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Abstract

In an effort to replace, reduce and refine animal experimentation, there is an unmet need to advance current in vitro models 

that offer features with physiological relevance and enhanced predictivity of in vivo toxicological output. Hepatic toxicol-

ogy is key following chemical, drug and nanomaterials (NMs) exposure, as the liver is vital in metabolic detoxification of 

chemicals as well as being a major site of xenobiotic accumulation (i.e., low solubility particulates). With the ever-increasing 

production of NMs, there is a necessity to evaluate the probability of consequential adverse effects, not only in health but 

also in clinically asymptomatic liver, as part of risk stratification strategies. In this study, two unique disease initiation and 

maintenance protocols were developed and utilised to mimic steatosis and pre-fibrotic NASH in scaffold-free 3D liver 

microtissues (MT) composed of primary human hepatocytes, hepatic stellate cells, Kupffer cells and sinusoidal endothelial 

cells. The characterized diseased MT were utilized for the toxicological assessment of a panel of xenobiotics. Highlights 

from the study included: 1. Clear experimental evidence for the pre-existing liver disease is important in the augmentation 

of xenobiotic-induced hepatotoxicity and 2. NMs are able to activate stellate cells. The data demonstrated that pre-existing 

disease is vital in the intensification of xenobiotic-induced liver damage. Therefore, it is imperative that all stages of the wide 

spectrum of liver disease are incorporated in risk assessment strategies. This is of significant consequence, as a substantial 

number of the general population suffer from sub-clinical liver injury without any apparent or diagnosed manifestations.

Keywords 3D primary human quadruple-cell liver microtissue model · Steatosis · NASH · In vitro hepatotoxicity · Pre-

existing disease state · In vitro vs. in vivo relevance
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AK  Adenylate kinase

ATP  Adenosine triphosphate

CeO2  Cerium dioxide

DILI  Drug-induced liver injury

DLS  Dynamic light scattering

ELISA  Enzyme-linked immunosorbent assay

HCC  Hepatocellular carcinoma

hCLS  Hepatic crown-like structures

IL  Interleukin

KC  Kupffer cells

LDL  Low-density lipoprotein
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MCP-1  Monocyte chemoattractant protein-1

MIP-1α  Macrophage inflammatory protein 1α

MT  3D microtissue

NAFLD  Non-alcoholic fatty liver disease

NASH  Non-alcoholic steatohepatitis

NM  Nanomaterials

NPC  Non-parenchymal cells

SEM  Standard error of the mean

TiO2  Titanium dioxide

TNF-α  Tumour necrosis factor-α

ZnO  Zinc oxide
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Introduction

The expanded commercial utilisation of engineered nano-

materials (NMs), which undoubtedly leads to increased 

exposure to users and consumers, highlighting the neces-

sity to better evaluate the potential safety of these sub-

stances (Johnston et al. 2012; Kermanizadeh et al. 2015; 

2018; Vance et al. 2015). Generally, toxicological stud-

ies are conducted using healthy test models that do not 

represent the responses of vulnerable individuals within 

the populations. Additionally, many investigations lack 

repeated exposures to low concentrations of NMs that bet-

ter represent real-life exposures. Inhalation and ingestion 

studies suggest that approximately 1% of the NM dose 

becomes systemic (reviewed in Kermanizadeh et al. 2015). 

In addition to occupational and consumer NM exposure, 

which is inhaled and ingested, a number of nanomedi-

cines have been developed for intravenous administration, 

resulting in intentional direct entry of materials into the 

blood (Balasubramanian et al. 2010; Kermanizadeh et al. 

2018).

The liver is the body’s principal detoxification centre, 

removing foreign substances and waste products (Kmeic 

2010). The organ is composed of very distinct populations 

of cells which function cohesively to perform the organ 

functions in health and disease. The liver is the principal 

site of drug metabolism. From the toxicological perspec-

tive, numerous drug metabolites are pharmacologically 

active and often more harmful than the parent compound. 

Drug-induced liver injury (DILI) remains a major obstacle 

in drug development due to either preclinical toxicity or 

being pulled from the market due to over adverse effects in 

patients once approved (Kuna et al. 2018). The combined 

presence of a potent innate immune response along with 

the tendency for the hepatic cells to be routinely exposed 

to xenobiotics can result in substantial liver inflammation 

after exposure to hepatotoxins. Additionally, the organ is 

understood to be a major storage organ for non-soluble 

xenobiotics (Lee et al. 2013; Lipka et al. 2010; Modr-

zynska et al. 2018) as exemplified in a recent study in 

which NM aggregates were detectable in the liver sinu-

soids (often in the KCs) up to 180 days post exposure 

(Modrzynska et al. 2018).

Non-alcoholic fatty liver disease (NAFLD) is the 

hepatic manifestation of metabolic syndrome and refers 

to a wide spectrum of liver disorders that can be broadly 

classified into two main categories: non-alcoholic fatty 

liver disease (steatosis) and non-alcoholic steatohepati-

tis (NASH), with the latter recognised as the progressive 

form of NAFLD. Globally, NAFLD affects approximately 

25% of the overall population, among whom nearly up to 

30% progress to NASH (Younossi et al. 2018). The present 

understanding of the progression of liver disease is under-

pinned by pro-inflammatory changes in the organ. Chronic 

inflammation and subsequent repair can ultimately lead 

to severe damage manifested as fibrosis which can pro-

gress to cirrhosis and potentially even to hepatocellular 

carcinoma (HCC) (Ioannou et al. 2020; Safari et al. 2019). 

Although the processes that determine fat accumulation 

in the hepatocytes are principally clear, the mechanisms 

associated with the progression of the disease are not 

yet fully understood. Due to the role of inflammation in 

the progression of liver disease and in the inflammatory 

responses of many tissues to NMs (Kermanizadeh et al. 

2014; Li et al. 2020; Ma et al. 2020), there is potential for 

NAFLD diseased patients to exhibit different responses to 

NMs compared to healthy individuals.

This study utilises a scaffold-free 3D liver microtissue 

(MT) spheroid model which incorporated all the relevant 

primary human liver cell types responsible for the develop-

ment of the hepatic disease—hepatocytes, hepatic stellate 

cells, Kupffer cells (KCs) (resident liver macrophages) and 

sinusoidal endothelial cells. Here, we designed and validated 

two novel in vitro disease models which represent steatotic 

and pre-fibrotic NASH liver, both benign medical condi-

tions which often show no clinical symptoms but are highly 

prevalent in the general population and often underreported 

(Blais et al. 2015; Harris et al. 2017). The diseased MT were 

then used for toxicological assessment of a variety of engi-

neered NMs (selected from the panel of materials selected in 

H2020 funded PATROLS project) and a well-known hepato-

toxic drug (Isoniazid) in the context of a non-symptomatic, 

affected liver. This series of experiments benefited from 

long-term very low dosing, as well as the incorporation of 

recovery periods, in an attempt to account for the organ’s 

recovery capacity in vivo. Furthermore, a novel tissue clear-

ance protocol for liver MT is introduced which allowed for 

improved visualisation of tissue layers without the neces-

sity for sectioning allowing for a better understanding of the 

internalisation, interaction and penetration of materials in 

the cells within the spheroid. Finally, for the very first time 

we investigated stellate cell activation following particulate 

exposure. The importance of this study is emphasised by 

in vivo data demonstrating models of pre-existing hepatic 

disease enhances NM-induced hepatotoxicity (Du et al. 

2018; Kermanizadeh et al. 2017, 2020a).

Materials and methods

Liver MT maintenance and disease induction

The study utilized 3D InSight™ human liver microtis-

sues (MTs) composed of multi-donor (pooled cells from 

10 donors) primary human hepatocytes in co-culture with 
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non-parenchymal cells (NPC), containing primary human 

Kupffer cells, endothelial cells, and stellate cells (hepatocyte 

lot IPHH_18, NPC lotIPHN_15 and IPHS_13) (InSphero 

AG, Switzerland). A total of 46 MT plates (96 wells/plate) 

were utilized in this study The healthy MTs were maintained 

in 3D InSight™ Human Liver Lean Maintenance Medium 

(CS-07-305B-01, InSphero) at 37 °C, 5%  CO2, 95% humid-

ity with the fresh medium added (70 μl per well) on the day 

of arrival.

Induction of the diseased liver phenotypes, i.e., steatosis 

and pre-fibrotic NASH, started 3 days prior to NM expo-

sure. Steatosis was induced and maintained with lean main-

tenance medium (3D InSight™ Human Liver Lean Main-

tenance Medium) containing normophysiological levels of 

glucose (5.6 mM) and insulin (0.1 nM), spiked for 24 h with 

low-dose (120 mg/dl total cholesterol) human plasma low-

density lipoprotein (LDL) fraction (Lee Biosolutions, USA) 

on day -3, -1, 3, 7, and 11 (day 0 represents the first day 

of xenobiotic exposure) (Fig. 1). Medium conditions were 

maintained throughout the entire xenobiotic treatment and 

recovery period.

The pre-fibrotic NASH condition was induced with 3D 

InSight™ Human Liver NASH2.0 Basal Medium (CS-

07–305-01; InSphero) containing supraphysiological car-

bohydrate (6.6 mM glucose, 10 mM fructose) and insulin 

(0.85 nM) levels supplemented by high-dose LDL (day -3, 

200 mg/dl total cholesterol) and LPS (day -1, 5 μg/ml)). 

The medium was spiked with low-dose LDL (120 mg/dl 

total cholesterol) on days -1, 3, 7, and 11. The same medium 

conditions were applied throughout the entire NM treatment 

and recovery period.

Liver MT characterisation

ATP content

Intracellular adenosine triphosphate (ATP) levels was deter-

mined using CellTiter-Glo® Luminescent Cell Viability 

Assay 2.0 (Promega, USA), following a slightly modified 

protocol. In brief, PBS (w/o magnesium and calcium) was 

mixed with the CellTiter-Glo Reagent (1:1). Prior to addition 

of 40 μl of assay buffer mix to each well containing MTs, 

media supernatants were removed. MTs were incubated with 

assay buffer mix for 20 min in the dark while shaking on a 

horizontal plate shaker. After vigorous mixing in the culture 

plate, the whole lysate was transferred to a white assay plate 

(Greiner Bio-one, Austria) and luminescence was measured 

by a Tecan M200 Pro Infinite plate reader.

Triglyceride assay

Triglycerides were measured with Promega’s Triglycer-

ide-Glo™ assay (J3160) according to the manufacturer’s 

protocol with slight modifications. In brief, MTs were 

washed in PBS (w/o magnesium and calcium), lysed in 25 µl 

lysis solution (including lipase) for 40 min on a rotational 

shaker. The lysate was then transferred into a white assay 

plate and 25 µl of detection reagent was added. After one 

hour on a rotational shaker luminescence was measured by 

a Tecan M200 Pro Infinite plate reader. Free glycerol in MTs 

has was not measured as detected quantities are neglectable.

Histology

Liver MTs were harvested on day 7 and 14, washed in PBS 

and fixated in 4% PFA for 1 h at room temperature. Fixed 

spheroids were embedded in Eppendorf tubes with 2% Aga-

rose and further processed for paraffin embedding and sec-

tioning of 3 µm thick sections. Standard haematoxylin and 

eosin (H&E), Masson’s Trichrome staining, and immunohis-

tochemical staining for CD68 (NCL-L-CD68; Novocastra 

Laboratories Ltd., UK) were performed.

RNA Sequencing and analysis

RNA Sequencing (RNA-Seq) was performed by BioClavis, 

LTD, using TempO-Seq® technology (BioSpyder Technolo-

gies, Inc.). The Human Whole Transcriptome 2.0 assay, con-

sisting of 22,537 probes targeting 19,701 genes, was utilized. 

Sample generation process was as follows: on days −3, 0, 

3, 7 and 14 of treatment, single MTs were washed in PBS 

without  Ca2+/Mg2+ and lysed in 15 ml of 1 × Enhanced Lysis 

Buffer (BioSpyder Technologies, Inc.). Lysates were sent to 

BioClavis for library generation and sequencing using the 

Illumina sequencing platform. After sample demultiplex-

ing and obtaining single FASTQ files, reads alignment and 

counting were performed using TempO-SeqR data analysis 

platform (BioSpyder Technologies, Inc.). Probe-wise raw 

count table was collapsed toward gene-wise count table by 

summating counts for probes associated with the same gene. 

Low-expression genes (defined as genes for which number 

of samples with non-zero counts were less than 20% of all 

samples) were filtered out. To assess absolute gene expres-

sion, data were normalized as Transcripts per Million (TPM) 

counts. Principal Component Analysis and Differential 

Expression Analysis (DEA) were performed as implemented 

in DESeq2 R package. Hierarchical clustering and heatmap 

generation were performed using Euclidean distance metric 

and ward. D2 linkage method was implemented in pheatmap 

R library. Pathway Analysis (PA) was performed using a 

competitive gene set test accounting for inter-gene correla-

tion (Camera) as implemented in the limma R library. PA 

was run on MsigDB database version 7.4 selecting KEGG, 

Hallmark, PID, Reactome, BioCarta, Human Phenotype 

Ontology and WikiPathways sub-collections. For both, DEA 

and PA, Benjamini–Hochberg procedure for False Discovery 
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Fig. 1  Disease state induction schemes and xenobiotic treatment regimens of the diseased MT over a period of 17 days
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Rate (FDR) was used to correct p values across contrasts. 

FDR cut-off was set to 0.001 and 0.05 for DEA and PA 

respectively. Furthermore, Surrogate Variable Analysis 

(SVA) was applied along DEA and PA to remove unintended 

batch effects using sva R package.

Nanomaterials and isoniazid

The NMs were sourced as follows: ZnO (JRCNM01101a—

NM 111, JRC Nanomaterials Repository—Italy),  CeO2 (NM 

212, JRC Nanomaterials Repository—Italy) and food-grade 

 TiO2 (E171) (99.8% anatase and 0.2% rutile) was purchased 

online (www. bolsj ehuset. dk). Isoniazid was purchased from 

Sigma, UK and used at 25, 50 and 100 mM for an exposure 

period of 24 h.

Characterisation of NMs and xenobiotic treatment

A summarised list of the measured physical and chemi-

cal properties of the selected NMs has been re-produced 

from previous work (Kermanizadeh et al. 2013; 2019; JRC 

2020). Furthermore, the hydrodynamic size distributions of 

the NMs dispersed in complete cell culture medium were 

determined at a concentration of 10 µg/ml by Dynamic 

Light Scattering (DLS) using a Zetasizer Nano-ZS (Mal-

vern, USA). Next, a Pierce LAL Chromogenic Endotoxin 

Quantitation Kit (Thermo Scientific, UK) was utilized to 

test for possible endotoxin contaminations of the tested NMs 

according to the manufacturer’s guidelines.

NM dilutions were prepared following the NANOGENO-

TOX protocol (NANOGENOTOX 2019). The material and 

drug treatment regimens for acute or the repeated exposure 

experiments are summarised in Fig. 1.

The material and drug treatment regimens for acute or the 

two-week repeated exposure experiments (including recov-

ery periods) are summarised in Fig. 1. To avoid potential 

complications with ageing of tissue between different plates, 

the three treatment repetitions were carried out on the same 

day (7–9 am, 11–13 am and 16–18 pm with a fresh batch 

of NMs prepared prior for each exposure). Finally, all con-

centrations of NMs are expressed as µg/ml. This decision is 

principled on the fact the liver cells are clustered in sphe-

roids and expressing the treatments as µg/cm2 would not be 

appropriate. In addition, the wells are V-shaped, therefore 

the settling dynamics are likely to be different from a con-

ventional well format.

Adenylate kinase (AK) assay

The loss of cell membrane integrity was evaluated utilising 

a ToxiLight™ bioassay kit (Lonza, USA). Briefly, 20 µl of 

cell supernatant was transferred to a luminescence compat-

ible plate before the addition of 80 µl of detection buffer. 

The plates were incubated for 5 min at room temperature 

and luminescence quantified. 24 h 0.1% triton (Sigma, UK) 

was utilised as the positive control.

Cytokine secretion

The levels of human interleukin (IL)1ß, IL6, IL8, IL10 and 

tumour necrosis factor-α (TNF-α) secreted from the MT was 

determined in the cell supernatant using R&D Systems mag-

netic Luminex® Performance Assay multiplex kits (bead 

based immunoassay; Bio-techne, USA) according to the 

the manufacturer’s instructions. The protein concentrations 

were evaluated via a Bio-Rad® Bio-Plex® MAGPIX multi-

plex reader.

Tissue homogenisation

A total of 15 MT were added to RIPA lysis buffer supple-

mented with a complete protease inhibitor mixture and a 

protein phosphatase inhibitor (Abcam, UK). For tissue 

homogenisation, pre-filled bead mill tubes (Thermo Fisher, 

UK) and an evolution homogeniser was used (Percellys, 

France). The samples were thoroughly mixed and stored on 

ice for 10 min before centrifugation at 10,000 g for 10 min. 

The supernatants were transferred to a fresh tube and centri-

fuged for further 10 min period. The protein concentrations 

were measured utilising a Coomassie Plus Bradford assay 

reagent (Thermo Scientific, UK). The supernatants were 

stored at − 80 °C.

α‑SMA ELISA

An increase in α-SMA isotype expressed by hepatic stellate 

cells reflects their activation to myofibroblast-like cell and 

is directly related to experimental liver fibrogenesis. In these 

experiments, the α-SMA levels from the supernatants of the 

homogenised control and treated MT tissue were quantified 

via a human α-SMA SimpleStep ELISA kit (Abcam, UK). 

The kit was utilised according to manufacturer’s instructions.

Tissue clearance

Following the final exposure to the xenobiotics, the MTs 

were harvested washed with PBS, and fixed in 4% paraform-

aldehyde overnight at 4 °C. The MTs were washed 2 times 

with PBS. The MT was transferred directly into glass vials 

and sequentially incubated in 1 ml of each clearing solution, 

as described in Table 1 (all solvents purchased from Sigma 

UK). All the clearing steps were conducted in a fume hood 

at room temperature and in the dark.

http://www.bolsjehuset.dk
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Microscopy

The cleared exposed MTs in 100% dibasic ether were added 

to cavity microslides (Agar Scientific, UK), mounted with 

25 mm diameter No. 1.5H high precision glass coverslips 

(Marienfeld Superio, UK) and sealed with Twinsil silicone 

(Picodent, Germany) components mixed in a 1:1 ratio. Exci-

tation and emission spectra of samples were determined by 

performing Λλ scans on a Leica SP8 confocal laser scan-

ning microscope with a Leica HC PL APO 20x/0.75 CS2 

air objective. The samples were excited using a Supercon-

tinuum White Light Laser at 5 nm intervals from 470 to 

670 nm and were imaged in 10 nm-wide detection windows 

from 480 to 780 nm with a minimum gap of 10 nm between 

excitation and detection wavelengths. The excitation and 

emission maxima were calculated using the Excitation/

Emission Contour Plot processing tool with bilinear interpo-

lation in the Leica LAS X software. The imaging of samples 

was performed using a Leica SP5 confocal laser scanning 

microscope with a Leica HC PL APO 63 × /1.2 CORR CS2 

water-immersion objective. The samples were excited using 

a Supercontinuum White Light Laser and detected using a 

Leica HyD hybrid detector (excitation and detection wave-

lengths specified in figures). Finally, the images were pro-

cessed in FIJI Images containing both low and high-inten-

sity structures were processed using a non-linear histogram 

adjustment to allow for the visualisation of lower intensity 

structures (gamma values specified in figures).

Statistical analysis

Unless otherwise stated, the data are expressed as 

mean ± standard error of the mean (SEM). For statistical 

analysis, the experimental results were compared to their 

corresponding control values using full-factorial ANOVA 

with Tukey’s multiple comparison carried out utiliz-

ing Minitab 19. A p value of < 0.05 was considered to be 

significant. The experiments were repeated a minimum of 

three occasions. All authors had access to the study data and 

had reviewed and approved the final manuscript.

Results

Characterisation of diseased MT

For these experiments, the standard multi-cellular model 

(3D InSight™ Human Liver MT), was the starting point 

for the disease initiation models of steatosis and NASH 

induced by two different treatment schemes: a) steatosis—

medium with supraphysiological glucose concentration or 

b) NASH—diabetic conditions at elevated sugar and insulin 

levels. Lipid loading occurred via supplementation of cor-

responding media with human plasma LDL fraction, on day 

-3, -1 and every 4th day thereafter. Activation of an inflam-

matory response was triggered by a single administration of 

LPS (5 μg/ml) on day -1 (Fig. 1). MT from both treatment 

groups were collected on day 7 and 14 for histological and 

biochemical analysis. The microtissues showed typical signs 

of lipid droplet inclusion by the presence of large vacuoles 

indicative of a macrovascular steatosis phenotype (Fig. 2). 

In the NASH condition a considerable number of enlarged 

hepatocytes with a white cytoplasm are observed, some of 

which reveal ballooning degeneration and Mallory bodies 

known as histopathological hallmarks of NASH (Supple-

mentary Fig. 1). The same holds true for the presence of 

CD68-positive KCs, which are more numerous and larger in 

the NASH condition as compared to the steatotic situation. 

Interestingly, particularly in the NASH condition, agglom-

erates of CD68-positive cells form ring structures around 

degenerated hepatocytes, also known as hepatic crown-like 

structures (hCLS), which has been described as a histopatho-

logical feature in non-alcoholic steatohepatitis in mice and 

human (Itoh et al. 2013). Furthermore, Masson Trichrome 

Table 1  Main physical and chemical properties of investigated materials (adapted and reproduced from JRC nanomaterials repository 2020; Ker-

manizadeh et al. , 2013, 2019)

The hydrodynamic size distributions of the NMs dispersed in complete cell culture medium were determined at aconcentration of 10 µg/ml by 

Dynamic Light Scattering (DLS)
Ψ Size in biological media measured within 30 min of sonication

Material code Material type Phase Primary 

size (nm)

Surface area 

 [m2/g] (BET)

Known coating Size in liver mainte-

nance medium (DLS) 

(nm)Ψ

JRCNM01101a ZnO Coated 152 15 Triethoxy-caprylylsilane 692.2 ± 78.5

NM212 CeO2 Irregular and 

non-homo-

geneous

49 – None 512.9 ± 8.2

E171, Food grade  TiO2 99.8% 

anatase and 

0.2% rutile

– – None 614 ± 5.6
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staining was more pronounced in the NASH model, depict-

ing unstructured collagen deposition indicative of a pre-

fibrotic state (Fig. 2).

ATP levels in MTs treated for steatosis or NASH induc-

tion dropped by maximally 30% compared to the starting 

conditions right after the aggregation. While the ATP drop 

in lean conditions can be attributed to reduced energy stores 

(i.e., glycogen and triglycerides) as a consequence of low 

glucose and insulin concentrations. The ATP drop in stea-

totic and NASH MTs, which has also been observed in the 

steatotic liver of type 2 diabetic patients, suggests a meta-

bolic stress response, either insulin resistance and/or mito-

chondrial disfunction which for steatosis stabilizes between 

day 7 and 14, but further progresses for the NASH condi-

tions (Supplementary Fig. 2a). Lipid accumulation by LDL 

treatment can be demonstrated by measurement of intracel-

lular triglyceride levels which compared to lean conditions 

increased by ~ 3–fourfold at day 7 and remains stable, with 

a slight decrease in the NASH conditions, again indicative 

of a metabolic stress situation (Supplementary Fig. 2a). To 

further progress steatosis into steatohepatitis, steatosis was 

induced with a high-dose LDL treatment on day -3, followed 

by an inflammatory LPS stimulus in combination with a 

low-dose LDL treatment at day -1 (Fig. 1). This resulted 

in a prolonged release of pro-inflammatory cytokine and 

chemokines, such as IL8, MIP-1α, MCP-1 (Supplementary 

Fig. 3). Of note, the steatosis induction without LPS stimula-

tion led also to an increase of IL8 and MCP-1.

To further confirm the establishment of three distinct 

metabolic phenotypes representing lean, steatotic and pre-

fibrotic NASH disease models, whole transcriptome gene 

expression analysis was performed, based on a targeted 

approach using Biospyder’s TempoSeq sequencing plat-

form. Starting from a standard liver microtissue at day -3 

Fig. 2  Histological and 

immunohistological staining 

demonstrating diseased liver 

phenotypes. Human liver MTs 

were collected at day 7 and day 

14 after induction of steatosis 

and NASH. Macro-vesicular 

steatosis can be depicted by the 

presence of large white vacuoles 

representing large lipid droplets 

(red arrows). MTs treated for 

NASH induction revealed bal-

looning hepatocytes (yellow 

arrows) in addition to large lipid 

droplets. Additional morpho-

logical hallmarks associated 

with NASH were crown-like 

structures formed by CD68-pos-

tive macrophages (Kupffer cells, 

green arrows) and intensified 

Masson’s Trichrome staining of 

collagen deposition. Scale bar: 

50 µm
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and applying different media with contrasting composi-

tion regarding carbohydrates (glucose, fructose), insulin 

and lipids (LDL), a principal component analysis (PCA) 

revealed three distinct lineages of clusters forming over 

a period of total 17 days (Fig. 3A). As expected, the lean 

model and NASH model represent the most distinct phe-

notypes with the steatotic model positioned in between. 

The gradual transformation into the respective steatotic or 

NASH phenotype over time is represented by a staggering 

number of differentially expressed genes when compared 

to the lean counterpart (Supplementary Fig. 4a). On day 

14, out of 15,413 identified genes, 1379 and 2239 genes 

were differentially expressed in steatotic and NASH sam-

ples respectively, when compared to lean microtissues, 

nicely separated as two hierarchical clusters as presented 

by a heat map (Supplementary Fig. 4b). In both induc-

tion schemes, steatosis and NASH, the top 20 up-regulated 

pathways where primarily related to ECM remodelling 

while the top 20 down-regulated genes were associated 

with lipid-, cholesterol-, xenobiotic metabolism and oxida-

tive phosphorylation (Supplementary Fig. 4c). The tran-

scriptome profile of either model, i.e., lean, steatotic, and 

NASH, revealed the dynamics related to the main mecha-

nisms responsible for NASH progression, namely altered 

lipid metabolism, inflammation and ECM remodelling 

(Supplementary Fig. 4d). Recent data has identified and 

validated a human liver-specific gene expression signature, 

composed of 25 transcripts which are associated with early 

stages of NAFLD and subsequent progression towards 

fibrosing NASH (Govaere et al. 2020). As expected, the 

Fig. 3  Transcriptome analysis 

of lean, steatotic and NASH 

model: A Time-resolved prin-

cipal component analysis for 

changes in expression profile 

along with the different induc-

tion schemes for lean, steatotic 

and NASH phenotype starting 

form freshly aggregated human 

liver MTs on day -3. B Heatmap 

representing transcriptome 

data from lean, steatotic, and 

NASH samples applied on a 

23-gene signature associated 

with the transition from non-

alchoholic fatty liver to NASH. 

Values correspond to gene-wise 

z-score of normalized counts for 

upregulated (red) or downregu-

lated (blue) genes. Progressive 

phenotype from lean to NASH 

is represented by the increasing 

number of genes with a positive 

z-score
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NASH samples showed the highest correlation with the 

NASH progression-specific 25-gene set, where 20 out 

of 23 detectable transcripts were regulated in the same 

direction as described (19 up, 1 down), whereas the stea-

totic microtissues showed only the same behaviour in 3 

out of 23 signatures genes (Fig. 3b). Differential expres-

sion  (padj < 0.001) in relation to this 25-gene signature was 

established in 8 out of 23 for the steatotic model and in 

10 out of 23 detectable transcripts in the NASH model 

 (padj < 0.001, Supplementary Fig. 4e). The gene expres-

sion data support the notion that with the different induc-

tion schemes two discrete disease phenotypes could be 

obtained which represent distinct stages in the progression 

of NAFLD.

Altogether, these data clearly demonstrate that the two 

selected induction schemes are unmistakably able to gen-

erate distinguishable pathophysiological liver conditions, 

namely a moderate steatotic phenotype with a slightly 

inflamed state and a more progressed phenotype showing 

typical histopathological hallmarks of NASH but without 

pronounced fibrosis.

Characterisation of pristine and dispersed NMs

An extensive list of the measured physiochemical proper-

ties for the materials as well as the hydrodynamic size 

distribution of the NMs in the liver MT maintenance 

medium is described in Table 2. In addition, no endotoxin 

contamination (≤ 0.25 EU/ml) was detected in any of the 

material suspensions.

Xenobiotic‑induced cytotoxicity

The time-line for metabolic phenotype induction, single or 

repeated dosing regimens and assessment of different end-

points over a period of 2 weeks is highlighted in Table 3. 

The cytotoxicity data (Fig. 4 and Supplementary Fig. 5) 

showed a concentration and time-dependent decrease in 

cell membrane integrity following repeated exposure to the 

NMs. This was most evident following exposure to the ZnO 

NMs (repeated dosing of 10 µg/ml up to day 13—lean MT 

19.91 ± 0.42% vs. steatosis MT 34.8 ± 2.5% vs. NASH MT 

46.6 ± 2.81%). Overall, the data demonstrated the approach 

of repeated low dose (up to 10 µg/ml) long-term exposure 

strategy to be undoubtably the most physiologically relevant 

and “realistic” strategy for hepatic nanotoxicology. A signifi-

cant ageing effect was observed within the two diseased MT 

models at 2 weeks of cell culture which was more apparent 

for the NASH model (Fig. 3b, c). Generally speaking, the 

recovery period in experiments 3 and 4 were not all that 

effective in terms of the specific end-point (i.e. cell death—

not all that surprising as generally there is very little prolif-

eration in primary human hepatocytes in vitro and the com-

promised health status of the MT in this study). However, 

there was some recovery effect following ZnO treatment 

at higher dosages. A final crucially important NM-specific 

observation from the cytotoxicity data was the significantly 

higher NM-induced cytotoxicity in the two disease models 

as compared to healthy MT at the same concentrations (as 

exemplified above for ZnO NMs). The 24 h exposure of the 

MT to increasing doses of Isoniazid (25–100 mM) revealed 

the NASH MT to be more susceptible to the hepatotoxin 

that the steatosis tissue (i.e., healthy MT 49.5 ± 4.1, steatosis 

MT 53.1 ± 0.6% vs. NASH MT 72.9 ± 7.6) (Fig. 4d, Sup-

plementary Fig. 5c).

These findings demonstrate that incorporation and con-

sideration of pre-existing disease states of the liver are very 

important not only in the augmentation of NM-induced 

adverse effects but in all reality also applies to hepatotoxic-

ity induced by pharmaceuticals and chemicals.

Table 2  Time-line for toxicological end-points measured in the single 

or repeated exposure experiments over a period of 2 weeks

Experiment 1 and 2 and 9 End-points investigated

Day 1 AK assay, cytokine secretion, α-SMA

Experiment 3 and 4 End-points investigated

Day 1 AK assay, cytokine secretion

Day 3 AK assay,

Day 5 AK assay

Day 7 AK assay

Day 13 AK assay, cytokine secretion

Experiment 5, 6 and 10 End-points investigated

Day 1 AK assay, cytokine secretion

Day 3 AK assay,

Day 5 AK assay

Day 7 AK assay

Day 9 AK assay, cytokine secretion

Day 11 AK assay

Day 13 AK assay, cytokine secretion, α-SMA

Experiment 7, 8 and 11 End-points investigated

Day 13 AK assay, cytokine secretion

Table 3  Tissue clearance protocol for primary human liver MT

Reagent Incubation time

50% tetrahydrofuran (THF) (vol/vol) 25 min

70% tetrahydrofuran (THF) (vol/vol) 25 min

80% tetrahydrofuran (THF) (vol/vol) 25 min

100% tetrahydrofuran (THF) (vol/vol) 3 × 25 min

100% dichloromethane 20 min

100% dibasic ether 15 min
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Cytokine secretion from liver MT 
following xenobiotic exposure

The alterations in cytokine protein levels (IL1ß, IL6, IL8, 

IL10 and TNF-α) as a consequence of xenobiotic expo-

sure was assessed within the supernatant of control, NM 

and drug-exposed liver MT (Fig. 5, 6 and Supplementary 

Fig. 6, 7 and 8). Firstly, no IL1ß was detected at any of 

exposure scenarios, disease states or time-points investi-

gated. The high concentrations exposure data (Supplemen-

tary Fig. 6) revealed a concentration dependant increase in 

IL6 and IL8 secretion following exposure to all three mate-

rial types. Interestingly at 24 h, there was an almost five-

fold increase in IL8 (i.e. following exposure to ZnO NMs 

at 25 µg/ml—steatosis MT 83 ± 12.9 pg/ml vs. NASH MT 

506.3 ± 9.82 pg/ml) and almost ten-fold increase in IL6 (i.e., 

following exposure to  TiO2 NMs at 25 µg/ml—steatosis MT 

11.84 ± 1.17 pg/ml vs. NASH MT 196.2 ± 13.5 pg/ml) in 

NM-induced cytokine levels in the NASH MT as compared 

to the steatosis MT. There was no detectable TNF-α or IL10 

at 24 h following exposure to any of the materials at the 

concentrations administered.

Figure 5 shows a general trend of concentration-depend-

ent increases in inflammatory cytokines over time with 

increased repeated dosing (most evident for ZnO and  TiO2 

NMs). From the data, two very important and notable obser-

vations were detected. First, there was a ten-fold increase 

in IL6 levels following NM exposure in the NASH MT as 

compared to steatosis MT (i.e., 13 day exposure of  TiO2 

NMs at 10 µg/ml—steatosis MT 35.49 ± 1.44 pg/ml vs. 

NASH 438.8 ± 33.1 pg/ml), and this was sustained across all 

timepoints (Fig. 5a, b). Similarly, but less pronounced, NM-

induced IL8 and TNF-α levels were higher in the NASH 

model as compared to the milder disease MT (Fig. 5c, d, e, 

f). Second, there was no detectable IL10 (anti-inflammatory 

cytokine secretion) in any exposure or time points in the 

NASH liver MT yet an IL10 response was observed in the 

steatosis liver MT at the later time-point.

Interestingly in a similar pattern to above, a concentra-

tion-dependant increase in IL6 and IL8 was also observed 

in the diseased MT following exposure to isoniazid with the 

inflammatory response significantly higher for the NASH 

model compared to the steatosis tissue (i.e., 24 h 100 mM 

isoniazid exposure—IL6—healthy MT 25 ± 3.24  pg/

ml, steatosis MT 74.4 ± 13.4  pg/ml vs. NASH MT 

295.9 ± 10.1 pg/ml; IL8—healthy MT 240.9 ± 37.1, steatosis 

Fig. 4  Cytotoxicity in the quadruple cells human liver MT following 

exposures to materials and Isoniazid for up 2 weeks as measured by 

AK release via ToxiLight™ cytotoxicity assay (material treatments 

µg/ml). A 24  h of material dosing of steatosis (Exp. 1) and NASH 

MT (Exp. 2), B 13 days of materials dosing of steatosis MT (Exp. 3 

and 5), C 13 days of materials dosing of NASH MT (Exp. 4 and 6), 

and D 24 h dosing of 50 or 100 mM of isoniazid in steatosis (Exp. 7), 

and NASH MT (Exp. 8). 0.1% Triton utilised for 24 h acted as a posi-

tive control for these experiments. The values represent mean ± SEM 

(n = 3)

▸
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MT 418.5 ± 19.1 pg/ml vs. NASH MT 502.5 ± 34.9 pg/ml) 

(Fig. 6 and Supplementary Fig. 9).

Overall, the data clearly demonstrate the disease state is 

absolutely key in the governance of how the organ might 

deal with xenobiotic challenge, e.g., by modulation of an 

inflammatory response.

Stellate cell activation following NM exposure

α-SMA expression is considered a reliable marker of hepatic 

stellate cell activation and a key biomarker for liver fibrosis. 

In this study, as expected higher levels of α-SMA proteins 

were quantified in the NASH MTs over time as compared 

to the steatosis (Fig. 7 and Supplementary Fig. 10). For the 

Fig. 5  IL6, IL8, TNF-α, and IL10 levels from NM-exposed human 

liver MT. The tissues were exposed to cell medium alone (C) or 

repeated concentrations of NMs for up to 2 weeks – (A) IL6—stea-

tosis, (B) IL6—NASH, (C) IL8—steatosis, (D) IL8—NASH, (E) 

TNF-α—steatosis, F) TNF-α—NASH, G) IL10—steatosis. The val-

ues represent mean ± SEM (n = 3) with significance indicated by 

*p < 0.05 and **p < 0.005 of NM-induced effects compared to a nega-

tive control. Treatment schemes with and without a recovery period 

where as illustrated in Fig. 1, Exp. 3 and 5 for steatosis and Exp. 4 

and 6 for NASH
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very first time and crucially, the data demonstrated that spe-

cific NMs (i.e. ZnO and  TiO2) were capable of activating 

stellate cells (most apparent for ZnO and  TiO2 NMs follow-

ing repeated dosing) (Fig. 7b).

NM distribution in the MT

Due to the tightly packed three-dimensional structure of 

the spheroids, it was imperative to investigate whether the 

inner cells in the MT come in direct contact with low soluble 

NMs. For this purpose, we designed a novel tissue clearance 

protocol modified and specified for use for liver tissue (liver 

MT in the present study and rodents). The autofluorescence 

of cleared MTs allows for the identification of individual 

cells even in a dense mass as well as allowing for the visu-

alisation of NM uptake and interaction with specific cells 

within the MT (Fig. 8). The tissue clearance enables imaging 

of layers (Supplementary video 1) throughout the MT which 

allows assessment of the localization and distribution of NM 

within tissue without the necessity for cross sections. A final 

and interesting finding was the NM interactions were not 

equal for every cell—in fact specific cells clearly interacted 

with NMs more extensively than others (suspected that these 

are the non-parenchymal cell populations as compared to the 

hepatocytes) (Fig. 8c).

Discussion

The liver is a truly multi-functional organ with a variety of 

crucial roles for everyday life. Due to its large endogenous 

macrophage population and its ability for easy recruitment 

of circulating white blood cells, the liver is one of the pri-

mary organs responsible for innate immunity. Additionally 

and importantly to this investigation, the liver is the prin-

cipal organ to exposure to gut-derived antigen and blood-

sourced xenobiotics. In this novel study, particulate and 

drug-induced hepatotoxicity was assessed in quadruple cell 

Fig. 6  IL6 and IL8 secretion following a 24 h Isoniazid dosing of the 

two different diseased liver MT models at 50 or 100 mM (Exp 7 and 

8). The values represent mean ± SEM (n = 3) with significance indi-

cated by *p < 0.05 and **p < 0.005 of NM-induced effects compared 

to a negative control
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human primary hepatic disease models of steatosis and pre-

fibrotic NASH. The MT offers a metabolically active system 

in a 96 well plate format with no scaffolds or hydrogels that 

utilises primary human hepatic cells. The two diseased MTs 

are viable for periods of weeks, which allows for low-dose 

multiple xenobiotic treatments. This equates to more physi-

ologically relevant and realistic exposure scenarios, making 

them useful for investigating hepatic toxicity and predicting 

such responses in vivo. In this study, it was intended to try 

and avoid NM-induced cell death and focus principally on 

sub-lethal effects, which is the only option available if physi-

ological relevance is to be considered in the experimental 

design (discussed in detail in Kermanizadeh et al. 2020a). It 

is important to keep in mind that this was an in vitro experi-

ment so naturally the concentration of NMs used are higher 

than a human might be exposed to via the inhalation or oral 

routes but the IV route of exposure cannot be ignored (this of 

great importance for the overall conclusions reached within 

these trials).

NAFLD is a multifactorial pathological condition affect-

ing extremely large numbers globally (Benedict et al. 2017). 

The term NAFLD assembles a wide and varied spectrum of 

histological conditions, ranging from the simple hepatocyte 

free fatty acid accumulation (termed steatosis in this study), 

which can be further associated increasing severities of 

inflammation—NASH, necrosis and fibrosis. As with other 

causes of chronic liver disease, NAFLD increases the risk 

of hepatocellular carcinoma. In a recent theory described 

as “distinct hit” proposed pure fatty liver and NASH as two 

distinct conditions with visceral obesity and insulin resist-

ance being the underlying causes (Alam et al. 2016), with 

a subsequent inflammatory injury on the organ resulting in 

the eventual development of NASH. In this study, the induc-

tion of NASH was achieved by treatment with LDL, LPS 

and sugars.

A growing body of literature has demonstrated that NM-

induced adverse effects in the liver are significantly aggra-

vated in the diseased organ (i.e. Du et al. 2018; Kermaniza-

deh et al. 2018; 2020a). Furthermore, the disease state of the 

Fig. 7  α-SMA protein quan-

tification in the steatosis and 

NASH diseased MTs and fol-

lowing exposure to (A) a single 

dose of NMs for 24 h (Exp. 1 

and 2), (B) repeated doses of 

NMs over a period of 2 weeks 

(Exp. 5 and 6). The values 

represent mean ± SEM (n = 3) 

with significance indicated by 

*p < 0.05 and **p < 0.005 of 

NM-induced effects compared 

to a negative control
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liver might influence and impede the organ’s ability to regen-

erate and recover post-NM challenge. As an important and 

additional complication and as touched upon above, large 

numbers within the general population suffer from a wide 

spectrum of sub-clinical liver damage without any appar-

ently visible disease manifestations. Therefore, it is critical 

that a range of liver diseases (mild to severe) are consid-

ered in hazard and risk assessment strategies. Aside from a 

healthy, lean phenotype, specific induction schemes allowed 

to create diseased in vitro liver models which are character-

istic for two distinct stages of NAFLD, steatosis and pre-

fibrotic NASH, which often remain clinically asymptomatic 

and undetected, yet occur at a high prevalence. Histological, 

metabolic and transcriptomic data revealed that the two dis-

ease models displayed pronounced features of typical hall-

marks of early stage and progressing NAFLD, i.e., distorted 

lipid metabolism, inflammation and ECM re-modelling.

The cell membrane integrity data demonstrated a concen-

tration and time dependent increase in cell death following 

repeated exposure to the NMs most notable following expo-

sure to the ZnO NMs. Additionally, the 24 h exposure of the 

MT to increasing concentrations of Isoniazid revealed the 

NASH MT to be more susceptible to the hepatotoxin. One 

of the most interesting findings from the data is that the cell 

death induced by the particulate and chemical xenobiotics 

was significantly higher in the NASH model as compared to 

the steatosis MT at comparative concentrations. Moreover, 

the xenobiotic-induced cytotoxicity levels observed in the 

diseased MTs in this study (i.e., cell death following expo-

sure to 7 doses of ZnO NM at 5 µg/ml steatosis MT 30% and 

NASH MT 40%) were substantially higher than cell death 

observed in the healthy multi-cellular primary exposed to 

the same particulates at the same dosing regimens. These 

findings are very valuable as they clearly demonstrate the 

increased susceptibility of the diseased model. It is there-

fore important to incorporate liver disease models in hazard 

assessment strategies and drug safety measurements. It is 

unlikely that the average adult in the general population in 

the western world will have a pristine liver as found in a 

young rodent, which is the most heavily relied upon test 

model in pre-clinical drug development safety assessments 

(Kuna et al. 2018). The same argument can be extended to 

question the rationale of data generation using in vitro liver 

test systems that are only representative of a healthy liver 

while ignoring the billions of individuals in general popu-

lace with potential undiagnosed liver conditions that can 

only be represented by the diversification of the toxicologi-

cal testing strategies and test models utilised.

The inflammatory response in the absence of infec-

tion (sterile inflammation) has received considerable and 

Fig. 8  Detailed structures of cleared MTs visualised using autofluo-

rescence alone. The autofluorescence of cleared MTs can be imaged 

at a broad range of excitation and detection settings: (A) excitation 

and emission spectra of autofluorescence of  CeO2 NM nanomaterial-

exposed MT. Maxima occur at Ex 485 nm/Em 560 nm, but the spec-

tra are extremely broad allowing for imaging with various settings. 

Images (gamma = 0.7) show cleared cerium nanomaterial-exposed 

MT imaged with (B) excitation at 480 nm and detection from 490 to 

795 nm, (C) excitation at 590 nm and detection from 600 to 795 nm. 

Scale bars − 20 μm
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increasing interest in hepatology in recent years. Sterile 

inflammation is a common outcome of a number of differ-

ent liver diseases (including NASH). Sterile inflammation 

occurs when an organized inflammatory response occurs 

in the absence of any infection. If the sterile stimulus is 

not resolved, this drives chronic inflammation resulting in 

comprehensive tissue damage. It is believed that a sterile 

inflammatory response during liver injury is initiated by 

the breakdown of the hepatocyte membrane and release of 

their constituents (Woolbright et al. 2015, 2018). Sterile 

inflammation amplifies organ damage by the activation of 

inflammasomes. The recognition of PAMPs and DAMPs 

by pattern-recognition receptors expressed by leukocytes, 

in particular, leads to inflammasome activation resulting 

in activation of the protease caspase-1 and secretion of the 

inflammatory cytokines namely IL1-β and IL18 (Yazdani 

et al. 2017). Moreover, activation of TLRs on KCs also 

initiates processs responsible for activating the inflamma-

some. Inflammasome activation can also cause pyroptosis, 

a mechanism of cell death associated with cellular lysis and 

release of intracellular content into the extracellular space 

(Kubes et al. 2012). As touched upon above, in the absence 

of pathogens, DAMP-induced inflammation is termed sterile 

inflammation.

In the context of experiments conducted within this study, 

the analysis of the pro/anti-inflammatory protein secretion 

showed time-dependent NM-induced increases in cytokine 

levels (IL6 and IL8), most evident at the higher NM con-

centrations. Generally speaking, the cytokine secretion fol-

lowing exposure to the  TiO2 and ZnO NMs was higher than 

the  CeO2. Interestingly and importantly, xenobiotic-induced 

inflammatory response was significantly higher in the NASH 

MT, as compared to the steatosis MT (i.e., ten-fold increase 

in IL6 in NASH MT, as compared to the steatosis MT) which 

were again substantially higher than the healthy MT. Simi-

larly, a concentration-dependant increase in cytokine levels 

was also observed in the diseased MT following exposure 

to Isoniazid, with the inflammatory response being signifi-

cantly higher for the NASH model compared to the steatosis 

tissue. Once again, the data clearly shows that the disease 

state is absolutely vital in the governance of how the organ 

might deal with xenobiotic challenge, the extent of damage 

caused, the potential for a further inflammatory response and 

intensification of immune-induced organ damage.

Hepatic stellate cells are resident mesenchymal cells that 

retain features of both resident fibroblasts and pericytes 

and makeup approximately 15% of total resident cells in 

healthy human liver (Yin et al. 2013). These cells reside in 

the anti-luminal side of the fenestrated sinusoidal endothelial 

cell layer where exchange of biomolecules and xenobiotics 

occurs between portal blood flow from the gastrointestinal 

tract and hepatocytes. Under normal physiological condi-

tions, quiescent HSCs are predominately involved in the 

storage of Vitamin A in cytoplasmic droplets. Upon activa-

tion quiescent stellate cells transdifferentiate into prolifera-

tive, migratory and contractile myofibroblasts, with distinct 

and potent pro-fibrogenic transcriptional and secretory prop-

erties. The activated stellate cells secrete extracellular matrix 

molecules that accumulate and form scar tissue (Khomich 

et al. 2020).

α-SMA is a reliable marker of activated and myofibro-

blastic hepatic stellate cells (Shang et al. 2018). A sub-

stantial body of data has shown an increase in positive 

immunostaining of α-SMA in specimens’ representative 

of progressive liver disease (i.e., Carpino et al. 2005). In 

this study, as anticipated higher levels of α-SMA transcripts 

and proteins were quantified in the NASH MTs over time as 

compared to the steatosis. Moreover, and more importantly, 

for the very first time, the data demonstrated that specific 

NMs were capable of activating stellate cells (most appar-

ent for ZnO and  TiO2 NMs). It is important to state that 

we do not suggest α-SMA expression to be a biomarker of 

NM induced hepatic damage or that the NM-induced acti-

vation of stellate cells necessarily leads to hepatic disease 

(as currently there is no in vivo evidence for either of these 

statements). Yet the data does show that NMs are capable of 

hepatic stellate cell activation (most important cell popula-

tion in induction of hepatic fibrosis) and hence a potential for 

“real” hazard following repeated lifelong exposure to NMs 

in man cannot be ruled out.

In the final experiment, a liver-specific tissue clearance 

protocol was developed and utilised to allow 3D imaging of 

liver MT here and rodent livers (manuscripts in preparation). 

The autofluorescence of cleared MTs allowed for visualisa-

tion of individual cells in detail allowing for the conception 

of NM uptake and interaction with specific cells within the 

MT. The tissue clearance facilitated imaging of layers span-

ning the entirety of the MT allowing for a real understanding 

of NM distribution to the core without the necessity for cross 

sections. This identified certain cell populations interacted 

with the particulates in greater quantities as compared to the 

hepatocytes (believed to be non-parenchymal cells).

Conclusion

In an effort to replace, reduce and refine the reliance on 

animal experimentation, there is an urgent necessity for 

advancing current in vitro model systems that offer features 

with more physiological and pathophysiological relevance 

and enhanced predictivity of in vivo toxicological output. 

Hepatic toxicology is key when considering both chemi-

cal and particulate exposure, as the liver is vital in meta-

bolic homeostasis and detoxification of chemicals as well as 

being a major site of xenobiotic (in particular low solubility 
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particulate) accumulation. An extremely crucial considera-

tion for the liver, which has been highlighted in this study, is 

the importance of including representative test models from 

the wide-range of liver disease in risk strategies and toxi-

cological assessment of xenobiotics. This is of significant 

consequence, as a large number of the general population 

suffer from sub-clinical liver damage without any apparent 

visible disease manifestations. The findings from the study 

highlight a number of important findings: a) establishment 

and validation of two disease models of the liver using a 

quadruple primary cell human primary MT; b) incorpora-

tion and consideration of pre-existing disease states of the 

liver is very important not only in the augmentation NM-

induced adverse effects but also applies to pharmaceuticals 

and chemicals and c) NMs are able to activate hepatic stel-

late cells.

Supplementary Information The online version contains supplemen-

tary material available at https:// doi. org/ 10. 1007/ s00204- 021- 03181-2.
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