessed
	
	(Landesmann et al., 2012)
	PFOA (high concentrations, approx. 200 µM) induces ROS in differentiated HepaRG after 72 h exposure 
	

	[bookmark: _Hlk94713185]
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24 h, 3 d, 7d; 100 pM - 100 µM (cytotoxicity)/ 100 pM – 1 µM (metabolomics))
	Induction in differentiated HepaRG (human in vitro; above 1 nM)
	
	(Franco et al., 2020)
	PFOA induces steatosis in differentiated HepaRG cells (increased total lipids from 1 nM PFOA). PFOA was cytotoxic (24 h: <80 % viability at 100 µM ; 24 h LC50 = 145.30 +-10.70 µM, 7 d LC50 = 17.03 +-1.35 µM). Lipid homeostasis was shifted upon exposure in favour of obesity-related lipid species: di- and triglycerides.
	

	
	
	
	
	Human, in vitro (human primary hepatocytes and HepG2, 1-100 µM, 5 min – 16 h))
	Not assessed (inferred: no induction)
	PPARα, ERα, PPARγ, HNF4α 
	(Buhrke et al., 2015)
	Microarray transcriptomic analysis.
In HepG2 cells, cell viability was significantly (p<0.001) decreased at ≥50 µM. Metabolic activity and cell proliferation were increased at ≥10 µM.
c-Jun, c-Fos, AP-1: altered gene expression, but this did not translate into functional tests/proteomics). PFOA stimulated cellular proliferation and metabolic activity of cells. PFOA-induced proliferation occurs largely independent of c-Jun and c-Fos.
PPARα activation (and downstream regulation of lipid metabolism in human hepatocytes) is only induced at high concentrations of PFOA, described as “non-physiological”.
	High confidence, moderate relevance

	
	
	
	
	Human, epidemiology (n=200)
	
	HNF4α, PXR, CAR, LXR, PPARα/γ, FXR, (ERα) 
	(Bassler et al., 2019))
	Epidemiology (n=200) (Bassler et al., 2019): serum PFOA was associated with hepatocyte apoptosis (CK18 M30 increased), and inflammation (IFNγ increased, but TNFα decreased). Potential for sex differences in adipocytokine and complement (C3a) responses (possibly via ERα)
	

	
	
	
	
	Human, epidemiology (n=222)
	Potentially induction; elevated blood lipids and triglycerides
	
	(Spratlen et al., 2020):
	Prenatal PFOA exposure was associated with higher cord blood lipids and triglycerides (but not cholesterol)
	

	
	
	
	
	Human, epidemiology (nested cohort; n=753; 663 male, 90 female)
	Not concluded
	
	(Eriksen et al., 2013)
	positive association between plasma PFOA/PFOS and cholesterol (stronger for PFOS than for PFOA). Low-level exposed population.
	

	
	
	
	
	Human, epidemiology (n=32,254)
	No
	
	(Darrow et al., 2016)
	Modelled cumulative serum PFOA was associated with increased ALT levels, indicative of hepatotoxicity, but not with liver disease (including and specifically: no enlarged liver, fatty liver, cirrhosis)
	

	
	
	
	
	Human, in vivo (longitudinal occupational assessment. n=179)
	No assessment of hepatic lipids (but inferred no induction of steatosis, from blood biochemistry/ liver enzymes)
	
	(Olsen et al., 2012)
	Of initially subscribed 204 participants, 179 workers who did not take lipid-lowering medication were included in the study. 
Adverse associations were not observed between changes in PFOA/ PFOS and non-HDL cholesterol, HDL, or hepatic clinical chemistries
	Authors with affiliation in chemical industry

	
	
	
	
	Review (Risk characterization for general population exposure)
	Not assessed/concluded (but hazard potential for liver weight increase)
	
	(Butenhoff et al., 2004)
	PFOA serum level of children (n=645), adults (n=598), and the elderly (n=238) from the United States: upper bound of the 95th percentile estimate in the range of 0.011–0.014 µg/mL (ppm). General population-serum concentrations associated with the lower 95% confidence limit of a modelled 10 percent response or incidence level (LBMIC10) using USEPA BMDS software were used for calculation of margin of exposure.
Liver weight increase LBMIC10: 23 µg/mL (based on monkey data), margin of exposure: 1600
body weight increase LBMIC10: 60 µg/mL (based on monkey data), margin of exposure: 4300
“Liver weight increase” is the endpoint with the lowest margin of exposure (of the investigated endpoints).
The authors conclude that “These MOE values represent substantial protection of children, adults, and the elderly.”
	Authors with affiliation in chemical industry

	
	
	
	
	Review
	Induction (but not resulting in manifestation of adverse effects in humans, in vivo)
	PPARα
	(Kennedy Jr et al., 2004)
	Increased β-oxidation of fatty acids increases in several CYP-mediated reactions, and inhibition of the secretion of very low-density lipoproteins and cholesterol from the liver.
Effects on lipid metabolism and transport result in decreased serum cholesterol and triglyceride levels, while simultaneously leading to accumulation of lipids in the liver.
PPARα activation inducing hepatocellular carcinoma in rats is likely not relevant in humans, due to differences in PPARα sensitivity between rats and humans.
Mention of sex differences in clearance of PFOA in rats (single dose of 25 mg/kg bw via gavage): while >95% clearance was observed in femae after 24 h, only 50% were cleared in males in the same time (77% clearance in males after 168 h).
	High confidence and relevance

	
	
	
	
	Mouse, in vivo (male C57BL/6 (H-2b) mice, 5-6 weeks old at beginning of experiment. 10 d exposure: 0.002-0.02% (w/w) PFOA in feed)
	Not concluded/ assessed
	PPARα, C3a (only in vivo, not in vitro) 
	(Botelho et al., 2015)
	Complement activation is involved in PFOA-induced hepatic injury in mice 
Mice were exposed in groups of 4 mice each, exposure groups: no PFOA added (control diet), or PFOA (w/w) content of: 0.002%, 0.005%, 0.01%, 0.02%.
	High

	
	
	
	
	Mouse, in vivo (adult male SV129 WT and PPARα-null mice. Oral gavage, 7 days 10 mg/kg/day) 
	yes
	
	(Das et al., 2017)
	FOA induced steatosis in WT mice, but did not significantly increase steatosis in PPARα-null mutants; β-oxidation of isolated liver mitochondria was not inhibited
Animals were exposed in groups of four.
	High dose

	Perfluorooctanesulfonic acid (PFOS)
	1763-23-1
	[image: ]
	Fluorosurfactant
	
	
	PPARα (agonism)
	
	PFOS is listed under the Stockholm Convention on Persistent Organic Pollutants, Annex B: Restriction of use (UNEP, 2019).
(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 POPs Convention apply.)
	

	[bookmark: TBT]Tributyltin chloride (TBT)
	1461-22-9
	[image: ]
	Biocide (fungicide, molluscicide)
	SUMMARY
	Tentative positive
Induction (potential)
	RXR
	
	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 it inducing and/or promoting hepatic lipid accumulation and steatosis.
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24 h, 3 d, 7d; 100 pM - 100 µM (cytotoxicity/ 100 pM – 1 µM (metabolomics))
	Induction (10-100 nM, NOT at 1000 nM); questionable neutral lipid accumulation at 100 nM 
	
	(Franco et al., 2020)
	TBT induces steatosis in differentiated HepaRG cells (increased total lipids at 10 and 100 nM TBT; decreased at 1000 nM TBT). TBT was cytotoxic (24 h LC50 = 3.30 +- 0.1 µM; 7 d LC50 = 0.24 +- 0.13 µM). Increased accumulation of neutral lipids at 100 nM, but dose-response kinetic missing.
Decreased dosing range for metabolomics due to cytotoxicity at higher concentrations.
	Weak/moderate candidate; maybe difficult due to cytotoxicity – but also GOLIATH chemical 

	
	
	
	
	Human, in vitro (differentiated HepaRG, 3 h – 14 d; HepG2 cells, 72 h)
	Lipid accumulation in HepaRG (50 nM) and HepG2 (10 nM) cells
	PPARγ, (RXRα – not involved in lipid accumulation) 
Increased expression of SREBF1 and FASN genes (involved in de novo lipogenesis) 
	(Stossi et al., 2019)
	TBT promotes RXRα protein turnover (via proteasome) and lipid accumulation, but these events are not correlated. Glycolysis rather than RXRα-mediated processes could possibly play a role in lipid accumulation. 
Treatment with 5-50 nM TBT for 14 d (HCA), or 5 pM – 50 nM for 3 days (four-point concentration response)
	

	
	
	
	
	Mouse, in vivo (n=10 female, 10 male, pre-/perinatal exposure, 0.5 mg/kg bw/d to dams/mice; <developmental NOAEL)
	Increased adiposity and steatosis at 14 and 20 weeks of age in offspring
	Down-regulation of growth hormone receptor (GHR) and STAT5 signalling 
	(Katz et al., 2020)
	Developmental exposure to TBT increased adiposity and steatosis at 14 and 20 weeks of age in offspring. In males, liver adenocarcinomas were increased at 45 weeks, in females, adiposity was more severely increased than in males, but not fatty liver or tumor development, indicating sex differences. 
Exposure of 5 week old females to TBT chloride via drinking water throughout breeding (at 7 weeks old/after 2 weeks exposure), gestation, and lactation. Males were introduced/exposed to TBT at 7 weeks old. After weaning, pups were given non-treated water. Litter size: 12 (vehicle), 15 (TBT); average: 2 pups/dam. 5 pups from each litter were analyzed for histology at 14, 20 or 45 weeks. The experiment was repeated with the same mating/exposure scenario with litter from the vehicle-control group. 
	Small sample size, but very thorough study

	
	
	
	
	Mouse, in vivo (pregnant C57BL/6J mice, n=8-12; 0.05 or 0.5 mg TBT/kg bw; daily injection of TBT on embryonic day 12-20)
	yes
	
	(Grün et al., 2006, Chamorro-García and Blumberg, 2014)
	Alterations in adipose depots (in males persistent until 10 weeks of age) accompanied by hepatic steatosis, but no increase in general bodyweight.
	High confidence

	
	
	
	
	Mouse, in vivo (female C57BL/6J mice (6 per treatment group); exposure via drinking water: 5.42 - 542 nM TBT from 7 d before mating throughout pregnancy)
	Yes, lipid accumulation in livers in generations F1, F2, and, to a minor extent, in F3.
	
	(Chamorro-García et al., 2013)
	F0 (dams) were exposed via drinking water, F1 animals were exposed in utero, F2 animals were exposed as germ cells in F1 mice (in utero), F3 animals were unexposed. Sibling inbreeding was avoided; 6 couples per exposure group were propagated to the next generation; 4-5 litters per exposure group were included in the analysis.
Lipid accumulation in liver observed at all TBT doses in F1, at medium/high dose in F2 and, to a minor extent, in F3. Females seem more prone to lipid accumulation in the liver, especially in F2.
	High confidence

	
	
	
	
	Mouse, in vivo (pregnant C57BL/6J mice, n=8-12; 5-500 nM dibutyltin or 50 nM TBT)
	Not concluded
	
	(Chamorro-García et al., 2018)
	Follow-up study of (Chamorro-García and Blumberg, 2014) extending exposure from 7 d pre-mating until delivery: dibutyltin led to increased fat storage, decreased glucose tolerance, and increased circulating leptin levels in male, but not female, mice.
To avoid confounding litter effect, litter sizes for inclusion were strictly controlled: litters with <6 or >8 litters were rejected, as were litters of <2 animals of the same sex.
	

	
	
	
	Organotin catalyst (dibutyltin laurate)
	Human, in vitro (L02 cells, 24 h, 0.05-100 µM dibutyltin laurate.)
	(not concluded)
	Exposure to dibutyltin dilaurate: SREBP1C (decreased), mTOR pathway (diminished), PPARα (gene expression increased)
	(Qiao et al., 2018)
	Dibutyltin dilaurate causes increased biomarkers of lipolysis and decreased lipogenesis in human liver L02 cells, possibly via suppressed mTOR pathway. 
	Problematic cell line: Contaminated. Shown to be a HeLa derivative (Ye et al., 2015). Originally thought to originate from a normal fetal liver. Mechanistic study with non-TBT organotin chemical. Moderate confidence in this study.

	[bookmark: BPA]Bisphenol A
	80-05-7
	[image: Bisphenol A ≥99%]
	Corrosion inhibitor in fast-drying epoxy resins, thermal paper (receipts)
	SUMMARY
	Tentative positive (in vivo), uncertain in vitro
	
	
	In the wider literature, epidemiological associations 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 ERα, 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.
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24 h, 3 d, 7d; 100 pM - 100 µM (cytotoxicity/ 100 pM – 1 µM (metabolomics))
	Induction (0.1-10 nM, NOT at 100-1000 nM) 
	
	(Franco et al., 2020)
	BPA induces steatosis in differentiated HepaRG cells (increased total lipids between 0.1-10 nM; no difference to control at 100-1000 nM BPA). Strong accumulation of neutral lipids (LOEC = 10 nM)
LC50 24 h: 3.30 ± 0.10 µM, LC50 7d: 0.27 ± 0.13 µM
	Moderate-low confidence

	
	
	
	
	Human, in vitro (HepG2 cells, 24-72 h, 10-4-10-12 M)
	
	Oxidative stress, inflammatory cytokine release, mitochondrial dysfunction
	(Huc et al., 2012)
	Low levels of BPA (10-6-10-12 M) induce mitochondrial dysfunction (ROS production, membrane hyperpolarization, lipid accumulation, lipid peroxidation, pro-inflammatory cytokine release); effects on lipid metabolism in vitro were not studied. 
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 72 h, 1.5×10-9 - 1×10-4 M)
	Not concluded
	Oxidative stress, chromatin condensation
	(Landesmann et al., 2012)
	at approx. 10 µM
	

	
	
	
	
	Review for regulatory purposes
	uncertain, but rather no steatosis. 
	
	(EFSA, 2015)
	Effects of BPA on (increased) hepatic lipid accumulation and/or lipogenesis are rather linked to low doses; a non-monotonic dose-response was proposed/suspected but is currently not supported by EFSA.
A key study reporting low-dose (5-500 µg/kg bw/d; 28-day oral treatment of mice) effects reports accumulation of cholesterol esters and triglycerides in the liver, alongside induction of liver enzymes and increased plasma levels of glucose or cholesterol (Marmugi et al., 2012). However, four other studies cited did not observe increased insulin levels, nor triglyceride accumulation or adverse effects on the in the corresponding dose range.
In summary, in vivo studies reporting metabolic effects mostly focused on glucose homeostasis/diabetes, or adiposity endpoints, not on lipid accumulation in the liver. Nevertheless, data and endpoints are (partially) conflicting, and derivation of a clear conclusion, particularly on the induction of primary hepatic steatosis by BPA is not supported by the literature presented.
	Very high confidence and relevance

	
	
	
	
	Review for regulatory purposes; response to draft (EFSA, 2015)
	BPA can have effects on metabolism, but steatosis or effects on the liver not specified
	
	(ANSES, 2014)
	The report highlights controversies in the conclusions made by EFSA. In contrast to EFSA, who focused on exposure of the general population/via food, ANSES extends the considered population to cover also occupational exposure, e.g. of cashiers handling thermal paper receipts.
Specifically, ANSES considers the available experimental evidence “sufficient to consider that BPA can have effects on metabolism”, and the most reasonable metabolism endpoint/process affected is glucose and insulin regulation and/or pancreatic morphology and function.
	Very high confidence and relevance

	
	
	
	
	Review
	Unlikely to induce primary steatosis (but not specifically concluded upon) 
	
	(Le Magueresse-Battistoni et al., 2018)
	Effects on metabolism (in humans) are most likely to affect insulin secretion, effects on pancreas function/type II diabetes, and glucose homeostasis. Effects towards obesity linked to the well-documented estrogenicity of BPA are noted.
	Very high confidence, high relevance

	
	
	
	
	Human, epidemiology/ environmental exposure (adult males; n=76)
	Not concluded/assessed; study used blood plasma
	IL-6
	(Savastano et al., 2015)
	Visceral adiposity (24 out of 76 subjects) correlated with higher plasma levels of BPA, triglycerides (elevated), and pro-inflammatory cytokines (esp. IL-6).
	

	
	
	
	
	Human, epidemiology (US, NHANES; n=11,236)
	
	
	(Kim et al., 2019)
	High levels of BPA were associated with NAFLD using both, the hepatic steatosis index (HIS) and the US fatty liver index (USFLI).
NHANES (National Health and Nutrition Examination Survey) cohort is representative of US population
	High confidence and relevance
Very large sample size

	
	
	
	
	Human, epidemiology (representative Canadian household population; n=4733)
	Not concluded
	
	(Do et al., 2017).
	Urinary bisphenols are associated with BMI-defined obesity.
	

	
	
	
	
	Mouse, in vivo (male 6-week-old CD1 mice & C57BL/6J mice, n=6/group; 5 groups, 28 d exposure via diet to 0.05-50 ppm BPA)
	Altered lipogenesis and triglyceride accumulation in the liver
	Lipogenesis (ACLY, ACACA, ACACB, FASN, ELOVL5, SCD1, GPAT, LPIN1, THRSP-SPOT14, PNPLA3, PNPLA5), fatty acid oxidation (to a lesser extent; PECI, CYP4A14), cholesterol biosynthesis (to a lesser extent; MVD, LSS, HMGCR, SQLE)
	(Marmugi et al., 2012)
	Focus on effects in CD1 mice; confirmation study in C57BL/6J mice confirmed trend in effects/observations, but with smaller magnitude.
No effect on body weight gain or liver weight, plasma glucose, od cholesterol (LDL-C, HDL-C); plasma insulin was significantly increased at 5-500 µg/kg bw/d with reverse dose-response pattern (highest increase at lowest dose), significant increase in plasma triglycerides upon exposure to 500 µg/kg bw/d.
Low doses influence de novo lipogenesis in male CD1 mice, thereby contributing to hepatic steatosis.
Oral exposure corresponds to 0 (controls), 5, 50 (TDI), 500, or 5,000 µg BPA/kg bw/d (NOAEL), assuming diet consumption of 10% bw/d.
	High confidence

	
	
	
	
	Mouse, in vivo (pregnant CD1 female mice, exposed daily orally via micro-pipettor from gestational day 9-18 (during period of differentiation of preadipocytes) to 5-50,000 µg/kg bw/d BPA; effects observed in male offspring only)
	Low dose (50 µg/kg bw/day), but not higher doses (≥500 µg/kg bw/day) increased liver weight 
	
	(Angle et al., 2013)
	Litter size per BPA treatment group [µg/kg bw/d BPA]: 14 (negative control), 9 (BPA-5), 12 (BPA-50), 12 (BPA-500), 11 (BPA-5,000), 14 (BPA-50,000), 9 (DES-0.1/positive control). Study was concluded when males were 5 months old.
Prenatal exposure to BPA levels at or below the current [2013] predicted NOAEL of 5000 µg/kg bw/d resulted in significant increase in postnatal body weight gain, adipocyte number and volume and the overall amount of abdominal fat, altered food intake, serum insulin, adiponectin and leptin levels, and impaired glucose tolerance and insulin sensitivity in male offspring. These effects were not statistically significant at the highest dose, supporting non-monotonic dose-response for BPA effects on traits of metabolic syndrome.
	High confidence

	[bookmark: TPP]Triphenyl phosphate (TPP)
	115-86-6
	[image: ]
	Plasticizer, organophosphate flame retardant
	SUMMARY
	Positive
	PXR (agonism), GR (antagonism), PPARγ (agonism), PPARα
	
	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 (ECHA and ANSES, 2019), mouse in vivo steatosis (triglyceride accumulation in hepatocytes) (Wang et al., 2019), and zebrafish in vivo lipid accumulation in liver (Du et al., 2016); details are listed below. 
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.
	

	
	
	
	
	Human, in vitro (primary subcutaneous preadipocytes from female donors, 0-20 µM TPP; exposure from day 0 or 2 until day 14)
	Not concluded/ not applicable (but lipid accumulation observed in preadipocytes)
	Gene expression increased:
PPARG, FABP4 (also protein, significant at 20 µM), LPL, PLIN, CEBPα, SREBF1 
Decreased:
INSIG1, INSIG2
Enriched pathways: adipogenesis, LXR/RXR activation, cholesterol biosynthesis I, LPS/IL-1-mediated inhibition of RXR function, PKA signalling, AMPK signalling, Type II diabetes mellitus signalling
	(Tung et al., 2017)
	Increased adipogenesis. Significant lipid accumulation at 20 µM.
For gene expression, interestingly, increased markers were observed especially at days 6 and 9 of treatment, and changes in gene expression were relatively reduced/less pronounced at day 12/end of differentiation.
Potential modes of action: via LXR, TR, PKA, and/or nuclear receptor subfamily 1 group H members.
	

	
	
	
	
	Human, in vivo (epidemiology; n=259 (118 male, 141 female); median age 29 years)
	Not assessed, but increase in plasma TG and TC associated with TPP metabolite 4-OH-TPP
	
	(Zhao et al., 2019)
	Association of urinary metabolites of three aryl organophosphate flame retardant (TPP, tricresyl phosphate, 2-ethylhexyl diphenyl phosphate) metabolites and plasma levels of triglycerides and total cholesterol.
Log-transformed triglyceride and cholesterol levels showed a linear interquartile increase with measured 4-OH-TPP and 5-OH-EHDPP (p trend<0.001 in creatinine-corrected concentrations; for TPP and triglycerides: 28.4% (95% CI: 26.5-30.0%) increase between lowest and highest quartile)
	No exclusion (but moderate incidence: 29/259 moderate or heavy drinker) based on alcohol consumption, smoking, or BMI (median: 21.2, range: 15.7-36.9); no information on volunteer health status

	
	
	
	
	Review (human health risk assessment) for regulatory purposes
	Increased liver weight (steatosis not concluded)
TPP-treatment related obesity/increase in body weight was correlated with leptin-levels
	PXR agonist, GR antagonist
No TRβ binding in reporter cell transactivation assay, no binding to transthyretin, but potentially leading to increased Thyroxine (T4) levels in human (especially in women)
	(ECHA and ANSES, 2019)
	Summary of relevant human data: 
Human data indicate possible effects on thyroid hormone signalling.
Studies in rodents and rabbits indicate no acute toxicity (oral LD50 > 5 g/kg bw), no genotoxicity, no immunotoxicity, no acute neurotoxicity in hens, except for decreased plasma acetylcholine esterase activity. 
In rats, liver weight was increased after repeated exposure (35 d via diet) to ~ 350 mg TPP/kg bw/d or (90 d via diet) 7500 ppm (30% in males, 21% in females). Additionally, 90 d exposure induced centrilobular hepatocellular hypertrophy at ≥1500 ppm TPP.
An (unpublished) GLP study (OECD TG414) concludes on a NOAEL for maternal and developmental toxicity at 80 mg TPP/kg bw/d, based on treatment-related loss of one litter in the high dose (200 mg/kg bw/d), and aberrant development of the lungs (litter incidence rate 1.6-2.4%).
A study into TPP-altered metabolism revealed, that perinatal exposure (GD 8.5 – PND 21) induced metabolic disturbances leading to increased weight gain and enhanced adiposity, correlating with serum leptin levels, thus probably attributable to increased appetite and obesity-associated leptin-resistance. This was more pronounced in females than in males.
Androgenicity: no specific androgenic potential
Estrogenicity: some estrogenicity in the micromolar range (but close to cytotoxicity limit at 3.45 µM)
In fish, there is substantial evidence for endocrine disruption, especially due to estrogenicity and potentially thyroid disruption/ disruption of the hypothalamic-pituitary(-thyroid) axes.
	Very high confidence, high relevance

	
	
	
	
	Mouse, in vivo (primigravida pregnant ICR mice, n=6 per group. Exposure via oral gavage on GD 6-PND 21; 10-1000 µg/kg bw. Offspring of high-dose were divided into low- vs. high-fat diet groups)
	Yes. Triglyceride accumulation in liver upon perinatal exposure to 1000 µg/kg bw
	Gene expression: PPARG↑, MOGAT1↑, FASN↑ (upregulated on low-fat diet, downregulated on high-fat diet), no induction of PPARA
	(Wang et al., 2019)
	All doses, but especially 100-1000 µg/kg bw increased total body weight.
Body weight, liver weight, and liver triglyceride content were significantly increased upon perinatal exposure to 1000 µg TPP/kg bw compared to vehicle control; low-fat diet upon perinatal TPP exposure resulted in a comparable increase as high-fat diet after vehicle treatment; perinatal TPP exposure followed by high-fat diet exacerbated the increase.
NAFLD score was significantly increased in all animals on a high-fat diet; TPP-exposed animals on a low fat-diet showed increased, but not statistically significant NAFLD scores. In Oil Red-stained liver histology specimen, some increase in Oil Red staining is apparent with TPP-exposed low-fat diet samples but is most prominent in TPP-exposed high-fat diet specimen.
	High confidence and relevance
Steatosis was only observed at high dose (1000 µg/kg bw)

	
	
	
	
	Mouse, in vivo (female FVB mice, 5-week-old. Acute exposure (n≥4 per treatment group) via vein-tail injection (1 h; TPP: 0.1-100 µg; DPP: 0.1-1 µg), oral gavage (1 h; TPP: 0.1-100 µg; DPP: 0.1-1 µg), or drinking water (overnight; TPP or DPP: 0.1-10 mg/L). Chronic exposure via drinking water (n= 10 per group; 12 weeks; DPP: 0.1-10 mg/))
	Dose-dependent decreased lipid content in liver, and decreased bodyweight
	Gene expression: PPARα-regulated: HMGCS2↓, CPT1A↓, CD36, SCD1, FADS2 
	(Selmi-Ruby et al., 2020)
	Diphenyl phosphate (DPP) was assessed as a biomarker for aryl phosphate (including TPP) exposure. It was concluded to not be appropriate, at least in biological fluids.
While TPP could only be detected (LOD=0.7 ng/mL) in blood of 2/20 animals upon exposure to ≥10 µg (tail vein or gavage). DPP was readily quantifiable in all DPP-exposure scenarios; upon TPP exposure DPP levels in blood were 100x lower than after DPP treatment, and <LOQ (LOQ: 0.5 ng/mL) at the two low dose levels.
Chronic exposure for 12 weeks to DPP led to significantly increased levels in blood (≥1 mg/L) and measurable levels in the liver, mammary glands, and visceral fat at all tested concentrations.
Even at low-dose exposure to 100 µg DPP/ml drinking water, reduction of the fatty acid catabolic processes, centred on acylcarnitine and mitochondrial β-oxidation, was observed. (but no significant effect on endogenous fatty acid synthesis)
DPP decreased expression of genes involved in lipid catabolic processes and regulated by PPARα. Immunohistochemistry analysis showed a specific down-regulation of HMGCS2, a kernel target gene of PPARα. Overall, DPP absorption disrupted body weight-gain processes.
	Not all biomarkers related to hepatic steatosis were addressed, as the focus of the study was analytical chemistry.

	
	
	
	
	Rodent, in vivo (primigravida pregnant ICR mice, s.c. neonatal exposure PND 1-10, 2 and 200 mg TPP or DPP per day).
	Not concluded. (but increased serum lipids and lipid-sub-species, especially in male mice)
	
	(Wang et al., 2018)
	sex-specific metabolic disturbance of TPP. Specifically, low dose of TPP altered the metabolic profiles of male mice (and increased body weight gain between 6-12 weeks postnatal, but no changes in abdominal adipose weight (12 weeks) or glucose tolerance (10 weeks). Low dose up-regulated lipid-related metabolites, while a high dose down-regulated the pyruvate metabolism and TCA cycles. (in adult males: 2 mg TPP upregulation: lipid, taurine, PC, UFA, and PUFA. 200 mg TPP upregulation: lipid, taurine, PUFA, and UFA levels; downregulated: choline, succinate, lactate, and pyruvate.) (In adult females: no statistically significant difference in 2 mg TPP group. 200 mg TPP: downregulation: lipid, UFA, PUFA, choline and acetate.)
At 12 weeks, no difference in estradiol levels. No increase in uterine weight in uterotrophic bioassay (1-600 mg/kg bw/day, 3 days in 13-d-old female ICR mice or SD rats)
	

	
	
	
	
	Rodent, in vivo (male ICR mice 4 week old,
0, 100 and 300 mg/kg bw/d, oral via diet for 5 weeks. N=7 per dose group)
	No steatosis relevant parameters assessed, although disruption of cholesterol synthesis pathways may be (indirectly) relevant mechanisms.
Not relevant for adipogenesis steatosis relevant endpoints, none measured or reported on. Decrease of liver weight noted at 300mg/kg. But no analysis of lipid content/adipocytes in the liver. 
	Hepatic malondialdehyde (MDA) contents increased significantly in both TPP treated groups, while the contents of glutathione (GSH) decreased significantly in 300 mg/kg TPP
	(Chen et al., 2015)
	Effects of TPP and tris(2-chloroethyl) phosphate (TCEP) on the induction of oxidative stress and ‘endocrine disruption were evaluated in five week old male mice. After receiving 100, 300 mg/kg/ body weight oral exposure to TPP and TCEP for 35 day (short term chronic exposure) , the body and testis weights decreased in the 300 mg/kg TPP and TCEP treated groups. Hepatic malondialdehyde (MDA) contents increased significantly in both TPP treated groups, while the contents of glutathione (GSH) decreased significantly in 300 mg/kg TPP (and both TCEP treated groups). 
Not surprisingly, the hepatic activities of antioxidant enzymes including glutathione peroxidase (GPX), catalase (CAT) and glutathione S-transferase (GST) as well as their related gene expression were affected by TPP (or TECP).
300 mg/kg of TPP (or TECP) treatment resulted in histopathological damage and the decrease of testicular testosterone levels. The expression of main genes related to testosterone synthesis including steroidogenic acute regulatory protein (StAR), low-density lipoprotein receptor (LDL-R), cytochrome P450 cholesterol side-chain cleavage enzyme (P450scc) and cytochrome P450 17-hydroxysteroid dehydrogenase (P450-17) in the testes also decreased after the exposure to 300 mg/kg TPP (or TCEP) for 35 days. 
Authors Conclusion: Combined interpretation of the physiology, histopathology and gene expression results: 4 week chronic exposure at 300 mg/kg of TPP and TCEP can induce oxidative stress and disrupt the steroidogenic pathway in mice, but potential confounding by the chemical delivery not addressed adequately, nor detail on bedding and phytoestrogen free diet. 
Strong support for adverse impact upon StAR and steroidogenic pathway. 
Weaknesses: potential confounder: anhydrous ethanol stated to have volatilized entirely, but how this was assessed is not given. There was no vehicle control group to check for this potential confounding. It would have been useful to look at sperm morphology (particularly easy in mouse) and conduct microRNA analyses.
	Useful paper for NOAEL of 100 mg/kg and LOAEL of 300 mg/kg based on hepatic GSH depletion, but potential confounding by the chemical delivery not addressed adequately. 

	
	
	
	
	Zebrafish, in vivo (AB-strain, 5-month-old adults; exposure via water, n=30 fish per tank (15 male/15 female) 3 parallel tanks per treatments group, 50 and 300 µg/L for 7 d)
	Yes, most likely. Changes indicative of lipid accumulation observed in liver histopathology at both concentrations (50 and 300 µg/L).
	
	(Du et al., 2016)
	96h-LC50: 1.026 mg/L (following OECD TG203)
Metabolomics: significant changes in Carbohydrate metabolism (glucose, UDP-glucose, glycolate, lactate, succinate, fumarate), lipid metabolism (choline, acetylcarnitine, esterified cholesterol, arachidonic acid, timnodonic acid, linoleic acid, and αH2 fatty acids), amino acid metabolism (glutamate, glutamine, leucine), and osmolyte metabolism (TMAO, dimethylamine).
Transcriptomics, affected pathways: primarily carbohydrate and lipid metabolism, and DNA repair. Further, glycosphingolipid biosynthesis, PPAR signalling pathway, and fatty acid elongation
Blood markers elevated at both concentrations tested: glucose, pyruvate (less pronounced at high-dose), triacylglycerides, triacylcarnitines. HDL-C only elevated at high-dose, LDL-C not altered.
Liver histology: both doses induced obvious vacuolization and enlarged sinusoidal vessels, indicating lipid accumulation. Additionally, pyknotic nuclei indicate liver apoptosis – this was more pronounced in the high-dose group.
	

	[bookmark: triclosan]Triclosan
	3380-34-5
	[image: Triclosan Pharmaceutical Secondary Standard; Certified Reference Material]
	antibacterial and antifungal agent
	SUMMARY
	Uncertain/ negative
	Oxidative stress
	
	Moderate weight of evidence does not indicate triclosan to induce primary hepatic steatosis. Though changes to hepatic lipid metabolism might occur due to some evidence associating 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 F0 adults (including hepatic steatosis) (Regnault et al., 2018), 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 (PPARγ).
However, the reviewed literature indicates sex differences, with males being more susceptible to triclosan effects.
	

	
	
	
	
	Human, in vitro (primary human hepatocyte spheroids, 100 µM, 28 d exposure)
	No induction. Steatosis (and fibrosis) genes were downregulated
	
	(Vilas-Boas et al., 2021)
	Concentration-dependent decrease in ATP content (substantial at ≥100 µM) in primary human hepatocyte spheroids from day 7 (repeated exposure, up to 28 d) 
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	Human, in vitro (differentiated HepaRG cells, 72 h, 7.6×10-9 - 5×10-4 M)
	Not concluded
	
	(Landesmann et al., 2012)
	Chromatin condensation, decreased cell count, and ROS production in differentiated HepaRG (72 h exposure; at approx. 60-100 µM) 
	

	
	
	
	
	Human, in vitro (L02 and HepG2 cells, 48 h, 0.01-20 µM.)
	Decreased triglycerides in HepG2 cells; (elevated triglycerides and lipid accumulation in L02 cells)
	Oxidative stress
	(Zhang et al., 2019a)
	Lipid accumulation and ROS production in L02 (non-cancerous) hepatocytes, but fast detoxification via phase II metabolism and elevated antioxidant defense in hepatoblastoma HepG2 cells. Intracellular lipid dysregulation was observed in both cell lines (e.g. triglycerides were up regulated in L02 cells, but decreased in HepG2). 
	Problematic cell line L02: Contaminated. Shown to be a HeLa derivative (Ye et al., 2015). Originally thought to originate from a normal fetal liver.

	
	
	
	
	Human, in vivo. Epidemiology (mother-child pairs, n=850)
	
	
	(Wu et al., 2018)
	Prenatal exposure (measured by urinary triclosan) had no effect on birth weight, but especially early exposure (1st and 2nd trimester) was associated with increased weight in 2-year old infants. The effect was more prominent in females and suggests potential sex-differences.
	

	
	
	
	
	Human, in vivo. Randomized controlled trial (n=383; annual assessment for 5 years)
	no
	
	(Cullinan et al., 2015)
	Triclosan toothpaste decreased cholesterol (total cholesterol, high and low density lipoprotein). Some inflammatory biomarkers were altered, but clinical significance of this finding remains unclear. No influence of triclosan toothpaste use on liver or kidney function was concluded.
	

	
	
	
	
	Human, in vivo. Experimental exposure (0.3% triclosan in toothpaste; 2-cm strip of toothpaste for 3 min, 2x/d for 14 days; n=12)
	Not concluded
	
	(Allmyr et al., 2009)
	Blood plasma triclosan concentrations increased from 0.009–0.81 ng/g to 26–296 ng/g (ranges) upon exposure; no changes in 4β-hydroxycholesterol (indicative of CYP3A4 activation via PXR) or thyroid hormones were detected. Liver parameters were not monitored.
	

	
	
	
	
	Review
	No/mild steatogenic potential. 
	
	EFSA opinion (SCCP, 2009)
	Decreased triglycerides in high dose (600 mg/kg/d) 90-day subchronic oral toxicity study in rats. Further: increased liver weight (more pronounced in males); mild hepatic centrilobular cytomegaly and fatty metamorphosis in mid-and high-dose males. 
104-week long-term toxicity/carcinogenicity study in rats: transient changes in liver enzymes and triglycerides; slight relative liver weight decrease at high dose; hepatocyte hypertrophy and hepatocytic inclusions. (similar findings in 95-week hamster study; also more pronounced in males).
Hepatic effects in mice were more extensive, including increased cholesterol levels (both sexes) and hypertrophy of the liver (males only) and occurring at low doses (10 mg/kg bw/d).
	Strong confidence: opinion and review for regulatory purposes

	
	
	
	
	Mouse, in vivo (male C57BL/6 mice; exposed from 3 weeks old for 8 months through chow diet; 0.08% triclosan)
	Not concluded
	Oxidative stress (ROS production) 
CAR activation, no significant effect on PPARα activation 
Inflammatory cytokines TNFα, IL-6, and fibrogenic TGFβ 
	Yueh et al. 2014)
	Triclosan acts as a liver tumor promotor (upon tumorigenesis initiation by diethylnitrosamine) and enhances fibrogenesis. Increased cytokines (including inflammatory TNFα, IL-6, and fibrogenic TGFβ) in the liver. 
	

	
	
	
	
	Amphibian, in vivo (Xenopus tropicalis, transgenerational study. F0 female tadpoles (n=150) exposed to 50 ng/L TCS (7 d old to mature adult stage/12 months))
	Liver steatosis and hypertriglyceridaemia induced 
	Oxidative stress, ER stress
enriched KEGG pathways (transcriptomics): “FoxO signaling pathway” (3.7-fold); “Protein processing in endoplasmic reticulum” (3.4-fold) “Metabolism of xenobiotics by cytochrome P450” (7.4-fold) and “Chemical carcinogenesis” (7.1-fold)
	(Regnault et al., 2018)
	Exposure during early life stages resulted in metabolic syndrome (decreased glucose tolerance, liver steatosis, liver mitochondrial dysfunction, pre-diabetes (liver transcriptomic signature and pancreatic insulin hypersecretion)) and delayed metamorphosis in adults (F0). F1 progeny displayed decreased size and weight at metamorphosis. (Also mating of exposed animals was less efficient: 3 out of 5 females rejected the male despite sexual maturity, indicating TCS-related changes to sexual behaviour in females))
Steatosis assessed histopathologically; modifications observed upon TCS exposure correspond to NAFLD, but not (yet) NASH. 
	

	
	
	
	[no triclosan intervention]
	Human, in vitro (liver tissue from 27 NAFLD patients and 20 control individuals); 
mouse in vivo (different genotypes; male; C57BL/6 background. n=4-8 per treatment group; treatment by dietary intervention for 4-16 weeks) 
	
	Macrophage M1 p38α (mediated via: CXCL2, IL-1β, CXCL10, IL-6, TNF-α)
	(Zhang et al., 2019b)
	hepatocyte-specific p38a knockout (p38αΔHep), macrophage-specific p38α knockout (p38αΔMΦ) and wild-type (p38αfl/fl) mice fed with high-fat diet (HFD), high-fat/high-cholesterol diet (HFHC), or methionine-and choline-deficient diet (MCD). p38 inhibitors were administered to HFHC-fed wild-type mice for disease treatment. 
Compared to p38αfl/fl littermates, p38αΔHep mice developed significant nutritional steatohepatitis induced by HFD, HFHC or MCD. Meanwhile, p38αΔMΦ mice exhibited less severe steatohepatitis and insulin resistance than p38αfl/fl mice in response to a HFHC or MCD.
Macrophage M1 deficient p38αΔMΦ mice partly compensated the pro-inflammatory mediation of steatohepatitis through polarization of M2 macrophages (CD45+F4/80+CD11b+CD206+) and enhanced liver arginase activity. 
Restoration of TNF-α, CXCL10, or IL-6 induced lipid accumulation and inflammatory responses in p38αfl/fl hepatocytes co-cultured with p38αΔMΦ macrophages.
	Strong study; interspecies (mouse/ human) differences addressed.
Not relevant for triclosan-induced steatosis, but generally relevant for mechanism of steatosis

	p,p’- Dichlorodiphenyldichloroethylene (DDE)
	72-55-9
	[image: Dichlorodiphenyldichloroethylene]
	Metabolite of organochlorine insecticide
	SUMMARY

	Positive 
	
	
	Moderate weight of evidence to support DDE causing primary hepatic steatosis. 
Epidemiological evidence reports an association of DDT, the parent chemical of DDE, with increased incidence of fatty liver (La Merrill et al., 2019), and hepatotoxicity and fatty changes in the liver observed in non-human primates exposed to DDT (Takayama et al., 1999). 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) (Cano-Sancho et al., 2017).
DDT and its metabolite DDE are listed under the Stockholm Convention on Persistent Organic Pollutants, Annex B: Restriction of use (UNEP, 2019). DDT and its metabolites are restricted for use for regulatory purposes in some OECD member countries, e.g. Japan. 

	

	
	
	
	
	Human, in vivo (epidemiology/ biomonitoring; NHANES cohort. Random subset of approx. 2500 participants included in analysis in each survey period)
	Not concluded
	
	(CDC Department of Health and Human Services, 2009)
	Average US household representative survey.
Geometric mean (and 95% confidence interval) of p,p’-DDE in the respective survey years was: 260 (226-298) ng/g lipid (1999-2000), 295 (267-327) ng/g lipid (2001-2002), and 238 (195-292) ng/g lipid (2003-2004). (whole-weight, instead of lipid-adjusted, serum concentrations, as well as information on other isoforms of DDE or the parent DDT, or 50th, 75th, 90th, and 95th percentiles are listed in the original publication)
	Very high confidence.
Newer versions of the report/ measurements of POPs do not discriminate the different POPs due to low levels measured in the population

	
	
	
	
	Human, in vivo (epidemiology, CHAMACOS cohort, n=468 women)
	Not concluded (focus on adiposity measures; no association of serum DDE with adiposity measures)
	
	(Warner et al., 2018)
	Longitudinal birth cohort of low-income Mexican American mother-child dyads living in an agricultural community in California. Study was initiated in 1999 (prenatal); anthropometric visits included in this evaluation coincide with the child’s age of 9-12 years (three time points).
Positive associations were observed between serum DDT and BMI, waist circumference, and body fat percent. (no consistent statistically association for DDE)
Geometric mean concentration (if detected): p,p’-DDT: 4.7 ng/g lipid (detected in 57.5% of samples); p,p’-DDE: 291.2 ng/g lipid (detected in 100% of samples)
Plots of univariate exposure-response relationships for chemical exposure and change in BMI suggest inverse associations for DDT and DDE: while positive association was statistically significant for DDT, DDE shows a clear negative trend (though not statistically significant).
	Very high confidence

	
	
	
	
	Systematic review/ meta analysis (Articles included in data-extraction: n=39)
	Not concluded (focus on adiposity; DDE and DDT were classified as presumed obesogens for humans)
	
	(Cano-Sancho et al., 2017)
	Positive associations between exposure to p,p’-DDE and BMI z-score (β=0.13 BMI z-score (95% CI: 0.01, 0.25) per log increase of p,p’-DDE)
Systematic review that applied the National Toxicology Program framework based on the Grading of Recommendations Assessment, Development and Evaluation “GRADE” approach, including a risk of bias assessment, identified 19 in vivo studies and 7 in vitro studies that supported the biological plausibility of the obesogenic effects of p,p’-DDE and p,p’-DDT.
	Very high confidence

	
	
	
	
	Rat, in vivo (male Wistar rats, 4-6 weeks old, n=8 per group; 4 week exposure, 10 mg/kg bw via diet)
	Steatosis induced
	Oxidative stress, namely via UCP2 and SOD2 (high fat diet induced rather GPx1, malonaldehyde was elevated by both, DDE and diet)
CYP2B induction
	(Migliaccio et al., 2019)
	No change in liver weight was observed, but diet and DDE exposure increased the hepatic lipid content. 
Carnitin-palmitoyl transferase (CPT) system, as a measure of mitochondrial fatty acid oxidation, and β-oxidation were significantly increased upon DDE exposure, notably above levels of diet-induced levels. Histological staining of liver slices revealed no significant increase in lipid droplets upon exposure to DDE alone, however a vacuolated appearance around blood vessels, and an increase in eosinophilic cells was noted. Macrophage infiltration into liver tissue was confirmed by immunohistological staining (CD68+).
	

	
	
	
	
	Rat, in vivo (male Wistar rats, 8 weeks old, n=6/group; 12 week exposure, 100 µg/kg bw/d via drinking water)
	Hepatic fat accumulation
	Synthesis of polyunsaturated fatty acids (i.e. arachidonic acid, docosahexaenoic acid)
	(Rodríguez-Alcalá et al., 2015)
	The applied daily dose (100 µg/kg bw/d) is 2.5 times lower than the LOAEL at the time of the study. p,p’-DDE was administered to mice fed a standard or high-fat diet.
DDE exposure increased liver fat content; adipose tissue fatty acid composition was mostly unaffected. High-fat diet exacerbated hepatic lipid accumulation.
Fatty acid changes in the liver were mainly in palmitic, stearic, oleic, trans fatty acids, and linoleic acids (all increased). Arachidonic acid and docosahexaenoic acid, which were not supplied in the diet were altered as well. Therefore, changes in the n6 and/or n3 metabolic pathways, which are related to the synthesis of anti-inflammatory mediators, are hypothesised.
	Moderate confidence

	
	
	
	DDT
	Human, in vivo (epidemiology pilot MASALA; n=147)
	Increased incidence of fatty liver with increasing DDT plasma levels
	
	(La Merrill et al., 2019)
	Plasma samples were analysed for 30 (persistent) environmental pollutants by GC-MS/MS; study focused on South Asians (aged 45-84 years) living in America.
DDT plasma levels were associated with hallmarks of metabolic disease, including increased obesity (body mass index and/or waist circumference), adiposity, insulin insensitivity, fatty liver, and (pre)diabetes. Particularly p,p’-DDT was associated with increased hepatic fat, circulating insulin levels and decreased insulin sensitivity independent of obesity.
DDT was associated with a 2.4 increased odds of fatty liver in a subset of 134 study participants, who were examined for fatty liver (liver-to-spleen ration by computed tomography). It is concluded that DDT possibly primes the liver to be susceptible to fat accumulation through effects both dependent and independent of the positive association of DDT on adiposity.
	High confidence.
Most significant findings are for DDT, the parent compound of DDE

	
	
	
	
	Non-human primate, in vivo (cynomolgus (n=13) and rhesus monkeys (n=11); 130 months exposure to 20 mg/kg DDT in the diet, followed by ≈180 months observation period)
	Not concluded specifically, but hepatotoxicity was reported.
	
	(Takayama et al., 1999)
	Fatty changes in the liver were observed in 52.9% of the DDT group and 29.4% of the control group; histologic evidence of hepatotoxicity was microscopically documented in 7 DDT monkeys (liver cell necrosis, oval-cell proliferation, clear hepatocyte foci). Further, CNS and spinal cord abnormalities were documented in 6 DDT monkeys. Further, in DDT monkeys 2 malignant tumours (metastatic hepatocellular carcinoma, adenocarcinoma of the prostate) and 6 benign tumours were recorded (no tumours in control group; n=17).
Conclusion: evidence for CNS and hepatotoxicity, but not carcinogenesis of DDT in non-human primates.
	Very high confidence and moderate relevance

	[bookmark: cyproconazole]Cyproconazole
	94361-06-5
	[image: ]
	azole fungicide, wood preservative
	SUMMARY
	Positive (tentative)
	RARα, PXR, CYP (gene expression and protein abundance)
CYP51 (target of triazole fungicides; mode of fungicidal action)
	
	Moderate-strong mechanistic weight of evidence to support cyproconazole causing primary hepatic steatosis in vitro. Levels of lipid accumulation observed upon cyproconazole exposure correspond those observed with the assay positive controls (oleate, or oleate-palmitate mixture), or cyproconazole is used as a (positive) reference chemical (Lichtenstein et al., 2020).
However, GLP rodent in vivo studies (strong weight of evidence) identify the liver as a target organ for (tri)azole toxic effects, including increased relative liver weight, but no histopathological evidence for steatosis or lipid accumulation is reported, including in 2-year chronic exposure rodent studies (EFSA, 2009).
	Reasonable level of in vivo literature available, but high level of uncertainty to conclude on steatosis induction in vivo.

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24-72 h, 25-200 µM)
	Steatosis in HepaRG cells in vitro
	RARα, PXR 
(further gene expression changes: CYP1A2, CYP2B6, CYP2E1 (↓), CYP3A4 (↑), CYP3A7, CYP7A1 (↓), G6PC, INSIG1, RGCC (↓), SULT1B1, SULT1C2, TFF3, UGT2B7
Changes in protein abundance: ACOX1 (↓), ALDH1A1, ALDH2, CES2, CYP2A6, CYP3A4 (↑), FASN (↓), GPD1, HAAO, KHK, MAPK8(↓), MTTP, UGT2B7)
	(Luckert et al., 2018)
	Cyproconazole dose-dependently activated RARα and PXR (other NRs screened AhR, CAR, FXR, GR, LXRα, PPARα, PPARγ, PPARδ, RXRα, VDR), disrupted mitochondrial functions, induced triglyceride accumulation, and the formation of fatty liver cells. 
Activation of nuclear receptors by cyproconazole was studied in transiently transfected HEK-293 (CAR, FXR, LXRα, PPARα, PPARγ, PPARδ, PXR, RARα, RXRα) and HepG2 cell (AHR, GRE, CAR-CYP2B6, PXR-CYP2B6, VDR-CYP2B6) reporter gene systems. Exposure to cyproconazole: 24 h, 15-60 µM.
	Strong confidence

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 72 h, 7.6×10-9 - 5×10-4 M)
	Not concluded/ assessed
	Oxidative stress (0.01 µM)
	(Landesmann et al., 2012)
	ROS induction (0.01 µM) and decreased cell count, nuclear staining intensity and nuclear are reduction (approx. 60-100 µM) in differentiated HepaRG (72 h exposure) 
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24-72 h, 25-250 µM)
	Strong induction in vitro (HepaRG; EC50=92.4 µM)
	
	(Lichtenstein et al., 2020)
	200 µM cyproconazole as positive control; steatosis induction of approx. 2.5-fold (AdipoRed assay; similar to oleate-palmitate 250 µM positive control)
	Very high confidence

	
	
	
	
	Human, in vitro (HepG2 (24 h exposure) and differentiated HepaRG (72 h exposure), 200 µM)
	Strong induction
	
	(Lasch et al., 2020)
	Cyproconazole was used as a positive control chemical for an in vitro lipid accumulation study in hepatocytes. 200 µM cyproconazole induced ~1.4-2.5-fold increase in intracellular triglyceride content in HepaRG cells (data not shown for HepG2).
	High confidence and relevance

	
	
	
	
	Review
	Fatty changes in vivo (rodent)
	
	(Lichtenstein et al., 2020)
	Data reviewed based on test guideline studies according to OECD TG 417. Data source: list of endpoints on residues, active substance.
Fatty changes classified based on “Cumulative Assessment Group 2b: fatty changes” (Nielsen et al., 2012). Also, high oral absorption and high liver residue in vivo.
	Very high confidence; literature data based on guideline studies

	
	
	
	
	Review for regulatory purposes
	No steatosis. Liver as the primary target organ for toxicity, but no lipid accumulation
	CYP51 (target of triazole fungicides; mode of fungicidal action)
	(EFSA, 2009)
	Risk assessment for a selected group of pesticides from the triazole group (including cyproconazole and tebuconazole) to test possible methodologies to assess cumulative effects from exposure through food from these pesticides on human health; majority of studies included are rodent in vivo studies.
Studies, including 2-year chronic exposure GLP studies, do not indicate lipid accumulation in the liver.
Increased relative liver weight is reported frequently, and one of the most sensitive toxicological endpoints. However, this could be explained by observed hepatocyte hypertrophy and swelling; no lipid accumulation or steatosis was reported. (Tri)azol fungicides act by inhibiting CYP51, which in mammals is involved in cholesterol biosynthesis. Other CYP enzymes are affected as well (including CYP2A and CYP3A family), and this can affect steroid hormone synthesis and impact upon the (hepatic) metabolic balance, particularly metabolite flows between oxidases, including mixed-function oxidases.
	Very high confidence and relevance
Also for conclusion on triazole fungicide chemical group

	
	
	
	
	Rat, in vivo (28-day oral exposure study (via feed) in 9-week old male Wistar rats, 1-1000 ppm. OECD TG 407)
	No steatosis in Wistar male rats
	
	(Schmidt et al., 2016)
	Initial reduction of food consumption, reduced bodyweight in first week of exposure at 1000 ppm (=high dose). Haematological parameters were unaltered. No treatment-related gross pathological findings were noted, but absolute and relative liver weight was increased (30% absolute, 40-45% relative) in highest dose group. In the liver, mild centrilobular hypertrophy of hepatocytes was reported in most animals at the highest dose. Anisonucleosis was observed in all rats at the two highest dose levels, but not at intermediate or lower levels.
	Very high quality study (GLP, principally following OECD TG 407)

	[bookmark: tebuconazole]Tebuconazole
	107534-96-3
	[image: Tebuconazole PESTANAL®, analytical standard]
	triazole fungicide (plant pathogenic fungi)
	SUMMARY
	Positive (tentative)
	CYP51 (target of triazole fungicides; mode of fungicidal action)
	
	Very Strong weight of evidence for tebuconazole causing (general) hepatotoxicity, but 
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 (Lichtenstein et al., 2020), 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 steatosis/hepatic lipid accumulation (Schmidt et al., 2016), which is also in line with the conclusion on liver effects of the triazole fungicide class (EFSA, 2009).
The reviewed (rodent) in vivo data does not support tebuconazole 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.

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24-72 h, 1-200 µM)
	Strong induction in vitro (HepaRG)
	
	(Lichtenstein et al., 2020)
	Peak (≈3-fold induction) at 60-100 µM, then decrease at higher concentrations. LOEC estimated at ≈20-30 µM
	Very high confidence

	
	
	
	
	Human, in vitro (HepG2 and HepaRG cells, 24 h – 6 d, 1.25-20 µM)
	Triglyceride accumulation in HepaRG (LOEC 5 µM)
	In HepaRG: CAR, PPARα, PXR 
in HepG2: CAR, LXRα, PPARα (antagonism), PXR 
10 µM tebuconazole, HepaRG microarray: SLC27A5, GPD1, INSIG1, TXNIP, CYP19A1, CYP2E1, PLIN2, RGCC, IL1B, G6PC, HMGCR, CYP4A11.
1.25-20 µM tebuconazole, HepaRG qPCR (significant, with concentration-response): AKR1B10, ChREBP, FASN, GPD1, INSIG1, SREBF1
	(Knebel et al., 2019a)
	Induction of steatosis-related genes and triglyceride accumulation in HepG2 and HepaRG cells upon exposure to tebuconazole and propiconazole; propiconazole seems to be slightly more potent in steatosis induction (despite no difference in LOEC), resulting in higher fold-induction at 20 µM (≈2.8-fold vs. 2.3-fold; tested by Adipored staining, confirmed by GC-FID. Especially accumulation of longer-chain fatty acids: C52 and C54). Knock-out of PXR, but not CAR, in HepaRG abolished triazole-induced lipid accumulation. 
Positive/sensitivity control: mixture of oleic acid and palmitic acid (1:1; 225 µM) induces approx. 2.8-fold induction. 
	Strong confidence

	
	
	
	
	Human, in vitro (HepG2 and differentiated HepaRG, 1.25-40 µM, 24 h)
	Not assessed
	AhR agonism
CYP1A2 (enzyme activity induction in human only, not in rat), CYP1A1
	(Knebel et al., 2019b)
	To identify influence of different xenobiotic-sensing nuclear receptors, several HepaRG knockout sub-cell lines were used in addition to the WT.
Liver samples from a previous study in Wistar rats (Schmidt et al., 2016) were used as well.
For some experiments, test chemicals were pre-incubated with rat S9 mix to mimic hepatic metabolism for 30 min, followed by 4 h exposure of HepG2 cells, then medium was exchanged for chemical-free medium and cells were cultivated for 20 more hours.
In rat liver, Cyp1a1 and Cyp1a2 gene expression was significantly increase at 1000 ppm; enzyme activity (by EROD assay) was only increased for Cyp1a1, not for Cyp1a2.
In human cells, CYP1A1 gene expression was significantly increased (LOEC HepG2: 2.5 µM; HepaRG: 1.25 µM); CYP1A2 gene expression was significantly increased (LOEC HepaRG: 1.25 µM, HepG2 not reported) and all tested concentrations (5-40 µM) significantly induced CYP1A2 enzyme activity.
	

	
	
	
	
	Human, in vivo. Epidemiology (n=7)
	(not assessed)
	
	(Fustinoni et al., 2014)
	Analysis of urinary excretion, not of liver pathology.
Median dermal exposure levels of 6180 and 1020 µg calculated from tebuconazole contamination of coveralls.
	

	
	
	
	
	Human, in vivo. Experimental exposure (n= 3 male/ 3 female, single oral dose: 1.5 mg, single dermal dose: 2.5 mg during 1 h)
	(not assessed)
	
	(Oerlemans et al., 2019)
	Analysis of urinary excretion, but no information on liver biochemistry, or pathology.
	

	
	
	
	
	Review for regulatory purposes
	No steatosis. Liver as the primary target organ for toxicity, but no lipid accumulation
	CYP51 (target of triazole fungicides; mode of fungicidal action)
	(EFSA, 2009)
	Risk assessment for a selected group of pesticides from the triazole group (including cyproconazole and tebuconazole) to test possible methodologies to assess cumulative effects from exposure through food from these pesticides on human health; majority of studies included are rodent in vivo studies.
Studies, including 2-year chronic exposure GLP studies, do not indicate lipid accumulation in the liver.
Increased relative liver weight is reported frequently, and one of the most sensitive toxicological endpoints. However, this could be explained by observed hepatocyte hypertrophy and swelling; no lipid accumulation or steatosis was reported. (Tri)azol fungicides act by inhibiting CYP51, which in mammals is involved in cholesterol biosynthesis. Other CYP enzymes are affected as well (including CYP2A and CYP3A family), and this can affect steroid hormone synthesis and impact upon the (hepatic) metabolic balance, particularly metabolite flows between oxidases, including mixed-function oxidases.
	Very high confidence and relevance
Also for conclusion on triazole fungicide chemical group

	
	
	
	
	Review
	Fatty changes in vivo (rodent)
	
	(Lichtenstein et al., 2020)
	Data reviewed based on test guideline studies according to OECD TG 417. Data source: list of endpoints on residues, active substance.
Fatty changes classified based on “Cumulative Assessment Group 2b: fatty changes” (Nielsen et al., 2012). Also, high oral absorption and high liver residue in vivo.
	Very high confidence; literature data based on guideline studies

	
	
	
	
	Rat, in vivo (28-day oral exposure study (via feed) in 9-week old male Wistar rats, 1-1000 ppm. OECD TG 407)
	No steatosis in Wistar male rats
	
	(Schmidt et al., 2016)
	28-day oral exposure study (via feed) in 9-week old male Wistar rats (principally following OECD TG 407): Haematological parameters were unaltered. No treatment-related gross pathological findings were noted, but a significant increase in relative liver weight (7%) at the highest dose was reported. In the liver, mild centrolobular hypertrophy of hepatocytes and vacuolisation was reported in all animals at the highest dose. Anisonucleosis was observed in all animals at the highest dose and 2/5 animals at 10 ppm, but not at intermediate or lower doses.
	Very high quality study (GLP, principally following OECD TG 407)

	[bookmark: ketoconazole]Ketoconazole
	65277-42-1
	[image: ]
	imidazole fungicide, antiandrogen and antifungal pharmaceutical
	SUMMARY

	Uncertain
	GR antagonist, CYP enzymes.
CYP51 (target of triazole fungicides; mode of fungicidal action)
	
	Strong weight of evidence for ketoconazole adverse effects on the liver, however the weight of evidence for causing primary hepatic steatosis/lipid accumulation is weak: adverse human health effects included hepatitis, cirrhosis, and liver failure, but not steatosis (US FDA, EMA, 2013). However, human in vitro mechanistic data (mitochondrial dysfunction) are supportive of a potential to induce or contribute to the development of steatosis.
Stereoisomers may have different toxicological effects. (2R,4S)-(+)-ketoconazole (image top)/ (2S,4R)-(−)-ketoconazole (image bottom).
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.
	

	
	
	
	
	Human, in vitro (HepG2 and differentiated HepaRG; 1-100 µM; 24-48 h)
Rodent, in vitro (isolated mouse liver mitochondria from male C57BL/6 mice; 1-100 µM; 24-48 h)
	Not concluded
	Mitochondrial dysfunction (impaired membrane potential, disruption of electron transport chain enzyme complexes, decreased mtDNA, apoptosis)
	(Haegler et al., 2017)
	Cytotoxicity in HepG2: ≥50 µM; decreased intracellular ATP at ≥10 µM. after 24 h exposure, mitochondrial membrane potential was decreased and electron transport chain enzyme complexes impaired, accumulation of superoxide anion, decreased mtDNA, induction of apoptosis. This was exacerbated by vitamin B12 antagonist pre-treatment or ATP depletion.
Cytotoxicity in HepaRG: ≥100 µM, slightly accentuated by CYP3A4 and CYP1A2 induction
In isolated mouse liver mitochondria: impaired membrane potential and complex I activity
	High relevance

	
	
	
	
	Human, in vitro (undifferentiated HepaRG in 2D or 3D spheroid culture; exposure after 7 d pre-growth for 1-7 d; 9-step two-fold dilution from 640 µM)
	Not assessed
	
	(Ott et al., 2017)
	High-thoughput HepaRG CYP induction assay. CYP3A4 activity was assessed by P450-Glo Luciferin-IPA assay (Promega), CYP1A activity by EROD assay, cytotoxicity as ATP content by CTG assay (Promega).
Therapeutic maximum concentration in vivo: 11.3 µM.
Cytotoxicity: IC50 in 2D: 403.6 µM (24 h), 81.0 µM (7 d)
IC50 in 3D: 169.4 µM (24 h), 47.9 µM (7 d)
	High confidence, moderate relevance (high for cytotoxicity)
The authors declared a conflict of interest for the micromolds used to produce the HepaRG 3D spheroids

	
	
	
	
	Regulatory advice
	Liver injury/ hepatotoxicity (but not specifically steatosis)
	CYP3A4 inhibition (very potent)
Antiandrogen effects through interference with steroidogenesis
	(US FDA, EMA, 2013)
	Serious hepatic injury was identified as a major risk with oral ketoconazole medication in human, especially with high doses administered over a short time, or low doses over longer time.
Adverse outcomes leading to the suspension of marketing authorisation for oral ketoconazole in the EU (by EMA), and for revised recommendations for oral ketoconazole treatment by the US FDA were reported cases of hepatitis, cirrhosis, and liver failure with fatal outcomes or requiring liver transplantation. Hepatotoxicity occurred between 1-6 months after onset of treatment with the recommended dose of 200 mg/d, but has also been reported earlier than 1 month after commencing of treatment
	Very high confidence and relevance.

	
	
	
	
	Human, in vivo (epidemiology; retrospective cohort study to identify liver injury following oral antifungal medication, n=69,830, 20-79 years old free of liver and systemic diseases)
	Markedly increased risk of acute hepatic injury. Steatosis not assessed (due to lack of clinical code for inclusion, at that time).
	
	(García Rodríguez et al., 1999)
	Incidence of acute liver injury with ketoconazole: 134.1 per 100,000 person-months.
Of the investigated antifungals, ketoconazole was associated with the highest relative risk of acute liver injury (228.0, 95% CI: 33.9-933.0).
Ketoconazole treatment included in cohort: n=632 women, n=429 men.
Two cases of hepatic injury were recorded following ketoconazole treatment (one male, one female); the clinical pattern of liver injury was hepatocellular and cholestasis.
Despite the large size of the recruited cohort, the number of detected cases associated with antifungal treatment (n=6) is low, therefore effect modification by gender, age or ethnicity could not be concluded.
	Very high confidence and relevance; basis for change in recommendations for oral ketoconazole use by US FDA and EMA

	
	
	
	
	Human, in vivo (clinicopathological study; n=55: 46 female, 9 male))
	No steatosis. Hepatic injury likely (91%) caused by ketoconazole treatment, but hepatocellular or cholestatic pattern; not steatosis.
	
	(Stricker et al., 1986)
	Causal relationship of non-fatal hepatic injury being linked to ketoconazole treatment was “probable” in 27 cases, “possible” in 23 (i.e., “likely” in 50 cases). 
Hepatic injury was frequently accompanied by jaundice (44%); eosinophilia, fever, and rash were uncommon (<10%).
Biochemical characterisation of hepatic injury: hepatocellular (54%), cholestatic (16%), mixed cholestatic-hepatocellular (30%). Histological examination of 14 specimen showed a hepatocellular pattern (57%) with extensive centrilobular necrosis and mild-moderate bridging; in 43% of histological specimen cholestasis predominated.
A metabolic idiosyncratic mechanism of ketoconazole-induced hepatic injury is hypothesised.
	

	[bookmark: BaP]Benzo[a]pyrene
	50-32-8
	[image: Benzo[a]pyrene ≥96% (HPLC)]
	polycyclic aromatic hydrocarbon
	SUMMARY
	Yes, tentative positive
	CYP1A1
	
	Moderate weight of evidence supporting induction of primary hepatic steatosis in vitro (including mechanistic support and transcriptomic/metabolomic data).
Moderate-weak, but not contradicting weight of evidence in vivo (rodent and human).
Strong weight of evidence supporting induction of steatosis in Amphibians in vivo, though human relevance and predictivity is uncertain (e.g., due to substantial species-specific structural differences in PPARγ ligand binding pocket).
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 72 h, 1.5×10-10 - 1×10-5 M)
	No steatosis at non-cytotoxic levels
	
	(Landesmann et al., 2012)
	Decreased cell count, nuclear staining intensity, and nuclear area, but no ROS induction (at approx. 0.01 µM; no ROS production up to 200 µM)
	

	
	
	
	
	Human, in vitro (HaCaT cells (wild-type and AhR knock-down), 24-48 h, 0.1-3.5 µM)
	Not concluded, but B[a]P induced changes in lipid metabolism in an AhR-dependent fashion
	CYP1A1 (and, to a minor extent, CYP1B1)
Strong induction of CYP1A1 and CYP1B1 protein expression at 1 and 3.5 µM (weak induction at 0.1 µM) 
	(Potratz et al., 2016)
	In HaCaT wild-type cells, cell viability was reduced to ≈80% at 20 µM. 
Substantial B[a]P-dependent CYP induction observed at 1 and 3.5 µM (weak induction at 0.1 µM) on both, protein and gene expression level.
PCaa_C36:2 (phosphatidylcholine, diacyl, 36 C atoms, 2 double bonds) levels of cells were increased after B[a]P exposure and identified as a potential biomarker for canonical AhR activation after PAH exposure.
	High confidence, but lower relevance towards steatosis

	
	
	
	
	Human, in vitro (differentiated nonsteatotic and steatotic (150 µM stearate/oleate-induced) HepaRG cells; 2 weeks, 2.5-5 µM)
	yes
	Mitochondrial dysfunction (mitochondrial respiration ↓), oxidative stress (ROS)
AhR activation
APOA4, PLIN1, CYP2E1 (↑), CYP3A4 (↓)
	(Bucher et al., 2018a)
	Deleterious effects of B[a]P/ethanol co-exposure were at least partly dependent on B[a]P-mediated activation of AhR, particularly with respect to impairment of mitochondrial respiration.
Steatohepatitis-like appearance was more pronounced after B[a]P/ethanol co-exposure (as opposed to each chemical alone), and steatotic HepaRG cells were more susceptible than the non-steatotic model.
B[a]P induced triglyceride accumulation in both, steatotic and non-steatotic cells was lower than ethanol-induced TG accumulation.
APOA4 and PLIN1, biomarkers of NAFLD, paralleled changes in triglyceride accumulation.
	High confidence

	
	
	
	
	Human, in vitro (differentiated nonsteatotic and steatotic (150 µM stearate/oleate-induced) HepaRG cells; 2 weeks, 1-2.5 µM)
	yes
	Inflammation increased in steatotic HepaRG (2.5 µM B[a]P): IL6, IL1β. 
Metabolism: CYP1A1, CYP1A2 (reduced expression in steatotic cells), CYP1B1, CYP2E1
AhR signalling, inflammation, oxidative stress (ROS)
	(Bucher et al., 2018b)
	Compared to non-steatotic models, steatotic models exhibited higher cytotoxicity and stronger inflammatory response upon exposure. 
In steatotic HepaRG (i.e., stearate/oleate fatty acid overload prior and during exposure) B[a]P detoxification via CYP enzymes was decreased, leading to higher levels/longer residence time of toxic B[a]P metabolites.
Cytotoxicity EC10 in HepaRG: 4.68±0.95 µM in steatotic cells, 9.12±2.24 µM in non-steatotic cells; cytotoxicity was exacerbated by co-exposure to ethanol.
Results were confirmed/complemented in vitro (hybrid human/rat WIF-B9 cells; 5 d, 10 nM) and in vivo (obese zebrafish larval test, 4-12 dpf. Exposure 5-12 dpf, 25 nM).
	High confidence; complementary results observed in another mammalian in vitro cell model and a relevant zebrafish model.

	
	
	
	
	Human, in vitro (oleic acid-stimulated HepG2 cells; 24 h, 5 µM)
	Not concluded for B[a]P
	CYP1A1
	(Huang et al., 2018)
	CYP1A1, which expression is increased in oleic acid-stimulated HepG2 cells, catalyses (or is involved in the catalysis of) lipid peroxidation of lipids; B[a]P exposure exacerbated CYP1A1-mediated lipid peroxidation.
Cells were pre-treated with oleic acid (0.2 mM, 24 h)
	Moderate confidence

	
	
	
	
	Human, in vitro (SMMC-7721 cells; 1 month, 0.01-100 nM B[a]P)
	Not concluded
	Amino acid, carbohydrate, lipid, and nucleotide metabolism
	(Ba et al., 2015)
	Metabolomics study and network analysis revealed that amino acid, carbohydrate, and lipid metabolism pathways and the nucleotide metabolism pathway were influenced by prolonged B[a]P exposure.
B[a]P exposure caused a decline in the glycolysis process but enhanced the glycolytic capability of SMMC-7721 cells in vitro.
	Problematic cell line: Contaminated. Shown to be a HeLa derivative (Rebouissou et al., 2017, Ye et al., 2015). Originally thought to originate from a hepatocellular carcinoma.
Lower confidence due concerns over cell line identity.

	
	
	
	
	Human, in vitro (HepG2 cells, 3-60 h, 3 µM B[a]P)
	Not concluded
	RNA microarray: TP53 (↑), NRF2 (↑), apoptosis (↑), genotoxic stressor-response (↑); amine, sterol, lipid & carbohydrate metabolism (↓), transcription regulation (↓), nucleosome assembly (↓).
Critical transcription factors for B[a]P effects: NF-κB, c-MYC, SRF, AP1, E2F1
	(van Delft et al., 2010)
	Only one concentration was investigated, since previous studies showed that duration of exposure has a higher effect on gene expression profiles than dose; 3 µM were chosen as the lowest dose of B[a]P with a maximum accumulation of cells in S phase (higher concentration only extend the period of the S phase).
HepG2 efficiently cleared B[a]P from medium (1% remaining after 30-36 h, < LoD after 48 h).
No increased apoptosis was observed upon B[a]P exposure, but changes in cell-cycle timing. B[a]P induces DNA double strand breaks (as analysed by γH2AX foci) via DNA adducts.
B[a]P concentration in culture medium was verified after exposure by LC-MS; RNA integrity was analysed and used as a quality criterion for gene expression analyses
Steatosis/ lipid-accumulation-relevant mechanisms may have been missed, since the study focuses on carcinogenesis
	High confidence

	
	
	
	
	Hybrid human/rat, in vitro. (steatotic WIF-B9 hepatocytes, 3 h – 5 d, 10 nM B[a]P with/without 5 mM ethanol)
	no conclusion on induction of steatosis, but B[a]P promotes apoptosis/ cell death in steatotic cells
	p53
AhR, ADH, oxidative stress (ROS and nitric oxide)
CYP1 enzyme
	(Tête et al., 2018)
	Steatosis deceased CYP1 (EROD assay) enzyme activity upon B[a]P exposure and co-exposure.
B[a]P (co-)exposure exacerbated cell death in the steatotic in vitro cell model, suggesting in vivo aggravation of steatosis and progress to more severe stages, such as steatohepatitis.
	

	
	
	
	
	Human, in vivo (epidemiology/ pilot metabolome-wide association study. N=30 serum samples)
	Not concluded
	Enriched pathways: linoleate metabolism, carnitine shuttle, (xenobiotic) drug metabolism, butanoate metabolism, glycerphospholipis metabolism, prostaglandin biosynthesis, methionine/ cysteine metabolism
	(Walker et al., 2016)
	30 unidentified serum samples (out of approximately 60 million banked samples) were obtained from the US Department of Defense Serum Repository.
Serum samples were analysed for metabolites by LC-HRMS; free B[a]P in serum was determined by GC-MS.
Minimum, 25th percentile, median, 75th percentile, and maximum concentration (ng/mL) of 0.13, 1.45, 2.09, 3.18, and 37.2; corresponding to an average serum B[a]P concentration of 3.39 ng/mL±1.19 SE.
Enriched pathways included linoleate metabolism (P=0.0017), carnitine shuttle (P=0.0035), drug metabolism (P=0.005), butanoate metabolism (P=0.009), glycerphospholipid metabolism (P=0.029), prostaglandin formation (P=0.029), and methionine/cysteine metabolism (P=0.043).
	Small sample size (pilot study)

	
	
	
	
	Human, in vivo (epidemiology pilot; n=147)
	Not concluded (analytical chemistry focus)
	
	(La Merrill et al., 2019)
	Plasma samples were analysed for 30 (persistent) environmental pollutants by GC-MS/MS; study focused on South Asians living in America.
	High confidence

	
	
	
	
	Rodent, in vivo (adult C57BL/6 mice (n=24 exposed; sex not specified), single dose of B[a]P (5.0 µL, 5 mg/mL; ≈1.0 mg/kg bw) administered into the bronchial bifurcation by tracheal cannula. Observations up to 21 d post exposure)
	Potentially positive
	Lipid profile altered (no protein/transcriptomic biomarkers assessed)
	(Li et al., 2020)
	B[a]P exposure induced alteration of hepatic lipids by promoting the uptake from blood or the biosynthesis and transformation in the liver.
B[a]P exposure markedly altered glycerophospholipids, glycerolipids, and fatty acid metabolism in the mouse liver, with increasing of triacylglycerol (TG), phosphatidylinositol (PI) and PC, and decreasing of LysoPCs phosphatidylethanolamines (PEs), lysophosphatidylethanolamine (LysoPEs), free fatty acids (FFAs) and eicosanoids. (lipidomics study)
Excessive TGs detected in liver samples were mainly from the transportation of blood at the early period of B[a]P exposure; continuous accumulation of TGs was attributed to biosynthesis in middle/late exposure period. TG hydrolysis was enhanced in later exposure stages.
	Moderate-high confidence, moderate relevance

	
	
	
	
	Rodent, in vitro (primary rat hepatocytes from male Wistar rats or C57BI/6 mice; 48 h, 20 µM B[a]P)
	Not concluded, but likely increase in steatosis under steatogenic diet-like conditions
	Mammalian INDY gene (SLC13AB, encoding plasma membrane sodium citrate transporter, NaCT)
AhR (↑); FAS (↑), SREBP-1c (↑), ACC (↑, minor induction)
	(Neuschäfer-Rube et al., 2015)
	mINDY ablation protects against diet-induced steatosis; mINDY is induced in patients with hepatic steatosis. Diet-induced hepatic steatosis is enhanced by AhR activation.
B[a]P exposure induced mINDY expression, supporting the hypothesis of mINDY being a downstream target of AhR signalling. mINDY induction increased citrate uptake and incorporation into lipids (sterols and fatty acids); probably exacerbated by B[a]P-mediated increased lipogenesis.
Additionally, B[a]P is alo a potential PXR ligand (and CYP3A4 inducer), though this is unlikely to be the primary cause of mINDY induction (also CAR activation is unlikely to have influenced the B[a]P-mediated mINDY expression).
	High confidence

	
	
	
	
	Amphibian, in vivo (Xenopus tropicalis, transgenerational study. F0 tadpoles exposed to 50 ng/L BaP (7 d old to mature adult stage/12 months))
	Yes, steatosis sustained throughout F0, F1, and F2
	Enriched KEGG pathways in F1 (underlined: changes sustained until F2): “Steroid biosynthesis” (F1: 40.4-fold, p=1.12 E11; F2: 29.9, p=1.58 E-5), “Biosynthesis of antibiotics” (F1: 6.6-fold, p=1.36 E-8; F2: 5.3-fold, p=1.58 E-4), “Terpenoid backbone biosynthesis” (22.5-fold, p=5.22 E-5), “Metabolic pathways” (2-fold, p=1.09 E-4), “Pyruvate metabolism” (9.5-fold, p=0.007), “PPAR signalling pathway” (6.5-fold, p=0.02).
	(Usal et al., 2021)
	5 F0 females and 10 F0 males were selected for mating for F1.
Hepatic steatosis was detected in F0, F1, and F2 adult females (males not examined); liver histopathology indicated progression of NAFLD to NASH. 
In F1 and F2: down-regulation of lipid metabolism (especially cholesterol metabolism, fatty acid metabolism, and fatty acid transport), except for upregulated slc27a6 (long-chain fatty acid transport across membranes).
F2 progeny from B[a]P exposed F0 frogs showed delayed metamorphosis and sexual maturity; females showed increased hepatosomatic (1.2-fold, p=0.043) and adiposomatic (1.8-fold, p=0.026) indexes; histopathology resembled NASH.
While F2 females were not insulin resistant, insulin secreting capacity was markedly reduced. Also, glucose tolerance and muscle glycogen stores were decreased.
	

	
	
	
	
	Amphibian, in vivo (Xenopus tropicalis, transgenerational study. F0 female tadpoles (n=150) exposed to 50 ng/L BaP (7 d old to mature adult stage/12 months))
	Liver steatosis and hypertriglyceridaemia induced 
	Oxidative stress, ER stress
Enriched KEGG pathways (transcriptomics): “Metabolic pathways” (2.9-fold), “Biosynthesis of amino acids” (3.5-fold), “Steroid hormone biosynthesis” (3.7-fold); “Peroxisome” (3.7-fold), “Chemical carcinogenesis” (3.8-fold); “Carbon metabolism” (3.8-fold); “Metabolism of xenobiotics by cytochrome P450” (4.1-fold); “Glycine, serine and threonine metabolism” (7.8-fold); “Glyoxylate and dicarboxylate metabolism” (8-fold); “Protein export” (13.2-fold) and “Protein processing in endoplasmic reticulum” (5.4-fold)
	(Regnault et al., 2018)
	Exposure during early life stages resulted in metabolic syndrome (decreased glucose tolerance, liver steatosis, liver mitochondrial dysfunction, pre-diabetes (liver transcriptomic signature and pancreatic insulin hypersecretion)) and delayed metamorphosis in adults (F0). F1 progeny displayed decreased size and weight at metamorphosis.
F0 animals still displayed hepatic disorders and insulin secretory defect after 1 year depuration period.
Steatosis was assessed histopathologically; modifications observed upon B[a]P exposure correspond to NASH; despite extensive necrotic lesions no fibrosis was observed. 
	

	[bookmark: pemafibrate]Pemafibrate
	848259-27-8
	[image: ]
	Pharmaceutical
	SUMMARY
	Negative
Inactive/ decrease
	PPARα (agonism)
	
	Strong weight of evidence supporting no induction of steatosis in human in vivo. Mechanistic 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.
	

	
	
	
	
	Human, in vivo. (Randomized, double-blind, placebo-controlled clinical phase II trial; n=118. Clinical trial NCT03350165. 0.2 mg pemafibrate twice daily orally for 72 weeks)
	no
	
	(Nakajima et al., 2021)
	Liver fat content was not decreased by the intervention, but liver stiffness was reduced at 48 and 72 weeks, with significant reduction in serum alanine aminotransferase (ALT) and low-density lipoprotein cholesterol (LDL-C).
	

	
	
	
	
	Human, in vivo. (Randomized, double blind, active-controlled clinical phase III trial; n=223, 24-week study)
	
	
	(Ishibashi et al., 2018)
	Serum triglyceride levels decreased significantly. 0.2 mg/d and 0.4 mg/d pemafibrate were superior to fenofibrate (106.6 mg/d) in reducing serum TG. (liver outcome not assessed directly)
	

	
	
	
	
	Human, in vivo (randomized, double-blind placebo-controlled multicentre clinical phase III trial; n=489)
	Inactivity can be inferred due to a decrease of serum triglycerides and reduction in adverse liver/kidney effects
	
	(Arai et al., 2018)
	Study to examine equivalent efficacy of pemafibrate compared to maximum therapeutic dose of fenofibrate.
Pemafibrate efficacy was at least equivalent (or better) than fenofibrate, particularly with respect to reducing serum triglyceride levels. Pemafibrate intervention resulted in fewer adverse effects on kidney/liver-related laboratory results.
	

	
	
	
	
	Meta-analysis of randomized clinical trials (2 clinical trials, total of 1623 patients)
	
	
	(Ida et al., 2019)
	Serum triglyceride concentration was decreased by pemafibrate similar to fenofibrate. Pemafibrate improved HDL and non-HDL (LDL) cholesterol levels and, by homeostasis model assessment, insulin resistance. Compared to placebo and fenofibrate treatment, pemafibrate significantly decreased hepatobiliary enzyme activity and total adverse events, but LDL cholesterol was higher.
	

	
	
	
	
	In silico, molecular docking
	
	PGC-1α (PPARα co-activator) 
	(Yamamoto et al., 2018)
	In silico molecular docking studies (confirmed by in vitro luciferase assay) of pemafibrate and fenofibrate to hPPARα explain the high affinity and efficacy of pemafibrate (over fenofibrate) 
	

	
	
	
	
	Mouse, in vivo (STAM mouse model: induced NASH in male C57BL/6J mice; 6-week old; 21-day treatment: 0.1 mg/kg bw with high-fat diet. n=6 per group)
	Reduction of NAFLD/NASH in mice without affecting triglyceride content 
	VCAM-1 (↓), myeloid cell markers, inflammation- and fibrosis-related genes. PDK4 (↑; glucose vs fatty acid oxidation), LIPE, MGLL, MOGAT1 (TG re-esterification), VLDLR, AQP9, GYK, PNPLA2, ABHD5 
	(Sasaki et al., 2020)
	Improved macrovesicular steatosis (but not biochemical steatosis score) and F4/80 positive macrophage accumulation. Enhanced TG hydrolysis and fatty acid β-oxidation (and re-esterification), increased number and reduced size of lipid droplets. RNA-seq analysis revealed enriched genes/pathways related to lipid metabolic processes were upregulated, while immune system processes were downregulated.
	

	[bookmark: fenofibrate]Fenofibrate
	49562-28-9
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	Pharmaceutical (abnormal blood lipid levels)
	SUMMARY
	Negative
Inactive/ decrease
	PPARα (agonism)
	
	Moderate weight of evidence supporting no induction of steatosis in human in vivo. Mechanistic data, and pharmaceutical mode of action to lower abnormal blood lipid 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 (Oscarsson et al., 2018). 
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.
While pemafibrate seems to be a more potent (~100x) pharmaceutical to treat hyperlipidaemia, fenofibrate was prioritised due to longer market authorisation.
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24 h, 3 d, 7d; 100 pM - 100 µM (cytotoxicity/ 100 pM – 1 µM (metabolomics))
	Equivocal.
Steatosis induced at 0.1-1 nM (increased total lipids), but no induction at ≥10 nM
	
	(Franco et al., 2020)
	Fenofibrate induces steatosis (increased total lipids between 0.1-1 nM; no difference to control at 10-1000 nM). No accumulation of neutral lipids. 
LC50 24 h: 1915.00 ± 37.08 µM; LC50 7 d: 303.60 ± 13.40 µM
	Moderate confidence

	
	
	
	
	Human, in vitro (oleic acid-induced steatosis model of differentiated HepaRG cells. 14 d; 25 µM)
	Reduced steatosis
	Decreased expression: LXRα (no change in LXRβ), ALB, CYP2B6
	(Rogue et al., 2014)
	Test concentrations correspond to IC10 values for cell viability by MTT test.
Reduction of triglyceride accumulation in oleic acid overload-induced steatosis in HepaRG cells in vitro. (Fenofibrate was less potent than rosiglitazone and glitazars in reducing steatosis.) 
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 14 d, 100 µM))
	(not concluded)
	
	(Savary et al., 2015)
	100 µM fenofibrate (= IC10 in MTT cell viability assay; approx. 4-fold therapeutic plasma concentration) altered genes involved in lipid metabolism, inflammation/oxidative stress, cholesterol/bile transport and metabolism, amino acid metabolism, carbohydrate metabolism, and xenobiotic metabolism (based on Ingenuity Pathway Analysis; details from gene array in publication). No conclusion on steatosis is given in this publication. 
	

	
	
	
	
	Human, in vitro (HepG2 and differentiated HepaRG, pre-loaded for 14 h with 62 µM oleate palmitate (2:1); 62.5-500 µM, 24 h) 
	Induction, very strong (up to >500% in HepaRG)
	Oxidative stress (ROS), decreased mitochondrial membrane potential
	(Tolosa et al., 2016)
	Exposure of cells to test chemicals was conducted in fatty-acid-free medium.
Fenofibrate is included as a steatogenic chemical (Drug-induced liver Injury category: not assigned), also causing mitochondrial impairment and apoptosis 
In HepaRG: Significant lipid accumulation at ≥125 µM accompanied by increased oxidative stress/ROS production and decreased membrane potential. Cell viability was impaired at 500 µM.
	Very high confidence and relevance

	
	
	
	
	Human, in vivo. (Randomized, double blind, active-controlled clinical phase III trial; n=223, 24-week study)
	No assessment of liver outcome, but decreased serum triglyceride levels
	
	(Ishibashi et al., 2018)
	Serum triglyceride levels decreased significantly. 0.2 mg/d and 0.4 mg/d pemafibrate were superior to fenofibrate (106.6 mg/d) in reducing serum TG. (liver outcome not assessed directly)
	

	
	
	
	
	Human, in vivo (double-blind, randomised, placebo-controlled clinical study, n=78 overweight or obese individuals with NAFLD and hypertriglyceridemia. 4 g PUFA for 12 weeks)
	Not concluded on steatosis specifically, but increased liver and liver lipid volume
	
	(Oscarsson et al., 2018)
	Clinical study on the effects of an omega-3 carboxylic acid supplement (4 g/day; containing DHA, EPA, and other fatty acids; n=25), 200 mg/day fenofibrate (n=27), or placebo (n=26) treatment in NAFLD. Double-blind parallel-group study.
Upon conclusion of the study, liver proton density fat fraction was not significantly different between treatment groups. Liver and pancreas volume were significantly increased compared to placebo, and were positively correlated (rho 0.45, p=0.02). Compared to PUFA treatment, fenofibrate increased total liver fat and liver volume.
Serum triglycerides were decreased; as well as plasma DHA and increased plasma acylcarnitine and butyrycarnitine, estimated delta-9 desaturase activity and urine F2-isoprostane concentration.
	High relevance, high confidence (smaller sample size, but thorough assessment; magnetic resonance imaging)

	
	
	
	
	Human, in vivo. (Randomized, double-blind placebo-controlled multicentre clinical phase III trial; n=489)
	
	
	(Arai et al., 2018)
	Doses administered were: pemafibrate (administration twice daily): 0.1 mg/d (n=40), 0.2 mg/d (n=120), 0.4 mg/d (n=80); fenofibrate (administration once daily): 100 mg/d (n=80), 200 mg/d (n=120); or placebo (n=40). Administration period was 12 weeks with 4-week follow-up period.
Non-inferiority and/or superiority of pemafibrate over fenofibrate was shown, particularly with respect to reducing serum triglyceride levels. Pemafibrate intervention resulted in fewer adverse effects on kidney/liver-related laboratory results.
	High confidence, moderate-high relevance

	
	
	
	
	Meta-analysis of randomized clinical trials (2 clinical trials, total of 1623 patients)
	Not concluded on liver, only blood/plasma measured
	
	(Ida et al., 2019)
	Serum triglyceride concentration was decreased by pemafibrate similar to fenofibrate. Compared to placebo and fenofibrate treatment, pemafibrate significantly decreased hepatobiliary enzyme activity and total adverse events, but LDL cholesterol was higher.
	

	[bookmark: pioglitazone]Pioglitazone
	111025-46-8
	[image: ]
	Pharmaceutical, anti-diabetic drug
	SUMMARY
	Negative
Decrease/ inactivity in healthy population can be inferred from decreased NASH and steatosis in diabetic patients in clinical trials
	
	
	Meta-analyses of (human in vivo) clinical studies indicate pioglitazone improves the hepatic score in (diabetic) patients with NASH; in particular improvement was seen in steatosis and lobular inflammation. 
These two studies are of high confidence and were therefore utilised as a primary source of information (full-text evaluation of references was restricted where pharmaceutical mechanisms are well understood. Rosiglitazone (see below) 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. Therefore, the weight of evidence is indicated as moderate.
	

	
	
	
	
	Meta-analysis of randomized clinical trials (10 studies, n=964)
	
	
	(Singh et al., 2015)
	[bookmark: _Hlk101948779]Pentoxifylline and obeticholic acid improve fibrosis, and vitamin E, thiazolidinediones (TZDs; rosiglitazone or pioglitazone), and obeticholic acid improve ballooning degeneration in patients with NASH. TZDs are superior to vitamin E on improving steatosis and lobular inflammation.
	

	
	
	
	
	Meta-analysis of randomized clinical trials (4 studies, n=334)
	
	
	(Boettcher et al., 2012)
	TZDs (rosiglitazone and pioglitazone) improved ballooning degeneration, lobular inflammation, and necroinflammation. Improvement in fibrosis was only marginally significant for pioglitazone only (not for rosiglitazone). TZD treatment increased total body fat.
	

	[bookmark: rosiglitazone]Rosiglitazone
	122320-73-4
	[image: ]
	Pharmaceutical, anti-diabetic drug
	SUMMARY
	Negative
Decrease/ uncertain
	PPAR agonist (esp. PPARγ)
	
	Strong weight of evidence from human in vivo studies (clinical trials, meta-analyses) supports 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 (Franco et al., 2020); 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 PPARγ receptors in the liver: low expression levels were protective of rosiglitazone-induced hepatic steatosis (Gao et al., 2016). Furthermore, there are interspecies differences in activation profiles of the PPARγ receptor, which could contribute to the interspecies differences indicated here (Garoche et al., 2021).
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, assumedly healthy, population.
Rosiglitazone is an established model PPARγ 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 hPPARα/γ reporter gene assays, or human in vitro adipogenesis assays.
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24 h, 3 d, 7d; 100 pM - 100 µM (cytotoxicity/ 100 pM – 1 µM (metabolomics))
	Strong induction (≥10 nM) 
	
	(Franco et al., 2020)
	Rosiglitazone induces steatosis in differentiated HepaRG cells (increased total lipids above 10 nM). Moderate accumulation of neutral lipids (LOEC = 100 nM) 
LC50 24 h: 116.20 ± 4.23 µM, LC50 7 d: 23.25 ± 1.51 µM
	

	
	
	
	
	Human, in vitro (oleic acid-induced steatosis model of differentiated HepaRG cells. 14 d; 50 µM)
	Reduction of oleic acid overload-induced steatosis (50 µM) 
	De novo lipogenesis (ELOVL6, FASN, PPARG, SCD1, SREBP1 and THRSP), FAO and mitochondrial biogenesis (ACADL, ACOX1, CPT1A, CPT2, ECH1, CYP4A11, HADHA and PPARA), lipid hydrolysis and formation of lipid droplets (ADFP, PLIN4 and LPL), lipoprotein synthesis (APOC3), nuclear receptors (LXRα/β, FXR, PXR and CAR) as well as other liver functions (ALB and CYP2B6) 
	(Rogue et al., 2014)
	Test concentrations correspond to IC10 values for cell viability by MTT test.
PPAR agonists decreased triglyceride accumulation caused by oleic acid overload by up to 50%. Fatty acid oxidation genes were induced, while many genes involved in de novo lipogenesis were downregulated. Also, FXR, LXR and CAR nuclear receptor expression was modulated upon 2-week exposure. (In contrast, rosiglitazone was found to induce accumulation of neutral lipids in murine hepatocytes in vivo) 
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 70 µM, 14 d exposure)
	Not concluded/evaluated (focus on gene expression analysis)
	
	(Savary et al., 2015)
	Exposure of differentiated HepaRG cells for 14 d to 70 µM rosiglitazone (= IC10 in MTT cell viability assay; approx. 70-fold therapeutic plasma concentration) altered genes involved in lipid metabolism, inflammation/oxidative stress, cholesterol/bile transport and metabolism, amino acid metabolism, carbohydrate metabolism, and xenobiotic metabolism (based on Ingenuity Pathway Analysis; details from gene array in publication). No conclusion on steatosis is given in this publication. 
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells and primary human hepatocytes, 50 - 150 µM, 24 h exposure)
	Not concluded
	Upregulated in PHH & HepaRG: CD36, SLC27A4, SLC27A2, ACSL1, ACSL5, FABP3, FABP4, CPT1A, HADHA, FGF21, PEX11A, ADFP, CIDEC, PLIN1, PLIN4, ANGPTL4, VLDLR, AKR1B1, AKR1B10, CYP1A1, CYP2B6, CYP3A4, CYP3A7, PLA1A, IL1B, ABCB4, ABCC2, HMOX1, POR, OASL, MBL2, CD14, IRF7, SGK2
Upregulated in PHH & HepaRG: BDH1, ADH1B, EPHX2, ABAT, AGXT2, CTH, GLS2, HAL, HPD, OTC, TAT, CXCL10, SAA4, CYP7A1, CAV1, SLC10A1
(in bold: microarray results validated by qPCR. Further: PDK4, FABP1, ALB, ALD-B, PPARA, PPARG1)
	(Rogue et al., 2011)
	150 µM rosiglitazone reduced the intracellular ATP content significantly (to ≈80%).
Comparative gene expression profile of the response of primary human hepatocytes and/or HepaRG cells to rosiglitazone (50-150 µM) treatment. 
	

	
	
	
	
	Human, in vitro (undifferentiated HepaRG in 2D or 3D spheroid culture; exposure after 7 d pre-growth for 1-7 d; 9-step two-fold dilution from 208 µM)
	Not assessed
	
	(Ott et al., 2017)
	High-throughput HepaRG CYP induction assay. CYP3A4 activity was assessed by P450-Glo Luciferin-IPA assay (Promega), CYP1A activity by EROD assay, cytotoxicity as ATP content by CTG assay (Promega).
Therapeutic maximum concentration in vivo: 1.0 µM.
Cytotoxicity: IC50 in 2D: 4.4 µM (24 h), 5.0 µM (7 d)
IC50 in 3D: 1.6 µM (24 h), 19.0 µM (7 d)
Interlaboratory IC50 comparison: 121.8-144.5 µM (14 h, 3D HepaRG), 1.6 µM (24 h, 3D HepaRG), 352 µM (24 h, 3D rat hepatocytes), 326 µM (5 d, 3D rat hepatocytes)
	High confidence, moderate relevance (high for cytotoxicity)
The authors declared a conflict of interest for the micromolds used to produce the HepaRG 3D spheroids

	
	
	
	
	Human, in vivo (Therapeutic intervention, n=25, biopsy-proven NASH; 4 mg rosiglitazone twice daily for 48 weeks)
	Decreased steatosis (improved NASH/ necroinflammatory score)
	
	(Neuschwander-Tetri et al., 2003)
	Mean global necroinflammatory score significantly improved with treatment and biopsies of 10 patients (45%) no longer met published criteria for NASH after treatment. Treatment also improved serum ALT and insulin sensitivity. Serum ALT rebounded to nearly pre-treatment levels within 6 months of completing treatment, but improvement of insulin sensitivity was more sustained.
	

	
	
	
	
	Human, in vivo (Therapeutic intervention, n=20, biopsy-proven NASH, 4 mg rosiglitazone twice daily for 48 weeks)
	Decreased macrovesicular steatosis, but not microvesicular steatosis
	
	(Caldwell et al., 2007)
	Rosiglitazone therapy did not affect the number of mitochondria, but increased occurrence of crystals in mitochondria. Macrovesicular steatosis, but not microvesicular steatosis, and Mallory bodies were significantly decreased (improved) by treatment.
	

	
	
	
	
	Meta-analysis of randomized clinical trials (10 studies, n=964)
	Decrease of steatosis
	
	(Singh et al., 2015)
	Pentoxifylline and obeticholic acid improve fibrosis, and vitamin E, thiazolidinediones (TZDs; rosiglitazone or pioglitazone), and obeticholic acid improve ballooning degeneration in patients with NASH. TZDs are superior to vitamin E on improving steatosis and lobular inflammation.
	

	
	
	
	
	Rodent, in vivo (female C57BL/6J mice (6 per treatment group); exposure via drinking water: 500 nM ROSI from 7 days before mating throughout pregnancy)
	Yes, more pronounced in females
	
	(Chamorro-García et al., 2013)
	F0 (dams) were exposed via drinking water, F1 animals were exposed in utero, F2 animals were exposed as germ cells in F1 mice (in utero), F3 animals were unexposed. Sibling inbreeding was avoided; 6 couples per exposure group were propagated to the next generation; 4-5 litters per exposure group were included in the analysis.
Lipid accumulation in liver observed only in female liver in F1, not in males or in F2/F3.
	High confidence

	
	
	
	
	Rodent , in vivo. (male C57BL/6 mice, 20 mg/kg bw (non-obese mice)/ 5 mg/kg bw (obese mice) twice weekly for 9-15 weeks. Preventive study: 5 mg/kg bw daily for 3 weeks)
	Potentially yes. Steatosis was induced by rosiglitazone in mice on a high-fat diet/in obese mice, and was dependent on PPARγ expression levels in the liver.
	PPARγ, FAS, SCD1, UCP2, HSL, ATGL, CD36, FABP4, MGAT1, DGAT1 
	(Gao et al., 2016)
	In mice on a high-fat diet, susceptibility to rosiglitazone-induced steatosis was dependent on PPARγ expression levels: low levels of PPARγ expression (associated also with higher levels of CD36, FABP4, and MGAT1 expression) in the liver were protective against, but higher levels of PPARγ expression in the liver exacerbated liver steatosis in obese mice. 
In obese mice, 20 mg rosiglitazone/kg bw showed marked toxicity, resulting in weight loss.
	

	Bis(2-ethylhexyl) phthalate (DEHP)
	117-81-7
	[image: Bis(2-ethylhexyl) phthalate]
	Plasticizer, metabolite
	SUMMARY
	Negative 
Inactive/ potential increase in hepatic (neutral) lipid accumulation and steatosis; mainly mediated via metabolite MEHP
	
	
	Moderate weight of evidence for no effect of DEHP on steatosis in human in vivo. Though several in vivo epidemiological studies were retrieved and analysed, steatosis/ lipid accumulation in the liver was not assessed or reported, and the primary focus was on body weight/ BMI, abdominal fat, or analytical chemistry monitoring exposure levels. For DEHP and its main metabolite MEHP studies either reported no association, or a positive association with (increased) body weight/ BMI, or abdominal fat. In addition to human in vivo epidemiological data, a non-human primate study (Satake et al., 2010) 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. PPARγ signalling pathway activation) in the liver. Interspecies differences in PPAR expression in the liver and affinity need to be considered.
Steatogenic activity through PPARγ 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 is listed at the end of this chemical.
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 72 h, 1.5×10-8 - 1×10-3 M)
	(not concluded)
	
	(Landesmann et al., 2012)
	No change in nuclear staining and no ROS production (72 h exposure; up to 200 µM).
No indication of hepatotoxicity.
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24 h, 3 d, 7d; 100 pM - 100 µM (cytotoxicity/ 100 pM – 1 µM (metabolomics))
	Increase (moderate)
Slight increase in total lipids (LOEC = 1000 nM), but very strong accumulation of neutral lipids
	
	(Franco et al., 2020)
	LC50 24 h: 163.70 ± 9.97 µM, LC50 7 d: 137.20 ± 11.41 µM
Slight concentration-dependent increase in total lipids (to max. 444.8 ± 32.3 µM); significant increase only at 1 µM.
Very strong accumulation of neutral lipids (LOEC=10 nM; >2-fold accumulation). DEHP was the strongest lipid homeostasis disruptor in the study of environmental obesogens, modifying lipid profiles in strong favour of obesity-related lipid species, such as triglycerides.
	High relevance, but moderate confidence (high-throughput screening data)

	
	
	
	
	Human, in vitro (HepG2 lipid overload model (500 µM oleic acid + 1% BSA), 48 h exposure, 2.5-200 µM DEHP)
	Aggravation of steatosis. (DEHP promotes lipid accumulation in oleic acid-induced HepG2 cells)
	PPARα, SREBP-1c (proteins; increased)
Redox homeostasis disrupted
	(Zhang et al., 2017)
	Cell proliferation increased in lower concentration conditions (≤50 µM), but viability impaired at higher concentrations (viability < 70% upon exposure to 200 µM DEHP); as a result: highest concentration excluded from further experimental steps.
	Moderate confidence.
While the experimental side seems acceptable, the confidence in the results is decreased by low quality of English language in the publication.

	
	
	
	
	Human, in vivo (epidemiology; subpopulation of NHANES study, n=6,005 women))
	(not concluded) But related positive associations of DEHP metabolites MBP and MEHP with BMI and waist circumference.
	
	(Yaghjyan et al., 2015)
	Women aged ≥18 years who were not pregnant and had no history of diabetes were included in this study; seven urinary phthalate metabolites were monitored and correlated with BMI, waist circumference, total cholesterol, triglycerides, HDL-C and LDL-C. All examined metabolites are metabolites of DEHP.
BMI was positively associated with monobutyl phthalate (MBP) and mono-2-ethylhexyl phthalate (MEHP) (odds ratio (OR) = 1.13; 95% confidence interval (CI), 1.03–1.23 and OR= 1.12; 95% CI, 1.03–1.23, respectively). Waist circumference was positively associated with MBP (OR = 1.13; 95% CI, 1.03–1.24). A higher ratio of MEHP to mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHP) was positively associated with both BMI (OR= 1.21; 95% CI, 1.09–1.34) and waist circumference (OR = 1.20; 95% CI, 1.10– 1.31). There were no other significant associations.
	Very high confidence, moderate relevance

	
	
	
	
	Human, in vivo (epidemiology. N=97 pregnant women)
	(not concluded)
	Oxidative stress
	(Waits et al., 2020)
	Urinary phthalate metabolites in the late third trimester were associated with oxidative/nitrosactive stress biomarkers
	High confidence, but less relevant

	
	
	
	
	Human, in vivo (epidemiology, n=2,884 non-pregnant children aged 6-19 years; subpopulation of 2003-2008 NHANES)
	not concluded; no significant association of high-molecular weight phthalate and DEHP metabolites with BMI/obesity
	
	(Trasande et al., 2013)
	Urinary low molecular weight phthalate metabolites were associated with increased odds of overweight, obesity and increased BMI z-score among non-Hispanic black children. High molecular weight phthalates and DEHP metabolites did not show significant associations, and no significant associations were detected among other ethnic groups.
	Very high confidence

	
	
	
	
	Human, in vivo (epidemiology; Australian Barwon infant study, n=841 pregnant women, urine spot samples at 36 weeks pregnancy)
	Not concluded/assessed
	
	(Sugeng et al., 2020)
	Study on phthalate exposure from the diet, use of (volatile) household products, household characteristics, and personal care products.
DEHP was measured by MEHP metabolite and detected in 33% of samples (LOD: 4.1 µg/L). geometric mean concentration: 4.0 µg/L (95% CI: 3.8-4.1 µg/L).
	Very high confidence, low relevance

	
	
	
	
	Human, in vivo (epidemiology; population-based prospective cohort. n=757-1128 mother-child pairs)
	Perinatal DEHP exposure was not associated with childhood obesity or organ fat accumulation
	
	(Sol et al., 2020a)
(Sol et al., 2020b) 
	2nd trimester (but not 1st or 3rd) maternal higher DEHP in urine was associated with a 0.18 (95% CI: 0.31-0.06) standard deviation score lower blood glucose concentration among boys aged 9.7 (±0.2) years.
Median maternal urinary phthalate concentrations in nM:
1st trimester: 171.9 in boys, 174.2 in girls
2nd trimester: 96.8 in boys, 89.4 in girls
3rd trimester: 132.3 in boys, 146.8 in girls
Maternal urinary DEHP was not associated with childhood (measured at ~10 years) general or organ fat outcomes.
	

	
	
	
	
	Systematic review and meta-analysis (rodent; n=31 included studies)
	Not concluded, but positive association of early life exposure with increased fat pad weight, but not body weight
	
	(Wassenaar and Legler, 2017)
	Early life exposure to DEHP or MEHP was significantly associated with increased fat (pad) weight (mean difference 0.02, 95% CI: 0.00-0.03). The association with body weight was non-significant (mean difference: -0.14, 95% CI: -0.32-0.04). No meta-analysis could be conducted for other outcomes due to data scarcity (i.e. < 5 studies per outcome).
	Very high confidence, moderate relevance

	
	
	
	
	Review
	Not concluded
	PPARα
	(Desvergne et al., 2009)
(Feige et al., 2007, Zoete et al., 2007)
	Co-crystallisation of PPARγ with rosiglitazone or MEHP revealed similar binding patterns and interaction points with the PPARγ ligand binding domain. In contrast, the parent compound DEHP was neither able to enter the ligand binding pocket of PPARγ, nor to maintain stable contacts with the required protein moieties.
The DEHP metabolite MEHP, but not the parent compound, can activate PPARα as well as PPARγ.
	High confidence and moderate relevance (structural biochemistry discussion, no information on tissue biology/toxicology)
Pivotal study for mechanistic understanding

	
	
	
	
	Review/ commentary/ opinion
	(not concluded)
	PPARα, acyl CoA oxidase
	(Willhite, 2001)
	Discussion on interspecies differences in carcinogenicity risk assessment of DEHP and the (un-)suitability of rodent models for human health hazard identification/characterisation and subsequent risk assessment.
PPARα is identified as a critical regulator for peroxisome proliferation and subsequent carcinogenesis in rodents. However, rodents have more responsive peroxisome proliferator responsive elements (PPRE; regulating CYP4A1 and acyl-CoA oxidase expression) compared to human PPRE; the “human [acyl CoA oxidase] gene promotor is incapable of eliciting peroxisome proliferator-mediator gene expression as occurs in rats and mice”. 
The author does not mention PPARγ and focuses solely on PPARα as an initiator of peroxisome proliferation.
Developmental toxicity observed in male offspring of prenatally exposed Sprague-Dawley rats (malformations of androgen-dependent organs: hypospadias, cryptorchidism, testicular agenesis) is not related to PPARα; characteristic testicular lesions were observed also in PPARα-KO mice.
	High confidence in accuracy of the data presented, but reference only marginally relevant towards steatosis.
Reference considers mainly information from pre-2000, thus doesn’t take more recent advances in risk assessment into account.

	
	
	
	
	Non-human primate, in vivo (Cynomolgus monkey, n=3 male, 4 female; 28 day oral exposure: 1 g/kg bw/d)
	No steatosis, but slightly enlarged mitochondria in the liver.
	PPARα agonism
	(Satake et al., 2010)
	Electron microscopical examination of liver histological specimen revealed enlarged mitochondria. No abnormality in peroxisome appearance was observed, but their number was significantly increased in females, both in the centrilobular and periportal area. 
At termination, no changes were recorded for the hepatic fatty acid oxidation system or carnitine acyltransferase activity; carnitine palmitoyl transferase activity was slightly increased.
No hepatomegaly or hepatic proliferation were observed at the administered, very high, dose.
	High confidence and relevance

	
	
	
	
	Mouse, in vivo (SPF ICR male mice, 3 weeks old, exposure by gavage for 28 d. N=20 mice/group; 500 mg/kg bw/d, 1000 mg/kg bw/d)
	Increased steatosis
	HIF-1α induction (downstream targets: EPO, ET1, VEGF, Flk1, bFGF, Glut1, pdk1, I1cam, Flt1), PPARα, PPARγ, FXR (↓), LXR (↓), SREBP1, RXR, 
	(Zhao et al., 2020)
	Other treatment groups were untreated (water), vehicle (corn oil), and DEHP + lycopene (5 mg/kg bw/d).
Only DEHP treatment alone induced significant histopathological changes in the liver, at both doses, but especially in the high-dose group. Oedema, structural abnormality, disordered hepatic plate, and steatosis were found in animals exposed to DEHP. 
Biochemical alterations of DEHP exposure in serum were elevated AST/ALT, total protein, total and direct bilirubin, as well as total cholesterol, triglycerides, non-esterified fatty acids, and lipase.
	Moderate confidence, but good size of exposure groups

	
	
	
	
	Zebrafish, in vivo (HFD steatosis zebrafish larvae 4-9 dpf, exposure from 5 dpf to 2.56 nM DEHP and/or 43 mM ethanol)
	Increased steatosis
	Gene expression increased: Cyp4t8, ceruloplasmin, NF-κB, AhR
	(Tête et al., 2020)
	Pathological progression of liver steatosis (to a NASH-like state) alongside increased Cyp4t8 (human CYP4A homolog).
Clear lipid accumulation was detected from 1 d of HFD feeding. 43 mM ethanol in medium result in 10 mM internal dose (previous data, not shown), 2.54 – 2.85 nM DEHP correspond to human exposure data.
HFD markedly increased DEHP/ethanol co-exposure toxicity, with ballooning, vacuolised hepatocytes, and cellular dropouts in liver tissue samples.
	

	
	
	
	
	
	
	
	
	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:
(Zhang et al., 2012, Schaedlich et al., 2018, Melnick, 2001, Manteiga and Lee, 2017, Lv et al., 2016, Lapinskas et al., 2005, Kratochvil et al., 2019, Dong et al., 2017, Svensson et al., 1998, Buckley et al., 2016, Shoaito et al., 2019, Roberts, 1999, Faouzi et al., 1999, Zhao et al., 2016, Bai et al., 2019, Feige et al., 2010)
	

	[bookmark: MEHP]Mono-ethylhexyl phthalate (MEHP)
	4376-20-9
	[image: ]
	Plasticizer metabolite
	SUMMARY
	Strong positive
	PPAR signalling
	
	Strong weight of evidence from human in vivo epidemiological studies did not find (or report) 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 on 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 PPARγ 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.
	

	
	
	
	
	Human/rat, in vitro (human/rat hybrid pre-steatotic hepatocyte cell line WIF-B9, 5 d, 500 nM MEHP + 5 mM ethanol)
	Increased steatosis
	AhR-dependent decrease in alcohol dehydrogenase activity, CYP4A1-3 (↑), CYP2E1 (reduced in steatotic cells), caspase/p53 apoptosis, oxidative stress
	(Tête et al., 2020)
	Cells were exposed to mono(2-ethylhexyl) phthalate (MEHP), the main metabolite of DEHP, in combination with ethanol in order to study if co-exposure exacerbates cell death and lipid accumulation.
2 d prior to exposure, cells were treated with fatty acids (450 µM oleic acid, 100 µM palmitic acid) complexed with albumin.
Cells showed a higher apoptotic and necrotic index in the steatotic state, but this was exacerbated by co-treatment of MEHP and ethanol (approx. 2-fold increase).
	

	
	
	
	
	Human, in vitro (JEG-3 human trophoblast cell line. 24-72 h exposure to DEHP (up to 50 µM) or MEHP (up to 25 µM; 10 µM for lipidomics))
	Not concluded, but in trophoblast cells changes in lipidome were observed, including triacylglycerol accumulation
	PPARγ (Kd=12 µM)
	(Petit et al., 2018)
	Lipidomic changes were observed in glycerolipids, glycerophospholipids and markedly elevated triacylglycerols.
Cell viability was impaired (<80%; NOEC) at <25 µM DEHP or <10 µM MEHP. For lipidomics, cells were exposed to 10 µM MEHP; the absolute concentration of MEHP remained ±constant during 72 h exposure (reduction from 11.6±2.1 µM at exposure to 9.9±1.8 µM after 72 h); loss of MEHP by sorption to the cell culture plastics cannot be excluded, but negligible leaching (0.375±0.04 µM) from plastics into DMSO-only medium was noted. 
PPARγ was induced (measure in ELISA) after 24 h exposure: 1.40x at 1 µM, 1.35x at 5 µM, and 1.50x at 10 µM MEHP.
132 lipids were significantly different between control and MEHP treated JEG-3 cells, of these, 73 lipid species were triacylglycerols (increase of ~80% if MEHP-exposed cells). diacyl- and monoacylglycerols are downregulated.
Lipidomic changes observed with MEHP resemble those observed upon treatment of JEG-3 cells with rosiglitazone, a model PPARγ agonist.
	Very high confidence and relevance

	
	
	
	
	Human, in vitro (HepG2, 24-48 h; 0.8-100 µM)
	Yes. Intracellular triglyceride accumulation (LOEC: 20 µM MEHP for both, 24 and 48 h exposure)
	Gene expression after 24 h exposure: 
SREBP-1c ↑, ChREBP ↑, FASN ↓, and SCD ~↓
Proteins expression: ACC1 (↑ 24 h; ↓ 48 h), FASN (↑ 24 h; ↓ 48 h), SCD (↑ 24 h; ↓ 48 h). SREBP-1c remained unchanged.
	(Bai et al., 2019)
	Cell viability <90% at ≥50 µM MEHP (24 h, 48 h); ~90% at ≥50 µM MEHP (72 h)
Notably, some biomarker genes showed significantly altered expression at (6 and) 24 h, but this change was diminished at 48 h (e.g. for SREBP 1c, FASN, and ChREBP).
	High confidence and relevance

	
	
	
	
	Human, in vitro (HepG2; 24 h, 4-100 µM)
	Yes, intracellular fatty acid accumulation
	Inhibition of fatty acid β-oxidation enzymes
Proteomics: acyl-CoA dehydrogenase family member 9 (ACAD-9), enoyl-CoA hydratase 1 (ECHS1), HADH, and HSD17B10. Further: ACOT9, TRAP1
	(Xu et al., 2020a)
	Liver enzyme activity assay was performed with fresh liver preparation from 2-month-old C57BL/6J mice; enzyme reactions were conducted for 30 min at 37 °C.
Cell viability <90% at ≥100 µM. At 50 or 100 µM MEHP, there was no indication of apoptosis (Caspase-3). Therefore, 50 and 100 µM were used for lipidomics; 4 and 100 µM were used for chemical proteomics.
Lipidomics identified 140 dysregulated lipids of the subclasses fatty lipids (FA), glycerophosphocholines (PC), glycerophosphoethanolamines (PE), glycerophosphoserines (PS), glycerophosphoglycerols (PG), glycerophosphates (PA), glycerophosphoinositols (PI), monoradylglycerolipids (MG), diradylglycerolipids (DG), triradylglycerolipids (TAG), ceramides (Cer), sphingomyelins (SM), carnitines (Car), acylcarnitines (ACar), hexosyl ceramides (HexCer), and cardiolipins (CL); the majority (132 out of 140) were more abundant upon MEHP exposure. Lipid species with a concentration-response change were ACar (22:3), linoleic acid, DG (36:2), PC (34:2), TAG (48:2), SM (d32:1). All eight free fatty acids were significantly accumulated
18 proteins were identified as potential targets for MEHP, of these acyl-CoA dehydrogenase family member 9 (ACAD-9), enoyl-CoA hydratase 1 (ECHS1), HADH, and HSD17B10 were identified with high confidence. Six proteins were related to the fatty acid β-oxidation pathway, indicating that fatty acid degradation may play an important role in MEHP-induced lipid accumulation.
	High confidence, very high relevance

	
	
	
	
	Human, in vivo (epidemiology; subpopulation of NHANES study, n=6,005 women))
	Not concluded, but related positive associations of DEHP metabolites MBP and MEHP with BMI and waist circumference.
	
	(Yaghjyan et al., 2015)
	Women aged ≥18 years who were not pregnant and had no history of diabetes were included in this study; seven urinary phthalate metabolites were monitored and correlated with BMI, waist circumference, total cholesterol, triglycerides, HDL-C and LDL-C. All examined metabolites are metabolites of DEHP.
BMI was positively associated with monobutyl phthalate (MBP) and mono-2-ethylhexyl phthalate (MEHP) (odds ratio (OR) = 1.13; 95% confidence interval (CI), 1.03–1.23 and OR= 1.12; 95% CI, 1.03–1.23, respectively). Waist circumference was positively associated with MBP (OR = 1.13; 95% CI, 1.03–1.24). A higher ratio of MEHP to mono-(2-ethyl-5-hydroxyhexyl) phthalate (MEHP) was positively associated with both BMI (OR= 1.21; 95% CI, 1.09–1.34) and waist circumference (OR = 1.20; 95% CI, 1.10– 1.31). There were no other significant associations.
	

	
	
	
	
	Human, in vivo (epidemiology. n=97 pregnant women)
	(not concluded)
	Oxidative stress
	(Waits et al., 2020)
	Urinary phthalate metabolites in the late third trimester were associated with oxidative/nitrosactive stress biomarkers
	High confidence, but less relevant

	
	
	
	
	Human, in vivo (epidemiology, cross-sectional study for occupational exposure in hairdressers, n=66 female, n=2 male. Control: n=32, 65.6% female/34.4% male)
	(not concluded)
	
	(Kolena et al., 2017)
	Age range in apprentice hairdressers was 16-20 years (median: 17.7); the average age in the control group was 23.8 years.
Anthropometric measures collected from each study participant were body height and weight, waist and hip girth, BMI, waist-to-hip ratio, waist-to-height ratio, fat mass index and fat-free mass index; body weight, body fat percentage, muscle mass percentage and visceral fat level were estimated by bioelectrical impedance, a pulmonary function test was performed.
In first-morning-void urine samples detected DEHP metabolites of MEHHP, MEP, MnBP, and MiBP in all samples; MEOHP (97.06%) and MEHP (86.76%) were detected. MEHP had a level ratio of 12.37%; urinary concentrations were 10.23 (±29.37) ng/mL in the hairdresser and 5.63 (±5.56) ng/mL in the control group.
The study concluded on decreased pulmonary function scores correlated to body composition (especially waist-to-height/hip ratio and BMI); this was not necessarily chemical-related.
	Moderate/low confidence and relevance.
Urine concentrations were not adjusted for dilution, e.g. by normalisation to creatinine.

	
	
	
	
	Human, in vivo (epidemiology. n=102 male (51 normal weight, 51 overweight/obese; age 18-55 years); urinalysis and blood sample after 12 h fasting)
	(not concluded)
	Serum ALT and AST
Serum TG and HDL-c
Cross-references: thyroid hormone signalling and antiandrogen effect
	(Milošević et al., 2018)
	Only healthy adults were included in the study; participants diagnosed with liver disease, T2D, infection autoimmune/endocrine diseases, alcohol/drug use, or diagnosed malignancy were excluded. 
DEHP metabolite monoethyl phthalate (MEP) was detected in 28.43% of volunteers (29/102; 10 normal weight 72.97±52.53 µg/g creatinine)/19 obese (146.43±214.05 µg/g creatinine)), MEHP in 20.59% of volunteers (21/102; 11 normal weight (140.05±92.24 µg/g creatinine)/10 obese (118.05±117.68 µg/g creatinine)). No statistically significant pattern was observed. 
In normal-weight MEHP-positive subgroup: significant increment in BM. Urine MEHP was negatively correlated with serum HDL in normal weight cohort.
In obese group: linear correlation between MEP concentration in urine and TG serum levels, visceral adiposity index, lipid accumulation product, TG to HDL-ratio. In normal weight MEP-positive subgroup: significant increment in serum transaminase levels.
Phthalate levels in urine may be rather correlated with increase TG and decreased HDL cholesterol, indicative of cardiometabolic risk and insulin resistance, while phthalate exposure (MEP) may be related to increased serum ALT and AST.
	High confidence, moderate relevance
Rather small cohort, but strict and targeted exclusion criteria
Noted limitations: no other environmental pollutants (e.g. BPA, PFHCs, PCBs) were analysed and may skew the results.

	
	
	
	
	Systematic review and meta-analysis (rodent; n=31 included studies)
	Not concluded, but positive association of early life exposure with increased fat pad weight, but not body weight
	
	(Wassenaar and Legler, 2017)
	Early life exposure to DEHP or MEHP was significantly associated with increased fat (pad) weight (mean difference 0.02, 95% CI: 0.00-0.03). The association with body weight was non-significant (mean difference: -0.14, 95% CI: -0.32-0.04). No meta-analysis could be conducted for other outcomes due to data scarcity (i.e. < 5 studies per outcome).
	Very high confidence, moderate relevance

	
	
	
	
	Review
	Not concluded
	PPARα
	(Desvergne et al., 2009)
(Feige et al., 2007, Zoete et al., 2007)
	Co-crystallisation of PPARγ with rosiglitazone or MEHP revealed similar binding patterns and interaction points with the PPARγ ligand binding domain. In contrast, the parent compound DEHP was neither able to enter the ligand binding pocket of PPARγ, nor to maintain stable contacts with the required protein moieties.
The DEHP metabolite MEHP, but not the parent compound, can activate PPARα as well as PPARγ.
	High confidence and moderate relevance
(structural biochemistry discussion, no information on tissue biology/toxicology)
Pivotal study for mechanistic understanding

	
	
	
	
	Human, in chemico/ in silico
	Not concluded/assessed
	PPARγ agonism
	(Kratochvil et al., 2019)
	Hydrogen/deuterium exchange mass spectrometry and docking, and surface plasmon resonance analysis of molecular binding to PPARγ were analysed for DEHP and its metabolites MEHP and MEOHP.
Binding to the ligand binding pocket of PPARγ was confirmed for the two metabolites MEHP and MEOHP, but not for the parent chemical DEHP. Upon binding of MEHP or MEOHP, conformational changes of the receptor resemble those observed with activation by the endogenous ligand 15-deoxy-delta-12,14-prostaglandin J2. This productive agonism was also confirmed by GeneBLAzer® PPARγ transactivation assay. For MEHP cytotoxicity IC10 of 203 µM and PPARγ activation EC10 of 1.2 µM were derived.
	Very high confidence, moderate relevance

	
	
	
	
	Fish, in vivo (AB strain zebrafish, WT and nrf2afh318-/- mutant; embryolarval test, 200 µg/L MEHP, 6-96 hpf (histology, n=30 per group) or 6-120 hpf + 10 d depuration)
	Yes. 
	Nrf2a (oxidative stress response)
Fabp1a1 (via PPARα)
Gene expression unchanged on dfp 15 for: pparaa, pparg, apoa1a, fabp1b1 (PPARγ responsive)
	(Sant et al., 2021)
	At 96 hpf, some animals showed vacuolisation in the liver; this was more pronounced upon exposure to MEHP.
At 15 dpf, Nrf2a-deficiency resulted in 7.7% growth (body length) reduction; MEHP exposure did not significantly affect growth. Further, MEHP exposure resulted in hepatic steatosis and increased expression of the PPARα target fabp1a1. Lipid accumulation in the liver was higher in mutant larvae, but this was not statistically different to WT. Additionally, lipid accumulation in the brain was increased upon MEHP exposure in WT larvae.
	

	[bookmark: amiodarone]Amiodarone
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	Pharmaceutical; antiarrythmic drug
	SUMMARY
	Positive 
Strong induction of steatosis
	Metabolism predominantly via CYP3A4 and CYP2C8 (US FDA) 
	
	Very strong weight of evidence supporting induction of hepatic steatosis in human in vitro, including substantial complementary supportive mechanistic information. 
Rodent ex vivo data do not conclude on steatosis induction by amiodarone, but mechanistic evidence reported is in line with molecular mechanisms observed in human cell lines in vitro. No human in vivo data were retrieved, but effects on side effect to the liver (steatosis/lipid accumulation not specified) are included in the label of marketed amiodarone tablets (US FDA).
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 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 β-oxidation/ mitochondrial respiration.
	

	
	
	
	
	Human, in vitro (differentiated HepaRG, 96 h exposure, 5-25 µM)
	Increase
	DNL enzyme gene expression increased at 20 µM: ACLY (unaltered: ACACA, FASN, hSCD1)
	(Allard et al., 2020)
	Positive control chemical for steatosis
LOEC in differentiated HepaRG cells:
Mitochondrial fatty acid oxidation decreased: 25 µM; de novo lipogenesis increased: 15 µM; apoB secretion into medium: not altered; neutral lipid accumulation increased: 15 µM. (steatosis induced also in primary human hepatocytes in vitro) 
	Very high confidence and relevance

	
	
	
	
	Human, in vitro (differentiated HepaRG, 1 -14 d exposure, 5-20 µM)
	Induction of steatosis after repeated dose exposure (phospholipidosis after single dose)
	Gene expression significantly changed (in bold: at more than one concentration) after 24 h exposure: SLC27A4 (↑), PPARGC1A (↑), ACLY (↑), SCD1 (↑), SREBP1 (↑), THRSP (↑), LPIN1 (↑), LSS (↑), ADFP (↑), PLIN4 (↑), CYP2E1 (↓), CYP3A4 (↑)
after 14 d exposure: SLC27A4 (↑), PPARGC1A (↑), FASN (↑),SREBP1 (↑), THRSP (↑), LPIN1 (↑), SOAT1 (↑), PLIN4 (↑), ASML3A (↑), GDPD3 (↑), CYP2E1 (↓), CYP3A4 (↑)
	(Anthérieu et al., 2011)
	Dose-dependent induction of triglycerides (TG) was observed after repeat exposure to amiodarone (LOEC = 10 µM); TG accumulation was proportional to the increased expression of lipogenic genes. Cholesterol esters were increased (LOEC = 5 µM; lowest concentration tested), but abundance of cholesterol esters was very low in control and remained very low in all treatment groups.
Fatty acid oxidation impaired both, after acute (24 h) and chronic (14 d) exposure.
Induction of phospholipidosis (especially of phosphatidyl ethanolamine and phosphatidylcholine) after short-term exposure (24 h) and vesicular steatosis after repeated exposure over 14 d.
Gene expression studies: acute 24-h exposure: 10 µM, 20 µM; chronic 14-d exposure: 5 µM, 10 µM, 20 µM
	Very high confidence and relevance

	
	
	
	
	Human, in vitro (HepG2 and differentiated HepaRG, pre-loaded for 14 h with 62 µM oleate palmitate (2:1); 6.25-50 µM, 24 h) 
	Induction, (up to ~150% in HepaRG at non-toxic concentrations)
	Oxidative stress (ROS; significant at all concentrations (p<0.01)), decreased mitochondrial membrane potential (significant at all concentrations)
Gene expression changed: CROT, ANGPTL3, FOXA1, EHHADH, MTTP, IGFBP1, PGC1A
	(Tolosa et al., 2016)
	Exposure of cells to test chemicals was conducted in fatty-acid-free medium.
Amiodarone is included as a model steatogenic chemical (Drug-induced liver Injury category: “severe”), also causing mitochondrial impairment – which is possibly also a contributory mechanism to intracellular lipid accumulation.
In HepaRG: Significant lipid accumulation at all tested concentrations; cell viability was decreased at 50 µM.
Gene expression (25 µM) analysed, but unchanged: PPARA, SREBP1C
	Very high confidence and relevance

	
	
	
	
	Human, in vitro (HepG2, 72 h exposure, 0-100 µM)
	Not concluded/ assessed
	Significantly different differentially expressed proteins: heterogenous nuclear ribonucleoprotein A1 (HNRNPA1) ↑ (mRNA processing; stabilisation of CYP2A5 mRNA), AKR1C1 ↑ (xenobiotic metabolism)
In western blot: liver carboxyl esterase significantly increased, heterogenous nuclear ribonucleoprotein A1 increased (not significantly)
	(van Summeren et al., 2011)
	Cytotoxicity range finding derived the exposure concentration for proteomics: 7.5 µM (=IC20)
Aldo-keto reductase family 1 C1 (AKR1C1), a phase I metabolising enzyme, can indicate an excess amount of lipid peroxides.
	High confidence and relevance.
HepG2 cells have a low expression of CYP enzymes; amiodarone is extensively metabolised through CYP3A4 into its toxic metabolite. This may lead to higher toxicity in metabolically more competent cell lines, or in vivo.

	
	
	
	
	Human, in vitro (undifferentiated HepaRG, passage 22-25. 1-14 d exposure, 1-125 µM)
	(not assessed)
	
	(Limonciel et al., 2011)
	Cytotoxicity assessed by intracellular ATP content (increased at 1 µM, diminished at ≥75 µM) and resazurin reduction (LOEC 10 µM).
Peak lactate concentrations in medium were reached on day 3 after exposure to ≥75 µM
	Lower relevance towards steatosis, deviating culture medium used for HepaRG cultivation, HepaRG cells were not differentiated

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 72 h, 1.5×10-9 - 1×10-4 M)
	(not concluded)
	
	(Landesmann et al., 2012)
	ROS induction and decrease in cell count and nuclear staining intensity in differentiated HepaRG (72 h exposure; at approx. 0.1 µM)
ROS induction is used as an integrative proxy for known mechanisms of hepatotoxicity, including mitochondrial damage, inflammation/ immune reactions, and metabolism.
	

	
	
	
	
	Human, in vitro (undifferentiated HepaRG in 2D or 3D spheroid culture; exposure after 7 d pre-growth for 1-7 d; 9-step two-fold dilution from 162 µM)
	Not assessed
	
	(Ott et al., 2017)
	High-throughput HepaRG CYP induction assay. CYP3A4 activity was assessed by P450-Glo Luciferin-IPA assay (Promega), CYP1A activity by EROD assay, cytotoxicity as ATP content by CTG assay (Promega).
Therapeutic maximum concentration in vivo: 5.3 µM.
Cytotoxicity: IC50 in 2D: >162 µM (24 h), >162 µM (7 d)
IC50 in 3D: 83.3 µM (24 h), 48.6 µM (7 d)
Interlaboratory IC50 comparison: 178 µM (24 h, 3D HepaRG), 83.3 µM (24 h, 3D HepaRG), 48.6 µM (7 d, 3D HepaRG), 6.5 µM (7 d, primary human hepatocytes)
	High confidence, moderate relevance (high for cytotoxicity)
The authors declare a conflict of interest for the micromolds used to produce the HepaRG 3D spheroids

	
	
	
	
	Review
	Induction of steatosis
	HIF-1α, PPAR α
Phospholipase inhibitor. Carnitine palmitoyltransferase I inhibition, inhibition of fatty acid secretion via microsomal triglyceride transfer protein
	(Jennings et al., 2014)
	Amiodarone was selected as a reference chemical for hepatotoxicity as a disruptor of mitochondrial function and fatty acid metabolism. Molecular-level modes of action are (mitochondrial) membrane disruption, proton uncoupling and phospholipid binding, resulting in steatosis, phospholipidosis, and/or cytotoxicity. 
Disruption of mitochondrial fatty acid oxidation diverts energy metabolism towards glycolysis with subsequent lactate production (potentially linked to HIF-1α pathway activation)
Amiodarone is initially drawn into mitochondria by the proton gradient, and later the accumulated drug inhibits complexes I, II, and V of the electron transport chain.
Induction of PPARα-related genes may be a result of steatotic processes and a compensatory rather than a causative effect.
Further data for this reference chemical are available online: https://wiki.toxbank.net/wiki/Amiodarone (incl. curated information on toxicokinetics, genomics, proteomics, physico-chemical properties)
	High confidence, chemical selection report for SEURAT-1 project, accepted by relevant stakeholders, including co-authors from EFSA, EURL ECVAM/JRC, academia, industry and national public health authorities

	
	
	
	
	Rodent, ex vivo (isolated mouse liver mitochondria; 200 µM)
	Not concluded
	
	(Fromenty et al., 1990)
	Title: “Dual effect of amiodarone on mitochondrial respiration. Initial protonophoric uncoupling effect followed by inhibition of the respiratory chain at the levels of complex I and complex II”
Amiodarone accumulated in liver mitochondria, leading to collapse of the membrane potential.
Pre-incubation of mitochondria with 150-200 µM amiodarone decreased mitochondrial respiration mediated by fatty acids (β-oxidation) and citrate.
Concluding, amiodarone has a dual effect: initially uncoupling, followed by inhibition of respiratory chain complexes I and II by accumulated amiodarone, resulting in decreased respiration/ATP production.
	

	
	
	
	
	Rodent, ex vivo (24-week-old C57BL/5 mice, n = ≥4/group, precision-cut liver slices, 24 h incubation, 0-100 µM (50 µM for gene expression profiling))
	Not concluded, but indication of steatogenic potential (lipid metabolism upregulated)
	PPARγ agonism 
Gene expression altered: Abcd3, Acat1, Ehhadh, Ly6d, Lpcat3, Pex1, Pck2, Fgf21
	(Szalowska et al., 2014)
	5 mm-diameter cylindrical liver cores were obtained by biopsy; after processing, slices were 0.2 mm thick and weighted ~6 mg per slice.
Genes significantly upregulated (fold-change ≥1.5) in GSEA and proposed as biomarkers for amiodarone/valproate-like acting chemicals: Abcd3, Acat1, Ehhadh, Ly6d, Lpcat3, Pex1, Pck2, Fgf21
While amiodarone and valproate induced gene expression changes clustered together, tetracycline induced a distinctly different pattern. Main differences were found in gene sets related to lipid metabolism, fatty liver, and peroxisomes, which were upregulated by both AMI and VA, and downregulated by TET. 
AMI and VA downregulated several GO annotation clusters affiliated to immune functions, extracellular matrix, and development
In contrast to AMI and VA, TET downregulated functional clusters related to lipid synthesis, β-oxidation, Pparα signalling, inflammation, apoptosis, and other clusters related to energy and bile acid homeostasis. Functional clustering identified clusters such as lipid synthesis, β-oxidation, mitochondria, peroxisomes, and PPARα -dependent lipid metabolism.
	High confidence, moderate relevance

	[bookmark: DHA]Docosahexaenoic acid (DHA)
	6217-54-5
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	omega-3 fatty acid
	SUMMARY
	Negative/ reduction
	PPARα
	
	Strong weight of evidence supports DHA to not induce hepatic steatosis; some 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).
	

	
	
	
	
	Human, in vitro (HepG2 cells pre-loaded with palmitic acid and treated with DHA 50 µM, 24 h)
Rodent, in vivo (C57BL/6, male mice, n = 10/group on HFD; administered with DHA (100 mg/kg) by gavage twice a week for 8 weeks)
	Reduced lipid accumulation.
DHA counteracted lipid accumulation in mice and cells.
	Sirt1
	(Luo et al., 2020)
	In the mice, DHA counteracted the following hepatic changes induced by HFD: ↑ lipid accumulation, ↓ mRNA for Pgc1α, IL10, AdipoQ, ↑ mRNA for Acadm, IL6, Tnfα, Mcp1; DHA also increased mRNA levels of Mttp and Apob100. In the cells, DHA counteracted the following palmitic acid induced changes: ↑ lipid accumulation, ↓ Sirt1 protein, ↑ acetylated-p65 protein, ↓ mRNA of Pgc1α and Mttp; DHA also ↓ Acc mRNA and ↑ Apob100 mRNA. Sirt1 knockdown counteracted most of DHA’s effects in the cells and mice.
	

	
	
	
	
	Human, in vitro (Hep3B, Huh-7, and HepG2 cells. 12-72 h, 5-60 µM)
	Not concluded
	Wnt/β-catenin signalling, COX-2
	(Lim et al., 2009)
	Study of the effects of DHA, EPA, or arachidonic acid (AA) on the growth and viability of human hepatocellular carcinoma cell lines, including Hep3B, Huh-7, and HepG2 cells. Contains no results on lipid accumulation.
For 24 h DHA exposure, cell viability was decreased (<~80%) at ≥10 µM (Hep3B), ≥10 µM (Huh7), and ≥60 µM (HepG2).
	

	
	
	
	
	Rodent, in vivo (C57BL/6J, male Ldlr-/- mice (“western diet NASH model), n = 8/group; administered a DHA product in the diet for 16 weeks at a 2% total energy level.)
	Not induced; uncertain due to impurities in DHA product
	
	(Depner et al., 2013a)
	The DHA product used for dosing was impure and contained only 39% DHA acyl chains together with several other fatty acids including, 12:0 (5.7%), 14:0 (15%), 16:0 (8.9%), 16:1 (n-7), (3.5%), 18:1 (n-9) (27%), and 18:2(n-6) (1.2%)
	Low confidence due to impurities in DHA used, and uncertainty if findings can be attributed to DHA

	
	
	
	
	Review on the effects of omega-3 polyunsaturated fatty acid (n-3 PUFAs) on NAFLD.
	
	
	(Di Minno et al., 2012)
	Most of the information provided is for PUFAs and not specifically for DHA. In one clinical study in which DHA (250 or 500 mg/day) treatment was evaluated in children with NAFLD (n = 20/group) for 6 months, DHA treatment was associated with lower odds of severe steatosis. 
	

	
	
	
	
	Human, in vivo (observational study that evaluated the plasma lipodomic profiles in healthy volunteers (n = 50), and in patients with nonalcoholic fatty liver disease (n = 25) or NASH (n = 50))
	Not concluded/assessed
	
	(Puri et al., 2009)
	Analysis and comparison of plasma lipids and eicosanoid metabolites; patients presented with non-alcoholic fatty liver (n=25), NASH (n=50), or lean normal control subjects (n=50).
No hepatic lipid measurements were included in the study. Plasma levels of DHA was decreased in NASH but not nonalcoholic fatty liver patients. The DHA to docosapentaenoic acid ratio was decreased within phosphatidylcholine and phosphatidylethanolamine pools in plasma from nonalcoholic fatty liver and NASH patients.
	Low relevance. No DHA intervention, but fatty acid ratio in plasma studied

	
	
	
	
	Human, in vivo (observational study that evaluated the fatty acid frofile in liver tissue samples from control subjects without NAFLD (n = 18) and in patients with simple steatosis (n = 63) and NASH (n = 40))
	Not assessed.
DHA content in liver tissue was increased in steatosis and NASH
	mRNA levels of the following genes were increased in NASH compared to simple steatosis tissue: SCD1, ELOVL6, SREBP1, FAS, and PPARγ. Increased steatosis scores were associated with decreased C18:0/C16:0 ratios, and increased C18:1n9/C18:0 ratios. 
	(Yamada et al., 2015)
	Insulin resistance was increased in NASH but not simple steatosis patients versus control. Increased hepatic inflammation scores were associated with increased SCD1 mRNA levels, decreased C18:0/C16:0 fatty acid ratios, and increased C16:1n7/C16:0 ratios. Increased hepatic ballooning scores were associated with increased SCD1, ELOVL6, SREBP-1c, FAS, ACC, and PPARγ mRNA levels, decreased C18:0/C16:0 ratio, and increased C16:1n7/C16:0 ratios. Increased hepatic fibrosis scores were associated with increased SREBP-1c mRNA levels, decreased C18:0/C16:0 ratio and increased C16:1n7/C16:0 ratio. 
The levels of several different types of fatty acids, including DHA, were increased in liver tissue from simple steatosis and NASH patients compared to controls. 
	Low relevance. No DHA intervention

	
	
	
	
	Human, in vivo (observational cross-sectional study on the associations between omega-3 PUFA levels in erythrocyte membranes and fatty liver index in older people (n = 620))
	Not concluded
	
	(Rose et al., 2016)
	Fatty liver index was calculated based on body mass index (BMI), waist circumference, and plasma triglyceride (TG) and gamma glutamyl transferase (GGT) levels. 
No direct hepatic lipid measurements were included in the study. In females and not in males, erythrocyte membrane DHA levels were slightly lower in individuals with a fatty liver index score indicative of NAFLD.
	Low relevance. No DHA intervention

	
	
	
	
	Human, in vivo (clinical study, n=33, 4 g/d DHA ethyl ester for 4 weeks)
	Not concluded
	
	(Park and Harris, 2003)
	Clinical study on the effects of omega-3 fatty acid supplementation (incl. DHA or EPA) on plasma levels of triglycerides and chylomicrons, in order to clarify if reduced postprandial triglyceride content uponOmega-3 fatty acid supplementation is a result of reduced production or increased clearance of chylomicrons. Results for DHA and EPA were similar and pulled together after concluding the study. 
Dosing regime: 4-week olive oil placebo (4 g/d) run-in, 4-week wash-out period, 4 week test-period (4 g/d of DHA, EPA, safflower oil, or placebo).
DHA supplementation reduced postprandial triglyceride (p=0.08, not significant) plasma apolipoprotein B48 (p<0.001) and 100 (p<0.01) levels. In the fed state, DHA reduced chylomicron triglyceride half-lives and chylomicron particle size, and increased pre-heparin lipoprotein lipase. 
	Did not include any hepatic lipid measurements.

	
	
	
	Chenodeoxycholic acid (CDCA), DHA and eicosapentanoic acid (EPA)
	Human, in vitro (HepG2 cells, CDCA with/without 5 µM DHA + 5 µM DHA, 0.5 h)
	Not assessed
	Increased PPARα activation, and increased PPARα and LXRα mRNA
	(Tillman et al., 2016)
	Study evaluated the effects of combination treatment with EPA + DHA on bile acid induced apoptosis in HepG2 cells. Did not evaluate DHA alone and included no steatosis endpoints. DHA + EPA. 
(EPA+DHA-induced) PPARα transcriptional activity was decreased by CDCA.
	

	
	
	
	DHA metabolite, 17-hydroxy-docosahexaenoic acid (17-HDHA
	Rodent, in vivo (C57BL/6NHsd, male, n = 6/group; administered intraperitoneally (i.p.) for 14 days (dose not stated))
	No induction on HFD
	Protein levels in liver: 
↑ PPARα/γ, ↓ precursor and cleaved SREBP1, ↓ NFκB.
	(Rodriguez-Echevarria et al., 2018)
	High-fat, fructose-enriched diet mouse model of NAFLD
Histological hepatic steatosis, ballooning, and fibrosis scores were not significantly different between HFD and HFD + 17-HDHA groups. 17-HDHA, however, reduced hepatic inflammation scores. 
	In many of the figures of the paper, it appears that 17-HDHA had been mislabeled as 17-HEPE. All of the 17-HEPE labels in the figures were taken to be 17-HDHA.

	
	
	
	EPA+DHA
	Rodent, in vivo (mouse)
	Not concluded
	
	(Wolstenholme et al., 2018)
	Mouse study on the effects of diet supplementation with menhaden oil (containing ω-3 fatty acids including EPA and DHA) and/or safflower oil (containing ω-6 fatty acids) on ethanol consumption, ethanol effects, and body fat composition (liver fat results are not presented). Contains no steatosis relevant data. 
	Low relevance. No exposure to pure DHA

	
	
	
	EPA + DHA ethyl esters
	Human, in vivo (clinical study; n=38 healthy men. 4 g/day omega 3 supplement for 8 weeks)
	Decreased intracellular triacyl glyceride content
	
	(Green et al., 2020)
	Clinical study on the effects of combination treatment with DHA + EPA on intrahepatocellular triglyceride content and hepatic de novo lipogenesis and fatty acid oxidation in healthy men. The effect of DHA + EPA was also evaluated in Huh7 cells. 
Decreased fasting plasma triacyl glyceride content, after eight weeks of supplementation; intrahepatic triacyl glycerides, fasting and postprandial hepatic de novo lipogenesis were significantly decreased; dietary fatty acid oxidation, fasting and postprandial plasma glucose concentrations were increased.
In vivo findings were validated in vitro (Huh7 cells), confirming the intracellular decrease in triacylglycerols and proposing this might be due to a metabolic shift from fatty acid esterification to fatty acid oxidation.
	High confidence, moderate relevance.
Did not include a DHA alone group.

	
	
	
	DHA + EPA
	Human, in vivo (clinical study; n=37 patients with well-controlled diabetes; PUFA supplement (2160 mg EPA + 1440 mg DHA) daily for 48 weeks
	No effect on steatosis
	
	(Dasarathy et al., 2015)
	Clinical study evaluating the effects of combination treatment with DHA + EPA on NASH. 
At the end of treatment, hepatic steatosis and the activity score improved (p<0.05) and lobular inflammation worsened (p<0.001) with placebo but was unchanged with PUFA. At the end of treatment, insulin resistance (serum glucose and HOMA) worsened with PUFA but not placebo.
	DHA alone treatment was not evaluated.

	
	
	
	DHA + EPA
	Human, in vivo (clinical study, n=78 NASH patients; 50 mL PUFA (1:1 EPA+DHA) daily for 6 months)
	Decreased steatosis in NASH patients
	
	(Li et al., 2015b)
	Clinical study on the effects of polyunsaturated fatty acid (PUFA) treatment in NASH patients. The study did not include a DHA alone treatment, only a PUFA treatment containing DHA and EPA.
Significantly improved: serum liver enzyme activity (ALT, AST), serum levels of triglycerides, total cholesterol, C-reactive protein, malondialdehyde (as a proxy for fatty acid oxidation), and fibrosis marker (type IV collagen, pro-collagen type III pro-peptide). Histologically, improved grades of steatosis, necroinflammation, fibrosis, and ballooning were all profoundly improved.
	Did not include a DHA alone treatment group.

	
	
	
	[bookmark: _Hlk102649240]DHA + EPA
	Human, in vivo (clinical study, n=78 overweight or obese individuals with NAFLD and hypertriglyceridemia. 4 g PUFA for 12 weeks)
	No effect on steatosis; decrease of serum triglycerides
	
	(Oscarsson et al., 2018)
	Clinical study on the effects of an omega-3 carboxylic acid supplement (4 g/day; containing DHA, EPA, and other fatty acids; n=25), 200 mg/day fenofibrate (n=27), or placebo (n=26) treatment in NAFLD. 
Upon conclusion of the study, liver proton density fat fraction was not significantly different between treatment groups. Serum triglycerides were decreased with PUFA, other parameters were unchanged compared to placebo (including fat volume of liver, pancreas, and adipose tissue)
	Did not include a DHA alone treatment group.

	
	
	
	DHA + EPA
	Human, in vivo (open-label single arm intervention pilot, n=12. 6 g/d fish oil (containing 1.9 g EPA and 1.5 g DHA) for 6 weeks)
	Not concluded
	
	(Nording et al., 2013)
	Clinical study characterising plasma total lipidomic and oxylipin profiles, which were significantly altered by the intervention.
Very high interindividual variability in effects of omega 3 supplementation
	Contains no results for DHA alone.
Small sample size

	
	
	
	DHA + EPA
	Human, in vivo (clinical study in NAFLD patients)
	
	
	(Manousopoulou et al., 2019)
	Clinical study on the plasma proteomic effects 
	Low relevance. Did not include a DHA alone group, and did not include any steatosis endpoints.

	
	
	
	DHA + EPA
	Human, in vivo (clinical study)
	
	
	(Kuttner et al., 2019)
	Effects of PUFA on hepatic steatosis in carriers and non-carriers of the PNPLA3 p.148M genetic variant, which is a strong genetic determinant of NAFLD. 
	Did not include a DHA alone treatment group. 

	[bookmark: resveratrol]Resveratrol
	501-36-0
	[image: Chemical 9–69 structure of trans-resveratrol]
	Natural phenol, stilbenoid, phytoalexin; dietary supplement
	SUMMARY
	Negative/ decrease
	SIRT1, LXRα
	
	Strong weight of evidence supports that resveratrol  does not induce 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 in vivo clinical studies (in patients with NAFLD), where resveratrol had no effect on hepatic lipid levels but 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 accounted to this activity.
	

	
	
	
	
	Human, in vitro (HepG2 pre-loaded with palmitate; 1-50 µM resveratrol, 20 min – 24 h)
	Decreased triglyceride accumulation
	↑ phospho-STAT3, ↓ FAS mRNA, ↓ Atf4 mRNA. 
	(Ardid-ruiz et al., 2019)
	
	

	
	
	
	
	Human, in vitro (HepG2; 10 µM resveratrol for 2 h followed by 1.5 mM oleic acid for 24 h)
	Decreased lipid and intracellular triglyceride levels
	↑ mitochondrial membrane potential, ↑ SIRT1 activity, ↑ phospho-AMPKα Thr172, ↓ ATP, mRNA changes (↑ CPT1A1, ↓ FAS, ↑ PPARγ, ↑ SIRT1).
	(Rafiei et al., 2019)
	
	

	
	
	
	
	Human, in vitro (HepG2; 10-30 µM resveratrol, 2-48 h). 
	Not assessed
	Resveratrol mRNA effects: ↑ UGT1A1+2B7, ↑ ST1E1.
	(Lançon et al., 2007)
	No lipid measurements were included.
	

	
	
	
	
	Human, in vitro (HepG2, 10-100 µM, 24 h)
	Not assessed (reduction/ no effect on steatosis inferred from reduced ER stress)
	↑ SIRT1 leads to ↓ ER stress 
	(Lee et al., 2019b)
	ER stress induced by thapsigargin (0.5-2 µM) and/or tunicamycin (0.5-5 mg/mL); for ER stress induction prior to resveratrol treatment (100 µM, 24 h): 3 µg/mL tunicamycin for 24 h.
Resveratrol as a model SIRT1 agonist; EX-527 (10-30 µM) used as SIRT1 antagonist.
	No results on lipid accumulation

	
	
	
	
	Human, in vitro (HepG2 glucose-induced (25-33 mM) steatosis model, 10-20 µM resveratrol, 24 h)
	Reduction/ no induction
	
	(Izdebska et al., 2018)
	High-glucose induces microvacuolar steatosis, which is prevented by co-exposure to resveratrol; no cytotoxicity was observed with resveratrol.
Lipid and other staining results are presented in the paper are not quantified.
	Low confidence (no quantification of fluorescence, poor quality morphology photos presented)

	
	
	
	
	Rodent, in vitro (RAW264.7 murine macrophage cell line, 65 µg/mL oleate vs. 65 µg/mL oleate + 1.5 µg/mL resveratrol; 24 h)
	Not concluded, but prevention of oleate-induced intracellular lipid accumulation in murine macrophages
	Gene expression:
Oleate-only: Cd36, Fatp1, Fatp2, Dgat1, Cpt1a, and Pnpla3 were significantly upregulated, while those of Scara1, Fabp4, Fabp5, and Srebp1c were significantly downregulated. [in bold: reversed by resveratrol co-exposure)
Resveratrol co-treatment: Cd36, Lipa, and Lpl were significantly increased and those of Fabp1 and Fatp1 were significantly decreased
	(Ye et al., 2019)
	Publication on the metabolomic effects of oleate treatment with and without resveratrol in macrophages. 
Resveratrol co-exposure prevented accumulation of neutral lipids (by Nile Red staining). 
“Most FFAs, such as palmitic acid, palmitoleic acid, stearic acid, linoleic acid, and eicosanoic acid, were all significantly decreased in oleate-treated macrophages. In contrast, oleic acid, 11,14-eicosadienoic acid and 5,8,11-eicosatrienoic acid were significantly increased in oleate-treated macrophages, and these effects were attenuated or abolished by RSV. Notably, glycerol, glycerol 3-phosphate, 1-monopalmitin, 2-monopalmitin, 1-monooleoylglycerol, and 2-monooleoylglycerol significantly accumulated in oleate-treated macrophages, but these accumulation events were alleviated by RSV.”
Oleate induces disturbances in glycerolipid metabolism and then leads to triglyceride accumulation in macrophages.
Gene expression data indicate disordered lipid transport, increased FFA import into mitochondria for oxidation, and enhanced TG synthesis and lipolysis during neutral lipid accumulation in oleate-treated macrophages. mRNA expression levels of Cd36, Lipa, and Lpl were significantly increased and those of Fabp1 and Fatp1 were significantly decreased in macrophages cotreated with oleate and RSV
	Moderate relevance (no effects in hepatocytes)

	
	
	
	
	Rodent, in vivo (Wistar, male, n = 10-20/group, on HFD) orally dosed with resveratrol (100 mg/kg/day) for 10 weeks. 
Human, in vitro (HepG2 steatosis model (high glucose + insulin induced) 50 µM resveratrol, 24 h)
	Decreased hepatic lipid and triglyceride content
	Hepatocyte effects of resveratrol: ↑ phospho-AMPK, altered mRNA (↓ SREBP-1c, ↓ FAS).
	(Shang et al., 2008)
	In the HFD rats, resveratrol decreased hepatic lipid and triglyceride content. This was confirmed in the HepG2 cell steatosis model: resveratrol decreased intracellular triglyceride content.
	

	
	
	
	
	Rodent, in vivo (Wistar rat NAFLD model (elderly male on HFD), n = 7/group; 25 mg/kg bw/d, i.p. for 8 weeks)
	Not assessed/concluded
	In liver: ↓ apoptotic cells, gene expression increased: LXR, FXR, SIRT1
	(Hajighasem et al., 2018)
	Mean age of rats at beginning of the study: 40-50 weeks. In HFD group, HFD was fed for 6 weeks prior to initiation of experiments; 
Included no hepatic lipid measurements. Resveratrol reduced levels of AST, ALT, and ALP in liver tissue.
Resveratrol alone improved biochemical markers and liver function, yet this was exacerbated in combination with physical exercise.
	

	
	
	
	
	Rodent, in vivo (C57BL/6J mice, male on HFD, n = 3-10/group; 200 mg/kg bw/d resveratrol, 8 weeks, oral via diet)
Human, in vitro (HepG2 cells, 25-100 µM resveratrol, 3-48 h)
	Decreased liver weight and cholesterol content (triglycerides/ neutral lipids not assessed)
	↑ CYP7A1 mRNA/protein/activity. 
In HepG2 ↑ CYP7A1 mRNA/protein (effect inhibited by the LXRα inhibitor, GGPP), ↑ LXRα transcriptional activity 
	(Chen et al., 2012)
	Resveratrol decreased liver weight and cholesterol content. Hepatic neutral lipid and triglyceride content was not measured in the study.
	

	
	
	
	
	Rodent, in vivo ( C57BL/6J mice, ethanol-induced steatosis model, male, n = 4-8/group; 200-400 mg/kg bw/d resveratrol, 2 weeks, oral via diet)
	Decreased liver lipid and triglyceride levels, and plasma ALT levels
	altered protein (↓ PGC-1α acetylation, ↑ SIRT, ↑ p-AMPKα+β, ↑ AMPKα+β, ↑ p-ACC, ↓ SREBP-1c), altered mRNA (↑ SIRT, ↓ SCD1, ↓ FAS, ↓ GPAT1, ↓ ACCα, ↓ ME, ↑ PGC-1α, ↑ AOX, ↑ MCAD, ↑ CPT1a, ↓ PPARγ, ↑ adipoR1+R2). Also increased plasma adiponectin levels.
	(Ajmo et al., 2008)
	
	

	
	
	
	
	Rodent, in vivo (C57BL/6J mice, male, n = 5/group; 2-20 mg/kg bw/d resveratrol, 2-4 weeks, oral via diet) 
Rodent, in vitro (RAW264.7 murine monocyte/ macrophage cell-line, 5-50 µM resveratrol, 6 h)
	No effect on steatosis/lipid accummulation
	In the HFD model, resveratrol decreased hepatic CD14 mRNA. In the HFD + LPS model, resveratrol hepatic mRNA changes incl.: ↓ TNF-α, ↓ IL-6, ↓ CD14, and other hepatic effects incl: ↓ p-STAT3 protein, ↓ F4/80+ cells (Kupffer cells), ↓ CD14+ cells (activated Kupffer cells), ↓ CD14:F4/80 ratio, ↓ p-STAT3+ cells, ↓ p-STAT3:F4/80 ratio.  
	(Kessoku et al., 2016)
	Experimental mouse model of NASH: mice were fed either a HFD diet (for 12 weeks prior to experiments), or a HFD diet with lipopolysaccharide (0.25 mg/kg bw/d) to induce inflammation (the administered lipopolysaccharide is considered a low dose).
In the HFD NAFL model, resveratrol had no effect on hepatic lipid or triglyceride content. In the HFD + LPS model, resveratrol reduced hepatic scores for fibrosis, lobular inflammation, and hepatocyte ballooning, but had no effect on steatosis. 
	

	
	
	
	
	Rodent , in vivo. (C57BL/6 male mice on high-fat diet intragastrically administered with resveratrol (400 mg/kg bw/d) for 30 days. 
Human/rodent, in vitro (HepG2 cells and primary mouse hepatocytes treated with palmitic acid + resveratrol (10-40 µM, 24h))
	Reduction
	In murine hepatocytes incl.: mRNA/protein changes (↑ SIRT1, ↓ PLIN, ↓ ATF6, ↓ CREBH, ↓ Fsp27β, ↓ CIDEC), ↑ ATF6 + SIRT1 interaction, ↑ SIRT1 transcription via ATF6 inhibition, ↑ ATF6 deacetylation via SIRT1
	(Zhou et al., 2018)
	In the HFD fed mice, resveratrol reduced hepatic triglyceride, lipids, lipid droplet counts/diameter/volume, total cholesterol, and LDL cholesterol, and increased HDL cholesterol. In palmitic acid treated HepG2 cells and mouse hepatocytes, resveratrol reduced lipids, triglyceride content, lipid droplet counts/diameter/volume.
SIRT1 knockdown/overexpression ↓/↑ resveratrol’s effects, respectively. ATF6 knockdown/overexpression ↑/↓ resveratrol’s effects, respectively.
	

	
	
	
	
	Rodent, in vivo (obese OLETF rats, n = 6/group; diet supplemented with 0.5% resveratrol for 4 weeks)
	No effect on hepatic triglyceride or cholesterol levels
	
	(Nagao et al., 2013)
	
	

	
	
	
	
	Rodent, in vivo (C57BL/6J mice, ethanol-induced steatosis model, male, n=8/group; 100 mg/kg bw/d resveratrol, oral gavage, 28 d)
	Resveratrol reduced hepatic lipid content 
	Decreased ROS levels. 
	(Chen et al., 2016)
	Hepatic lipid content reduction based on only a qualitative evaluation of lipid staining data.
	

	
	
	
	
	Review on the effects of resveratrol and other polyphenols on hepatic steatosis
	Decreased lipid content in vitro and in vivo (rodents and human)
	Gene expression changes: ↓ SREBP1c, ↓ FAS, ↑ SIRT1, ↓ SCD, ↓ ACC, ↓ ME, ↑ PGC-1α, ↑ ACO, ↑ CPT-1a. Also had the following effects: ↓ ACC activity, ↑ phospho-AMPK, ↑ SIRT1, ↓ PGC-1α acetylation, ↑ mitochondrial number, ↓ oxidative stress, ↓ lipid peroxidation, ↓ lipogenic enzyme expression, ↓ necroinflammation, ↑ fatty acid oxidation enzymes (incl. FAS, G6PDH, ME), ↑ fatty acid oxidation, ↓ PAP, ↑ UCP2.
	(Aguirre et al., 2014)
	In 4 different publications, resveratrol (10-50 µM, 30 min or 24h) decreased triglyceride or lipids in HepG2 cells or rat hepatocytes. In 12 in vivo studies (0.5-450 mg/kg/day doses, 4-10 week treatment) in rodents, resveratrol decreased hepatic lipid levels. In one clinical trial in healthy obese male volunteers, resveratrol (150 mg/day for 1 month) decreased intrahepatic lipid content
	High relevance

	
	
	
	
	Review of clinical findings on the effects of dietary supplements (incl. resveratrol) on liver fat. 
	No effect on liver fat content
	
	(Kilchoer et al., 2020)
	Results of a meta-analysis of findings from 4 clinical trials showed resveratrol to have no effect on liver fat.
	

	
	
	
	
	Meta-analysis of placebo-controlled clinical trials (n=4) on efficacy of resveratrol supplementation against NAFLD
	No effect on liver biochemistry, in NAFLD patients (hepatic lipid content not assessed)
	
	(Zhang et al., 2016)
	Data evaluated include weight, BMI, blood pressure, plasma biochemistry (inc. liver enzymes, bilirubin, TNF-α, cholesterol, HOMA-IR). 
“Although the present study did find some positive effects of resveratrol on metabolic parameters, the improvement in liver function and fatty liver was less apparent than expected.”
Resveratrol supplementation did not alter TNFα or bilirubin levels. Anthropometric and clinical parameters (body-Mass index, systolic/diastolic blood pressure) were unchanged by resveratrol treatment. No effect on liver enzyme activity (AST, ALT, and GGT). However, cholesterol and low-density lipoprotein plasma levels were significantly elevated after resveratrol intervention.
	High relevance, moderate confidence (very thorough methodology, but no results on the effects of resveratrol on hepatic fat content is provided/ considered)

	
	
	
	
	[bookmark: _Hlk119942201]Meta-analysis of findings from randomized clinical intervention studies (n=7) on the effects of resveratrol in NAFLD
	Reduction/no effect
	
	(Jakubczyk et al., 2020)
	In the discussion text it is mentioned that resveratrol improved measures of steatosis in 1 study, but had no effect on steatosis in 3 other cited studies. 
Included studies report supplementation with 500-3000 mg/d resveratrol for 56-180 d.
Of the analysed parameters, only serum alanine aminotransferase activity was significantly (p=0.041) improved after supplementation, the rest remained unchanged.
This study includes studies evaluated earlier (Zhang et al., 2016).
	High relevance, moderate confidence (very thorough methodology, but no results on the effects of resveratrol on hepatic fat content is provided/ considered)

	
	
	
	
	[bookmark: _Hlk119942217]Human, in vivo (clinical study in NAFLD patients (n = 10/group); 3000 mg/d resveratrol for 8 weeks)
	No effect
	
	(Chachay et al., 2014)
	Resveratrol had no effect on hepatic triglyceride content, and increased plasma ALT and AST levels.
	

	
	
	
	
	[bookmark: _Hlk119942234]Human, in vivo (randomized, double-blind, placebo-controlled clinical trial in non-obese women with normal glucose tolerance (n = 15/group); 75 mg/d resveratrol for 12 weeks) 
	No effect on intrahepatic triglyceride content
	
	(Yoshino et al., 2012)
	Metabolic parameters incl. intrahepatic triglyceride content were studied; resveratrol had no effect on intrahepatic triglyceride content.
	

	
	
	
	
	[bookmark: _Hlk119942250]Human, in vivo (randomized, placebo-controlled, double-blind, parallel group clinical trial in middle aged men with metabolic syndrome (n = 21-24/group); 75 or 500 mg resveratrol, twice daily for 16 weeks) 
	No effect on intrahepatic lipid levels 
	
	(Kjær et al., 2017)
	Various metabolic parameters, including hepatic lipid content were studied.
	

	
	
	
	No chemical intervention
	Rodent, in vivo (SIRT liver-specific KO mice (CD1 background), and WT mice, n=10/group (sex not specified))
	not assessed for resveratrol
SIRT1 liver-specific knock-out increased hepatic lipid accumulation
	SIRT1 and FGF21 signaling
	(Li et al., 2014)
	Most of the results in the paper describe the effects of liver specific SIRT1 KO in mice on fatty liver; fed vs. 24-h-fasted, and re-fed (24 h fasting, 6-h ad-libitum feeding).
SIRT1 and FGF21 both are regulated physiologically by a fasting-feeding-refeeding cycle; SIRT1 is a major regulator of fasting-inducible FGF21. FGF21 was increased 8-fold in fasted WT mouse plasma, being a potential biomarker.
It is noted, that SIRT1 is regulated by diet differently in the liver and other tissues, including white adipose tissue and the muscle.
In vitro (HepG2) data are referenced: resveratrol (10 µM, 24 h) decreased lipid accumulation, while also being a model inducer of SIRT1 signaling.
	High confidence, low relevance. No resveratrol intervention
Mechanistic support for SIRT1-signalling in steatosis

	[bookmark: rotenone]Rotenone
	83-79-4
	[image: Skeletal formula of rotenone]
	Isoflavone; insecticide, piscicide, pesticide; naturally occurring (in Fabaceae plants)
	SUMMARY
	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 µM (Tolosa et al., 2016). In vivo literature was not retrieved, possibly due to the rapid onset of (cyto)toxicity: In rat in vitro (Isenberg and Klaunig, 2000), 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.
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 72 h, 1.5×10-9 - 1×10-4 M)
	(not concluded)
	Oxidative stress (ROS production)
	(Landesmann et al., 2012)
	Positive control for oxidative stress: 100 µM rotenone. Positive control is accompanied with substantial, concentration-dependent reduction in number (POD <10-7 M) and altered size (POD ~10-6.5 M) of hepatocytes and shows ROS-indicative nuclear staining (POD <10-7 M) compared to DMSO vehicle control.
	

	
	
	
	
	Human, in vitro (differentiated HepaRG, and HepG2 pre-loaded with fatty acids (62 µM oleate-palmitate (2:1) mixture for 14 h prior to exposure), 0.5-10 µM, 24 h)
	No
	Oxidative stress (ROS production), altered mitochondrial membrane potential
	(Tolosa et al., 2016)
	Evaluating the utility of HepaRG for assessment of steatosis confirmed lipid accumulation as the most sensitive endpoint; increased ROS production/oxidative stress and altered membrane potential were also observed.
HepaRG exhibited superior lipid overaccumulation and thus sensitivity toward steatogenic chemicals, over HepG2. Sensitivity of HepaRG was also greater to detect oxidative stress/ROS production; no significant differences were observed between the two cell lines regarding the detection of mitochondrial membrane potential changes.
Both cell lines were pre-incubated with a 62 µM oleate-palmitate (2:1) mixture for 14 h prior to exposure, for fatty acid pre-loading; exposure to chemicals was in fatty-acid-free medium.
A review of information indicates toxicity via mitochondrial impairment, and apoptosis; rotenone is not primarily classified as an a priori steatogenic chemical at the onset of this study (“non-steatotic, hepatotoxic”), this was confirmed in HepaRG cells.
LOEC cell viability: 5 µM, LOEC lipid accumulation: > 10 µM (maximum concentration tested, and higher than cytotoxicity LOEC).
Gene expression analysis was conducted only for steatogenic chemicals, 
	High confidence, very high relevance

	
	
	
	
	Review
	No
	
	(Gómez-Lechón et al., 2010)
	Rotenone was selected for apoptosis and mitochondrial impairment assays, not for the steatosis assay due to no identified steatogenic potential.
Support for inclusion in this chemical selection was based on the RC-ZEBET in vitro/in vivo validation programme (Halle et al., 2003).
	High confidence and relevance.
Mechanism-based chemical selection for in vitro hepatotoxicity approaches in the LIINTOP project (“Optimisation of liver and intestine in vitro models for pharmacokinetics and pharmacodynamics studies”)

	
	
	
	
	Review
	No steatosis at concentrations below cytotoxicity
	Oxidative stress
Mitochondrial complex I inhibition
HIF-1α inhibition
	(Jennings et al., 2014)
	Rotenone was selected as a reference chemical for hepatotoxicity as a disruptor of mitochondrial function (inhibition of mitochondrial complex I). Affected biological pathways are related to oxidative phosphorylation, mitochondrial membrane potential and oxidative stress/ROS production, the anticipated primary hepatotoxic outcome is apoptosis, resulting in cytotoxicity.
Inhibition of complex I results in a shift of energy metabolism from oxidative phosphorylation to glycolysis.
Further data for this reference chemical are available online: https://wiki.toxbank.net/wiki/Rotenone (incl. curated information on toxicokinetics, genomics, proteomics, physico-chemical properties)
	High confidence, chemical selection report for SEURAT-1 project, accepted by relevant stakeholders, including co-authors from EFSA, EURL ECVAM/JRC, academia, industry and national public health authorities

	
	
	
	
	Human, in vitro (HepG2, 0.5-10 µM, 24 h)
	No
	
	(Donato et al., 2012)
	HepG2 cells were pre-incubated with a 62 µM oleate-palmitate (2:1) mixture for 14 h prior to exposure, for fatty acid pre-loading; exposure to test chemicals was in fatty-acid-free medium.
	High confidence and relevance
Study preceding (Tolosa et al., 2016)

	
	
	
	
	Rodent, in vitro (rat liver cell line WB-F344, 0.5-5 µM for up to 12 h)
	No
	
	(Isenberg and Klaunig, 2000)
	Induction of liver cell apoptosis through inhibition of mitochondrial respiration (complex I inhibition) in a time- and concentration-dependent manner.
Onset of apoptosis upon rotenone treatment was within 20 min, and peaked after 2 h; the morphology of cells then remained unchanged until 12 h post treatment.
	

	[bookmark: metformin]Metformin
	657-24-9
	[image: ]
	Pharmaceutical; anti-diabetic
	SUMMARY
	Negative
No effect/ reduction
	
	
	Very strong weight of evidence supporting metformin not inducing 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.
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.  
	

	
	
	
	
	Human, in vitro (primary human hepatocyte 3D spheroid steatosis model, 10-100 µM, 7 d). 
	Reduction/ no effect
	
	(Kozyra et al., 2018)
	Metformin (50 and 100 µM) reduced lipid accumulation when it was applied 1 week after the induction of steatosis, but it was not able to prevent steatosis induction.
	

	
	
	
	
	Human, in vitro (primary human hepatocytes and HepG2 cells treated with metformin (1 mM, treatment time not indicated)
	Reduction
	In cells: reduced mRNA levels of: ACSL1, TNF-α, FATP5, CD36, miRNA processing proteins [XPO5, DICER, AGO2], and increased p-AMPK levels, and several miRNAs (incl. miR-30b, 146b, 422a, 16, and 30b)
	(Latorre et al., 2020)
	In HepG2 cells, the effect of AMPK and endoribonuclease Dicer (DICER) knockdown on metformin’s effects were evaluated. The effect of knocking down AMPK in the liver, in vivo in mice was evaluated. Gene and miRNA expression analysis was also carried out with human liver biopsy samples with varying degrees of steatosis (none, borderline, substantial). 
In primary human hepatocytes and HepG2 cells, metformin reduced lipid levels. In HepG2 cells, AMPK and DICER knockdown enhanced lipid accumulation, and counteracted the lipid lowering effects of metformin.
In mice, hepatic AMPK knockdown increased lipid accumulation. mIR-16, 30b, and 30c reduced lipid accumulation in cells, and in human liver samples, steatosis was associated with low levels of the miRNA.
	

	
	
	
	
	Human and rodent, in vitro (AMPK KO vs. WT primary mouse hepatocytes, or primary human hepatocytes; 0.25-2 mM, 3 h). 
	Decreased intracellular triglyceride content
	[bookmark: _Hlk95115805][bookmark: _Hlk94689115][bookmark: _Hlk94689204][bookmark: _Hlk94689398][bookmark: _Hlk94689515][bookmark: _Hlk94689583][bookmark: _Hlk94689725]Increased p-AMPKα and p-ACC, 
reduced mRNA levels: Acly, Acc, Chrebp, Fasn, S14
	(Boudaba et al., 2018)
	Metformin (0.25 to 2 mM) decreased triglyceride content and lipogenesis, and increased β fatty acid oxidation, and these effects were completely or greatly reduced in AMPK KO cells. AMPK activators enhanced metformin’s effects.
In mice, liver-specific knockout of AMPK did not predispose to fatty liver. However, re-activation of downregulated AMPK in fatty liver, normalised hepatic lipid content by inhibiting lipid synthesis and stimulating fatty acid oxidation.
	

	
	
	
	
	Rodent, in vivo (WT and Oct KO ob/ob mice (FVB/N or C57BL/6J background), males, n=3-6)
	Not assessed; inferred no effect/reduction (via Oct1 inhibition)
	[bookmark: _Hlk95116422][bookmark: _Hlk94690706][bookmark: _Hlk94690784][bookmark: _Hlk94690821][bookmark: _Hlk94690872]Oct1 KO increased p-ACC, p-AMPK, and reduced Creb1, Crtc2, Pgc1α, Srebp1.
	(Chen et al., 2014)
	The results in the paper mainly relate to Oct1, and there are no results directly showing effects of metformin on fatty liver endpoints. 
Studies were carried out in the mouse lines and in OCT1 expressing Hek293 cells to determine if metformin inhibits OCT1. 
Oct1 KO reduced steatosis in ob/ob mice, and metformin was shown to inhibit Oct1 mediated transport of thiamine in vitro (IC50 = 1.4 mM) and in vivo (after a 50 mg/kg acute IV dose, or after 7 days chronic daily i.p. dosing with 100 mg/kg).
	

	
	
	
	
	[bookmark: _Hlk94691079]Rodent, in vivo ( C57BL/6N mice, methionine- and choline-deficient (MCD) diet-induced mouse NASH model; males, n=6-10/group; 2.4 mg/d metformin via drinking water for 15 weeks)
	Decrease
	
	(Katsura et al., 2015)
	[bookmark: _Hlk94691270]Metformin decreased MCD diet-induced hepatic lipid accumulation, fibrosis, and increased serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP).  
	

	
	
	
	
	Rodent, in vivo (C57BL/6J Ob/Ob and WT mice (sex not specified), n = 8/group, 300 mg/kg/d metformin, i.p., 4 weeks)
Human and rodent, in vitro (primary mouse hepatocytes and HepG2 cell steatosis models, 0.5 mM metformin, 2 h). 
	Decreased lipid accumulation
	In the mouse and cell models, metformin upregulated SIRT1 and autophagy. 
	(Song et al., 2015)
	In ob/ob mice, metformin reduced hepatic lipid content, and serum levels of AST and ALT. In the cells, metformin reduced lipid accumulation.
	High confidence and relevance

	
	
	
	
	Rodent, in vivo (C57BL/6 mice on HFD, male, n = 5-7/group; metformin 50-200 mg/kg bw/d, oral by gavage for 15 d)
	Decreased hepatic lipid levels
	In the liver, metformin increased leptin receptor mRNA, and decreased Srebp-1c, Fasn, and Acc-1 mRNA .
	(Tang et al., 2016)
	
	

	
	
	
	
	Meta-analysis (n=9 randomized clinical trials) evaluating the effects of insulin sensitizers incl. metformin for the treatment of NASH in humans
	No effect
	
	(Rakoski et al., 2010)
	Metformin did not improve hepatic steatosis, inflammation, fibrosis, or hepatocyte ballooning.
	

	
	
	
	
	Meta-analysis of randomized controlled clinical trials evaluating the effects of metformin on NASH in humans
	No effect
	
	(Said and Akhter, 2017)
	Metformin did not improve hepatic steatosis, ballooning, or fibrosis, and worsened inflammation.
	

	
	
	
	
	Systematic review (n=91 articles) and meta-analysis evaluating the effectiveness of metformin in treating NASH
	No effect
	
	(Younossi et al., 2014)
	Metformin reduced serum levels of AST and ALT in some trials, but failed to improve histological markers of NASH in most studies. Current guidelines do not recommend metformin for treating NAFLD.
	

	
	
	
	
	Human, in vivo (prospective randomized clinical trial in obese patients with hepatic steatosis, n=25/group; 1 g/d metformin + dietary intervention, 6 months)
	Reduction of steatosis prevalence
	Decreased serum adiponectin 
	(Garinis et al., 2010)
	Metformin reduced the proportion of people with hepatic steatosis. 
Metformin decreased fasting plasma glucose, insulin resistance, serum adiponectin, weight, BMI, and waist circumference
	

	
	
	
	
	Human, in vivo (clinical trial in T2DM patients, n = 12; insulin + metformin (dose titrated from 500 mg daily to 1000 mg twice daily), 3 months)
	Reduces hepatic triglyceride content
	
	(Lingvay et al., 2007)
	Treatment with metformin and insulin in combination reduced liver triglyceride content. 
The study did not include a metformin alone group, due to necessary management of diabetes.
	Small sample size

	
	
	
	
	[bookmark: _Hlk94693369]Human, in vivo (pilot clinical trial of metformin for the treatment of NASH, n = 26 (13 female); 2000 mg/d, 48 weeks)
	No effect on steatosis, but improvement of NASH
	
	(Loomba et al., 2009)
	Endpoints assessed were repeat metabolic studies, magnetic resonance imaging, and liver biopsy. Histological response to metformin treatment was achieved in 30% of study participants; most patients lost weight. Weight loss was significantly associated with improved NASH activity score and serum ALT levels (p<0.01). Improved insulin sensitivity did not correlate with histological improvement.
	

	
	
	
	
	Human, in vivo (open-label pilot clinical trial for metformin treatment of NAFLD, n = 15 in total, n = 10 for biopsy samples; 20 mg/kg bw/d for 1 year)
	Reduction/no effect
	
	(Nair et al., 2004)
	Metformin reduced liver steatosis (in 3/10 patients), inflammation (in 2/10) and fibrosis (in 1/10), and transiently reduced serum ALT and AST.
	

	
	
	
	
	Human, in vivo (randomized clinical trial for NASH treatment, n = 17/group; 850 mg bidaily + dietary intervention for 6 months)
	No effect
	
	(Uygun et al., 2004)
	Metformin reduced serum levels of ALT and AST, but had no effect on hepatic necro-inflammatory activity or fibrosis. Metformin reduced insulin resistance and BMI.
Hepatic steatosis was assessed by ultrasonography.
	

	
	
	
	
	Human, in vivo (randomized, placebo-controlled pilot clinical trial evaluating metformin treatment (titrated 500-1000 mg/d + lifestyle interventions) in nondiabetic patients with insulin resistance and NASH n=7-9/group for 12 months)
	No effect
	
	(Shields et al., 2009)
	Metformin had no effect on liver steatosis, ballooning, inflammation, fibrosis, or serum ALT and AST levels.
	

	
	
	
	
	Human, in vivo (phase 2 clinical trial evaluating metformin for treatment of NASH in non-diabetic children, n=10, 500 mg twice daily for 24 weeks)
	Reduction of fat content in liver 
	
	(Schwimmer et al., 2005)
	The design was a single-arm open-label study of oral metformin 500 mg twice daily for 24 weeks. In order to minimize gastrointestinal side-effects, subjects were initially started at metformin 500 mg once daily. After subjects demonstrated tolerance of metformin for a minimum of 1 week the dosing was increased to 500 mg twice daily.
Metformin reduced liver fat measurements (p<0.01), and serum ALT and AST levels. Metformin improved insulin sensitivity and overall quality of life.
	

	
	
	
	
	Human, in vivo (randomized, placebo-controlled clinical study for metformin to treat NASH, n = 19-22/group); 850-1700 mg/d for 12 months)
	Not assessed/ concluded
	
	(Shargorodsky et al., 2012)
	Focus of the study was on cardiovascular parameters, not lipid accumulation in liver. 
Metformin transiently reduced serum ALP and ALT, but not AST. The study did not evaluate other markers of liver function.
	

	
	
	
	
	Human, in vivo (epidemiology; population-based cohort of post-menopausal women, n = 345)
	Potentially increased odds of steatosis in non-Hispanic white women
	
	(Kim et al., 2013)
	Study evaluating the racial/ethnic differences in hepatic steatosis.
Use of metformin and thiazolidinediones (pioglitazone) was associated with an increased odds of hepatic steatosis in non-Hispanic white women, but not in African-Americans; African-American women who used metformin and thiazolidinediones had the lowest prevalence of hepatic steatosis (19%) and non-Hispanic white women who used medications had the highest (71%).
Self-reported use of medication may be a proxy for other risk factors predisposing the individual, or contributing to hepatic steatosis, though this does not explain the difference in odds observed for different ethnicities.
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	Pharmaceutical; treatment of epilepsy, seizures, bipolar disorder, migraine prevention. Branched short-chain fatty acid
	SUMMARY
	Positive
Induction
	
	
	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 is through the valproate metabolite valproyl-CoA (valproic acid Cofactor A ester) inhibiting mitochondrial fatty acid β-oxidation; bioactivation of valproate to the CoA ester seems essential for the induction of lipid accumulation.
Inhibited/decreased mitochondrial fatty acid β-oxidation was sometimes accompanied by an increase in gene or protein expression of relevant components of the mitochondrial fatty acid β-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, that has also been previously selected as a steatosis-positive reference chemical in other EU-funded projects, such as the SEURAT-1 and LIINTOP projects.
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.
	

	
	
	
	
	Human, in vitro (HepG2 and differentiated HepaRG, pre-loaded for 14 h with 62 µM oleate palmitate (2:1); 1-8 mM, 24 h) 
	Induction
	Oxidative stress (ROS; significant at all tested concentrations), decreased mitochondrial membrane potential (significant at ≥4 mM)
Gene expression changed: EHHADH, MTTP, IGFBP1, SREBP1C, ANGPTL3, FOXA1, PGC1A
	(Tolosa et al., 2016)
	Exposure of cells to test chemicals was conducted in fatty-acid-free medium.
Valproate is included as a model steatogenic chemical (Drug-induced liver Injury category: “severe”), also causing mitochondrial impairment and oxidative stress.
In HepaRG: Significant lipid accumulation at all tested concentrations. Cell viability was reduced at 8 mM.
Gene expression analysed (8 mM), but unchanged: CROT, PPARA
	Very high confidence and relevance

	
	
	
	
	Human, in vitro (differentiated HepaRG, pre-loaded for 24 h with 83 µM oleate and 167 µM palmitate (in 0.25% BSA); 0.5-21 mM, 3 or 7 days) 
	Increased lipid accumulation (≥3 mM)
	Gene expression: ↑ ADRP, ↑ CD36, ↑ FATP1+2, ↓ FATP5, ↑↓ ACSL5, ↑ CPT1, ↓↑ SREBP-1c, ↑ FAS, ↑ GPAT1, ↑ DGAT2, ↓ FABP, ↓ MTTP, ↓ ApoB100. 
Further: oxidative stress (↑ ROS), ↑ fatty acid β-oxidation 
	(Grünig et al., 2020)
	1, 3, 6, 9, 12, 21 mM produced lipid accumulation vs control levels of ~1, 1.2, 1.4, 1.7, 1.8, and 1.4x after 3 days; and ~0.9, 1.1, 1.9, 2, 2.3, 1.2x after 7 days.
LOEC lipid accumulation: 3 mM (3 days), 6 mM (7 days).
Intracellular ATP content was decreased at ≥9 mM (3 day exposure; membrane toxicity by adenylate cyclase release from 6 mM). Flow cytometry indicates a substantial share (~30 %; ~15% in control) of cells exposed to ≥12 mM valproate for 3 days are at least in early apoptosis (Annexin V stainig) (7 days: ~40 % (~15% in control), at ≥6 mM valproate).
LOEC β-oxidation of 14C-palmitate (relative to colvent control): 12 mM (in isolated fresh primary mouse mitochondria; decrease), 12 mM (HepaRG; 15 min acute exposure; decrease), no effect (HepaRG, 3 day exposure), ≤1 mM (HepaRG, 7 day exposure; increase). Increased β-oxidation after 7-day exposure correlates with a significant increase in mitochondrial copy number (significant at ≥3 mM).
Other effects of valproic acid incl.: ↓ membrane intactness, ↑ citrate synthase activity, ↓ β-ketothiolase activity, Δ acylcarnitine patterns, ↑ free fatty acids, ↓ secreted ApoB100, , ↓ activity of mitochondrial complex I/II/III, ↓ cytochrome b protein. Many of the effects were observed at concentrations ≥1 or ≥3 mM.
	Very high confidence and relevance

	
	
	
	
	Human, in vitro (cryopreserved differentiated HepaRG (HPRGC10); 66.5-2300 µg/mL, 24 or 72 h)
	Increased diacylglycerol and triglyceride levels 
	Metabolomic changes induced include: ↓carnitine, Δ spermidines, ↓ creatine, ↓ acetylcholine. 
Upregulation of neutral lipids (triglycerides and ceramides) alongside downregulation of carnitine (as a result of inhibited β-oxidation)
S-adenosylmethionine (suggested as possible marker of NAFLD; key metabolite in one-carbon metabolism)
	(Cuykx et al., 2018)
	This study characterized the metabolic (metabolomic) profile of steatosis in HepaRG cells, with sodium valproate as the positive control and model inducer of steatosis.
Initial range-finding experiments were performed with 250-10,000 µg/mL (24 h) or 47-10,000 µg/mL (72 h); IC10 values (Neutral Red Uptake assay) and 1/10th IC10 were used for subsequent metabolomics experiments.
IC10 values: 2,300 µg/mL (24 h), 665 µg/mL (72 h)
The testing concentrations (IC10 and 1/10 IC10) induced some morphological changes to the differentiated cultures: cells remained as clearly distinguishable clusters of hepatocytes from biliary cells. The 24 h 1/10 IC10 exposed samples showed some faint indication of faded lining between hepatocellular clusters and biliary cells; After 72 h cellular stress was morphologically evident (less organized hepatic clusters and biliary cells), without substantial dead cells. IC10 concentration severely distorted cell morphology, and effects were exacerbated by longer incubation (72 h). Cell appeared swollen, with blurred edges. Clusters were disorganized and cellular debris indicates some cell death. 
Increases in triglyceride levels were observed at ≥66.5 µg/mL (lowest tested concentration). Statistical analysis was done by principal component analysis (unsupervised multivariate statistics; samples within a 95% confidence interval were accepted for further analysis) and partial least squares-discriminant analysis (supervised multivariate statistics). Molecular features of interest were selected based on the correlation of the signal variance between exposure group and the negative control group, the impact of the feature on the model based on abundance differences and a visual graphic control of the abundance differences in the plot between both groups. Two independent experiments were included in the analysis; only markers reliably identified and concordant in both experiments were included in the comparative analysis (92 metabolites after 24 h exposure; 113 metabolites after 72 h exposure).
Decreased incorporation of saturated fatty acids in favour of incorporation of heavy, unsaturated acyl-chains into triglycerides (possibly via the arachidonic acid metabolism pathway). 
	Very high confidence and relevance.
A large extent of supplementary data available with the publication.

	
	
	
	
	Human, in vitro (HepG2 pre-loaded with 62 µM oleate-palmitate (2:1) for 14 h pre-exposure; 0.125-20 mM valproate, 24 h in fatty acid-free medium)
	Increased (at ≥0.5 mM)
	
	(Donato et al., 2012)
	Multiparametric high-content image analysis assay.
Includes lipid accumulation data for the following chemicals:
Steatogenic chemicals: acetylsalicylic acid, amiodarone, clofibrate, cyclosporine A, didanosine, doxycycline, DL-methionine, fenofibrate, fialuridine, stavudine, tamoxifen, tetracycline, tianeptine, ticlopidine, and zidovudine
Negative controls: amikacin, rotenone, t-butyl hydroperoxide, cumene hydroperoxide, colchicine, citrate. 
0.125, 0.25, 0.5, 1, 2, 4, 10, and 20 mM gave rise to % control lipid levels of 115, 120, 125, 140, 150, 170, 190, 220%.
LOEC: lipid accumulation (0.5 mM; increase), cell viability (4 mM; decrease), ROS (10 mM; increase >5-fold), mitochondrial membrane potential (10 mM; decrease)
	

	
	
	
	
	Human, in vitro (primary human hepatocytes; 15 mM, 5 d) 
	Induction
	Changes in methylation patterns in nuclear DNA regions associated with oxidative stress and steatosis pathways, and hypomethylation in mtDNA regions 
	(Wolters et al., 2017)
	Valproic acid induced observable steatosis (effect size not indicated) after 24h at 15mM. 15 mM did not induce cytotoxicity after 24 or 48h. 
	

	
	
	
	
	Human, in vitro (cryopreserved primary human hepatocytes, 0-30 mM; 1-5 d) 
	Induction inferred
	. Expression changes in steatosis relevant genes: ↑ PPARα+γ, ↓ LXRα, ↓ LXRβ, ↓ RXR, ↑ AhR, ↓ ChREBP, ↓ SREBP-1c, ↓ SCD1, ↓ ABCA1, ↑ ABCG1, ↓ ABCG5+8, ↓ APOE, ↓ CYP7A1, ↓ ACC, ↑ CD36.
	(van Breda et al., 2018)
	Cryopreserved primary hepatocytes from three donors were obtained (Hu4197, Hu8084, Hu4227) and pooled for further cultivation and analysis; cells were cultured in a 2-layer collagen sandwich according to the cell supplier’s protocol.
An initial screening experiment with 0-30 mM valproate for cytotoxicity (MTT assay) and lipid accumulation (BODIPY staining) was conducted.
Valproic acid is said to have induced fat accumulation in a dose-dependent manner at 24 and 48h, but the data is not shown. No cytotoxicity was observed. 
An AOP for chemically induced liver steatosis is presented in the paper. 
Valproic acid altered the expression of many genes and miRNAs, and also altered the methylation of many genes. The data indicated that valproic acid inhibited expression of the transcription factors HNF1A and ONECUT1. Pathways modulated included those involved in complement and coagulation cascades, nuclear receptor pathways, apoptosis, drug metabolism, fatty acid metabolism, inflammation, carcinogenesis, and general metabolism and signalling pathways
	

	
	
	
	
	Human, in vitro (differentiated E6/E7LOW human hepatocytes (co-cultured 1:1 with microvascular cardiac endothelial cells) or HepG2/C3A cells; time-resolved monitoring up to 46 h exposure; 5-30 mM)
	Increased accumulation of neutral and phospholipids 
TC50 (46 h) = 2.5±0.4 mM in 2D; strong and significant increase in neutral lipids
	Increased lipogenesis and mitochondrial stress, and decreased respiration, glycolysis, and ATP production. 
	(Ehrlich et al., 2018)
	Microfluidic sensor-integrated liver on chip array in which oxygen is monitored using two-frequency phase modulation of tissue-embedded microprobes, while glucose, lactate and temperature are measured in real time using microfluidic electrochemical sensors.
Valproic acid increased lipid accumulation (~2x in E6/E7LOW cells, and ~4x in HepG2 organoids) and phospholipid accumulation (~0.7x in E6/E7LOW cells, and ~1.2x in HepG2 organoids) (it is not clear at what concentrations the latter fold changes in lipids were observed)
The cytotoxicity EC50 was 2.5 mM in E6/E7LOW cells and 14 mM (42 h exposure) or -27 mM (24 h exposure) in HepG2/C3A organoids; differences in cytotoxicity thresholds in the two cell lines suggests requirement of metabolic activation for toxicity. In HepG2/C3A organoids, time to onset of metabolic response (based on increased oxygen consumption) was 6-36 h (30-5 mM valproate, respectively); the lowest effect level was calculated to be 280±97 µM valproate (at infinite time).
Valproate exposure led to a sustained 15% increase in lipogenesis followed by mitochondrial stress (E6/E7LOW cells: TC50 = 2.5±0.4 mM in 2D; HegG2/C3A cells: TC50 = 27±2 mM (24 h), TC50 = 14±2 mM (42 h)); significant induction of steatosis in 2D and 3D cultures. The accumulation of neutral lipids was strong and significant (p<0.001, n=4), and evidence of phospholipidosis was seen.
Time to onset of steatosis in differentiated HepG2/C3A cells was concentration and time dependent (time to onset: 6-36 h; 6 h in 30 mM; 36 h in 5 mM).
Oxygen consumption is monitored using tissue-embedded microprobes, coupled with real-time measurement of glucose, lactate and temperature. Dynamic changes in metabolic fluxes around central carbon metabolism are calculated, producing a unique fingerprint of the liver’s response to stimuli and allowing detection of effects below the threshold of cellular damage.
	High confidence, moderate-high relevance
Time-resolved in vitro metabolic data

	
	
	
	
	Human, in vitro (HepG2; 25-100 µM, 24 h) 
	No accumulation of neutral lipids
	
	(Park et al., 2012)
	Valproic acid increased phospholipidosis at 100 µM but had no effect on steatosis. No cytotoxicity was observed.
Drug-induced phospholipidosis and/or steatosis was assessed based on LipidTox staining, NBD-PE assay, and, in case of disagreement of results, confirmed by transmission electron microscopy.
Contains steatosis results for several other chemicals, including amiodarone and acetaminophen. 
	

	
	
	
	
	Human, in vitro (HepG2, 0.5-16 mM, 0-120 h) 
	not assessedin healthy culture
	Gene expression: ↑ GRP78/BiP, ↑ calreticulin, ↓ GADD153
 Enzyme activity: ↓ GSK3β activity, SREBP-2
	(Kim et al., 2005)
	ER stress was induced by tunicamycin, A23187, or glucosamine. Effects of valproate to revert or exacerbate it were observed.
Valproate (pre-treatment with 0.5 mM, 18 h) prevented ER-stress-mediated apoptosis and intracellular lipid accumulation.
Protection from ER stress is mediated via the (overexpressed) ER-resident chaperones GRP78/BiP and calreticulin (i.e., independent of PERK pathway). Pre-treatment also prevents expression/maturation of (mature) SREBP-2 protein – a regulator of lipid uptake/metabolism, that is activated by ER stress.
Cytotoxicity (LDH release assay) >10% at ≥8 mM.
	

	
	
	
	
	Human, in vitro (Huh7, 0.5 mM, 24 h)
	
	
	(Elphick et al., 2012)
	In addition to human Huh7 cells, Dictyostelium discoideum, was used as a model organism to study lipid droplet formation and accumulation in a shorter timeframe (30 min).
Valproic acid increased lipid accumulation in Dictyostelium, 0.5 mM valproate increased lipid droplet intensity by ~150% of control, in Huh7 cells lipid droplets were increased as well. 
In Dictyostelium, valproic acid increased fatty acid uptake, and decreased fatty acid secretion.
Structure-activity relationship in silico analysis reveals that lipid accumulation occurs independently on valproate-mediated teratogenicity and inositol depletion. 
A large array of other, structurally related, chemicals was studied for lipid accumulation in Dyctiostelium in parallel.
	

	
	
	
	
	Human, in vitro (HepG2, 5-10 mM, 24 h). 
Human, in vivo (biopsy-proven NAFLD patients; n=32; non-NAFLD subjects who underwent surgery for cholelithiasis, n=10))
	
Not assessed (study focused on changes in miRNA)
	In cells, valproate produced the following miRNA subtype changes: ↑ 3929, ↑ 663a, ↑ 1260a, ↑ 21-5p, ↑ 202-3p, ↑ 22-5p, ↑ 29a-3p. 
miR-29a-3p and 22-5p were increased in serum from NAFLD patients.
	(López-Riera et al., 2017)
	Evaluated changes in miRNA profiles induced by steatogenic drugs including valproate (5 and 10 mM, 24h) in HepG2 cells. Also measured miRNA profiles in serum from NAFLD patients.
Contains miRNA expression profile data for several other steatogenic and non-steatogenic drugs. 
NAFLD patients receiving fibrates as medication showed increased miRNA markers and showed a more severe steatosis grade.
Intracellular lipid accumulation (neutral lipids, triglycerides was assessed for a subset of chemicals used in this study, and were not available for valproate.
	

	
	
	
	
	Human, in vitro (primary human hepatocytes, 0.2-5 mM, 2-24 h)
	Not assessed
	Increased NEURL1B expression, KEGG pathways modulated by valproic acid included: ↑ fatty acid degradation, ↑ PPAR signalling, ↑ retinol metabolism. 
	(Aguayo-Orozco et al., 2018)
	The “Toxicogenomics Project-Genomics-assisted Toxicity Evaluation System” (TG-GATE) database was used as a resource of gene expression data (recorded on an Affymetrix HG U133 Plus 2.0 microarray chip).
Some of the gene expression data presented is for the overall cumulative sum of expression changes induced by multiple steatogenic chemicals. Valproic acid increased neutralized E3 ubiquitin protein ligase 1B (NEURL1B) expression, and sequesters coenzyme A by reacting with it to form VPA-CoA
Contains toxicogenomic data for 7 negative control chemicals (carbamazepine, diclofenac, indomethacin, naproxen, nifedipine, nimesulide, sulindac) and the following 28 steatogenic chemicals: allyl alcohol, amiodarone, acetaminophen, acetamide, amitriptyline, aspirin, coumarin, colchicine, clomipramine, cyclosporin A, clozapine, diltiazem, disulfiram, ethanol, ethinylestradiol, ethionamide, hydroxyzine, imipramine, lomustine, methapyrilene, methyltestosterone, phenylbutazone, rifampicin, terbinafine, tetracycline, vitamin A, valproic acid, pirinixic acid. 
	

	
	
	
	
	Human, in vitro (iPSCfrom healthy subjects and ALper’s sundrome patients, 20 mM, 12-24 h). 
	Not assessed
	
	(Li et al., 2015a)
	Alpers syndrome is a neurometabolic disorder caused by mutations in mitochondrial DNA polymerase (POLG) that is associated with an increased risk of fatal valproic acid hepatotoxicity. 
The following effects produced by valproic acid were greater in the Alpers hepatocytes: ↑ apoptosis, ↑ cleaved caspase 9, ↑ cytosolic cytochrome C; and the augmented apoptosis observed in the Alpers hepatocytes were counteracted by carnitine, N-acetylcysteine, or cyclosporine A.
	

	
	
	
	
	Human, in vitro (primary human hepatocytes, 0.2-5 mM, 2-24 h)

	Not assessed 
	Gene expression altered: AHR, ESR1, NR1H4, GR (NR3C1), PPARG. 
	(AbdulHameed et al., 2019)
	The “Toxicogenomics Project-Genomics-assisted Toxicity Evaluation System” (TG-GATE) database was used as a resource of gene expression data (recorded on an Affymetrix HG U133 Plus 2.0 microarray chip).
Contains toxicogenomic data for the following 18 model steatogenic chemicals: amiodarone, amitriptyline, bromobenzene, carbon tetrachloride, colchicine, coumarin, diltiazem, disulfiram, ethanol, ethionamide, ethinyl estradiol, hydroxyzine, imipramine, lomustine, puromycin aminonucleoside, tetracycline, vitamin A, and valproic acid.
Valproic acid did not modulate any Srebf1 target genes. It is mentioned that valproic acid causes mitochondrial toxicity, which leads to oxidative stress.
	

	
	
	
	
	Human, in vitro (primary human hepatocytes or liver tissue samples, 0.2-5 mM, 2-24 h)

	Not assessed 
	
	(Grinberg et al., 2014)
	Analysed data in publicly available gene expression databases, including the Open TG-GATES database and genome-wide data sets from human liver tissue samples, as well as generating further data with primary human hepatocytes n=5 donors for 5 mM valproate 24 h exposure; n=8 donors to determine “unstable baseline genes”) (control; cultured in collagen sandwich up to 14 d). The aim was to identify changes in gene expression induced in hepatocytes by 143 chemicals (incl. valproic acid). Also carried out experiments to evaluate the gene expression changes induced by valproic acid and a few other chemicals in primary human hepatocytes and compared the results to that from the databases.
Up- and down-regulation were defined as at least threefold difference from freshly isolated hepatocytes/baseline.
Genome-wide liver disease datasets used from public repositories: ArrayExpress (E-MEXP-3291) and Gene Expression Omnibus (GSE25097). E-MEXP-3291. (NASH: n=16 vs. health liver: n=19; cirrhosis: n=40 vs. non-tumour liver tissue: n=243). RNA seq data: hepatocellular carcinoma (n=163) vs. matched non-tumor tissue (n=49) (Genes with a fold change of at least 1.3 and a false discovery rate (FDR) adjusted p value ≤0.05 in the pairwise comparison of healthy/non-tumor tissue to diseased tissue were considered differentially expressed).
Data from the databases showed valproic acid to modulate the expression level of many genes. Gene expression data generated in primary hepatocytes corresponded to the database results for only some cases. E.g., TG-GATE data suggested that the gene THRSP, which is implicated in the pathogenesis of liver steatosis, is upregulated, however, this could not be confirmed in primary hepatocytes in vitro in this study.
	Very high confidence, moderate relevance 

	
	
	
	Valproyl-CoA ester
	Human, in chemico (fibroblast preparations; 10-100 µM)
Rodent, in chemico (S.cerevisiae-expressed recombinant CPT1A, )

	Not assessed, but induction can be inferred from mechanistic data. 
	inhibition: CPT I activity. 
	(Aires et al., 2010)
	CPT1 is the rate-limiting enzyme in mitochondrial fatty acid β-oxidation pathway.
The anti-epileptic drug and branched-chain fatty acid valproate is bioactivated to the CoA ester, and has previously been shown to inhibit mitochondrial fatty acid β-oxidation.
In this study, valproyl-CoA inhibited human CPT1 and rat CPT1A. this inhibition was competitive with palmitoyl-CoA and non-competitively to carnitine.
	

	
	
	
	
	Rodent, in vivo (B6.V-Lepob/J leptin obese mutation mice (n=4/ group, sex not stated), 0.5% w/v valproate, 14 d via drinking water)
Mouse, in vitro (primary hepatocytes from male C57BL/6 mice, 800 µM, 1-24 h)
Human, in vitro (primary hepatocytes (four preparations; details see on right), (0.2-2 mM) 800 µM, 1-24 h)

	Decreased lipid accumulation and liver weight in obese mice in vivo. (Serum triglycerides decreased, but not significantly.
	In vitro: increased AMPK, ACC (via metabolite)
HDAC(1) inhibition
	(Avery and Bumpus, 2014)
	Exposure to: 800 µM VPA, or 20 µM 2-ene-VPA, 4-ene-VPA, 3-OH-VPA, 3-ketoVPA, or vehicle solvent (DMSO or water).
Human primary hepatocytes were isolated from four individuals: male (55 years old), female (43 years old), female (59 years old), male (36 years old); with viabilities of >75 %.
In the mice, valproic acid decreased hepatic fat accumulation (based on a qualitative evaluation of histology images only), and liver mass. 
In the cells, valproic acid or its metabolites increased. AMPK and acetyl CoA carboxylase (ACC), and these effects were counteracted by an AMPK inhibitor and a CYP inhibitor. Valproic acid inhibited human recombinant HDAC1 and HDAC activity in mouse hepatocyte nuclear extracts.
	Moderate-low relevance (due to the use of an obesity rodent model)

	
	
	
	
	Rodent, in vivo (SD rats, male, n = 8/group, 250 and 500 mg/kg bw/d i.p, 4-15 d).
	Induction; significant at 500 mg/kg bw/dfor 4 days, 250 mg/kg bw/d for 15 d)
	Valproic acid altered the levels of 24 hepatic lipids and 36 plasma lipids.
	(Goda et al., 2018)
	Lipidomics were performed on the livers and plasma of rats.
At 250 and 500 mg/kg/day doses steatosis was induced (effect size not quantified), and hepatic triglyceride levels were increased at 4 day (mg/g levels for the control, 250 and 500 mg/kg groups = 5.55, 6.7, and 10.85*) and 15 day (mg/g levels for the control, 250 and 500 mg/kg groups = 5.58, 10.78*, and 4.63) timepoints, * = statistically significant. Lack of significant increase after 15 d exposure potentially due to toxicity: this dose resulted in decreased locomotor activity and ataxic gait immediately after dosing in all animals throughout dosing with this dose (500 mg/kg bw/d); bodyweight was significantly (p<0.01) lower in this group at 15 d treatment, and this was considered greater than the maximum tolerated dose. No treatment-related changes in body weight or food consumption were observed in the 250 mg/kg bw/d group.
	High confidence and relevance

	
	
	
	
	Rodent, in vitro (FL83B murine hepatocytes, 0.02-10 mM, 24 h; and/or co-exposure with oleic acid). 
	No effect (but valproate exacerbated oleic acid-induced intracellular lipid accumulation)
	Gene expression: ↑ Cd36, ↑ Lrp, ↑ Dgat2, ↓ Ldlr. 

	(Chang et al., 2016)
	Oleic acid increased lipid accumulation, and oleic acid induced lipid accumulation was significantly potentiated by valproic acid at ≥0.1 mM, with 0.1, 0.5, 1, 5, and 10 mM increasing lipid accumulation by ~4.2, 4.5, 6.1, 7, and 8 fold compared to a ~2.5x increase induced by oleic acid alone. In combination with oleic acid, 5 and 10 mM valproic acid reduced cell viability by ~30 and 45%, respectively. 
Oleic acid induced mRNA changes included: ↑ Acca, ↑ Fasn, ↑ Ldlr, ↑ Plin2 mRNA, and oleic acid’s effects on Acca, Fasn, and Ldlr were counteracted by valproic acid, while the increase in Plin2 induced by oleic acid was potentiated by valproic acid. Valproic acid induced PPARγ nuclear translocation and increased CD36 cell surface levels.
	

	
	
	
	
	Rodent, ex vivo (liver slices from C57BL/6 male mice (n = ≥4 mice), 24 weeks old. 0-500 µM (200 µM for gene expression profiling), 24 h)
	Not assessed. Valproate was studied as a model steatogenic chemical
	Gene expression altered: Abcd3, Acat1, Ehhadh, Ly6d, Lpcat3, Pex1, Pck2, Fgf21
	(Szalowska et al., 2014)
	5 mm-diameter cylindrical liver cores were obtained by biopsy; after processing, slices were 0.2 mm thick and weighted ~6 mg per slice.
Also tested valproic acid in PPARα/γ/β/δ CALUX human U2-OS reporter cell line assays.
Genes significantly upregulated (fold-change ≥1.5) in GSEA and proposed as biomarkers for amiodarone/valproate-like acting chemicals: Abcd3, Acat1, Ehhadh, Ly6d, Lpcat3, Pex1, Pck2, Fgf21
Valproic acid modulated genes related to the following processes: ↑ lipid metabolism, ↓ extracellular matrix remodelling, ↓ inflammation, Δ PPAR signalling. In PPAR reporter assays, valproic acid activated PPARα/γ/(β/δ).
While amiodarone and valproate induced gene expression changes clustered together, tetracycline induced a distinctly different pattern. Main differences were found in gene sets related to lipid metabolism, fatty liver, and peroxisomes, which were upregulated by both AMI and VA, and downregulated by TET. 
AMI and VA downregulated several GO annotation clusters affiliated to immune functions, extracellular matrix, and development
In contrast to AMI and VA, TET downregulated functional clusters related to lipid synthesis, β-oxidation, Pparα signalling, inflammation, apoptosis, and other clusters related to energy and bile acid homeostasis. 
	

	
	
	
	
	Review on ADME screening tools and clinical pharmacology strategies to aid NASH drug discovery (focus on rodent studies).
	Not assessed specifically, but mentions modulation of microvesicular steatosis
	
	(Dash et al., 2018)
	It is mentioned that in rats, valproic acid modulated microvesicular fatty liver and hepatic dysfunction via its effects on fatty acid β-oxidation, in co-administration with high-fat diet.
	High confidence, moderate-low relevance

	
	
	
	
	Human, in vivo (cross-sectional case-control clinical study, n=38 children (14 receiving valproate, 10 healthy control), cumulative valproate dose: 26.93±18.17 g, ≥18 months (42.00±26.73 months))
	 Increased liver fat content, and biochemical markers (ALT, AST)
	
	(Saleh et al., 2012)
	Valproic acid treatment was associated with increased liver fat content.
Valproate treatment lasted for 42.00±26.73 months (mean ± SD), with a cumulative dose of 26.93±18.17 g valproate, resulting in valproate serum levels of 70.59±5.70 µg/mL.
Study participants were epileptic children or adolescents receiving valproate (n=14), carbamazepine (n=14), or both pharmaceuticals (n=10) for treatment (total n=38; 21 male, 17 female, age 2.5-14 years, mean: 8.4±3.42)). Subjects were divided into groups by BMI (even distribution of lean or overweight subjects per group). 10 healthy control subjects (5 male, 5 female; age 3.5-13 years (mean: 7.7±3.19)) were included in this study. Abdominal Computerized Tomography (CT), and biochemical measurements of fasting insulin, glucose, serum lipids, and liver enzymes were recorded throughout the course of this study. Fatty liver was determined by CT and detected in 42.8% of valproate-only treated subjects (21.4% receiving carbamazepine only, 60% when receiving both drugs) and no indication of fatty liver was found in healthy subjects. All fatty-liver-positive subjects were overweight, and 53.3 showed insulin resistance.
No significant changes in valproate-only treatment vs. control were detected for serum lipid profile (total cholesterol, triglycerides, low/high density lipoprotein), atherogenic ratio, or apolipoproteins (ApoA1, ApoB100).
The authors conclude that valproate therapy is associated with increased risk of insulin resistance (HOMA-IR increased, p<0.05; glucose/insulin ratio: decreased, p<0.001) and non-alcoholic fatty liver disease (ALT and AST increased, p<0.05; liver/spleen attenuation decreased, p<0.001), while carbamazepine therapy was associated with dyslipidaemia.
	Moderate confidence, high relevance.
Small sample size

	
	
	
	
	Human, in vivo (case report of hepatotoxic adverse effects in 2 infants treated with valproic acid)
	Increase
	
	(Appleton et al., 1990)
	Valproic acid was associated with hepatotoxicity in 2 infants, including steatosis, fibrosis, necrosis ↑ AST, and liver failure.
	Very small sample size, case report

	
	
	
	
	Human, in vivo (case report of hepatotoxicity in one patient that was associated with sodium valproate)
	Not reported
	
	(Palm et al., 1984)
	There is no mention of steatosis. Valproate treatment was associated with hepatotoxicity, including liver failure, and hepatic necrosis.
	Low relevance
Very small sample size, case report

	
	
	
	
	Human, in vivo (Valproate-associated liver failure pharmacovigilance study, Germany). 
	Not specified
	
	(Schmid et al., 2013)
	This study evaluated all reported cases (to the German Federal Institute for Drugs and Mediacal Devices) of adverse hepatic (side) effects in the treatment with valproate between 1993 and 2009.
132 cases of severe valproate-associated liver failure were identified, of which 34.8% were under valproate monotherapy. 34/132 cases (25.8%) had a fatal outcome (of which 32.4% were under valproate monotherapy). 
Valproic acid was associated with hepatotoxicity, including liver failure. Contains no information on hepatic steatosis though. 
	High confidence, moderate-low relevance

	
	
	
	
	Human, in vivo (pharmacovigilance report for adverse drug reactions in children, United Kingdom)
	Not specified
	
	(Clarkson et al., 2002)
	Sodium valproate was associated with 21 cases of fatal hepatic failure in children. It is not mentioned if valproate was associated with steatosis.
	High confidence, moderate-low relevance

	
	
	
	
	Review on the selection of reference chemicals for liver pathologies, including steatosis
	It is mentioned that valproic acid induces microvesicular steatosis, and that it is a reference chemical for steatosis.
	↓ CoA, ↓ pyruvate dehydrogenase, ↓ α-ketoglutarate dehydrogenase, ↓ fatty acyl-CoA dehydrogenases, ↓ carnitine shuttling.
Modulates the following signalling pathways: ERK, PKC, GSK-3, Akt/PBK.
Metabolism: PGH1, CYP3A5, CYP2C9, CYP2A6, CYP2B6, UDP-GST
	(Jennings et al., 2014)
	Further data for this reference chemical are available online: https://wiki.toxbank.net/wiki/Valproic_Acid (incl. curated information on toxicokinetics, genomics, physico-chemical properties)
Steatotic mechanisms: Valproic acid, as a fatty acid, competes with fatty acids in the β-oxidation pathway, which accounts for 40% of its metabolism and presumably underlies its steatogenicity. 
Therapeutic activities: increased GABA activity, attenuation of the NMDA receptor, inhibition of Na+ channels, inhibition of voltage dependent L-type Ca2+ channels, inhibition of voltage-gated K+ channels
	High confidence, chemical selection report for SEURAT-1 project, accepted by relevant stakeholders, including co-authors from EFSA, EURL ECVAM/JRC, academia, industry and national public health authorities

	
	
	
	
	Review
	Induction
	
	(Gómez-Lechón et al., 2010)
	Mechanism-based chemical selection for in vitro hepatotoxicity approaches in the LIINTOP project (“Optimisation of liver and intestine in vitro models for pharmacokinetics and pharmacodynamics studies”)
Sodium valproate was selected for steatosis and mitochondrial impairment assays, and as a chemical requiring bioactivation.
Support for inclusion in this chemical selection was based, amongst others, on EURL ECVAM/ICCVAM recommendation, and the RC-ZEBET in vitro/in vivo validation programme (Halle et al., 2003).
	Very high confidence and relevance.

	
	
	
	
	Review on adverse outcome pathways and drugiinduced liver injury testing
	not assessed 
	
	(Vinken, 2015)
	Valproic acid is presented as a model steatogenic chemical
	

	
	
	
	
	Literature review on valproic acid metabolism and its effects on mitochondrial fatty acid oxidation.
	Induction (no original research)
	Mechanisms inducing hepatotoxicity include: ↓ mitochondrial fatty acid oxidation, ↓ coenzyme A, ↓ carnitine, ↑ oxidative stress, ↓ SCAD, ↓ MCAD, ↑ ACD, ↓ CPTI.  
	(Silva et al., 2008)
	Valproate causes hepatotoxicity in some patients treated for epilepsy, including microvesicular steatosis, necrosis, and hepatic failure.
	Moderate relevance (literature review)

	
	
	
	
	Literature review of acute fatty liver and microvesicular fat diseases in (late) pregnancy
	Not specified
	
	(Sherlock, 1983)
	Onset of acute fatty liver of pregnancy is usually between 30th and 38th week of pregnancy, and in some patients accompanying other symptoms suggest pre-eclampsia. This review focused on physiological changes, and not on adverse drug effects.
Mentions that valproate causes hepatotoxicity, including microvacuolar steatosis. 
	High confidence, low relevance for valproate-induced steatosis.

	
	
	
	
	Human, in vivo (epidemiology, prospective cohort study of the Drug Induced Liver Injury Network. 2004-2008
	lipid accumulation not quantified
	POLG
	(Stewart et al., 2010)
	Prospective cohort study investigating associations of mitochondrial DNA polymerase γ (POLG) genetic variations in otherwise healthy individuals with valproate liver toxicity.
POLG genetic substitution variations were associated with an increased risk of valproic acid induced hepatotoxicity. 
	High confidence, low relevance

	
	
	
	
	
	
	
	
	Other potentially supportive literature from human in vivo studies reviewed, but not satisfying criteria for detailed listing (e.g., no monotherapy group, or not reporting on hepatic lipid levels): (Turnbull et al., 1986, Li et al., 2019, Rauchenzauner et al., 2008, Meral et al., 2011, Faghihi et al., 2012, Bodin et al., 2001, Malinen et al., 2018, Ellingrod et al., 2012)
	

	[bookmark: caffeine]Caffeine
	58-08-2
	[image: 2D structure of caffeine]
	Pharmaceutical/ natural compound; stimulant
	SUMMARY
	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. Insufficient clinical data is, however, 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 other constituents (e.g., other polyphenols and metabolic breakdown products) may skew the results. 
	

	
	
	
	
	Human, in vitro (HepG2, 0.5-4 mM, 24 h)
	Reduction
	[bookmark: _Hlk95116463][bookmark: _Hlk94702423][bookmark: _Hlk94702462][bookmark: _Hlk94702515]Gene expression 
decreased: SREBP1c/2, FASN, SCD1, HMGR, LDLR, 
increased: CD36 
Protein levels increased: p-AMPK, p-ACC
	(Quan et al., 2013)
	Caffeine reduced lipid accumulation including triglycerides. 
Changes in gene expression and enzyme phosphorylation were reversible by AMPK inhibition.
	

	
	
	
	
	Human, in vitro (HepG2, 30-1500 µM, 0.5-24 h).
Rodent, in vitro (3T3-L1 murine preadipocytes, 30-1500 µM, 0.5-24 h (10 d for lipid accumulation))
	Negative
	
	(Riedel et al., 2012)
	In 3T3-L1 cells, caffeine increased fatty acid uptake, but had no effect on lipid accumulation. Lipid accumulation results are not presented for the HepG2 cells. 
In HepG2 cells, caffeine depolarized the inner mitochondrial membrane, increased uncoupling protein 2 (UCP-2) and energy charge potential, and decreased mitochondrial respiration, fatty acid uptake, fatty acid oxidation, and anaerobic lactate production.
Caffeine was cytotoxic to HepG2 cells at 3 mM, therefore this concentration was included for testing of mechanistic endpoints.
	

	
	
	
	
	Human/rodent, in vitro (de-facto co-culture of 3T3-L1 murine adipocytes and human Caco-2 colon epithelial cells, Caco-2: 10 mM, 24 h; 3T3-L1: basolateral conditioned medium, 2 h - 3 d)
	Negative/ reduction
	In 3T3-L1 
Gene expression decreased (3 d exposure): Pparg, Cebpa, Adipoq 
Protein expression decreased (2 h exposure): C/EBPβ, C/EBPδ (not accompanied by decreased gene expression)
	(Mitani et al., 2017)
	Incubation of 3T3-L1 cells with medium taken from caffeine-exposed Caco-2 cells reduced lipid accumulation in 3T3-L1 mature adipocytes. Caco-2 cells were differentiated on transwell inserts prior to exposure for 20-22 d, and formation of a tight epithelial barrier was confirmed by transepithelial electric resistance of 1,985±109 Ω*cm2. They were then exposed to 10 mM caffeine for 24 h via the apical compartment; caffeine-conditioned medium was then collected from basolateral compartment. Caffeine, but not its metabolites, were detected in basolateral conditioned medium.
While Caco-2-conditioned medium decreased lipid accumulation in 3T3-L1 adipocytes significantly (to ~75%), exposure of 3T3-L1 cells directly to 1-50 µM caffeine did not significantly alter intracellular lipid content.
	Moderate confidence and relevance
Interesting relevant exposure scenario

	
	
	
	
	Rodent, in vivo (C57BL/6 mice, male, n = 5/group, non-HFD diet: 30 mg/kg bw/d, i.p., 24 h or 3 d. HFD diet: 0.05% (w/v) caffeine via drinking water, 4 weeks) 
Human, in vitro (ATG5-transfected HepG2, co-exposure to 0.5 mM oleic acid/palmitic acid (2:1) and 1.5 mM caffeine, ~16 h)
	Negative/ decrease
	Increased autophagy via suppression of mTOR, and markers of fatty acid β-oxidation. 
	(Sinha et al., 2014)
	Animals were fed an HFD or normal (non-HFD) diet.
Caffeine decreased lipid accumulation in the HepG2 cells (at 1.5 mM) and in the HFD mice.
	Moderate relevance

	
	
	
	
	Rodent, in vivo (C57BL/6, 3-week old male mice, n = 8/group; 10-20 mg/kg bw/d, oral gavage, 10 weeks)
Human, in vitro (HepG2 pre-loaded with 1 mM oleate for 2 h; 2 mM caffeine, 24 h)
	 Negative/ reduction
	Activated the cAMP/CREB/SIRT3/AMPK/ACC pathway.
	(Zhang et al., 2015)
	In mice, caffeine reduced liver fat, lipids, ALT, and AST. In cells, caffeine reduced lipid levels, and this effect was counteracted by inhibiting cAMP, sirtuin 3 (SIRT3), or AMPK activity.
Markers of steatosis (liver triglycerides, liver total cholesterol, plasma ALT, plasma AST) showed similar levels to normal diet for both caffeine doses fed with a high-energy diet. (All were significantly increased on high-energy diet alone)
	

	
	
	
	
	Rodent, in vivo (CFY, male rats, n = 6-8/group, 2.5 g/kg diet, 7-25 d)
	Negative/ decrease
	
	(Fears, 1978)
	Animals were fed ad lib. Either on a stock pelleted diet, or on a high-cholesterol semi-synthetic diet for 7 days, after which they were allocated to experimental groups.
In rats on a low cholesterol diet, caffeine had no effect on hepatic fatty acid synthesis or triglyceride content. In rats on a high cholesterol + cholic acid diet, caffeine decreased hepatic fatty acid synthesis. In ex vivo liver slices, 2 mM caffeine reduced fatty acid synthesis.
	

	
	
	
	
	Fish, in vivo (zebrafish larvae (WT) fatty liver model, 1-8% caffeine via diet, duration of caffeine treatment not clear.  n= 15 larvae/group)
	Negative/ reduction
	 On gene expression level, caffeine increased lipid β-oxidation (ACO), decreased lipogenesis (SREBP1, ACC1, CD36, UCP2), decreased endoplasmic reticulum stress (PERK, IRE-1, ATF6, BIP), decreased inflammation (IL-1B, TNFa), and autophagy (ATG12, Beclin-1). Protein expression of of CHP, BIP, and IL-1β was confirmed.

	(Zheng et al., 2015a)
	Zebrafish larvae were fed 20-180 mg/d from 5 dpf; fatty liver incidence increased in the high-feed group significantly (p<0.001) within 20 days.
Initially, 100 larvae/group were raised under different feeding regimen. At 20 dpf, zebrafish larvae were allocated to caffeine dosing or control group à 15 larvae; caffeine exposure group received 1, 2.5, 5, or 8% (w/v) caffeine in 20 mg feed daily.
Caffeine (2.5 to 8%) significantly attenuated hepatic lipid and triglyceride accumulation (decrease to ~70% lipid levels; low-feed control: ~15%), compared to caffeine-free high-feed control. Total cholesterol remained unchanged by feeding regime.
	Low confidence, moderate relevance 
(use of an overfed/steatosis model, low quality English in publication, and uncertainties about exposure regimen)

	
	
	
	
	Literature review on the effects of plant derived natural products (including caffeine) on NAFLD.
	Negative/ reduction
	Increased conversion of ADP to ATP, and activated a cAMP/ CREB/ SIRT3/ AMPK/ ACC pathway.
	(Xu et al., 2018)
	In high energy diet fed mice, caffeine reduced liver fat, lipids, ALT, and AST. In oleate treated cells, caffeine reduced lipid levels, and this effect was counteracted by inhibiting cAMP, SIRT3, or AMPK activity. 
Contains a review of the findings from the Zhang et al. 2015 paper below. 
	

	
	
	
	
	Literature review on the effects of coffee and caffeine in rodent and cell models of liver diseases.
	 Reduction
	
	(Salomone et al., 2017)
	Caffeine reduced steatosis in HFD fed mice and in fatty acid treated HepG2 cells. Caffeine increased autophagy.
	

	
	
	
	
	Human, in vivo (epidemiology, NHANES, n=18,550 included participants)
	Negative/ reduction
	
	(Birerdinc et al., 2012)
	Study analysed data from US National Health and Nutrition Examination Surveys (NHANES 2001-2008) to determine the associations between NAFLD and the intake of different nutrients in humans. Of the initial study population (41,658 participants in NHANES 2001-2008), 18,550 were considered eligible for inclusion in this study. Of those, 1782 (10.41 ± 0.37%) fulfilled the definition of NAFLD, and 16,768 were used as control subjects.
Caffeine intake was found to be associated with a lower risk of NAFLD (p<0.001), but the mechanism by which such potential hepatoprotective effect is established remains to be elucidated.
	Very high confidence and relevance
Study representative of US households, cross sectional

	
	
	
	
	Human, in vivo (pilot randomized placebo-controlled clinical trial, caffeine for the treatment of NAFLD and diabetes mellitus. n=26 patients, 6-7 per intervention group, 200 mg/d, 12 weeks)
	Negative
	
	(Mansour et al., 2020)
	Clinical study evaluating caffeine treatment (200 mg caffeine with or without 200 mg chlorogenic acid) in patients with NAFLD and Diabetes Mellitus (n = 6-7/group) for 12 weeks. 
200 mg caffeine were administered either alone, or in combination with chlorogenic acid, placebo (starch).
Caffeine alone had no effect on serum levels of ALT and AST. The study did not include histological or other markers of NAFLD.
	Moderate confidence and relevance

	
	
	
	
	
	
	
	
	Other potentially supportive literature from human in vivo studies reviewed, but not satisfying criteria for detailed listing (e.g., caffeine content not specified, studies with coffee (i.e., a mixture), or not reporting on hepatic lipid levels): (Watanabe et al., 2017, Panchal et al., 2012, Saab et al., 2014, Wijarnpreecha et al., 2017, Shen et al., 2016, Chen et al., 2019, Torres and Harrison, 2013, Marventano et al., 2016, Walton et al., 2013, Veronese et al., 2018, Voerman et al., 2020, Graeter et al., 2015, Hayat et al., 2021, Molloy et al., 2012, Papandreou et al., 2019, Wahrburg et al., 1994, Trovato et al., 2013)
	

	[bookmark: Ascorbate]Ascorbic acid (vitamin C)
	50-81-7 (as salt: 134-03-2)
	[image: ]
	Vitamin/essential nutrient; dietary supplement
	SUMMARY
	Negative/ reduction
	
	
	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 in line 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 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 as an essential dietary micronutrient in humans (to prevent e.g. scurvy), 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). 
	

	
	
	
	
	Human, in vitro (HepG2, 100-1000 µM + 10 ng/mL TNF-α, 2 4h).
	Not assessed
	
	(Gu et al., 2019)
	Study did not evaluate any steatosis endpoints. Vitamin C (100 µM) reduced TNF-α induced hypoxia, inflammation, and ER stress. 
Vitamin C reduced expression of hypoxia-inducible factor 1-alpha (Hif1α), monocyte chemoattractant protein 1 (Mcp1), 78-kDa glucose-regulated protein (Grp78), and increased levels of adiponectin, fibroblast growth factor 21 (Fgf21), and fibroblast growth factor receptor 2 (Fgfr2). Ffgr2 knockdown inhibited some of vitamin C’s effects.
	

	
	
	
	
	Rodent, in vivo (C57BL/6J mice, male, n = 8/group, 1% (w/w) in high-fat diet, 15 weeks)
	Negative/ decreased
	Reduced inflammation, fibrosis, apoptosis, serum ALT, serum AST, increased gene expression for fatty acid oxidation
	(Lee et al., 2019a)
	Vitamin C reduced hepatic steatosis (lipids and triglycerides), compared to control on high-fat diet without vitamin C.
Vitamin C reduced hepatic inflammation (TNFα and MCP-1), fibrosis [transforming growth factor β (TGFβ), alpha smooth muscle actin (α-SMA), Collagen α1], apoptosis [↑ B-cell lymphoma 2 (Bcl2), ↓ Caspase 8], and serum ALT and AST levels, and increased hepatic mRNA for fatty acid β-oxidation proteins [peroxisome proliferator activated receptor alpha (PPARα), acyl-coenzyme A oxidase (Acox), carnitine palmitoyltransferase I (Cpt-1), very long-chain acyl-CoA dehydrogenase (Vlcad)]. 
	

	
	
	
	
	Rodent, in vivo (C57BL/6 male mice, n = 6/group, 1- 90 mg/kg bw/d administered intragastrically. Two exposure scenarios (details on the right)).
	Negative/ reduction
	
	(Zeng et al., 2020)
	Two exposure scenarios were compared:
prophylaxis: animals on a normal (i.e., not high-fat) diet were receiving vitamin C 12 weeks
therapy: animals on a high-fat diet for 6 weeks were administered vitamin C for twelve weeks (steatosis was confirmed in two sample animals before initiation of vitamin C exposure)
Prophylactic treatment with low and medium but not high vitamin C doses reduced hepatic steatosis. Therapeutic treatment with medium but not high or low doses also reduced steatosis.
	

	
	
	
	
	Rodent, in vivo (C57BL/6 male mice, n = 20-24/group, 1.5 g/L via drinking water for 11 weeks)
	Negative/ decrease
	In HFD fed mice, the following hepatic alterations were observed in the KO vs. WT mice: increased Chrebp, Srebp-1c, and decreased Fasn, and these alterations were counteracted by vitamin C supplementation.
	(Lee et al., 2021)
	Vitamin C deficient senescence marker protein 30 (SMP30) KO and WT mice (male, C57BL/6, n = 20 or 24/group, respectively) fed a HFD and exposed to vitamin C (1.5 g/L) in the drinking water for 11 weeks. Mouse WT and SMP30 KO primary hepatocytes challenged with high sugar and cholesterol and treated with vitamin C (75 µM every 8h for 24h). SMP30 is an enzyme in the vitamin C biosynthetic pathway in mice.
In WT mice, vitamin C had no effect on HFD-induced hepatic steatosis or inflammation, but it reduced ballooning. In the KO mice, HFD induced steatosis, inflammation and ballooning was decreased, and Vitamin C supplementation counteracted these effects. In hepatocytes treated with high sugar and cholesterol, culturing without vitamin C decreased triglyceride levels.
	High confidence, low relevance

	
	
	
	
	
Rodent, in vivo ( Tet1tm1.1Jae/J C57BL/6 transgenic male mice, n = 3 – 9/group. High-fat diet + Vit.C, ~0.36 g/kg bw/d via drinking water, 6-7 weeks)
Rodent, in vitro (primary hepatocytes with/without transfection of mTet1, co-exposure to vehicle, 400 µM palmitate, or 200 µM oleate; 200 µM Vit.C, 24-48 h)
	Negative/ decrease
	Tet1
	(Yuan et al., 2021)
	Transgenic DNA demethylase ten-eleven translocation protein 1 (Tet1) WT, homozygous knockout, and haplo-insufficient mice (C57BL/6, males, n = 3 – 9/group) fed a HFD from 4 weeks-old and treated with vitamin C (~0.36 g/kg/day; starting from age of 9 weeks/5 weeks post commence of HFD) provided in the drinking water for 6-7 weeks. 
Vitamin C counteracted the increased hepatic lipid and triglyceride accumulation associated with Tet1 insufficiency in fatty acid treated cells and HFD fed mice. 
Vitamin C counteracted the following HFD/fatty acid induced hepatic alterations in the Tet1 insufficient models: increased DNA methylation, decreased mRNA for hormone-sensitive lipase (Hsl), Ppar-α, Cpt1a, Acox1, Pgc1a, and increased mRNA for Srebf1, Fasn, Acly, Acc, Cd36, and solute carrier family 27 member 1 (slc27a1).
	Moderate confidence, low relevance

	
	
	
	
	Rodent, in vivo (Wistar rats, male, n = 6/group, 30 mg/kg bw/d, oral, 4 weeks)
	Negative/ reduction
	
	(Oliveira et al., 2003)
	Rat choline deficient diet model of fatty liver (male Wistar rats, n = 6/group) treated with vitamin C (30 mg/kg/day, orally) for 4 weeks.
Vitamin C is said to have reduced hepatic steatosis, but the data presented is not very convincing. Only an insufficient selection of representative images are provided as histological results.
	Low confidence, moderate-ow relevance

	
	
	
	
	Rodent, in vivo (Wistar rats, male, n = 7/group, co-exposure to emamectin benzoate (hepatotoxicity inducer; 10 mg/kg bw/d) and 200 mg Vit.C/kg,bw/d, intraperitoneally, 28 d)
	Negative/ decrease
	
	(Khaldoun Oularbi et al., 2017)
	Rat emamectin benzoate (EMB) induced liver toxicity model (male Wistar, n = 7/group) treated with vitamin C [200 mg/kg, intraperitoneally (i.p)] for 28 days.
It is said that vitamin C reduced histological markers of liver toxicity, but the presented data is not very convincing. No quantitative histological data is presented, and an insufficient selection of representative images are provided. 
	High confidence but low relevance.
Test following OECD TG 407 for repeated dose 28-day oral toxicity studies in rodents.

	
	
	
	
	Rodent, in vivo (Hartley guinea pigs, male, n = 6/group, high-palm oil diet, 200 or 600 mg/kg bw/d via drinking water, 18 weeks)
Human, in vitro (HepG2 steatosis model (0.01-0.7 mM palmitate for 12 h), 0.16-3.1 mM)
	Negative/ decrease
	SOC3Improved insulin sensitivity. 
	(Xu et al., 2020b)
	Male guinea pigs (Hartley, n = 6/group) fed a high palm oil diet treated with vitamin C (~200 or ~600 mg/kg/day) provided in the drinking water for up to 18 weeks. Palmitic acid challenged HepG2 cells treated with vitamin C (0.16 to 3.1 mM).
The anti-steatotic effects of vitamin C were abolished by SOC3 overexpression. Vitamin C improved insulin sensitivity.
Vitamin C reduced steatosis (triglyceride and lipids) in the guinea pig (at 200 and 600 mg/kg/day) and the cell (at 1.6 and 2.17 mM) models.
Palmitate (co-)exposure or pre-loading not specified for HepG2 experiment or results; palmitate concentration for co-exposure with ascorbic acid not specified.
	Moderate-low confidence, moderate relevance

	
	
	
	
	Rodent, in vivo (guinea pigs, male, n = 6/group, steatohepatitis model, 2.5 g/kg bw/d orally, 3 weeks)
	Negative/ reduction
	
	(Park et al., 2018)
	Steatohepattis was induced by methionine-choline-deficient diet.
Avery high dose of Vitamin C was administered and is said to have reduced steatosis.
Similar to humans, guinea pigs require dietary sources of vitamin C and (unlike other rodent, including mice and rats) cannot synthesize vitamin C in their digestive tract.
	Low confidence, low relevance 
No quantitative liver histology data is provided, only 4 insufficient blurred representative images

	
	
	
	
	Rodent, in vivo (guinea pig, male, n = 6/group; 0.25 g/kg bw/d, 30 d)
	Negative/ decrease
	[bookmark: _Hlk95126119][bookmark: _Hlk95126213][bookmark: _Hlk95126259][bookmark: _Hlk95126291]Increased liver levels of reduced glutathione (GSH), GSH peroxidase (GPX), GSH reductase (GR), and GSH transferase (GST).
	(Abhilash et al., 2012)
	Vitamin C reduced liver levels of triglycerides, steatosis, and inflammation, and serum levels of ALT, AST, and gamma glutamyl transpeptidase (GGT).
	

	
	
	
	
	Fish, in vivo (zebrafish, male and female, n = 14/group, 200 mg/kg diet, 12 weeks)
	Negative/ reduction (higher basal steatosis susceptibility in male) 
	In both males and females, the Vitamin C free diet depleted hepatic glycogen and induced smooth ER.
	(Phromkunthong et al., 1994)
	On a vitamin C free diet, fish developed symptoms of scurvy, including hemorrhages, fin erosion, and darker pigmentation. Male but not female fish developed hepatic steatosis, while females did not show microvesicular lipid accumulation within the cisternae of the endoplasmic reticulum.
	High confidence, moderate relevance.
Indication of sex differences in susceptibility to steatosis in absence of ascorbic acid.

	
	
	
	
	Human, in vivo (cross-sectional epidemiology, n = 789) 
	Negative/ decrease
	
	(Ivancovsky-Wajcman et al., 2019)
	Steatosis was assessed by ultrasonography.
789 participants (age 58.83±6.58 years), of which 52.6% were male. 714 participants passed inclusion criteria for evaluation (reliable FibroMax value). 
Higher vitamin C intake (upper tertile vitamin C/ 1000 kcal) was associated with lower odds of NAFLD and NASH (OR = 0.68, 0.47–0.99, P = 0.045; OR = 0.57, 0.38–0.84, P = 0.004, respectively).
	

	
	
	
	
	Human, in vivo (prospective cross-sectional epidemiology. n = 149 children)
	Negative
	
	(Vos et al., 2012)
	Participants were enrolled in the multi-center NASH Clinical Research Network.
Relatively low vitamin C intake (72.6 mg vs. 106.9-139.9 mg) was associated with increased hepatic ballooning (n=30). There was no association between Vitamin C intake and steatosis. 
	

	
	
	
	
	Review evaluating the effects of vitamin C on fatty liver in animal models and in humans. 
	Negative/ (decrease)
	
	(Ipsen et al., 2014)
	In animal models, vitamin C deficiency is associated with increased hepatic lipids, oxidative stress, fibrosis and inflammation, whereas supplementation with Vitamin C reduces hepatic steatosis, ballooning, oxidative stress and inflammation. Some human studies have shown beneficial effects of Vitamin C on NAFLD, but overall, the results of human studies are conflicting/inconclusive.
	

	
	
	
	
	Review on vitamins in the treatment of NAFLD in rodents and humans
	Negative/ decrease
	Vitamin C inhibits hepatic steatosis via an increase in PPAR-α dependent fatty acid β-oxidation genes and attenuates cell stress by activating a FGF21/FGFR2/adiponectin pathway.
	(Raza et al., 2021)
	Vitamin C reduced lipid accumulation in the hepatocytes of guinea pigs, and improved oxidative stress, hepatocellular ballooning and inflammation in a rat model. In some clinical studies, low vitamin C levels has been associated with NAFLD.
	

	
	
	
	
	Review (cross-sectional) of the effects of nutrients on NAFLD in humans 
	Negative
	
	(Yki-Järvinen, 2010)
	Intake of vitamin C and E was found to be lower in NAFLD in one study.
	

	
	
	
	
	Review on the role of nutrients in NAFLD.
	Negative
	
	(Mouzaki and Allard, 2012)
	In one clinical study, NASH was associated with low intake of vitamin C and E.
	

	
	
	
	
	
	
	
	
	Other potentially supportive literature from human in vivo studies reviewed, but not satisfying criteria for detailed listing (e.g., lack of characterization of exposure, or exposure to a mixture only, or not reporting on hepatic lipid levels): (Rives et al., 2020, Ued and Weffort, 2013, Musso et al., 2010, Sawangjit et al., 2016, Harrison et al., 2003, Ersöz et al., 2005, Alberti et al., 2020, Foster et al., 2011, Singh et al., 2020, Depner et al., 2013b, Nobili et al., 2008)
	

	Niacin (nicotinic acid; vitamin B3)
	59-67-6
	[image: Kekulé, skeletal formula of niacin]
	Essential human nutrient; pharmaceutical (dyslipidaemia)
	SUMMARY
	Negative/ reduction
	
	
	Moderate-strong evidence from in vitro (human and rodent), and rodent in vivo studies supporting no induction of primary hepatic steatosis. Few studies investigated niacin effects on lipid accumulation in “healthy lean” models, i.e., in animals not fed a high-fat diet or cell-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. 
	

	
	
	
	
	Human, in vitro (Human primary hepatocytes or HepG2, pre-loaded with BSA-complexed 0.5 mM palmitate for 24 h, 0.25-0.5 mM, 24 h)
	Negative/ decrease
	Decreased ROS, NADPH oxidase activity, and IL-8 levels. 
Gene expression 
decreased: DGAT2, 
unaltered: FAS, CPT1
	(Ganji et al., 2015)
	Nicotinic acid at 0.25 and 0.5 mM decreased fat accumulation in the cells.
	

	
	
	
	
	Human and rodent, in vitro (HuH-7 (male hepatoma) or primary mouse hepatocytes, 3 mM, 16-72 h) 
Human, in vivo (randomized cross-over clinical study, n=20 non-diabetic dislipidaemic men; 2 g/d, 8 weeks)
	Decrease
	
	(Blond et al., 2014)
	Nicotinic acid decreased intrahepatic triglyceride levels (alongside increase in diacylglycerols) in vitro, along with reduced insulin action independent of PKCε. (DGAT2 expression not changed)
In vivo, niacin improved the serum lipid profile (-28% triglycerides, +17 HDL-C, unchanged fasting non-esterified fatty acids). Niacin administration induced hepatic insulin resistance (reduced inhibition of endogenous glucose production by insulin, decrease in fasting hepatic insulin sensitivity index)
	

	
	
	
	
	Rodent, in vivo (APOA-transgenic mice, n=6 female/group, 10 g niacin/kg chow diet, 2 weeks)
Human and rodent, in vitro (HepG2, primary human hepatocytes, primary APOA-transgenic mouse hepatocytes, (50-200 µM, 24-36 h)
	Not assessed
	Reduced hepatic cAMP; decreased APOA expression(50-200 µM)
	(Chennamsetty et al., 2012)
	Primary human hepatocytes were isolated from non-neoplastic tissue samples from patients undergoing partial hepatectomy for metastatic liver tumours of colorectal cancer.
The study did not include any liver hepatotoxicity endpoints.
	

	
	
	
	
	Rodent, in vivo ( C57BL/6 WT and Gpr109a-/- male mice, n = 6-10/group, high-fat diet, 50 mM via drinking water, 8-9 weeks) 
Human, in vitro (HepG2 pre-loaded with oleic acid, 300 µM, 24 h) 
	Negative/ reduction
	Gpr109a ameliorated lipid accumulation
	(Ye et al., 2020)
	Prior to niacin exposure, mice were left on high-fat diet (60% of calories from fat) for 6 weeks, to induce obesity.
In WT mice, nicotinic acid reduced hepatic steatosis and TNF-α and serum AST and ALT (ALP unchanged).
In Gpr109a-/- mice, lipid accumulation in the liver was higher than in vehicle-treated WT control, and niacin did not decrease/change the lipid accumulation. While knock-out mice showed the highest gain on body weight over the experiment duration, independent on exposure to niacin, niacin significantly reduced bodyweight gain in WT mice (significant from week 2 post exposure). A comparable pattern was observed for total fat mass, and total liver weight, which were significantly decreased for niacin-treated WT mice. 
Analysis of pro- and inti-inflammatory cytokines indicates a decrease of pro-inflammatory cytokines (non-significant, except for Tnf-α) and increase in anti-inflammatory cytokines (non-significant) in WT mice; no clear trent and no significant changes are reported for the knock-out model.
	

	
	
	
	
	Literature review on the therapeutic and adverse effects of nicotinic acid
	Negative/ decrease
	
	(Capuzzi et al., 2000)
	In humans, nicotinic acid is associated with hepatotoxicity (incl. raised plasma AST and ALT, cholestatic jaundice, and fulminant acute hepatitis). Therapeutic effects of nicotinic acid include a reduction in plasma cholesterol, triglycerides, and low-density lipoprotein (LDL), and increased high density lipoprotein (HDL).  
Nicotinic acid reduces triacylglycerol formation in the liver, increases lipoprotein lipase activity, and inhibits the synthesis and secretion of apo B-100 and hepatic very low-density lipoprotein (VLDL).
	

	
	
	
	
	Human, in vivo (randomized placebo-controlled clinical trial, n=25,673 patients at high risk of (cardio)vascular events; 2 g/d extended-release niacin + 40 mg/d laropiprant, ~1 month-4 years)
	Not assessed, but negative/ reduction inferred (from niacin improving blood lipid profile and markers) 
	
	(HPS2-THRIVE Collaborative Group, 2013)
	Niacin has potentially favourable effects on lipids, but its effect on cardiovascular outcomes is uncertain. HPS2THRIVE is a large, randomized trial assessing the effects of extended-release niacin in patients at high risk of vascular events.
Study sites were established in China (72 hospitals or clinics), UK (89), Denmark (22), Finland (10), Norway (21), and Sweden (31). A total of 51,698 patients attended the study screening clinics: 16,861 in China, 24,396 in the UK, and 10,441 in Scandinavia; and 97, 66, and 95%, respectively, entered the run-in trail phase. Of the 25,673 patients listed for randomization, 12,838 were allocated to the extended-release niacin/laropiprant group, 12,835 to placebo.
Niacin is prescribed for its anti-dyslipidaemic effects. It is/was authorised for medicinal use in the EU in combination with laropiprant, that has no effect on cholesterol levels, but ameliorates skin flushing, which is a frequently occurring side effect of niacin administration.
The risk of myopathy was increased by adding extended release niacin/laropiprant to simvastatin 40 mg daily (with or without ezetimibe), particularly in Chinese patients whose myopathy rates on simvastatin were higher. Despite the side effects of ERN/LRPT, among individuals who were able to tolerate it for ~1 month, three-quarters continued to take it for ~4years.
	Very high confidence and relevance.
Large cohort

	
	
	
	
	Human, in vivo (randomized placebo-controlled trail, n=27 (9 per group) obese patients with NAFLD, 2 g/d, 16 weeks) 
	Negative
	
	(Fabbrini et al., 2010)
	Nicotinic acid had no effect on levels of intrahepatic triglyceride.
Niacin decreased plasma triglyceride, very low-density lipoprotein-triglyceride (via decreased secretion), and very low-density lipoprotein-apolipoprotein b concentrations.
	

	
	
	
	
	Human ,in vivo (clinical adverse event case report, n=4 cases of niacin-induced hepatotoxicity)
	Inconclusive. Some indication for niacin-induced hepatotoxicity, including fatty infiltration of the liver
	
	(Coppola et al., 1994)
	In 4 patients, nicotinic acid was associated with hepatotoxicity, including local fatty infiltration (first report of such pathology ever described), and increased serum AST, ALT, and ALP levels. All patients reported current or recent past use of various other pharmaceuticals.
One patient presented with mild focal intracellular cholestasis and fatty liver a second patient presented with a 1-cm low-density lesion in the right lobe of the liver. Both cases were later attributed to niacin as fatty infiltrations of the liver induced by niacin, as they resolved after discontinuing niacin.
Overall, the article confirms and supports the prescription of niacin for certain types of dyslipidaemia but warrants that non-specific liver symptoms or elevated liver enzymes in the blood should trigger questioning about the use of niacin.
	Moderate-low confidence, high relevance
Small cohort

	
	
	
	
	Human, in vivo (clinical adverse event case report, n=1 52 year old male, 2 g/d, 5 months)
	Induction
	
	(Kristensen and Olcott, 1999)
	In 1 patient with underlying health issueas and co-mediaction, nicotinic acid was associated with hepatotoxicity, including raised plasma ALT, AST, and ALP, and abnormal liver imaging results. The patient died on day 5 after admission to hospital.
While palpative abdominal anamnesis remained uncertain, biochemical indicators from blood initially indicated cholestasis and/or intrahepatic tumor (fatty infiltration of the liver), with no biliary obstruction.
After discontinuation of niacin, blood biochemistry returned to normal range within 4 days; hepatic lesions improved within 1 month and resolved within 9 months.
	Moderate-low confidence, high relevance
Single case study

	
	
	
	
	Human, in vivo (clinical adverse effect case report, n=1, 74 year old female, 500 mg niacin three times daily) 
	Induction
	
	Leung et. Al. 2018
	In 1 patient, extended-release nicotinic acid caused hepatotoxicity, including raised serum ALP, AST, and ALT, and microvesicular steatosis. Also summarized findings from several other published reports in which nicotinic acid induced hepatotoxic effects, including fibrosis, inflammation, and necrosis.  
	Moderate-low confidence, moderate relevance
Single case study

	
	
	
	
	Human, in vivo (clinical adverse event case report, n=1 37 year old female, 1-4 g/d, 7 months)
	Induction
	
	(Lawrence, 1993)
	Symptom onset was 3 months after initiation of niacin therapy; 7 months after therapy began computed tomography was recorded, and identified two hypodense, well defined central defects in the right lobe of the liver. 2 months after discontinuation of niacin hepatic symptoms were improved and resolved within 6 months of discontinuation.
In 1 patient, nicotinic acid was associated with hepatotoxicity, including raised serum ALT, AST, ALP, and abnormal liver imaging results indicative of focal fatty infiltration.
It is mentioned that niacin-induced hepatic dysfunction was initially thought to occur at dosages of ≥3 g/d after several weeks of exposure. However, sustained-release formulations might induce such defects in a shorter time frame, i.e., within days of therapy onset, and at dosages as low as 500 mg/d.
	Moderate-low confidence, high relevance
Single case study

	
	
	
	Nicotin amide (amide of niacin)
	Human and rodent, in vitro (HepG2 or AML-12 hepatocytes; 0.1 to 1 mM, 1 h; challenged post-exposure with BSA- conjugated 0.5 mM palmitate, 16 h) 
	Not assessed; inferred: negative/ non-inducer
	SIRT1
	(Shen et al., 2017)
	AML-12 (alpha mouse liver-12) hepatocyte culture was established from a mouse transgenic for human transforming growth factor α (TGFα). Both cell lines were transfected with Sirt1 siRNA to study RNA interference.
Nicotinamide increased autophagy, and SIRT1. Inhibition of autophagy or SIRT1 counteracted nicotinamide’s effects.  
Did not include any measures of lipid accumulation. Nicotinamide at 0.1 to 1 mM protected vs. palmitate induced cell death.
	Moderate-low relevance

	[bookmark: acetaminophen]Acetaminophen (Paracetamol)
	103-90-2
	[image: ]
	Pharmaceutical (non-steroidal anti-inflammatory drug)
	SUMMARY
	Negative 
	CYP2E1, CYP3A4
	
	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 a disbalance in acetaminophen metabolism into non-toxic metabolites or the reactive toxic metabolite NAPQI (via CYP2E1 and/or CYP3A4).
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 72 h, 1.5×10-8 – 1×10-3 M)
	(not concluded)
	Oxidative stress
	(Landesmann et al., 2012)
	ROS in duction (60 µM) and decreased cell count (200 µM)
	

	
	
	
	
	Human, in vitro (“Chang liver” (HeLa, see comment on right) cells, WT and FABP1-transfected, 0.5 to 20 mM, 3-24 h) 
	Not assessed
	[bookmark: _Hlk95133488][bookmark: _Hlk95133517]Increased ROS and Bax expression
	(Gong et al., 2014)
	Acetaminophen 0.5 to 20 mM decreased cell viability, and FABP1 overexpression reduced this effect.
	Moderate-low confidence and relevance
Problematic cell line: Contaminated. Shown to be a HeLa derivative (Gao et al., 2011, Capes-Davis et al., 2010, Nelson-Rees and Flandermeyer, 1976, Gartler, 1968). Originally thought to originate from normal liver hepatic cells.

	
	
	
	
	Human, in vitro (“HL-7702” (HeLa, see comment on right) cells, 20 mM, 6 h) 
	Not assessed
	
	(Zhou et al., 2017)
	Included no lipid measurements. Acetaminophen reduced cell viability.
	Moderate-low confidence and relevance
Problematic cell line: Contaminated. Shown to be a HeLa derivative (Ye et al., 2015). Originally thought to originate from a normal fetal liver.

	
	
	
	
	Human, in vitro (primary liver biopsy tissue, 0.025 to 10 mM, incubation time not specified)
	Not assessed
	
	(Chrøis et al., 2020)
	Study focused on measurement of mitochondrial function in human primary liver biopsy tissue. Included no lipid measurements. Acetaminophen (2-10 mM) reduced mitochondrial state 3 respiration.
	

	
	
	
	
	Human, in vitro (HepaRG, normal vs steatosis model (100 µM stearic or oleic acid, and/or 0.01-5 µg/mL insulin), 2.5-20 mM acetaminophen, 6 h - 7 d) 
	Not assessed/ reported (inferred: negative)
	CYP2E1, CYP3A4, (oxidative) stress, mitochondrial impairment
	(Michaut et al., 2016)
	Acetaminophen reduced ATP and GSH levels, and increased mRNA of nuclear respiratory factor 2 (NRF2), heme oxygenase 1 (HMOX1), tribbles pseudokinase 3 (TRIB3), 70 kDa heat shock protein (HSP70), and acetaminophen protein adducts. AMPK activators prevented acetaminophen induced ATP depletion. The loss of ATP and GSH was greater in the presence of stearic acid. 
The effect of acetaminophen on measures of steatosis or cell viability was not determined.
Incubation with 100 µM of either fatty acid significantly increased intracellular lipid accumulation. Insulin significantly reduced that accumulated lipid content and increased aboB levels in the medium. This suggests that the insulin-mediated decrease in intracellular lipids might be driven by increased VLDL triglyceride excretion. 
CYP2E1 activity was increased by stearic, but not oleic acid. CYP3A4 expression was significantly decreased by stearic acid, to a lesser extent by oleate.
Acetaminophen depleted intracellular ATP stores; this was exacerbated in the steatosis models.
	High confidence, moderate relevance

	
	
	
	
	Human, in vitro (HepG2/C3A cells, 1 mM, 72 h) 
	Not assessed (inferred: negative)
	VDR/RXR activation, CYP450 metabolism, hormone receptor-regulated cholesterol metabolism, p53 signalling, G2/M and G1/S cell cycle transition, AhR signalling
	(Prot et al., 2011)
	Cells were cultured on microfluidic biochips or 12-well plates. The study evaluated the transcriptomic and proteomic effects of acetaminophen, and included no lipid measurements. Acetaminophen inhibited cell growth. 
Acetaminophen modulated pathways involved in cell morphology/movement, DNA repair, cell cycle, lipid metabolism,
	High confidence, moderate-low relevance

	
	
	
	
	Human, in vitro (HepG2/C3A cells, 1 mM, 72 h)
	Not assessed (inferred: negative)
	Lipid metabolism and peroxidation (p=9.9E-4; induction of the genes FAAH, PLA2G15, PPARD, DEGS1, FADS1, ACSBG1, ACSL1, AQP7, PASK, SMPD1, GPX2, GPX3, and the production of lta4h protein, calcium homeostasis via VDR/RXR activation pathway (p=8E-2; gene expression of NCOR2, HSD17B2, NC0A1, HES1, PPARD. Proteomics: annexin A7, visinin, S100P) DNA damage (p=4.4E-4), cell cycle arrest (p=1E-5), cell death (p=9.9E-4; apoptosis and necrosis), reorganisation of the cytoskeleton on protein level via coronin, actin, keratin, tubulin perturbation, and GSH metabolism.
	(Prot et al., 2012)
	Study focusing on transcriptomic, proteomic, and metabolomic (in medium) changes.
Acetaminophen modulated pathways involved in lipid metabolism and peroxidation, calcium homeostasis, DNA damage, cell cycle arrest, apoptosis, necrosis, reorganization of the cytoskeleton, and GSH metabolism.
Microfluidic culture conditions by themselves may induce stress, activating PXR/RXR, Nrf2, PPAR(gamma), and energy demand (INS, INSR) pathways.
The toxic acetaminophen metabolite N-acetyl-p-benzoquinone imine (NAPQI; detected as excreted GSH conjugate: GSH-APAP) was detected in the microfluidic culture medium, but not in the stationary plate culture.
	High confidence, moderate-high relevance

	
	
	
	
	Interspecies transcriptomics comparison:
Fish, in vivo (zebrafish embryo, 72 hpf, hatched, n=5/group, 73.3–660 µM, 48 h)
Rodent, in vivo (C57BL/6JIco, male mice; single dose of 168.8–300 mg/kg bw, 1-11 d)
Rodent, in vivo (from TG-GATE database; rat; 
single dose of 300-1000 mg/kg bw, 3-24 h, OR:
repeated dose 300-1000 mg/kg bw/d, 4-29 d)
Rodent, in vitro (from TG-TAGE database; rat primary hepatocytes, 1-10 mM, 2-24 h)
Human, in vitro (from TG-GATE database; primary human hepatocytes, 0.2-5 mM, 2-24 h)
	Not assessed/ reported
	FXR, CFTR, 
	(Driessen et al., 2015)
	Acetaminophen induced many gene expression changes in the different models. There was concordance in the changes between the models at a pathway but not a single gene level. The pathway regulation of metabolism – bile acids regulation of glucose and lipid metabolism via FXR was affected across all models.
Acetaminophen exposure specifically upregulated CFTR in vivo. This transmembrane receptor is expressed in Kupffer cells, which explains the lack of alteration in vitro. 
In summary, in vivo models shared 14 differentially expressed genes, in vitro models shared 11 differentially expressed genes.
The publication contains only transcriptomics data, and no steatosis or other hepatotoxicity results.
	

	
	
	
	
	Rodent, in vitro (Wistar rat primary hepatocytes isolated from normal and steatotic livers, 1-5 mM, 24 h) 
	Not assessed
	Oxidative stress, inflammation (IL-6)
	(Kučera et al., 2012)
	Prior to sacrifice and isolation of hepatocytes, Wistar rats were fed a normal (10% energy from fat) or high-fat (60% energy from fat) diet for 6 weeks.
Acetaminophen at 1 to 5 mM produced greater cytotoxicity in steatotic hepatocytes compared to normal hepatocytes. 
Steatotic hepatocytes contained lower amounts of GSH compared to normal hepatocytes. In the steatotic hepatocytes, acetaminophen induced a more pronounced decrease in GSH and increase in ROS. Acetaminophen increased IL-6 to a similar degree in both steatotic and normal hepatocytes.
	

	
	
	
	
	Rodent, in vitro (primary hepatocytes isolated from WT and transgenic mice (C57B1/6 background), 0.5-4 mM, 8-24 h)
	Not assessed/ reported
	Mitochondrial stress, oxidative stress
	(Mezera et al., 2015)
	Transgenic mice had the endogenous ApoE gene replaced by either human ApoE3 or human ApoE4.
Included no lipid measurements. In WT hepatocytes, acetaminophen at 1 and 4 mM induced cytotoxicity, and there were trends in measures of cytotoxicity being higher in the APOE3 and APOE4 hepatocytes compared to WT, but in most cases differences did not reach statistical significance. 
Acetaminophen reduced mitochondrial membrane potential to a similar extent in the WT and APOE3 and 4 hepatocytes. Acetaminophen induced a significant increase in ROS production in APOE3 and APOE4 hepatocytes but not in WT hepatocytes. Acetaminophen significantly reduced GSH levels in the APOE4 but not in the WT and APOE3 hepatocytes.
	Low relevance

	
	
	
	
	Rodent, in vivo ( TAMH cells (“TGF-alpha overexpressing mouse hepatocytes”), 0.5-5 mM, 24-72 h)
	Negative/ not assessed (inferred: induction of cell death/ necrosis)
	
	(Pierce et al., 2002)
	To initiate apoptosis, cells were pre-treated with 200 nM actinomycin D (30 min), followed by 20 ng-mL TNFα.
Acetaminophen increased multiorganellar collapse, DNA fragmentation, chromatin margination, ATF3, growth arrest and DNA damage-inducible gene 153 (GADD153), and mitochondrial proliferation, and decreased proteosomal activity and caspase-3 processing.  
Included no lipid measurements. Acetaminophen at 0.5 to 5 mM reduced cell viability, and induced necrosis.
	

	
	
	
	
	[bookmark: _Hlk95203767]Rodent, in vivo (WT and PDK4-/- C57BL/6J, male and female mice, n = 3-6/group, 300 mg/kg bw, i.p., for males, 600 mg/kg bw, i.p., for females, 2-24 h) 
Rodent, in vitro (primary hepatocytes isolated from animals used in this study, 5 mM, 3-6 h)
	Hepatotoxicity. (Steatosis not specified and not assessed)
	[bookmark: _Hlk95204554]Acetaminophen increased hepatic p-JNK, Aif, metallothionein, Hmox-1, nitrotyrosine levels, superoxide, and decreased GSH and mitochondrial membrane potential; and the magnitude of most of the latter effects were reduced by PDK4 deficiency. 
	(Duan et al., 2020)
	Included no lipid measurements. Acetaminophen induced hepatotoxicity (necrosis, apoptosis, increased serum ALT), and the toxic effects were reduced in PDK4 deficient mice. In the hepatocytes, acetaminophen reduced viability, and PDK4 deficiency had a protective effect.
	Low relevance

	
	
	
	
	Rodent, in vivo (WT and transgenic C57BL/6J, male mice, n = 4-16/group, 300 mg/kg bw, i.p., 2-24 h)
	Not assessed
	Acetaminophen decreased liver GSH. 
	(Torres et al., 2019)
	Transgenic variants: liver specific steroidogenic acute regulatory protein 1 (STARD1), SH3 domain-binding protein 5 (SAB), or JNK1+2 KO mice. 
Included no lipid measurements. Acetaminophen induced hepatotoxicity (necrosis, and increased serum ALT and AST) in WT mice. The STRARD1, SAB, and JNK1+2 knockout mice strains were resistant against acetaminophen toxicity. 
Administration of valproic acid prior to acetaminophen increased hepatotoxicity.
	Low relevance

	
	
	
	
	Rodent, in vivo (WT and Fgf21-/--C57BL/6, male mice, n = 3 -5/group, 300 mg/kg bw, i.p., 4-24 h)
	
	Hepatotoxicity, but steatosis not specified
	(Vispute et al., 2017)
	Included no lipid measurements. Acetaminophen induced liver toxicity in mice (necrosis, and increased serum ALT and AST), and dexamethasone ameliorated acetaminophen toxicity in WT but not Fgf21-null mice.
	Low relevance

	
	
	
	
	Rodent, in vivo (WT and miR-155 KO C57BL/6J, male mice, n = 5-6/group,300 mg/kg bw i.p., 24 h)
	Not assessed/ reported
	miR-155, inflammation
	(Yuan et al., 2016)
	Acetaminophen increased hepatic miR-155 in WT mice. Acetaminophen also increased hepatic Mcp1, Tnfα, IL-1β, and IL-6, and the latter effects were enhanced in the miR155 KO mice. miR-155 agomir prevented acetaminophen induced hepatotoxicity. 
Included no lipid measurements. Acetaminophen induced hepatoxicity (incl. apoptosis, necrosis, neutrophil infiltration, and increased serum ALT and AST) in mice, and the toxicity was enhanced in miR-155 KO mice.
	

	
	
	
	
	[bookmark: _Hlk95206262]Rodent, in vivo (WT or β2sp+-+ C57BL/6, male mice, n not stated; 200-500 mg/kg bw i.p., 24 h - 9 d) 
	
Induction (in transgenic mice) 
	
	(Baek et al., 2016)
	Loss of β2-spectrin leads to developmental liver defects, its haploinsufficiency (this model) leads to chronic liver disease and eventual development of hepatocellular cancer. 
In addition to transgenic mice, function of SPTBN1 was investigated in various cell lines: HepG2, U-2 OS, HeLa, COS7, 293T, HuH-7, SNU-761.
Acetaminophen induced hepatotoxicity (including necrosis and steatosis) in WT mice, and the toxicity was reduced in β2SP haplo-insufficient mice. In HepG2 cells, acetaminophen decreased cell viability, and β2SP knockdown counteracted this effect. 
	Moderate-high confidence, low relevance

	
	
	
	
	Rodent, in vivo (Fisher 344, male rats, n = 3/group, 150-2000 mg/kg bw by gavage, 6-48 h)
	Not assessed
	
	(Powell et al., 2006)
	Acetaminophen increased nitrotyrosine protein adducts, 8-hydroxy-deoxyguanosine, and base excision repair genes, and decreased GSH.
	

	
	
	
	
	Rodent, in vivo (C57BL/6J, male mice, n = 6-8/group, on high-fat diet; 50, 100, 200 mg/kg bw by gavage, 24 h)Human, in vitro (“L02”/HeLa cell fatty liver model, 2-8 mM, 24 h. 
	Exacerbation of HFD/ fatty acid-induced hepatic lipid accumulation
	[bookmark: _Hlk94700563][bookmark: _Hlk94700709]increased: mTOR, Srebp-1c and 
decreased: p-AMPK, LC3-II, Beclin1
	(Shi et al., 2019)
	In mice, acetaminophen (100 and 200 mg/kg) accentuated HFD induced hepatic lipid accumulation, and increased serum ALT and AST, and in the cells, it accentuated oleic acid + alcohol induced lipid accumulation.
	Moderate-low confidence, low relevance
Problematic cell line: Contaminated. Shown to be a HeLa derivative (Ye et al., 2015). Originally thought to originate from a normal fetal liver.

	
	
	
	
	Rodent/human, in vivo ( uPA/SCID human hepatocyte-chimeric mice, male and female, n = 6/group, 1400 mg/kg bw orally, 4-24 h)
	Not assessed/concluded 
	
	(Yamamoto et al., 2007)
	In liver, acetaminophen modulated pathways involved in lipid/fatty acid metabolism (aldehyde dehydrogenase, long chain fatty acid CoA ligase, acetyl-CoA acetyl-transferase, hydroxymethylglutaryl-CoA synthase), glycolysis (glyceraldehyde 3-phosphate dehydrogenase and fructose-1,6-bisophosphate), energy metabolism/production (ATP synthase α chain), and oxidative stress (carbonic anhydrase II, peroxiredoxin 1, catalase, 78 kDa glucose-regulated protein, and glutathione S-transferase A2). No lipid measurements were included
	

	
	
	
	
	Review
	No steatosis anticipated at non-cytotoxic concentrations
	CYP2E1, Oxidative stress, GSH depletion (primarily by alkylation). HIF-1α activation, Nrf2 activation
COX-1, COX-2, and COX-3 inhibition (mainly in the CNS), inhibition of enzymes in the prostaglandin biosynthesis pathway
	(Jennings et al., 2014)
	Acetaminophen was selected as a reference chemical for hepatotoxicity as a reactive chemical (thiol reagent oxidising NAD(P)H). Affected biological pathways are related to energy metabolism and cellular reduction potential, the anticipated primary hepatotoxic outcome is (non-specific) cytotoxicity.
Source of hepatotoxicity is mediated by the (CYP2E1-catalysis product) N-acetyl-p-benzoquinone imine, which has a high reduction potential and thus may disrupt the hepatic redox homeostasis.
Further data for this reference chemical are available online: https://wiki.toxbank.net/wiki/Acetaminophen (incl. curated information on toxicokinetics, in vivo and in vitro toxicogenomics, proteomics, metabolomics, physico-chemical properties)
	High confidence, chemical selection report for SEURAT-1 project, accepted by relevant stakeholders, including co-authors from EFSA, EURL ECVAM/JRC, academia, industry and national public health authorities

	
	
	
	
	Review on the role of the mitochondrial/lysosomal axis in acetaminophen hepatotoxicity. 
	Not assed or reported
	[bookmark: _Hlk95133153][bookmark: _Hlk95204351]Increased mitochondrial oxidative stress, mitochondrial protein adducts, ASK1, JNK mitochondrial transition pore opening, release of lysosomal proteases (cathepsin B and D), and decreased GSH. 
	(Moles et al., 2018)
	No mention of steatosis. Conditions resulting in increased cholesterol accumulation in lysosomes potentiates acetaminophen hepatotoxicity. Changes in autophagy protects vs. acetaminophen toxicity.
	

	
	
	
	
	Literature review with a focus on (impaired) mitochondrial fatty acid oxidation and its role in drug-induced liver injury/ steatosis
	Induction (microvesicular steatosis in vivo: rodent, human, canine)
	Mitochondrial fatty acid oxidation impairment
CYP2E1, CYP3A4, succinate dehydrogenase, oxidative stress (GSH depletion), PUMA;
Not involved: CPT1
	(Fromenty, 2019)
	Severe impairment of mitochondrial fatty acid oxidation results in microvesicular steatosis (and hypoglycaemia and liver failure), while moderate inhibition of mitochondrial fatty acid oxidation in the liver can cause microvacuolar steatosis, which is benign/reversible in the short term.
Metabolism in the liver mainly into nontoxic sulphate and glucuronide conjugates, but also via CYP2E1 and CYP3A4 into reactive N-acetyl-p-benzoquinone (NAPQI), which is associated with adverse effects (mainly via adduct formation, GSH depletion/oxidative stress)
Inhibition of the mitochondrial respiratory complex: succinate dehydrogenase (complex II) and complex III are particularly sensitive to NAPQI-mediated inhibition/toxicity.
Acetaminophen intoxication, but also treatment, was associated with elevated long-chain fatty acids (long-chain acylcarnitines in serum and liver, such as palmitoylcarnitine and oleoylcarnitine)
	High confidence, high relevance

	
	
	
	
	Literature review on the hepatotoxicity of acetaminophen in NAFLD in experimental models and humans.
	 Hepatotoxicity, but steatosis not specified
	
	(García-Román and Francés, 2020)
	Acetaminophen produces greater hepatotoxicity in experimental models of NAFLD, and in some human studies greater toxicity was observed in NAFLD patients.
Steatosis/ fatty liver is a risk factor for drug-induced liver injury after acetaminophen treatment.
	

	
	
	
	
	Review on acetaminophen hepatotoxicity.
	 Hepatotoxicity, but steatosis not specified 
	Oxidative stress, mitochondrial stress, inflammation
	(Larson, 2007)
	Contains no mention of steatosis. Acetaminophen overdose causes hepatotoxicity (incl. necrosis, increased serum ALT and AST, jaundice, acute liver failure) in humans.
Acetaminophen decreases GSH, mitochondrial function, and ATP, disrupts calcium homeostasis, and increases DNA damage, intracellular protein modification, interferon gamma (IFNγ), influx of natural killer cells, natural killer T cells, neutrophils, and macrophages. 
	

	
	
	
	
	Literature review on acetaminophen-induced liver injury in obesity and NAFLD.
	 Hepatotoxicity, but steatosis not specified
	CYP2E1 potentially involved in acetaminophen hepatotoxicity
	(Michaut et al., 2014)
	There is no mention of steatosis. Acetaminophen overdose induced hepatotoxicity is increased in patients with NAFLD or alcoholic liver disease, and also in some rodent models of NAFLD.
Acetaminophen increases JNK activation, ROS, peroxynitrate, and inflammation, and decreases mitochondrial function and ATP. 

	High confidence, moderate-low relevance

	
	
	
	
	Review on acetaminophen hepatotoxicity. 
	Not assessed/ reported 
	CYP enzymes (esp. CYP2E1)
	(Sumioka et al., 2004)
	There is no mention of steatosis. Acetaminophen induces hepatotoxicity (incl. necrosis) in rodents and humans.  
Acetaminophen increases hydrogen peroxide, superoxide, peroxynitrite, lipid peroxidation, plasma ALT, and decreases catalase, GPX, α-tocopherol, coenzyme Q9 and Q10, and GSH/GSSG ratio.
mechanisms underlying APAP toxicity are considered to be associated with i) covalent binding to cellular macromolecules of a reactive intermediate metabolite of APAP produced by cytochrome P450 (CYP), N-acetyl-p- benzoquinoneimine, and ii) oxidative stress.
	

	
	
	
	
	Human, in vivo (epidemiology, n=461 incidences of drug-induced liver injury)
	Not specified
	
	(Andrade et al., 2005)
	Incidences of drug-induced liver injury were submitted to the Spanish Registry over a period of 10 years (April 1994-August 2004). Of 570 initially submitted cases, 461 fulfilled formal criteria for drug-induced liver injury, and are included in this study, involving 505 pharmaceuticals. Drug-induced liver injury was classified as hepatocellular, cholestatic, or mixed (steatosis not differentiated/specified).
The most frequently associated group of pharmaceuticals were anti-infectives, with amoxicillin clavulanate accounting for 12.8% of cases; acetaminophen is not listed under the 19 main drugs suspected to induce drug-induced liver injury.
	

	
	
	
	
	Human, in vivo (epidemiology; retrospective cohort, n=696 cases)
	Not specified (hepatotoxicity reported)
	
	(Beer et al., 2007)
	Reports of all cases of paracetamol poisoning and severe liver dysfunction admitted to the liver unit in Newcastle (September 1996-March 2003) or Edinburgh (January 1992-June 2004) were included in this study.
Article evaluating the frequency of liver dysfunction after paracetamol overdoses that were below current UK thresholds for acetaminophen overdose (in non-risk patients: plasma paracetamol levels of 200 mg/L at 4 h post-ingestion). 
Acetaminophen overdoses caused hepatic toxicity, including increased serum ALT.
In some patients, hepatotoxicity occurred below the overdose threshold, but these events were rare and, based on this study, do not warrant decreasing the overdose threshold.
	

	
	
	
	
	Human, in vivo (nested case-control study, n = 198 pateints with acetaminophen-induced acute liver failure; 99 survivors, 99 non-survivors) 
	Not reported
	
	(Karvellas et al., 2017)
	Clinical study evaluating the associations between FABP7 serum levels and outcomes in acetaminophen-induced acute liver failure 
Of 696 patients, 553 (79%) presented >15 h after exposure and 19 (2.7%) were excluded due to insufficient detail in documentation. Of the remaining 124 presenting within 15 h of exposure, 105 (81%) fulfilled criteria for paracetamol overdose. 
Acetaminophen overdose induced hepatotoxicity (including increased serum ALT and liver failure). FABP7 may not discriminate between patients with or without acetaminophen induced intracranial complications. 
	Moderate confidence, low relevance

	
	
	
	
	Human, in vivo (clinical adverse effect report , n=1, 9 year old child)
	Induction
	
	(Bouvet et al., 2020)
	Acetaminophen induced necrosis and microvesicular steatosis, and increased serum levels of AST and ALT.
	Moderate-low confidence, high relevance
Single case study

	
	
	
	
	
	
	
	
	Other potentially supportive literature from human in vivo studies reviewed, but not satisfying criteria for detailed listing (e.g., no monotherapy group, or not reporting on hepatic lipid levels): (Zheng et al., 2015b, Jetten et al., 2012, Canet et al., 2015, Martin et al., 2006, Li et al., 2018)
	

	GW3965
	405911-17-3 (hydrochloride)
	[image: GW3965 hydrochloride ≥98% (HPLC), powder]
	Candidate pharmaceutical
	
	
	
	
	LXR agonist (EC50 = 190 nM hLXRα and 30 nM hLXRβ)
Extensively reviewed and discussed in (Jennings et al., 2014).
Other LXR agonists of interest are oxysterols, which are the endogenous ligands for LXR.
	

	[bookmark: chlorpyrifos]Chlorpyrifos
	2921-88-2
	[image: ]
	Organophosphate pesticide
	SUMMARY
	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 (EFSA, 2019b).
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 6th December 2019, and formally adopted by the European Commission on 10th January 2020. (https://food.ec.europa.eu/plants/pesticides/approval-active-substances/renewal-approval/chlorpyrifos-chlorpyrifos-methyl_en#modal) 
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24-72 h, 1-300 µM)
	Inactive in vitro (HepaRG) 
	
	(Lichtenstein et al., 2020)
	
	Very high confidence

	
	
	
	
	Review
	Inactive in vivo (rodent)
	
	(Lichtenstein et al., 2020)
	Data reviewed based on test guideline studies according to OECD TG 417. Data source: list of endpoints on residues, active substance.
	Very high confidence; literature data based on guideline studies

	
	
	
	
	Review
	Not concluded
	CYP enzymes, PON1
Oxidative stress (secondary effect; resulting from generation of reactive metabolites)
	(Androutsopoulos et al., 2013)
	Detoxified in the liver via CYP (especially CYP2B6, CYP2C19, CYP3A4), yielding “oxon” metabolites, that are further hydrolysed via phosphotriesterases, such as PON1. Chlorpyrifos can inactivate CYP enzymes by covalently binding the sulfur atom that arises during oxidative desulfuration in phase I metabolism. Oxon metabolites mediate neurotoxicity.
	Low relevance, high confidence

	
	
	
	
	Rodent, in vivo (neonatal exposure of Sprague-Dawley rats; 1 mg/kg/d on postnatal days 1-4 via s.c. injection. N=8 per sex per treatment group; samples taken on pnd 110 and 120)
	Not concluded 
	
	(Slotkin et al., 2005)
	Exposure of offspring was shown previously to produce developmental neurotoxicity without eliciting growth retardation or any other signs of systemic toxicity. Brain Acetylcholine esterase inhibition was 25% and, thus below the 70% threshold to elicit symptoms of cholinergic hyperstimulation (both, in rats and pregnant women)
Sex-specific effects on blood cholesterol and triglyceride levels: elevated (approx. by 35%) in males (non-significant in females). Effect persisted throughout fasting. No changes in plasma levels of non-esterified free fatty acids or glycerol were recorded in adulthood. No effects on blood glucose concentration, but insulin was elevated in non-fasted males (approx. 60% higher than in control); fasting restored insulin levels to normal.
	High relevance, high confidence. One author is affiliated with pharmaceutical industry.

	
	
	
	
	Rodent, in vivo (neonatal exposure of Sprague-Dawley rats; 1-40 mg/kg/d via s.c. injection on gestational days (GD) 9–12 or 17–20 [exposure of dams], postnatal days (PN) 1–4 or 11–14 [exposure of offspring]; effects observed until PN 60; tissues harvested on PN 21)
	Not concluded
	Adenylyl cyclase (male specific). Involved receptors: β-adrenoreceptor, glucagon receptor
	(Meyer et al., 2004)
	Developmental (neuro)toxicity becomes evident at doses about 5 mg/kg/d.
Reduced liver weight at prenatal doses > 5 mg/kg/d; no effect on liver weight by postnatal treatment. (Vulnerability to chlorpyrifos decreases after PN 4)
Direct action of organophosphate chlorpyrifos on neurotransmitter receptors and/or adenylyl cyclase is insufficient to explain the distinct sex-, tissue-, and age-selective actions observed in this study. Indeed, many effects observed here emerge only with a substantial delay (on PN 30-60), indicating changes in the programming of cell development, rather than receptor-mediated acute toxicity. Acute effects of chlorpyrifos on adenylyl cyclase signalling were poorly correlated with the subsequent emergence of major, sex-dependent, tissue-selective functional alterations.
Hyperresponsiveness (to glucose) of hepatic cell signalling mediated through adenylyl cyclase (male specific). Critical receptors: β-adrenoreceptor, glucagon receptor, but hyperresponsiveness of the adenylyl cyclase was observed with multiple stimuli (also with direct, receptor-independent stimulation by forskolin).
	Moderate relevance, very high confidence

	
	
	
	
	In silico model (PBPK/PD model) for (Sprague-Dawley) rats
	Not concluded
	CYP enzymes, PON1, B-esterase
	(Timchalk et al., 2007)
	Physiologically-based pharmacokinetic/pharmacodynamic model for rats was developed, incorporating age-dependent changes in CYP enzymes, PON1, and B-esterase (B-esterase is used as a cumulative proxy of other esterase activity, such as acetyl-/butyrylcholine esterase, carboxylesterase). (Model developed for choline esterase activity)
Model simulations suggest that pre-weanling rats are particularly sensitive to chlorpyrifos exposure. The age-dependent nonlinear increase in the chlorpyrifos-oxon metabolite concentration may potentially result from both the depletion of nontarget B-esterase and a lower PON1 metabolic capacity in younger animals.
	Lower relevance, high confidence

	
	
	
	
	Review of human health hazards for regulatory purposes
	Not reported/ negative
	
	(EFSA, 2019b)
	Peer review of mammalian toxicity and human health by EFSA requested by the European Commission. 
Based on this report, market approval in the EU was withdrawn in December 2019 (adopted by the European commission in January 2020).
Main toxicological concerns were the unclear genotoxic potential and neurodevelopmental effects. The latter was observed in rats in vivo, and supported by epidemiological evidence related to developmental neurological outcomes in children, and is most critical for non-renewal of market approval of chlorpyrifos (and the structurally similar chlorpyrifos-methyl) as the active ingredient of plant protection products.
There is no indication of hepatotoxicity, including steatosis.
	High confidence and relevance

	
	
	
	
	Review; intergovernmental organization
	Not reported/ negative
	
	(FAO/WHO Joint Meeting on Pesticide Specifications, 2009, Joint FAO/WHOA Meeting on Pesticide Residues, 2006)
	There is no evidence suggesting hepatotoxicity in general, or steatosis/lipid accumulation specifically.
	High confidence and relevance

	
	
	
	
	Review for regulatory purposes (toxicological hazard for evaluation of chemicals listed under the Stockholm convention on POPs)
	Not reported/ negative
	
	(POPs Review Committee, 2022)
	Adverse effects on human health are mainly related to neurological/neurodevelopmental effects: exposure to chlorpyrifos during pregnancy was associated with adverse neurodevelopmental outcomes in children, including changes in brain morphology and behavioural symptoms (in a matched mother-child pair epidemiological cohort). Acute poisoning events were dominated by neurotoxic effects and summarized as the cholinergic toxidrome with inhibition of (acetyl)cholinesterase as a central mechanism.
There is no evidence suggesting hepatotoxicity in general, or steatosis/lipid accumulation specifically.
	High confidence and relevance

	
	
	
	Chlorpyrifos-methyl
	Review; intergovernmental organization
	Not reported/ negative
	
	(FAO/WHO Joint Meeting on Pesticide Residues, 2009)
	Chlorpyrifos-methyl was concluded to be unlikely genotoxic, not carcinogenic, and not teratogenic. Developmental toxicity (in rats) was observed only at doses causing maternal toxicity; it was unlikely to produce delayed neuropathy in the absence of severe cholinergic toxicity.
In two studies in human volunteers exposed orally to chlorpyrifos-methyl for 21 or 28 days, there were no adverse findings concerning clinical signs, clinical chemistry or cholinesterase activity. The NOAEL was 0.3 mg/kg bw per day over 21 days, the highest dose tested. A single oral dose of (the closely related chemical) chlorpyrifos of up to 1 mg/kg bw did not significantly inhibit erythrocyte acetylcholinesterase activity in human volunteers. There were no reports of adverse effects in production-plant workers.
There is no evidence suggesting hepatotoxicity in general, or steatosis/lipid accumulation specifically.
	High confidence and relevance

	[bookmark: thiacloprid]Thiacloprid
	111988-49-9
	[image: ]
	Neonicotinoid insecticide
	SUMMARY
	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. There is no strong indication for thiacloprid causing substantial lipid accumulation, but some potential cannot be ruled out.
In rodents, increased liver weight was reported in one study (Alarcan et al., 2020), but not in GLP studies reviewed for the identification of Cumulative Assessment Groups by EFSA (Nielsen et al., 2012). 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 µM (Lichtenstein et al., 2020)). 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 withdrawn on 3 Feb 2020 based on an unacceptable level of risk for honeybees (EFSA, 2019a) (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 (EFSA, 2016))).
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24-72 h, 1-1000 µM)
	Moderate induction in vitro (HepaRG) (LOEC = 100 µM)
	
	(Lichtenstein et al., 2020)
	EuroMix project deliverable with quantitative in vitro-in vivo extrapolation calculations for several pesticides, but thiacloprid as a model chemical. A human toxicokinetic model is provided.
	Very high confidence

	
	
	
	
	Review
	Inactive in vivo (rodent)
	
	(Lichtenstein et al., 2020, Nielsen et al., 2012)
	Data reviewed based on test guideline studies according to OECD TG 417. Data source: list of endpoints on residues, active substance.
	Very high confidence; literature data based on guideline studies

	
	
	
	
	Rodent, in vitro (undifferentiated 3T3-L1 murine fibroblasts, 8 d differentiation protocol; 6 d exposure; 1-300 mg/L)
	Not concluded (but no lipid accumulation in 3T3-L1 cells)
	PXR
	(Mesnage et al., 2018)
	In vitro screening of neonicotinoid pesticide effects on estrogen and thyroid hormone receptor binding, and lipid accumulation in murine preadipocytes.
Thiacloprid did not show agonism towards estrogen (human MCF-7 cells) or thyroid hormone receptor (rat pituitary GH3 cells), and did not induce lipid accumulation in 3T3-L1 murine fibroblasts. However, the related pesticide imidacloprid did induce triglyceride accumulation in 3T3-L1 murine fibroblasts at ≥50 mg/L imidacloprid. This may be mediated by PXR activation.
	Moderate relevance, moderate confidence

	
	
	
	
	Chicken, in vivo (Gallus gallus domesticus, n=75 fertilised eggs, exposure by injection into albumen; 1-20 dpf, 0.92-92 µg/mL)
	Yes.
	
	(Salvaggio et al., 2018)
	Liver steatosis was observed in chicks exposed to 0.92 and 9.2 µg/mL, and was accompanied by erythrocyte infiltrates into the liver tissue.
Teratogenicity, the primary endpoint of the study, was observed at all concentrations.
	Low confidence, high relevance
Histological specimen and interpretation seem reliable, but quality of the publication is below average

	
	
	
	
	Rodent, in vivo (female Wistar rats, 28-day oral toxicity study; 10-140 mg/kg bw/d; n=4 per group)
	No steatosis
	
	(Alarcan et al., 2020)
	Liver weight increase, (potentially receptor-mediated) centrilobular hepatocellular hypertrophy, and cytoplasmic degeneration
Liver triglycerides showed a dose-dependent decreasing trend, but differences did not reach statistical significance.
	High relevance, high confidence
Small sample size (4 animals per treatment group)

	
	
	
	
	Rodent, in vivo (female Wistar rats, 28-day oral toxicity study; 10-140 mg/kg bw/d; n=4 per group)
	No steatosis (inferred from (Alarcan et al., 2020))
	PXR, PPARγ, xenobiotic metabolism (especially ALDH1A1, CYP2B6, and CYP3A5)
Top ten differentially expressed genes
Upregulated: Abcc3, Aldh1a1, Cyp2b2, Cyp3a23/3a1, Mme
Downregulated: Cyp7a1, Eln, Ky, Megf11, Slc6a1
	(Alarcan et al., 2021)
	This study was a follow-up study of (Alarcan et al., 2020)
Total of differentially expressed genes upon thiacloprid exposure: 255
Among the differentially expressed genes, a subset of 64 genes was shared amongst two other pesticides (clothianidin, imazalil) with a similar mode of action. Shared pathways include CAR and PXR-mediated responses, with downstream activation of metabolism-associated functions (metabolism of xenobiotic, metabolism of terpenoid, conversion and oxidation of lipid).
	High confidence, high relevance

	Acetamiprid
	135410-20-7
	[image: ]
	Neonicotinoid insecticide
	
	Tentative negative
	
	
	Market approval in EU granted until 2033 (low risk for honeybees) (EFSA, 2016)
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) 
	

	[bookmark: thiamethoxam]Thiamethoxam
	153719-23-4
	[image: ]
	Neonicotinoid insecticide
	SUMMARY
	Uncertain 
possibly inactive in human in vitro (HepaRG), but (weak) positive in rodent in vivo
	
	(Lichtenstein et al., 2020)
	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 (Nielsen et al., 2012) 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 (Yang et al., 2021)
In HepaRG cells in vitro, no lipid accumulation was observed up to 1 mM (Lichtenstein et al., 2020). 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 for testing in GOLIATH 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. (EC, 2018)
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24-72 h, 1-1000 µM)
	Inactive in vitro (HepaRG) 
	
	(Lichtenstein et al., 2020)
	
	Very high confidence

	
	
	
	
	Review
	Fatty changes in vivo (rodent) (no cholestasis; steatosis not concluded)
	
	(Lichtenstein et al., 2020, Nielsen et al., 2012)
	Data reviewed based on test guideline studies according to OECD TG 417. Data source: list of endpoints on residues, active substance. 
Toxic to the liver (CAG 1), hepatocellular hypertrophy (CAG 2a), hepatocellular fatty changes (CAG 2b), hepatocellular cell degeneration/ cell death (CAG 2c), inflammation in the liver (CAG 2d), Foci of cellular alteration in the liver (CAG 2e), Neoplasms (CAG 2f), Lesions of biliary epithelium (CAG 2g), Increase in phase 1 liver enzymes (CAG 3a), Foci of cellular alteration and/or liver neoplasms which may be caused by cytotoxicity (CAG 3c), Increase in CYP1A enzymes (CAG 4a1), Increase in CYP2B enzymes (CAG 4a3)
No cholestasis.
	Very high confidence; literature data based on guideline studies

	
	
	
	
	Rodent, in vitro (undifferentiated 3T3-L1 murine fibroblasts, 8 d differentiation protocol; 6 d exposure; 1-300 mg/L)
	Not concluded
	PXR
	(Mesnage et al., 2018)
	In vitro screening of neonicotinoid pesticide effects on oestrogen and thyroid hormone receptor binding, and lipid accumulation in murine preadipocytes.
Thiacloprid did not show agonism towards oestrogen (human MCF-7 cells) or thyroid hormone receptor (rat pituitary GH3 cells), and did not induce lipid accumulation in 3T3-L1 murine fibroblasts. However, the related pesticide imidacloprid did induce triglyceride accumulation in 3T3-L1 murine fibroblasts at ≥50 mg/L imidacloprid. This may be mediated by PXR activation.
	

	
	
	
	
	Rodent, in vivo (male ICR mice, 6-8 weeks old, n=30; 12 weeks exposure by gavage, 4-20 mg/kg bw/d) 
	Yes (dyslipidaemia, NAFLD induction)
Steatosis in liver histopathological specimen at 4 and 20 mg/kg bw/d
	PPARα signalling (↓), glycine N-methyl transferase (↓), nicotinamide N-methyltransferase (↑), oxidative stress (↑), PPARγ (↑), FASN (↑)
	(Yang et al., 2021)
	Inhibition of nicotinamide N-methyltransferase in mouse liver reversed the effects of thiamethoxam treatment.
NAFLD is induced through disturbed methionine metabolism and methyl donor imbalance. This leads to downregulation of PPARα signalling, which, in turn, results in increased lipogenesis and dyslipidaemia.
Increasing concentrations of thiamethoxam were associated with decreased superoxide dismutase activity and glutathione levels in the liver, indicating increased oxidative stress.
Plasma triglycerides were significantly increased in high-dose (20 mg/kg bw/d) group.
	High relevance, high confidence

	[bookmark: fructose]Fructose
	57-48-7
	[image: ]
	Dietary monosaccharide; ketonic simple sugar
	SUMMARY
	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.
	

	
	
	
	
	
	Induction
	
	(Pickens et al., 2009)
	Dietary sucrose is essential to the development of liver injury in the methionine-choline-deficient model of steatohepatitis
	

	Glucose
	50-99-7
	[image: ]
	Dietary monosaccharide; aldehyde simple sugar
	SUMMARY
	As above for fructose
	
	
	(See comment on fructose; literature review was not pursued due to likely technical limitations of testing sugars in in vitro assays)
	

	[bookmark: rifampicin]Rifampicin
	13292-46-1
	[image: ]
	Antibiotic
	SUMMARY
	Uncertain/ tentative positive
	PXR
	
	The weight of reviewed evidence is conflicting (limited full-text review conducted). While a reliable study, endorsed by the GOLIATH test method developers (Allard et al., 2020), concludes on rifampicin as a model steatogenic chemical, it was not listed or recognised as such by a literature review for proposing reference chemicals for (in vitro) steatosis test methods (Jennings et al., 2014).
Rifampicin is a positive control chemical for PXR activation, especially in humans.
	

	
	
	
	
	Review
	Not indicated as a steatotic chemical in human
	PXR, CYP3A4, bile acid export pump (BSEP).
Target genes include: CYP3A4, CYP2B6, CYP2C9, (CYP7A1), CD36, ALDH1A1, UGT1A1, SULT1A1, ABCB1
	(Jennings et al., 2014)
	Rifampicin was selected as a reference chemical as a model inducer of PXR, particularly in humans (rifampicin is a poor ligand for rat and mouse PXR). Biological pathways affected by rifampicin are cholesterol and fatty acid metabolism, and clearance of xenobiotics.
Rifampicin has a major adverse event frequency of 0.4 per 100 person-months of continuous dosing, with the main targets being the liver (hepatitis) and the gastrointestinal tract. 
Rifampicin-induced cholestasis is probably mediated via competitive inhibition of the hepatic bile acid export pump, leading to accumulation of bile acids in hepatocytes. This is likely not linked to PXR activation, since PXR, complemented by FXR, is protective against cholestasis.
Further data for this reference chemical are available online: https://wiki.toxbank.net/wiki/Rifampicin (incl. curated information on toxicokinetics, (epi-)genomics, metabolomics, physico-chemical properties)
	High confidence, chemical selection report for SEURAT-1 project, accepted by relevant stakeholders, including co-authors from EFSA, EURL ECVAM/JRC, academia, industry and national public health authorities

	
	
	
	
	Human, in vitro (differentiated HepaRG, 96 h exposure, 10-300 µM)
	Increase
	VLDL assembly gene expression decreased at 150 µM: APOB, APOC3, MTTP, P4HB, ANGPTL3
ER stress gene expression increased at 300 µM: HSPA5 (BIP), DDIT3 (CHOP), ERN1 (IRE1α), ATF6. Unaltered: EIF2AK3 (PERK)
	(Allard et al., 2020)
	Positive control chemical for steatosis
LOEC in differentiated HepaRG cells:
Mitochondrial fatty acid oxidation decreased: 100 µM; de novo lipogenesis increased: 10 µM; apoB secretion into medium: increased at 150 µM, decreased at 300 µM; neutral lipid accumulation increased: 100 µM. (steatosis induced also in primary human hepatocytes in vitro, but only in one out of six cell batches tested)
	Very high confidence and relevance

	
	
	
	
	Human, in vitro (undifferentiated HepaRG in 2D or 3D spheroid culture; exposure after 7 d pre-growth for 1-7 d; 9-step two-fold dilution from 100 µM)
	Not assessed
	
	(Ott et al., 2017)
	High-throughput HepaRG CYP induction assay. CYP3A4 activity was assessed by P450-Glo Luciferin-IPA assay (Promega), CYP1A activity by EROD assay, cytotoxicity as ATP content by CTG assay (Promega).
Therapeutic maximum concentration in vivo: 12.2 µM.
Cytotoxicity: IC50 in 2D:0.04 µM (24 h), >100 µM (7 d)
IC50 in 3D: n/a
	High confidence, moderate relevance (high for cytotoxicity)
The authors declared a conflict of interest for the micromolds used to produce the HepaRG 3D spheroids

	Tetracycline
	60-54-8 
(64-75-5 hydrochloride)
	[image: ]
	Antibiotic
	SUMMARY
	Positive
Induction
	
	
	Strong weight of evidence supporting tetracycline inducing steatosis in vitro and in vivo; tetracycline is a model steatosis-inducing chemical.
The literature summarised below is partial; due to the strong weight of evidence, including historic data more than 50 years old, not all retrieved studies were subjected to a full-text scrutinous review. 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.
	

	
	
	
	
	Human, in vitro (undifferentiated HepaRG, passage 22-25. 1-14 d exposure, 0.2-20 µM)
	Not assessed
	
	(Limonciel et al., 2011)
	Increased glycolysis with subsequent lactate production.
LOEC 14 d cytotoxicity: 5 µM (on intracellular ATP content and esterase activity by resazurin reduction; at 5 µM reduced to ≈50%)
	Lower relevance towards steatosis, deviating culture medium used for HepaRG cultivation, HepaRG cells were not differentiated

	
	
	
	
	Rodent, ex vivo (liver slices from C57BL/6 male mice (n = ≥4 mice), 24 weeks old. 0-100 µM (40 µM for gene expression profiling), 24 h)
	Not assessed. Tetracycline was studied as a model steatogenic chemical, but fatty liver gene expression clusters were downregulated.
	Inhibition of fatty acid catabolism in liver cells
Downregulated genes: Abcd2, Onecut1, Slc10a2, Acsm3, Bdh1, Nox2, Bbox1, Cxcl12, Slc16a7, Igfbp1, Fas, Maob, Elovl2, Hadh, Hsd17b4, Glyat, Crot, Slc25a20, Slc27a2
	(Szalowska et al., 2014)
	5 mm-diameter cylindrical liver cores were obtained by biopsy; after processing, slices were 0.2 mm thick and weighted ~6 mg per slice.
Genes significantly downregulated (fold-change ≤-1.5) in GSEA and proposed as biomarkers for tetracycline-like acting chemicals: Abcd2, Onecut1, Slc10a2, Acsm3, Bdh1, Nox2, Bbox1, Cxcl12, Slc16a7, Igfbp1, Fas, Maob, Elovl2, Hadh, Hsd17b4, Glyat, Crot, Slc25a20, Slc27a2
While amiodarone and valproate induced gene expression changes clustered together, tetracycline induced a distinctly different pattern. Main differences were found in gene sets related to lipid metabolism, fatty liver, and peroxisomes, which were upregulated by both AMI and VA, and downregulated by TET. Moreover, only TET-treatment downregulated gene sets related to other hepatic functions including bile acid metabolism, FA metabolism, ABC transporters, and cholesterol synthesis.
Tetracycline downregulated gene ontology clusters related to mitochondrion and processes localized in this organelle, such as electron carrier activity.
In contrast to AMI and VA, TET downregulated functional clusters related to lipid synthesis, β-oxidation, Pparα signalling, inflammation, apoptosis, and other clusters related to energy and bile acid homeostasis. 
	

	
	
	
	
	Human, in vitro (HepG2 and differentiated HepaRG, pre-loaded for 14 h with 62 µM oleate palmitate (2:1); 50-400 µM, 24 h) 
	Induction, very strong (up to >500% in HepaRG)
	Oxidative stress (ROS; significant at ≥100 µM), decreased mitochondrial membrane potential (significant at 200-400 µM)
Gene expression changed: EHHADH, MTTP, IGFBP1, SREBP1C 
	(Tolosa et al., 2016)
	Exposure of cells to test chemicals was conducted in fatty-acid-free medium.
Tetracycline is included as a model steatogenic chemical (Drug-induced liver Injury category: “mild”), also causing mitochondrial impairment – which is possibly also a contributory mechanism to intracellular lipid accumulation.
In HepaRG: Significant lipid accumulation at 100 µM and above (p<0.005 for ≥200 µM). No effect on cell viability.
Gene expression analysed (500 µM), but unchanged: CROT, ANGPTL3, FOXA1, PPARA, PGC1A
	Very high confidence and relevance

	
	
	
	
	Rodent, in vivo & ex vivo (Sprague-Dawley rats (male, female, pregnant: 16-20 d gestation), 20-200 mg/kg bw, i.v., 3 h)
	Increase
	Export of triglycerides from hepatocytes is impaired
	(Breen et al., 1975)
	co-exposure of ex vivo liver specimen with oleic acid: 663 µmol oleic acid in 70 mL perfusion solution.
Significantly increase accumulation of triglycerides at ≥100 mg/kg bw (without oleic acid supplementation in intact rat); with oleic acid and in perfused livers: ≥50 mg/kg bw in males, ≥75 mg/kg bw in females (lowest concentration tested in females), ≥100 mg/kg bw in pregnant females (lowest concentration tested in pregnant females).
When pure tetracycline was added to perfusate, significant increase in triglyceride accumulation was observed in male liver specimen at all concentrations (2.5-20 mg, in 70 mL perfusate).
Decrease in lipid export from the liver/from hepatocytes was dose/concentration-dependent both, in vivo and ex vivo.
“In the intact male and female rat, no direct relationship was observed between dose of tetracycline and hepatic accumulation of triglyceride. Supplementation of ex vivo liver biopsy specimen with oleic acid resulted in observation of a direct relationship between dose of tetracycline and both accumulation of triglyceride in the liver and depression of output of triglyceride by livers from male and female rats.”
In female, and especially in pregnant female, rats lipid export from hepatocytes was markedly decreased; this was not related to altered disposition of tetracycline or altered oleic acid uptake (in ex vivo setting). However, increased intracellular lipids could only be accounted to 30-50% to the decreased export of triglycerides, therefore other mechanisms than decreased export of triglycerides are involved in hepatic lipid accumulation.
	Very high relevance

	
	
	
	
	Human, in vitro (differentiated HepaRG, 1-14 d exposure, 10-100 µM)
	Induction of steatosis after repeated dose exposure 
	Gene expression significantly changed (in bold: at more than one concentration) after 24 h exposure: SLC27A4 (↑), PPARGC1A (↑), PPARG (↑), SREBP1 (↑), THRSP (↑), ADFP (↑), PLIN4 (↑), CYP2E1 (↓)
after 14 d exposure: FABP1 (↑), THRSP (↑), LSS (↑), ADFP (↑), CYP2E1 (↓)
	(Anthérieu et al., 2011)
	Elevated triglycerides at 100 µM after 14 d exposure; TG accumulation was proportional to the increased expression of lipogenic genes.
Fatty acid oxidation impaired upon chronic exposure (14 d) to 50 µM only; no decrease after acute exposure (24 h).
Gene expression studies: acute 24-h exposure: 50 µM, 100 µM; chronic 14-d exposure: 10 µM, 50 µM
	Very high confidence and relevance

	
	
	
	
	Human, in vitro (undifferentiated HepaRG in 2D or 3D spheroid culture; exposure after 7 d pre-growth for 1-7 d; 9-step two-fold dilution from 3800 µM)
	Not assessed
	
	(Ott et al., 2017)
	High-throughput HepaRG CYP induction assay. CYP3A4 activity was assessed by P450-Glo Luciferin-IPA assay (Promega), CYP1A activity by EROD assay, cytotoxicity as ATP content by CTG assay (Promega).
Therapeutic maximum concentration in vivo: 9 µM.
Cytotoxicity: IC50 in 2D: 3559.5 µM (24 h), 574.8 µM (7 d)
IC50 in 3D: >3800 µM (24 h), 210.6 µM (7 d)
Interlaboratory IC50 comparison: 199-242 µM (8 d, 3D HepaRG), 210.6 µM (7 d, 3D HepaRG), 116-132 µM (8 d, 3D primary human hepatocytes)
	High confidence, moderate relevance (high for cytotoxicity)
The authors declared a conflict of interest for the micromolds used to produce the HepaRG 3D spheroids

	
	
	
	
	Human, in vitro (differentiated HepaRG, 10-50 µM, 24 h – 14 d)
	Induction
	Genes upregulated after 14 d treatment: FABP1 (only with one concentration: ADFP, LSS, THRSP, CYP2E1)
	(Anthérieu et al., 2011)
	Triglyceride accumulation was only significant upon treatment with 50 µM for 14 d (not with lower concentrations, or at the earlier timepoint/shorter exposure); this was accompanied by a significant reduction in fatty acid oxidation.
	High confidence, very high relevance

	Oleic acid
	112-80-1
	[image: ]
	Dietary constituent; (monounsaturated omega-9) fatty acid
	SUMMARY
	Positive
Test method positive control
	
	
	Very strong weight of evidence to support oleic acid inducing hepatic steatosis. Oleic acid is used as a positive control/reference chemical both, in vitro and in vivo.
The literature displayed below is exemplary; 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.
	

	
	
	
	
	Human, in vitro (HepaRG cells, 6 d, 225 µM)
	Strong induction
	
	(Knebel et al., 2019a)
	Positive/sensitivity control: mixture of oleic acid and palmitic acid (1:1; 225 µM) induces approx. 2.8-fold induction. 
	

	
	
	
	
	Human, in vitro (differentiated HepaRG, 1 -14 d exposure, 500 µM)
	Induction of steatosis 
	Gene expression significantly changed (in bold: at more than one concentration) after 24 h exposure: CPT1A (↑), FASN (↑), ADFP (↑), PLIN4 (↑), CYP3A4 (↓)
after 14 d exposure: CPT1A (↑), THRSP (↑), ADFP (↑), CYP2E1 (↑), ALDB (↓)
	(Anthérieu et al., 2011)
	Positive control; TG accumulation was proportional to the increased expression of lipogenic genes.
Gene expression studies: acute 24-h exposure: 250 µM, 500 µM; chronic 14-d exposure: 250 µM, 500 µM
	Very high confidence and relevance

	
	
	
	
	Human, in vitro (HepG2 cells; 12-48 h, 0.1-2.0 mM
	Strong induction
	CYP1A1
	(Huang et al., 2018)
	CYP1A1, expression is increased in oleic acid-stimulated HepG2 cells, catalysis (or is involved in the catalysis of) lipid peroxidation of lipids.
≥1 mM reduced HepG2 proliferation.
	

	
	
	
	
	Rodent, in vitro (RAW264.7 murine macrophage cell line, 65 µg/mL oleate vs. 65 µg/mL oleate + 1.5 µg/mL resveratrol; 24 h)
	Not concluded, but model-inducer of intracellular lipid accumulation in murine macrophages
	Gene expression:
Oleate-only: Cd36, Fatp1, Fatp2, Dgat1, Cpt1a, and Pnpla3 were significantly upregulated, while those of Scara1, Fabp4, Fabp5, and Srebp1c were significantly downregulated. [in bold: reversed by resveratrol co-exposure)
Resveratrol co-treatment: Cd36, Lipa, and Lpl were significantly increased and those of Fabp1 and Fatp1 were significantly decreased
	(Ye et al., 2019)
	Publication on the metabolomic effects of oleate treatment with and without resveratrol in macrophages. 
Resveratrol co-exposure prevented accumulation of neutral lipids (by Nile Red staining). 
“Most FFAs, such as palmitic acid, palmitoleic acid, stearic acid, linoleic acid, and eicosanoic acid, were all significantly decreased in oleate-treated macrophages. In contrast, oleic acid, 11,14-eicosadienoic acid and 5,8,11-eicosatrienoic acid were significantly increased in oleate-treated macrophages, and these effects were attenuated or abolished by RSV. Notably, glycerol, glycerol 3-phosphate, 1-monopalmitin, 2-monopalmitin, 1-monooleoylglycerol, and 2-monooleoylglycerol significantly accumulated in oleate-treated macrophages, but these accumulation events were alleviated by RSV.”
Oleate induces disturbances in glycerolipid metabolism and then leads to triglyceride accumulation in macrophages.
Gene expression data indicate disordered lipid transport, increased FFA import into mitochondria for oxidation, and enhanced TG synthesis and lipolysis during neutral lipid accumulation in oleate-treated macrophages. mRNA expression levels of Cd36, Lipa, and Lpl were significantly increased and those of Fabp1 and Fatp1 were significantly decreased in macrophages cotreated with oleate and RSV
	Moderate relevance (no effects in hepatocytes)

	Palmitic acid
	57-10-3
	[image: ]
	Saturated fatty acid
	SUMMARY:
	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 relibaly 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 aforementioned reasonable 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 PPARα and therefore modulate the baseline gene expression profile. (Jennings et al., 2014)
	

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 6 d, 225 µM)
	Active; positive control (in 1:1 mixture with oleic acid)
	
	(Knebel et al., 2019a)
	Positive control for triglyceride accumulation in differentiated HepaRG cells: 1:1 equimolar mixture of oleic acid and palmitic acid (225 µM) induces approx. 2.8-fold increase in triglyceride accumulation (assessed by adipored staining) after 6 d exposure
	Operator overlap with (Lichtenstein et al., 2020)

	
	
	
	
	Human, in vitro (differentiated HepaRG cells, 24-72 h, 250 µM)
	Active; positive control (in 1:1 mixture with oleic acid0
	
	(Lichtenstein et al., 2020)
	Positive control for triglyceride accumulation in differentiated HepaRG cells: 1:1 equimolar mixture of oleic acid and palmitic acid (250 µM) induces approx. 2.5-fold increase in triglyceride accumulation (assessed by adipored staining) after 24-72 h exposure
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