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Abstract
Drug-induced liver injury (DILI) constitutes one of the most frequent reasons of restricted-use warnings as well as withdraw-
als of drugs in postmarketing and poses an important concern for the pharmaceutical industry. The current hepatic in vivo 
and in vitro models for DILI detection have shown clear limitations, mainly for studies of long-term hepatotoxicity. For this 
reason, we here evaluated the potential of using Upcytes human hepatocytes (UHH) for repeated-dose long-term exposure to 
drugs. The UHH were incubated with 15 toxic and non-toxic compounds for up to 21 days using a repeated-dose approach, 
and, in addition to conventional examination of effects on viability, the mechanisms implicated in cell toxicity were also 
assessed by means of high-content screening. The UHH maintained the expression and activity levels of drug-metabolizing 
enzymes for up to 21 days of culture and became more sensitive to the toxic compounds after extended exposures, showing 
inter-donor differences which would reflect variability among the population. The assay also allowed to detect the main 
mechanisms implicated in the toxicity of each drug as well as identifying special susceptibilities depending on the donor. 
UHH can be used for a long-term repeated detection of DILI at clinically relevant concentrations and also offers key mecha-
nistic features of drug-induced hepatotoxicity. This system is therefore a promising tool in preclinical testing of human 
relevance that could help to reduce and/or replace animal testing for drug adverse effects.
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Abbreviations
DILI	� Drug-induced liver injury
PHH	� Primary human hepatocytes
UHH	� Upcytes human hepatocytes
HCS	� High-content screening
C max	� Therapeutic peak plasmatic concentration
MEC	� Minimum effective concentration
CI	� Cumulative index

PCA	� Principal component analysis
PLS-DA	� Projection of latent structures-discriminant 

analysis
MMP	� Mitochondrial membrane potential
CYP	� Cytochrome P450

Introduction

Drug-induced liver injury (DILI) is a serious concern for cli-
nicians, pharmaceutical industry and regulatory authorities. 
Hepatotoxicity is a major cause of acute liver failure and 
a leading reason for attrition of drug candidates and post-
marketing black box warnings or drug withdrawals (Bjorns-
son 2015; Reuben et al. 2010). Safety assessment of new 
drugs is essential for the pharmaceutical development pro-
cess, but represents a major bottleneck as high attrition rates 
reveal the poor predictive capacity of preclinical screenings. 
Known interspecies differences in drug metabolism, phar-
macokinetics and toxicity targets as well as the increasing 
pressure to use animal-free models have greatly encouraged 
the development of human hepatic cell-based models for 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0020​4-018-2349-y) contains 
supplementary material, which is available to authorized users.

 *	 Laia Tolosa 
	 laiatolosa@hotmail.com

 *	 M. Teresa Donato 
	 donato_mte@gva.es

1	 Unidad de Hepatología Experimental, Torre A. Instituto 
Investigación Sanitaria La Fe, Av Fernando Abril Martorell 
106, 46026 Valencia, Spain

2	 Departamento de Bioquímica y Biología Molecular, Facultad 
de Medicina, Universidad de Valencia, 46010 Valencia, 
Spain

http://orcid.org/0000-0002-1740-0874
http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-018-2349-y&domain=pdf
https://doi.org/10.1007/s00204-018-2349-y


520	 Archives of Toxicology (2019) 93:519–532

1 3

hepatotoxicity predictions (Prieto et al. 2006; Vanhaecke 
et al. 2011). For acute toxicity risk assessments, a wide vari-
ety of in vitro assays amenable to high-throughput applica-
tions are already available (Funk and Roth 2017; Gomez-
Lechon and Tolosa 2016; Gomez-Lechon et al. 2014), but 
animal testing is still largely used to assess long-term effects 
of drugs. Despite the potential limitations of cell models, 
current legislation strongly promotes their application to 
predict chronic hepatotoxicity, which results in the need for 
smaller amounts of test compounds, accelerated testing and 
reduced costs (Prieto et al. 2006; Vanhaecke et al. 2011).

Primary human hepatocytes (PHH) are the gold standard 
in vitro model system for studying liver biology and func-
tion as well as for hepatotoxicity studies (Gomez-Lechon 
et al. 2014); however, when maintained in conventional 2D 
monolayer cultures, PHH de-differentiate and rapidly lose 
hepatocyte-specific functions, which severely limits their use 
for long-term studies. Alternatively, 3D cultures have been 
successfully proposed to prolong differentiated phenotype 
of hepatocytes enabling long-term toxicity predictions (Bell 
et al. 2017; Vorrink et al. 2018); however, further optimiza-
tion is required to increase throughput testing. Moreover, 
the availability of fresh PHH is highly limited in contrast to 
established cell lines. Recently, alternative human hepatic 
cell models have been proposed for long-term toxicity stud-
ies after repeated-dosing (Kramer et al. 2015). Although 
the HepaRG hepatocarcinoma cell line exhibits a prolonged 
expression of hepatic functionality, the time-consuming dif-
ferentiation procedure may be a major drawback (Broeders 
et al. 2015; Kramer et al. 2015; Mueller et al. 2014). On 
the other hand, human pluripotent stem cell-derived hepato-
cytes are a stable and unlimited available source of hepatic 
cells, but end stage differentiation to mature cells is not fully 
reached yet (Holmgren et al. 2014). More recently, Upcyte 
technology has provided the generation of easy handling 
human hepatocytes that present functional features com-
bined with the advantage of being derived on a large scale, 
which implies virtually unlimited availability of hepatocytes 
from different donors (Burkard et al. 2012; Levy et al. 2015; 
Norenberg et al. 2013; Sison-Young et al. 2015; Tolosa 
et al. 2016b). Their potential suitability for preclinical drug 
metabolism and for hepatotoxicity assessments has also been 
recently shown (Tolosa et al. 2016b).

In this study, we evaluated the suitability of functionally 
characterized Upcyte human hepatocytes (UHH) from three 
different donors to investigate hepatotoxicity in response to 
repeated-dose drug exposure. Compounds with well-docu-
mented in vivo hepatotoxicity through different mechanisms 
of hepatotoxicity were screened in UHH at low concentra-
tions comparable to the plasma levels reached during ther-
apeutic use, which have a clinical relevance. To this end, 
the evaluation of a battery of pre-lethal toxicity endpoints 
and acute and repeated-dose assays up to 3 weeks for drug 

hepatotoxicity testing were performed by multiparametric 
high-content screening (HCS) analyses. Combined, our data 
indicate the suitability of UHH for long-term repeated-dose 
studies that can detect the potential hepatotoxicity of drug 
candidates in humans.

Materials and methods

Cell cultures

Cryopreserved UHH from three different female Caucasian 
donors (donor 1: 43 years old; donor 2: 9 years old; donor 
3: 48 years old) were obtained from Medicyte (Heidelberg, 
Germany) and cultured as previously described (Tolosa et al. 
2016b). UHH were seeded in 96-well plates (1.2 × 104 cells/
well) for HCS assays or in 24-well plates (1.3 × 105 cells/
well) for the mRNA and activity measurements. Each point 
of the measurements is indicated in Fig. 1.

Undifferentiated HepaRG cells (Biopredic International, 
Rennes, France) were seeded at a density of 2 × 104 cells/
cm2 and were cultured for two weeks as previously described 
(Tolosa et al. 2016a). Then, cells were differentiated by cul-
turing for another 2-week period in the same medium sup-
plemented with 2% DMSO. Cells were collected for mRNA 
and activity measurements immediately after the differenti-
ating period (day 0), and 7 and 14 days after differentiation.

HepG2 cells were seeded at a density of 1.5 × 104 cells/
cm2 and cultured as previously described (Tolosa et al. 
2016a). Cells were allowed to grow until 80% confluence 
and then collected for mRNA and activity measurements.

Transcriptomic and functional characterization 
of UHH

mRNA expression, drug-metabolizing activities and albu-
min secretion were determined in UHH after several days of 
culture as described in detail in supplementary information.

Selection of drugs and treatments

Eleven drugs with previous reports of hepatotoxicity 
(amiodarone, azathioprine, chlorpromazine, flutamide, 
isoniazid, ketoconazole, ketotifen, methotrexate, simvas-
tatin, tacrine and valproate) were included in the study 
(Supplementary Table S1). These drugs belong to different 
therapeutic groups and are commonly used in chronic or 
long-term treatments. In addition, four non-hepatotoxic 
drugs (betaine, dexamethasone, isoproterenol, strep-
tomycin) were selected as negative controls. For each 
drug, three concentrations, corresponding to the Cmax 
(therapeutic peak plasmatic concentration), 0.2 × Cmax 
and 5 × Cmax, were used. Information on mechanisms of 
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toxicity, therapeutic class, Cmax and concentrations used 
are summarized in Table S1.

Cells were exposed to tested drugs for different time 
points: one single-dose exposure for 24 h (Day 1) and 
repeated-dose exposures for 3, 7, 14 or 21 days (two, four, 
seven or ten repeated doses, respectively). The scheme of 
treatment is represented in Fig. 1. The stock solutions of 
drugs were prepared in DMSO or water and were freshly 
diluted in the culture medium to obtain the desired final 
concentrations. The final concentration of DMSO in the 
culture medium never exceeded 0.5% (v/v) and control 
cultures were treated with the same amount of solvent.

HCS assay for toxicity assessment

Following treatments, cells were simultaneously loaded 
with several fluorescent dyes to measure multiple biomark-
ers of cell toxicity. Different combinations of fluorescent 
probes were used to identify specific mechanisms of toxic-
ity according to previously described HCS assays (Donato 
et al. 2012; Tolosa et al. 2012, 2015). Information about 
the probes is summarized in Supplementary Table S2.

After incubating with dyes, cells were imaged by 
INCELL6000 (GE Healthcare, Barcelona, Spain) and the 
collected images were analyzed using the INCELL Work-
station analysis module (Tolosa et al. 2012). Representa-
tive images of treated cells over time are provided in Sup-
plementary Fig. 1S.

Data analysis and interpretation

The minimal effective concentration (MEC) was defined 
as the lowest concentration to produce a significant change 
(p ≤ 0.05) in all the analyzed parameters compared to the 
control (solvent-treated) cells. For all the compounds and 
studied parameters, the MEC led to at least a 20% variation 
in fluorescence intensity or in the corresponding morpho-
logical parameter compared to the untreated cultures. The 
cumulative index (CI) for each compound and parameter 
was also calculated as the overall score at the concentra-
tions at which the effect was above the MEC, as previously 
defined (Schoonen et al. 2005).

All the data are expressed as mean ± SEM values and 
represent triplicate measurements. A Student’s t test 
was used for statistical evaluations between two groups, 
whereas ANOVA followed by Tukey’s multiple compari-
son test was used when comparing 3 or more groups. The 
level of significance was chosen as p < 0.05 and calculated 
with GraphPad Prism v.6.1.

For the multivariate analysis, all the statistical analyses 
and data plots were run with the free software Metabo-
Analyst 3.0 (Xia and Wishart 2016). Principal component 
analysis (PCA) was used to visualize the natural inter-
relationship among the samples by performing pairwise 
comparisons (i.e., control vs. toxic compounds). PLS-DA 
(projection of latent structures-discriminant analysis) 
was employed to develop classificatory/predictive mod-
els based on the altered patterns aimed to discriminate 
between hepatotoxic and non-hepatotoxic compounds, 

Fig. 1   Scheme of experimental procedure. UHH from three donors 
were seeded in 96-well plates for HCS assays or in 24-well for the 
mRNA and activity measurements and pre-cultured for 3 days. For 
the mRNA expression and activity measurements, five time points 
of control cells were collected and determined. For the toxicity stud-

ies, cells were exposed to tested drugs for different time points: one 
single-dose exposure for 24  h (Day 1) and repeated-dose exposures 
for 3, 7, 14 or 21 days (two, four, seven or ten repeated doses, respec-
tively)
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as well as differentiating the effects on distinct donors of 
UHH.

Results

Long‑term culture of Upcyte hepatocytes 
over the time

In the present study, we evaluated UHH as a model for 
the detection of long-term hepatotoxicity after repeated-
dose exposure. UHH maintained their morphology after 
3 weeks in culture (Supplementary Fig. 2S). Additionally, 
UHH cultures maintained stable levels of albumin secre-
tion over 3 weeks with similar levels of PHH (data not 
shown). Prior to assessing the effects of drugs on these cul-
tures, we first established that UHH cultures from different 

donors remained viable throughout the entire 3-week period 
(Fig. 2S).

Transcriptomic and functional characterization 
of drug‑metabolizing enzymes

The mRNA expression of 14 genes related to drug metab-
olism was comparatively analyzed in UHH from three 
different donors. The results in Fig. 2 show some inter-
donor differences in expression level of major hepatic 
cytochrome P450 (CYP) enzymes involved in drug metab-
olism. UHH from donor 1 showed the highest expression 
of CYP2A6, CYP2C19 and CYP3A4 genes, whereas donor 
2 showed the highest expression of CYP2C9 and CYP2E1 
and, the lowest CYP mRNA levels usually corresponded to 
UHH 3. Regarding the temporal evolution of the expres-
sion profile, donor 2 showed a progressive increase in 
mRNA levels of CYP enzymes up to 14 or 21 days of 

Fig. 2   Inter-donor differences in gene expression profile and activities 
of drug-metabolizing enzymes. a The mRNA levels of 14 genes of 
phase I and phase II enzymes were analyzed in UHH from 3 donors 
at day 0, 1, 3, 7, 14 or 21 of culture. b CYP activities were meas-

ured in UHH at different times of culture and compared to those of 
HepG2 (day 2 of culture), HepaRG (differentiated cells after 0, 7 and 
14 days) and PHH (day 1 of culture). c Phase II activities (pmol/mg/
min) in UHH (day 3 of culture)
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culture, which was not observed in the other donors. Inter-
donor differences were also observed in the expression 
levels of P450 oxidoreductase and phase II enzymes. The 
highest expression of UGT1A1 and UGT2B7 genes was 
found in UHH 2, particularly after prolonged time in cul-
ture (up to 21 days). Similarly, the expression of GSTA1, 
GSTA2 and GSTM1 genes was generally higher in UHH 
2 than in cells from the other donors (Fig. 2a).

High inter-donor variability among the UHH prepa-
rations was also observed in CYP and phase II activi-
ties. Very low levels, if any, of CYP1A2, CYP2C19 and 
CYP2D6 activities were observed in UHH (Supplemen-
tary Fig. 3S); whereas measurable levels of all other CYP 
activities were found up to 21 day of culture (Fig. 2b). 
The CYP2C9 and CYP2E1 activities in UHH were lower 
than those of PHH, whereas the CYP2A6, CYP2B6 and 
CYP3A4 activities were comparable in both cell types. 
When compared to HepaRG cells, the UHH showed higher 
CYP2A6, CYP2B6 and CYP2E1 activities, but lower 
activity levels of CYP2C9, CYP2D6 and CYP3A4. Over-
all, the activity levels of CYPs in UHH were markedly 
higher than in HepG2 cells. Regarding phase II enzymes, 
UGT1A1 activity levels in UHH were comparable to those 
in HepaRG and PHH, whereas UGT2B7 and GST activi-
ties were lower in UHH (Fig. 2c). As observed for CYPs, 
phase II activities in UHH were higher than in HepG2 
cells.

Repeated‑dose toxicity study in UHH

Potential toxic effects of 15 selected drugs were examined 
in UHH from three donors. Cells were exposed for different 
periods (up to 21 days) to three different concentrations of 
each drug (corresponding to 0.2-, 1- and 5-fold Cmax value) 
following a repeated-dose regimen described in Fig. 1. 
After treatments, eight parameters indicative of cell toxic-
ity (viability, mitochondrial membrane potential (MMP), 
intracellular calcium, ROS, mitochondrial superoxide, GSH, 
phospholipids and lipids) were analyzed using a HCS-based 
assay and data were subjected to non-supervised multivari-
ate data analysis techniques to evaluate the presence of any 
pattern allowing us to differentiate between hepatotoxic and 
non-hepatotoxic compounds. The PCA scores plots showed 
an almost complete separation between non-hepatotoxic or 
hepatotoxic compounds (Fig. 3a). When a supervised analy-
sis of the HCS data was performed considering toxic and 
non-toxic compounds, the PLS-DA scores plots showed a 
clear separation between groups (Fig. 3b), demonstrating 
the capability of our strategy to discriminate drugs able to 
induce cell damage, even at low, in vivo-relevant concentra-
tions (close to therapeutic blood levels).

Mechanistic study of repeated‑dose toxicity in UHH

The multiparametric analysis by HCS allowed to clearly dis-
tinguish between toxic and non-toxic compounds and also 
offered important mechanistic information. MEC values for 
each endpoint indicative of cell damage after repeated-dose 
exposure are summarized in Fig. 4. Although significant 
changes in cell viability were in general observed only for 
some compounds (i.e., methotrexate) and/or after long-treat-
ment, other effects were early induced by some compounds 
at non-lethal concentrations. According to the score system 
created from MEC, the main mechanisms implicated in tox-
icity for each compound may be outlined and time-exposure 
effects could be also distinguished. For instance, in all the 
hepatotoxic compounds lower MEC values were observed as 
the time-exposure to the drugs increased, showing the effects 
of a chronic exposure. On the other hand, it allowed dif-
ferentiating between mechanisms that are implicated in the 
acute or short-term toxicity (i.e., changes in calcium homeo-
stasis) and those which are significantly detected as the cells 
are repeatedly exposed to the drugs (i.e., phospholipidosis). 
The assessment of the toxicity of test compounds to UHH 
revealed donor- and time-dependent effects in several param-
eters, although in the overall all drugs responded as toxic 
as expected in agreement with the described mechanisms 
of toxicity for each compound (Supplementary Table 1S).

Interdonor differences in DILI

Next, in order to highlight the potential interdonor differ-
ences in the response to test compounds, we analyzed the 
data differentiating between donors. The PCA score plot 
revealed a separation between toxic and non-toxic com-
pounds independently of the donor (Fig. 5a). When only the 
hepatotoxic compounds were analyzed, the PLS-DA score 
plot showed a clear separation among UHH donors, sug-
gesting differences in their susceptibility to drugs (Fig. 5b).

Then, we determined the CI for each of the different stud-
ied mechanisms of toxicity and distinct donors (Fig. 5c). 
For instance, donor 3 showed the highest effects on lipid 
and phospholipid accumulation as well as in cell viability, 
whereas other parameters remained in the same values (i.e., 
mitochondrial superoxide, MMP) or even lower (i.e., cal-
cium accumulation) than the mean for other donors, indi-
cating a special sensitivity of donor 3 for chronic effects 
such as steatosis or phospholipidosis. By contrast, donor 2 
seemed to be the least sensitive one when exposed to hepa-
totoxic compounds, showing the lowest CI for most of the 
parameters analyzed. Finally, donor 1 seemed to show the 
highest CI for parameters altered after short exposure such 
as intracellular calcium concentration, indicating a particular 
susceptibility of this donor regarding calcium homeostasis, 
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but showed the lower response to drug-induced steatosis or 
phospholipidosis.

Differential effects depending on the donor 
and exposure time after repeated exposure 
to valproate, flutamide and chlorpromazine

The evaluation of the toxicity of valproate by means of HCS 
demonstrated that lipid overaccumulation, intracellular cal-
cium concentration, ROS production and MMP were the 
most sensitive parameters to be altered after exposure to it 
(Fig. 6), although GSH and mitochondrial superoxide were 
also significantly reduced at longer periods of incubation 
(Supplementary Fig. 4S). These effects were observed even 
at low concentrations and short exposures, in absence of 
reductions in cell viability. Differential effects among donors 
were detected, with donor 3 being the less susceptible to val-
proate effects. Donor 2 was particularly sensitive to altera-
tions in calcium homeostasis (at shorter exposure periods or 
lower concentrations) and showed the highest increases in 
ROS levels, whereas the biggest effects on lipid accumula-
tion and MMP were found in donor 1, confirming the inter-
donor variability.

Similarly, interdonor differences in flutamide toxicity 
were observed. Donor 3 was relatively insensitive to fluta-
mide, whereas effects in several parameters were observed in 
other donors. In particular, the highest changes in intracellu-
lar calcium, MMP and mitochondrial superoxide level were 
found in donor 1, whereas the highest GSH depletion corre-
sponded to donor 2 (Fig. 7a). Marked differences depending 
on the donor were also detected in other parameters (Sup-
plementary Fig. 5S). In all cases, significant effects were 
detected after 14 or 21 days of exposure to the drug revealing 
the importance of the period on incubation to detect hepato-
toxicity at therapeutic concentrations. As an average of all 
donors, intracellular calcium and ROS were the parameters 
most affected by flutamide treatment (Fig. 7b).

When the toxicity of chlorpromazine was analyzed, a 
significant effect in phospholipid accumulation, mainly 
after long-term incubation (14–21 days), was observed in 

all donors, although the effects in donor 1 were signifi-
cantly lower than in the other two donors (Fig. 8). Some 
interdonor differences were also observed in other param-
eters such as intracellular calcium or ROS levels (Supple-
mentary Fig. 6S). The study of chlorpromazine-induced 
toxicity in UUH revealed induction of oxidative stress, 
mitochondrial injury and phospholipidosis, which are in 

Fig. 4   Mechanisms implicated in drug-induced hepatotoxicity over 
time. UHH cells were exposed to 3 concentrations of each drug 
(0.2 ×, 1 ×, or 5 × Cmax) and eight parameters indicative of cell tox-
icity were evaluated by HCS after 1, 3, 7, 14 or 21 days of treat-
ment. Effects obtained for each parameter and time (mean of 3 UHH 
donors) are indicated as the MEC (minimal effective concentration) 
of each compound that produces a significant change over untreated 
cells: red (0.2 × Cmax), orange (Cmax), yellow (5 × Cmax) or green (no 
effect). The outlined square highlights those endpoints that were 
described in the literature as the mechanism implicated in DILI. VIA 
viability, MMP mitochondrial membrane potential, CA intracellular 
calcium concentration, ROS ROS production, MSX mitochondrial 
superoxide generation, PLP phospholipidosis, LIP lipid overaccumu-
lation

▸
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concordance with the described toxicity mechanisms for 
this drug.

Discussion

DILI may occur after several weeks or months of treatment 
and usually requires metabolism of the drug (Antherieu et al. 
2011). Despite this, many in vitro studies are performed 
between 24 and 48 h, therefore exposing the cells to a range 
of acute doses not comparable to therapeutic concentrations 
(Germano et al. 2014). Repeated-dose administration is a 
more relevant scenario for therapeutics, being usually evalu-
ated in in vivo studies which yield information on general 

characteristics of the toxicity, delayed responses and/or 
cumulative effects (Truisi et al. 2015). To mimic long-term 
repeated exposures in vitro, cell models which retain hepatic 
phenotype for a sufficiently long time should be used. In the 
present study, we explored the feasibility of the combined 
use of UHH and a HCS-based multiparametric testing strat-
egy to evaluate drug toxicity and to identify the mechanisms 
underlying these toxic effects after repeated-dose exposure. 
The study revealed that the repeated long-term exposure 
of UHH from three different donors at clinically relevant 
concentrations of model hepatotoxic drugs resulted in toxic 
effects and allowed identifying the main mechanisms impli-
cated and detecting differences among donors which reflects 
the inter-individual variability which exists in the clinic.

Fig. 5   UHH inter-donor variable response to hepatotoxic com-
pounds. a Multivariate data analysis overview of the changes induced 
by model hepatotoxic and non-hepatotoxic compounds in the three 
donors used in this study. b PCA scores plots using two principal 
components corresponding to data obtained from three different 
donors treated with hepatotoxic drugs after repeated-dose exposure. c 

Cumulative index (CI) for each of the analyzed parameters indicative 
of hepatotoxicity in the different donors. aAt least p < 0.05 (donor 2 
compared to donor 1); bat least p < 0.05 (donor 3 compared to donor 
1); bat least p < 0.05 (donor 3 compared to donor 2) (Student’s t test). 
The statistical significance is indicated in supplementary Table S4
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In our study, a range of concentrations around Cmax and 
a repeated exposure of the cells were used with the idea 
of mimicking drug administration in humans, and, thus, 
improving the prediction of DILI in preclinical develop-
ment. Other models such as HepaRG (Antherieu et al. 
2011; Josse et al. 2008), differentiated induced pluripotent 
stem cells (Holmgren et al. 2014), hepatocytes cultured 
in sandwich configuration (Germano et al. 2014) or 3D 
cultures of PHH (Bell et al. 2017; Vorrink et al. 2018) 
have been used for repeated-dose exposures for up to 14 
days. The UHH have revealed important advantages over 
existing models because allowed longer treatments (up to 
21 days) without loss of hepatic phenotype and the pos-
sibility to choose between UHH originated from distinct 
individuals to assess the differential response depending 
on the donor.

The possibility of testing drug effects on different donors 
represents a major advantage of UHH over the widely used 
HepG2 or HepaRG cell lines. When different UHH were 
used for long-term repeated exposures to hepatotoxic com-
pounds, distinct responses were observed, indicating that 
inter-individual susceptibility exists towards hepatotoxic-
ity. It is well-known that for many drugs hepatotoxic events 
affect only to a reduced group of susceptible patients and 
several individual factors may predispose to such idiosyn-
cratic reactions (e.g., genetics, underlying diseases, meta-
bolic profile, etc.) (Gomez-Lechon et al. 2016). Analysis of 
gene expression and activities of drug-metabolizing enzymes 
in UHH show the interdonor variability that has been pre-
viously described for PHH cultures as a direct reflection 
of in vivo variability (Kostadinova et al. 2013; Sioud and 
Melien 2007). Such differences in metabolic capability may 

Fig. 6   Mechanisms implicated in valproate-induced hepatotoxicity 
in UHH. a Differential representative effects of valproate at 5 × Cmax 
concentration on lipid overaccumulation, ROS production, intracellu-
lar calcium concentration and MMP in three distinct donors. Statisti-
cal significance (ANOVA followed by Tukey’s test) between groups 
is indicated as follows: a(donor 2 vs. donor 1), b(donor 3 vs. donor 1) 

and c(donor 2 vs. donor 3). b Mean values of the effects of valproate 
at the different concentrations used after 14-day repeated-dose incu-
bation. The dotted line indicates the minimum effective concentration 
value. c Mechanisms implicated in valproate-induced hepatotoxicity. 
The detected mechanisms by HCS are indicated in grey. CPT carni-
tine palmitoyltransferase, MPT mitochondrial permeability transition
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result in variable responses to drug-induced hepatotoxicity, 
particularly for bioactivable drugs or those with high meta-
bolic rates. In addition to variations in drug metabolism, 
interdonor differences in other genes of relevance to toxicity 
should be considered. For example, we previously found dif-
ferences in the expression of genes related to lipid metabo-
lism among UHH cultures (Tolosa et al. 2016b), which may 
explain the interdonor differences observed in drug-induced 
accumulation of neutral lipid or phospholipids (Fig. 5c).

The toxicity of tested drugs was estimated as not only 
reductions in cell viability, but also as alterations in several 
parameters that are indicative of cell damage via different 
mechanisms (mitochondrial dysfunction, oxidative stress, 
impairment of calcium homeostasis, lipid accumulation or 
phospholipidosis). The importance of repeated long-term 
exposure, which is more representative of the clinical set-
ting, was evident in the present study since there are effects 
only detected after chronic exposure or the effects are clearly 
increased after prolonged periods of incubation, suggesting 

Fig. 7   Mechanisms implicated in flutamide-induced hepatotoxicity 
in UHH. a Differential representative effects of flutamide at 5 × Cmax 
concentration on intracellular calcium concentration, MMP, mito-
chondrial superoxide production, and GSH depletion in three dis-
tinct donors. Statistical significance (ANOVA followed by Tukey’s 
test) between groups is indicated as follows: a(donor 2 vs. donor 1), 

b(donor 3 vs. donor 1) and c(donor 2 vs. donor 3). b Mean values 
of the effects of flutamide at the different concentrations used after 
14-day repeated-dose incubation. The dotted line indicates the mini-
mum effective concentration value. c Mechanisms implicated in flu-
tamide-induced hepatotoxicity. The detected mechanisms by HCS are 
indicated in grey. MCR mitochondrial respiratory chain
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that DILI may require time to develop. In fact, time-depend-
ent accumulation of intracytoplasmic vesicles corresponding 
to steatosis and phospholipidosis induced by amiodarone 
has been described in other models (Pomponio et al. 2015). 
Recently, Bell et al. (2017) compared the capacity of sev-
eral cell hepatic models to predict drug hepatotoxicity and 
proposed long-term treated 3D PHH spheroids as the most 
sensitive system. Interestingly, our results are comparable 
to those reported in PHH spheroids after repeated exposure 
for 14 days to low concentrations of model drugs close to 
therapeutic Cmax values (Bell et al. 2017; Vorrink et al. 2018) 

(Supplementary table 5S), evidencing the high sensitivity 
of our proposal for drug hepatotoxicity screenings. These 
findings support the idea that when developing in vitro 
strategies for the prediction of hepatotoxicity, not only the 
cell culture system and dosing protocol should be carefully 
selected (e.g., PHH vs. cell lines, 2D vs. 3D cultures, acute 
vs. long-term exposure…), but also the type of assay used 
to detect toxicity. Once again, the high sensitivity of mul-
tiparametric assays that detect subtle changes indicative of 
toxicity at low concentrations of the drug that do not induce 

Fig. 8   Mechanisms implicated in chlorpromazine-induced hepato-
toxicity in UHH. a Differential representative effects of chlorproma-
zine at 5 × Cmax concentration on phospholipidosis, mitochondrial 
superoxide and ROS production and GSH depletion in three dis-
tinct donors. Statistical significance (ANOVA followed by Tukey’s 
test) between groups is indicated as follows: a(donor 2 vs. donor 1), 

b(donor 3 vs. donor 1) and c(donor 2 vs. donor 3). b Mean values 
of the effects of chlorpromazine at the different concentrations used 
after 14-day repeated-dose incubation. The dotted line indicates the 
minimum effective concentration value. c Mechanisms implicated in 
chlorpromazine-induced hepatotoxicity. The detected mechanisms by 
HCS are indicated in grey
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important alterations in cell viability is evidenced (Germano 
et al. 2014; Tolosa et al. 2012).

The proposed strategy allows distinguishing between 
DILI and non-DILI compounds under chronic exposure as 
well as identifying the underlying mechanisms of hepato-
toxicity. The anticonvulsant agent valproate is known to 
induce steatosis as well as rare but potentially fatal idiosyn-
cratic hepatotoxicity (Saruwatari et al. 2010). Although the 
mechanisms of liver injury by valproate are still not well 
understood, the role of mitochondrial dysfunction, including 
interference with β-oxidation and oxidative stress, derived 
from enhanced ROS formation and/or altered GSH homeo-
stasis, have been suggested (Silva et al. 2008). Accordingly, 
increased lipid accumulation, ROS generation, GSH deple-
tion and mitochondrial toxicity were reproduced in UHH. 
Interestingly, the lower sensitivity of donor 3 to valproate-
induced toxicity, compared to donors 1 and 2, may be related 
to its lower level of CYP2C9 activity (Fig. 2a), the major 
enzyme involved in the formation of 4-ene-valproic acid 
(Kiang et al. 2006). Although considered a minor route of 
valproate metabolism, formation of 4-ene-valproic acid and 
its subsequent oxidation in the mitochondria to form 2,4-
diene metabolite are key bioactivation events that lead to the 
depletion of GSH and CoA pools and, in turn, inhibition of 
β-oxidation (Ghodke-Puranik et al. 2013). Moreover, high 
UGT2B7 activity shown in donor 3 (Fig. 2c) can contribute 
to valproate detoxification (Saruwatari et al. 2010).

Similarly, toxic effects found in the UHH exposed to 
flutamide completely coincided with those reported in 
the literature (Ball et al. 2016; Kashimshetty et al. 2009). 
This antiandrogen drug used for the treatment of prostate 
cancer is a known mitochondrial toxicant that received a 
black box warning because of the risk of rare episodes of 
idiosyncratic hepatotoxicity (Walgren et al. 2005). The 
mechanisms of liver damage in susceptible patients remain 
outstanding but mitochondrial dysfunction and oxidative 
stress are likely to be involved (Kashimshetty et al. 2009). 
Flutamide hepatotoxicity has been related to bioactivation 
by CYPs with formation of several reactive metabolites, 
including the mitotoxic metabolite 2-hydroxyflutamide 
that has been related to idiosyncratic hepatotoxicity in 
flutamide-treated patients (Ball et al. 2016; Kang et al. 
2008). We recently reported that flutamide induced dif-
ferential toxicity depending on the specific CYP overex-
pressed and its level in a model of transduced HepG2 cells 
(Tolosa et al. 2018). Then, interdonor differences in sen-
sitivity observed in UHH may be explained by individual 
variations in CYP activities. In fact, the high susceptibil-
ity of donor 1 to flutamide-induced mitochondrial effects 
may be due, at least in part, to its relative high levels of 
CYP3A4 and CYP2C19 activities, both involved in fluta-
mide bioactivation.

Chlorpromazine is an antipsychotic neuroleptic agent that 
causes rare but severe episodes of liver injury through mul-
tiple mechanisms, including phospholipidosis or cholestasis 
(Selim and Kaplowitz 1999). In addition to parent compound 
toxicity, chlorpromazine is bioactivated by oxidation to 
electrophilic metabolites that deplete GSH pool and induce 
mitochondrial dysfunction (MacAllister et al. 2013; Menne-
cozzi et al. 2015). Accordingly to its described phospholipid 
binding capacity, marked phospholipid accumulation was 
observed in two of the three UHH preparations treated with 
therapeutic concentrations of the drug for 2–3 weeks. An 
in vitro biokinetics study revealed that chlorpromazine accu-
mulates in hepatic cells after repeated-dose exposure and 
that maintenance of high intracellular drug concentrations 
depend on metabolic rates (Broeders et al. 2015). Then, the 
relative insensitivity of donor 1 to chlorpromazine-induced 
phospholipidosis may be explained by its high CYP activ-
ity levels, as the drug undergoes extensive metabolism by 
hepatic CYPs, including 7-hydroxylation, 5-sulfoxidation 
and N-demethylation (Wojcikowski et al. 2010).

In conclusion, the UHH faithfully maintain the expression 
and activity levels of the drug-metabolizing enzymes over 
time and turned out to be a sensitive system to detect drug 
hepatotoxicity after a repeated-dose strategy at clinically 
relevant concentrations. Moreover, we showed that these 
improved results are not only due to the chronic toxicity, but 
also to the detection of the underlying mechanisms of drug-
induced toxicity detected by HCS before cytotoxicity occurs. 
Combined, the data presented here suggested that the UHH 
are a suitable model for the investigation of long-term hepa-
totoxicity which includes the possibility to choose between 
different donors with diverse genotypes which would reflect 
the variability among the population and could be used to 
improve the prediction in preclinical development.
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