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Testing hepatotoxicity is a crucial step in the development and toxicological assessment of drugs and
chemicals. Bio-activation can lead to the formation of metabolites which may present toxicity for the
organism. Classical cytotoxic tests are not always appropriate and are often insufficient, particularly
when non metabolically-competent cells are used as the model system, leading to false-positive or
false-negative results. We tested over 24 h the effects of eight reference compounds on two different cell
models: primary cultures of rat hepatocytes and FAO hepatoma cells that lack metabolic properties. We
performed inter-assay validation between three classical cytotoxicity assays and real-time cell impe-
dance data. We then complemented these experiments with high-content screening (HCS) to determine
the cell function disorders responsible for the observed effects. Among the different assays used, the neu-
tral red test seemed to be well suited to our two cell models, coupled with real-time cellular impedance
which proved useful in the detection of bio-activation. Indeed, impedance monitoring showed a high sen-
sitivity with interesting curve profiles yet seemed unsuitable for evaluation of viability on primary cul-
ture. Finally, HCS in the evaluation of hepatotoxicity is likely to become an essential tool for use in
parallel to a classical cytotoxic assay in the assessment of drugs and environmental chemicals.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Biotransformation of xenobiotics is mostly performed in hepa-
tocytes (De Sousa et al., 1991; Oesch and Diener, 1995; Shull
et al., 1987). Unlike hepatomas (HepG2, Hep3B, Huh-7, etc.) or
other commonly used indicator cell lines (CHO, fibroblasts, lym-
phoblasts, etc.), these highly differentiated cells express the major-
ity of phase I and II metabolizing enzymes (Gerets et al., 2012; Hart
et al., 2010; Wilkening et al., 2003). Thus, hepatocytes in primary
culture constitute a reference model for in vitro toxicological stud-
ies and for pre-clinical evaluation of drugs (Guillouzo et al., 2007;
Lecluyse and Alexandre, 2010). Xenobiotics target the hepatocytes
where they either bring about direct toxicity or are bio-activated
(Gómez-Lechón et al., 2010). Thus, hepatocytes are considered as
an alternative in terms of predictability with respect to in vivo
studies (Maier, 1988; Ponsoda et al., 1995, 2004).

One of the current challenges facing the cosmetic, pharmaceu-
tical, chemical and food industries is sufficiently evaluating new
molecules to ensure health and environmental safety. Increasing
awareness of environmental and public concerns as well as recent
restrictions in line with the evolution of ethics, have urged
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researchers to develop alternative approaches to in vivo studies for
predicting toxic potential of xenobiotics. Consequently, new effec-
tive in vitro alternative methods to animal testing are required,
some examples of which have already been proposed (Prot and
Leclerc, 2012; Rodrigues et al., 2013).

Exposure to chemicals and drugs was described to induce side
effects, such as cell membrane alterations, disruption of apoptotic
or necrotic processes, lipid peroxidation, immunoreaction, mem-
brane transport perturbations, disruption of calcium homeostasis,
increase in the levels of reactive oxygen species (ROS) or active
metabolites, and lysosomal or mitochondrial dysfunctions (Kim
et al., 2012; Larrey, 2009; Persson et al., 2013; Porceddu et al.,
2012). These cellular alterations induce hepatotoxicity and
drug-induced liver injury (DILI), the latter of which is responsible
for about 13% of the cases of acute liver failure in the USA
(Ostapowicz et al., 2002). This is a major issue that stops drug
development at the pre-clinical and clinical stages (Hill et al.,
2012) and is the main cause for drug withdrawals from the market
(Suzuki et al., 2010). Indeed, DILI can manifest as acute (intrinsic
hepatotoxicity) or chronic (idiosynchratic hepatotoxicity) liver dis-
ease (Bale et al., 2014) depending on genetic background, metabo-
lism and environmental exposition.

Biotransformation and metabolic activation are processes that,
by perturbation of the mitochondrial respiratory chain and conse-
quential production of ROS, can lead to hepatotoxicity (Seeland
et al., 2013). To measure this cytotoxicity, the European Union
Reference Laboratory charged with providing approaches that do
not involve animal testing (EURL-ECVAM), recommends the use
of XTT as an improved alternative to the MTT test, combined with
neutral red uptake (NRU) to measure and compare IC50. Yet these
current classical cytotoxic assays remain insufficient and have a
low concordance with actual cases of human liver toxicity
(Tolosa et al., 2012). Indeed, the existing tests to evaluate toxicity
of chemicals are time-consuming, restricted to the measurement
of metabolic activity and not always accurate. In this context,
new methodologies using rapid and automated screening
approaches to generate detailed and comparable toxicity date,
need to be developed.

Here in this study, we aimed to compare the contribution of
new innovative technologies with conventional toxicity assess-
ment methods. We started the investigation by evaluating a group
of selected compounds using the xCELLigence system (RTCA, real
time cell analyser) in comparison with standard cytotoxic tests.
This technique allowed us to monitor in real-time the overall cel-
lular status of adherent cells in culture in dose-dependent kinetics,
i.e. variation in the number of cells and in their cytomorphology
(reflecting cytotoxicity, proliferation, mobility, ultra-structural
modifications, etc.). The tests were conducted in a non-invasive
environment, without the use of markers or stains, and are com-
patible for studying both early and late effects (Ke et al., 2011).
This sensitive cellular assay is particularly suitable for studying
the cellular toxicity of chemical entities or mixtures, and is appro-
priate for assessing rapid morphological changes (activation of
membrane receptors) and mobility (Limame et al., 2012). Here
we propose this technology, described previously by our team
and others (Atienzar et al., 2011; Crépet et al., 2013;
Martinez-Serra et al., 2014; Nawaz et al., 2014), as an alternative
to the common tests currently employed to predict in vitro cyto-
toxicity in human hepatocytes.

In parallel to the use of the xCELLigence system, our investiga-
tions led us to develop new tests that incorporated the use of high
content screening (HCS), a new technology designed to maximize
productivity and efficiency. Our proposed test combines in one
tool, measurements that can be made simultaneously by fluores-
cent microscopy, flow cytometry and microplate reader with a high
speed analysis of the data, good specificity and sensitivity. This
cytomics-based technology allows us the multiparametric evalua-
tion of living cells in response to chemical stresses and can be used
to create basic functional signatures in pharmacology and toxicol-
ogy. The HCS can monitor cellular homeostasis in real-time using
markers of apoptosis, autophagy, necrosis, proliferation, differenti-
ation, oxidative stress and those of many other cell functions such
as activation of certain pathways/receptors or drug influx/efflux, in
order to screen and classify the hepatotoxicity potential of drugs
depending on their mechanism of action (Tolosa et al., 2012).
This method can be considered as a predictive in vitro cell-based
assay, particularly useful during the early development stages,
since it rapidly provides mechanistic information about the drug
candidate and its predicted hepatotoxicity (Donato et al., 2012).
Its implementation would reduce the dependence on animal mod-
els, as well as the cost and the time necessary to assess the devel-
oped drugs, and would promote increases in the number of
biomarkers and compounds tested (Sirenko et al., 2014).

To study the role of metabolic activation in hepatotoxicity, eight
drugs were tested (Table 1) on two cellular models: primary cul-
tures of rat hepatocytes expressing all the metabolic enzymes nec-
essary for biotransformation and which were previously used to
detect drugs involved in DILI (Marchandeau and labbe, 2011),
and FaO cells from murine hepatoblastoma which are deficient in
most detoxification enzymes. Hence, we aimed at investigating
the bio-activation process of selected compounds by comparing
cytotoxicity results obtained from hepatic cells exhibiting or not
xenobiotic biotransformation capabilities (i.e. primary cultured
hepatocytes and FAO, respectively). In order to avoid interspecies
variability, and to be as relevant as possible of prototypical studies
conducted in toxicology, we choose to use rat as the reference spe-
cies. The eight compounds were selected based on their toxicity
profile and bio-activation properties, i.e. direct or indirect toxicity
(linked to the biotransformation process), from lists in ‘‘the report
and recommendations of ECVAM workshop 54’’ of products recom-
mended for validation studies of alternative methods (Coecke
et al., 2006). These can be found in the fourteenth updated edition
of the bibliographic database of liver injuries and related drugs
(Biour et al., 2004) or from the REACH concern products list. The
cells were exposed to increasing concentrations of the tested com-
pounds and comparative analyses of the cell viability data were
performed based on four independent tests: the MTT, the neutral
red uptake (NRU), the measurement of ATP content and a recent
investigative tool, real-time cellular impedance monitoring. IC50

were calculated for each molecule after 24 h exposure and for each
assessment method. Real-time cellular impedance monitoring was
then performed to provide complementary data based on kinetics.
Indeed, we assumed that if bio-activation was involved in hepato-
toxicity, effects would be faster and IC50 lower in freshly isolated
hepatocytes than in FaO cells. Finally, HCS allowed us to confirm
the hepatotoxicity observed in response to the drugs used by
showing the mechanisms involved.
2. Methods

2.1. Chemicals

Acetaminophen (PubChem CID:1983), amodiaquine (PubChem
CID:64646), carbamazepine (PubChem CID:2554), cyclophos-
phamide (PubChem CID:22420), diethylstilbestrol (PubChem
CID:448537), erythromycin (PubChem CID:12560), furosemide
(PubChem CID:3440), retinoic acid (PubChem CID:444795), ery-
throsine B, neutral red, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di
phenyl tetrazolium bromide), bovine serum albumin and dimethyl
sulfoxide (DMSO) were all purchased from the Sigma–Aldrich
Chemical Company (Saint-Quentin Fallavier, France). Type CLS2



Table 1
Principal characteristics of the hepatotoxic drugs tested.

Molecule Pharmacological use Hepatotoxicity/mechanism of
action

CYP metabolization References

Acetaminophen Analgesic–Antipyretic OS, MD, RM, A CYP2E1, CYP1A2, CYP2D6, CYP3A4 McGill and Jaeschke (2013)
Retinoic acid Antiacneic CG, D, A CYP26A1/B1/C1 CYP2E1, CYP2S1, CYP2C,

CYP3A4
Shmarakov et al. (2014)

Amodiaquine Antimalaria–anti-
inflammatory agent

OS, RM CYP2C8 Tafazoli and O’Brien (2009)

Carbamazepine Anticonvulsant–mood-
stabilizing

RM CYP1A, CYP2A, CYP2B, CYP2C, CYP3A Higuchi et al. (2012)

Cyclophosphamide Antineoplasic–
Immunosuppressor

AM, RM, OS, PBAS CYP1A1/2, CYP2B, CYP3A, CYP2C Suzuki et al. (2008)

Diethylstilbestrol Synthetic oestrogen PBAS, PTGM CYP7A1, CYP7B1, CYP8A1, CYP3A4,
CYP2B10

Vega et al. (2014)

Erythromycin Bacteriostatic–bacteriocide OS, A, RM, PBAS CYP3A Ansede et al. (2010) and Lam et al.
(2006)

Furosemide Diurectic CCI, LP, RM CYP4B1 Qu et al. (2014)

A = Apoptosis.
AM = Antimitotic.
CCI = Cytosolic Calcium Increase.
CG = Cell Growth.
D = Differentiation.
LP = Lipid peroxidation.
MD = Mitochondria Dysregulation.
OS = Oxidative Stress.
PBAS = Perturbation of Bile Acid Synthesis/Secretion.
PTGM = Perturbation of Triglyceride Metabolism.
RM = reactive metabolite.
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collagenase is from Roche Applied. William’s E medium, peni-
cillin/streptomycin, Trypsin/EDTA and fetal bovine serum are all
from Invitrogen (Cergy Pontoise, France). Ethanol and acetic acid
are from Prolabo. The human insulin is from Novordisk
(Bagsvaerd, Denmark).

Nuclear fluorescent probe Hoechst 33342 (Ex/Em: 350/461),
MitoSOX™ Red Mitochondrial superoxide indicator to assess
oxidative stress (Ex/Em: 510/580), LysoTracker Green as lysosomal
activity indicator (Ex/Em: 504/511) and ThiolTracker™ Violet also
called Glutathione Detection Reagent (Ex/Em: 404/526) were
obtained from Molecular Probes (Life Technologies, Saint Aubin,
France). TMRE membrane potential sensor to evaluate mitochon-
drial activity (Ex/Em: 549/574) and intracellular calcium indicator
Fluo-8™ AM (Ex/Em: 490/514) were from FluoProbes� (Interchim,
France). Positive controls tert-butyl hydroperoxide (TBHP), cyclos-
porine A (CsA) and oligomycin (OM) were purchased from Sigma–
Aldrich Chemical Company (Saint-Quentin Fallavier, France).

2.2. Cell culture

Rat hepatocytes in primary culture were freshly isolated from
rattus norvegicus OFA male rats (ECACC) weighing between 180
and 200 g (Iffa Credo, L’isles d’Arbesle, France). All animals have
received humane care in compliance with institutional guidelines.
Hepatocytes were isolated and cultured according to the protocol
of Berry and Friend (1969) and modified by De Sousa et al.
(1991). Briefly, after isolation by collagenase perfusion, cell viabil-
ity was determined using the erythromycin B test exclusion, giving
at least 80% of viable cells to be considered acceptable. Then, about
30000 hepatocytes were plated on 96-well plates (25000 on
E-plates RTCA) previously coated with Type 1 collagen, rehydrated
and cultured in humidified atmosphere at 37 �C containing 95% O2

and 5% CO2 with medium I (william E medium, 10% FBS, 50 UI/ml
penicillin, 50 lg/ml streptomycin and 0.1 UI/ml insulin) for 24 h.
The medium is then replaced by another similar medium (medium
II) but deprived of serum and supplemented with hydrocortisone
hemisuccinate (1 lM) and bovine serum albumin (240 lg/ml).

FaO cells come from rattus norvegicus hepatoma (ECACC) and
are sub-clones of the H4-11-E-C3 line (isolated from a Reuber
H35 rat hepatoma). They were primary cultived in 75 cm2 flasks
in humidified atmosphere at 37 �C containing 95% O2 and 5% CO2

with medium A (COON’S supplemented with 5% of fetal bovine
serum and penicillin/streptomycin respectively 50 UI/ml and
50 lg/ml). 45000 cells/well in classical 96-plates and 40000 cells
per well in E-plates (RTCA) were seeded after coating with type I
collagen. Cells were exposed to drugs at 80% of density.

Drugs were prepared as stock solution 200 times concentrated
in DMSO. The final concentration in medium is 0.5%.
2.3. Viability tests

Viable cells were determined by measuring the conversion of
the tetrazolium salt MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide, Sigma–Aldrich (Saint-Quentin Fallavier,
France) to formazan induced by mitochondrial succinate dehydro-
genase, as previously described (fautrel et al., 1991). Briefly, after
24 h of treatment, medium is removed, cells are washed with med-
ium II and then incubated with 0.5 mg/ml MTT for 2 h at 37 �C. The
water-insoluble formazan crystal was dissolved by adding 100 ll
DMSO to each well and the absorbance was determined with a
spectrophotometer at 570 nm (MR7000, Dynatech Laboratories,
Inc., USA).

The neutral red uptake is based on transport and storage of the
weakly cationic supravital dye in lysosomes. After 24 h of treat-
ment, medium is removed, cells are washed with medium II and
then incubated with the same medium supplemented with
50 lg/ml of neutral red dye. Plates are incubated for 3 h at 37 �C.
Cells are washed with PBS and 100 ll/well of ethanol/acetic acid
(50/1/49-v/v/v) is added. After shaking and homogenization, the
absorbance was determined with a spectrophotometer at 550 nm
(MR7000, Dynatech Laboratories, Inc., USA).

The ATP monitoring was used for the quantitative evaluation of
proliferation and cytotoxicity of cultured mammalian cells. Under
the manufacturer’s recommendations (ATPlite, luminescence
assay, PerkinElmer), cell culture medium is removed and cells are
first washed with 100 ll/well of PBS before adding medium II.
Then 50 ll/well of lysis buffer is added and plate is agitated for
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5 min at 700 rpm in an orbital shaker. 50 ll of substrate solution is
added and plate is one more time shook. Luminescence is then
measured using a MicroBeta Wallac luminometer (EG&G Wallac).

2.4. Cell imaging microplate assays and cellomics – ArrayScanXTI

scanning details

Primary culture of rat hepatocytes were seeded at 30 � 103

cells/well in black 96-well cell culture plates, and allowed to attach
overnight in a humidified incubator at 37 �C, 5% CO2.
Independently, five markers/indicators were used: the MitoSOX™
Red Mitochondrial superoxide indicator, the ThiolTracker™
Violet also called Glutathione Detection Reagent, the
LysoTracker� Green Probe, the TMRE membrane potential sensor
and the Fluo-8™ AM calcium indicator. The HCS staining probes
were used according to the manufacturer’s instructions. Briefly,
cells were treated for 24 h with different concentrations of chem-
icals. Then the stock concentration fluorescent probes contained
in DMSO were diluted in a serum and phenol-red free medium
(except for the MitoSOX in a HANK’s medium) at final concentra-
tions of 5 lM for the MitoSOX, 25 nM for the TMRE, 20 lM for
the GSH, 50 nM for the LysoTracker and 5 lM for the Fluo-8. To
each well, 100 ll of the final solution was added and incubated
with the nuclear marker Hoechst 33342 (2.5 lg/ml final) at
37 �C. The medium was changed and the plates were scanned with
the ArrayScanXTI instrument (Cellomics Inc., Pittsburgh, USA). The
detection was performed with the ‘‘compartmental analysis’’
bio-application (Cellomics Inc., Pittsburgh, USA). An example of
segmentation is shown on supplementary data 1 to illustrate the
automated analysis. The number of cells analyzed was fixed to
500 cells per well. An objective of 20� was used for the imaging
analysis. The nuclear dye (Hoechst) was detected in channel 1
(excitation–emission filter set 365/515 nm). The ‘objects’ targeted
for measurement were detected in channel 2. The Cellomics
ArrayScanXTI output features ‘‘mean circ spot total intensity’’
and ‘‘mean circ total intensity’’ depending on the probe tested were
used to analyze the scans. For each plate, the mean of the three
control wells (0.5% DMSO) was used as a reference and rescaled
to one. Each well value was expressed relative to this reference.
A value of two meant a 2-fold induction of the fluorescent signal
compared with the control value. TBHP (500 lM), CsA (10 lM)
and OM (0.5 lg/ml) were used as positive control in this
experiment.

2.5. Real-time cellular impedance

Real-time cellular impedance consists in measuring the electri-
cal response of alive and intact cells. Data are presented as a mea-
surement curve called ‘‘Cell Index’’ or CI, depending on time. This
CI was calculated from a relative electric impedance change of
the cell layer. It is representative of a global cellular state. A linear
relationship has been established by the manufacturer between
variations covered by adherent cells surface and changes in CI.
This indicates a change of the cell density and/or a change in adhe-
sion or cellular morphology. The CI measurements were performed
in a 96 well-plate with 80% of their bottom surface covered with
gold microelectrodes. This electric measurement is realized in a
non invasive context, without any staining or cell coloration.

The real-time cell impedance analyzer (xCELLigence� system)
was used according to the manufacturers’ instructions (Roche
Applied Science, Mannheim, Germany and ACEA Biosciences, San
Diego, CA, USA). For the rat hepatocytes and the FaO cell line,
25 � 103 and 40 � 103 cells/well respectively were added to
96-well E-plates. Twenty-four hours later, cells were treated with
different concentrations of chemicals in William’s medium.
Real-time cellular impedance was measured in each well (Cell
Index values) and the signal was observed through the integrated
software (RTCA Analyzer). To observe the influence of chemicals
on cells in comparison with the DMSO control, the normalized cell
index (NCI) was used, based on the last time point prior to com-
pound addition. Each curve is representative of an experiment per-
formed in triplicate (technical replicates). Data are given as the
mean ± standard deviation and are representative of three inde-
pendent and reproducible experiments.
2.6. Statistical analyses

Each experiment was repeated at least three times in duplicate
or triplicate, depending of the assay. Data shown are the
mean ± standard deviation (SD). The cytotoxicity IC50 values and
graph were carried out with GraphPad Prism program (version
5.0 GraphPad software Inc. San Diego, CA, USA). To determine the
statistically significant difference between two groups, a
Student’s t test was used (two-tailed, paired samples for means,
and hypothesized difference of 0).
3. Results

3.1. Acetaminophen hepatotoxicity presented two distinct steps

Paracetamol or acetaminophen (APAP) is a derivative of
para-amino-phenol that is metabolized by the body. In a state of
overdose, it can lead to irreversible liver necrosis and liver failure
(McGill and Jaeschke, 2013). In this study, this compound pre-
sented weak toxicity with a slow effect on rat hepatocytes and
an IC50 up to 10 mM when estimated using standard cytotoxicity
assays. Indeed, the estimated IC50 was 26.44 mM with MTT
(Fig. 1A, Table 2), 12.63 mM with neutral red staining (Fig. 1B,
Table 3) and 18.33 mM with ATP monitoring (Fig. 1C, Table 4).
Real-time cellular impedance technology appeared to be the most
sensitive among the four tests, giving an IC50 of 3.98 mM on rat
hepatocytes (Fig. 1D, Table 5). Moreover, it revealed modulations
of viability or cellular morphology from 2 mM (Fig. 1E), suggesting
that APAP may have phenotypical impact on hepatocytes at lower
concentrations. Interestingly, this observation is supported by the
HCS results (Fig. 10) which revealed two phenomena. The first
being an increase in intracellular calcium at concentrations
between 2.8 and 10.7 mM which occurred in parallel to a
dose-dependent increase in nuclear intensity at 3.9–7.6 mM, with-
out modulation of the nuclear area. The second being a change in
nuclear area, an important indicator of toxicity, at concentrations
between 10.7 and 15 mM, which occurred in parallel to a decrease
in the mitochondrial potential activity and an increase in oxidative
stress. While all assays were effective at predicting toxicity at these
high concentrations, the perturbations observed at lower doses
(calcium concentration and nuclear intensity) indicate that hepa-
totoxicity could happen earlier, as suggested by the neutral red
staining.

On FaO cells, the toxicity of APAP was in the same range
(IC50 = 18.5–19.5 mM) as that obtained on rat hepatocytes when
evaluated with ATP monitoring (Fig. 1C). Although a very low tox-
icity was similarly revealed on this model, with an IC50 globally up
to 15 mM (fitting estimation), the MTT test (Fig. 1A) and the NRU
(Fig. 1B) gave different results to those obtained on primary cul-
tures of hepatocytes (IC50/MTT = 15.13 mM; IC50/NRU = 29.89 mM)
suggesting that APAP exhibits a different toxicity profile depending
on the model, likely linked to the presence of metabolic enzymes.
Finally, the impedance curves showed that APAP increased the cell
index at all tested concentrations (Fig. 1D and F), with a Gaussian
curve-type profile reaching a maximum at 4 mM, reflecting a cyto-
morphological change.
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Fig. 1. Acetaminophen cytotoxicity monitoring of rat hepatocytes (RH) and FaO cell line. Cells were seeded onto 96-well plates and treated for 24 h with increasing
concentrations of acetaminophen (APAP). Then, cell viability was assessed using MTT assay (A), NRU (B), ATP monitoring (C) and real-time impedance (D). (A–D) Results are
presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments. (E and F) Real-time impedance curves obtained
from the xCELLigence system (Roche). Each curve was normalized just before compound addition on rat hepatocytes (E) or FaO cells (F) and represents an average of triplicate
values.

Table 2
Cytotoxicity evaluated by MTT assay on rat hepatocytes and FaO hepatoma cells after 24 h treatment.

Molecule IC50 RH (mM) Interval 95% IC50 FaO (mM) Interval 95%

Acetaminophen 26.44 �0.18 to 53.06 15.13 13.75–16.51
Retinoic acid 0.102 0.095–0.110 0.052 0.049–0.055
Amodiaquine 0.028 0.024–0.032 0.0409 0.035–0.046
Carbamazepine >1 – >1 –
Cyclophosphamide 21.31 10.07–32.55 11.34 9.657–13.02
Diethylstilbestrol 0.185 0.165–0.205 0.0378 0.036–0.039
Erythromycin 1.21 1.14–1.28 3.385 2.935–3.835
Furosemide 6.526 6.024–5.363 11.33 10.08–12.59

Table 3
Cytotoxicity evaluated by neutral red uptake assay (NRU) on rat hepatocytes and FaO hepatoma cells after 24 h treatment.

Molecule IC50 RH (mM) Interval 95% IC50 FaO (mM) Interval 95%

Acetaminophen 12.63 10.76–14.5 29.89 22.98–36.8
Retinoic acid 0.052 0.048–0.055 0.046 0.041–0.051
Amodiaquine 0.012 0.011–0.014 0.014 0.013–0.015
Carbamazepine 2.197 1.793–2.601 >1 –
Cyclophosphamide 18.75 14.12–23.38 31.39 18.47–44.31
Diethylstilbestrol 0.135 0.121–0.149 0.0396 0.036–0.042
Erythromycin 0.924 0.868–0.979 2.727 2.655–2.799
Furosemide 4.922 4.481–5.363 9.122 8.902–9.342

Table 4
Cytotoxicity evaluated by ATP monitoring assay on rat hepatocytes and FaO hepatoma cells after 24 h treatment.

Molecule IC50 RH (mM) Interval 95% IC50 FaO (mM) Interval 95%

Acetaminophen 18.33 13.06–23.6 19.58 15.53–23.63
Retinoic acid 0.085 0.073–0.096 0.048 0.041–0.055
Amodiaquine 0.022 0.019–0.025 0.026 0.022–0.029
Carbamazepine >1 – >1 –
Cyclophosphamide 8.27 6.36–10.18 >8 –
Diethylstilbestrol 0.16 0.143–0.178 0.0429 Very wide
Erythromycin 0.871 0.804–0.937 3.00 Very wide
Furosemide 4.66 4.38–4.93 10.06 Very wide
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Table 5
Cytotoxicity evaluated by real-time cell impedance monitoring on rat hepatocytes and FaO hepatoma cells after 24 h treatment.

Molecule IC50 RH (mM) Interval 95% IC50 FaO (mM) Interval 95%

Acetaminophen 3.98 2.48–5.48 ND –
Retinoic acid 0.029 0.022–0.035 0.050 0.047–0.054
Amodiaquine 0.009 0.006–0.011 0.03 Graph
Carbamazepine 0.525 0.418–0.633 >1 –
Cyclophosphamide 2.607 1.616–3.599 >8 –
Diethylstilbestrol 0.057 0.039–0.075 0.0611 Very wide
Erythromycin 0.366 0.324–0.408 2.947 2.603–3.29
Furosemide 1.404 1.174–1.634 6.219 5.688–6.750
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Fig. 2. Retinoic acid cytotoxicity monitoring of rat hepatocytes (RH) and FaO cell line. Cells were seeded onto 96-well plates and treated for 24 h with increasing
concentrations of retinoic acid (RA). Then, cell viability was assessed using MTT assay (A), NRU (B), ATP monitoring (C) and real-time impedance (D). (A–D) Results are
presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments. (E and F) Real-time impedance curves obtained
from the xCELLigence system (Roche). Each curve was normalized just before compound addition on rat hepatocytes (E) or FaO cells (F) and represents an average of triplicate
values.
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3.2. Retinoic acid hepatotoxicity is likely linked to mitochondrial
disturbance

Retinoic acid (RA) is a metabolite of vitamin A and is involved in
growth and differentiation during development. This molecule,
known to be metabolized by the organism (Shmarakov et al.,
2014), is used to treat acne as well as cancer. Here, we noted that
RA was highly hepatotoxic towards rat hepatocytes with relatively
slow kinetics (Fig. 2A–E). The IC50 ranged from around 29 lM for
real-time cellular impedance, to 102 lM for the MTT test
(Table 1). We found intermediate values using ATP content mea-
surements (85 lM) and neutral red uptake (52 lM). When com-
pared to HCS imaging results (Fig. 10) and to the other tests, data
showed that MTT tended to under-evaluate the toxicity of retinoic
acid whereas cellular impedance showed strong sensitivity, though
probably not linked to hepatotoxicity, as suggested by the data set.
Indeed, between 70 and 100 lM we detected a change in nuclear
area and intensity, a decrease in the mitochondrial potential and
of the intracellular calcium content (for the highest dose only), as
well as a parallel increase in both oxidative stress and glutathione
level. The HCS data were complemented by impedance curves
which showed a dose-dependent effect of this drug on rat hepato-
cytes (Fig. 2E).

Our evaluations of RA on FaO cells showed comparable IC50

among the four assays (IC50 ffi 50 lM), with, when compared to
hepatocytes, effects displaying similar and moderate kinetics
(Fig. 2A–D). The impedance curves on FaO cells (Fig. 2F) revealed
a decrease in the cell index at the following concentrations: 50,
70 and 100 lM. These data are in accordance with HCS results on
hepatocytes and suggest that RA hepatotoxicity is detectable
around 50–70 lM. In conclusion, ATP and neutral red uptake
appear to be the most appropriate tests for this drug assessment
whatever the cell model used. Moreover, only small differences
were observed between IC50 estimated in hepatocytes versus those
obtained in hepatoma cells, suggesting that metabolites are not
involved in retinoic acid toxicity.

3.3. Amodiaquine hepatotoxicity: a two-step event with a particular
profile

Amodiaquine is an antimalarial and anti-inflammatory drug
which is metabolized in the liver but is also known to induce sev-
ere hepatic injury (Tafazoli and O’Brien, 2009). In our experiment,
the classical cytotoxicity tests showed that amodiaquine is highly
toxic towards hepatocytes (Fig. 3A–C), with IC50 between the
9 lM revealed using real-time cellular impedance (Fig. 3D and E,
Table 5) and 28 lM using the MTT test (Fig. 3A, Table 2). The effects
of this drug were found to have very fast kinetics regardless of the
selected cytotoxicity test. Using HCS on this model, we identified
two major events (Figs. 9 and 10). Firstly, we observed a decrease
in the mitochondrial potential at concentrations in the range of
6.6–13 lM, which paralleled an increase in the lysosomal activity,
suggesting an autophagic process secondary to an alteration of the
mitochondrial status. Secondly, we noticed a high toxicity at con-
centrations between 18.2 and 50 lM, most likely linked to oxida-
tive stress. Indeed, these concentrations provoked increases in
reactive oxygen species, glutathione level and intracellular cal-
cium, and modulated nuclear area and intensity. Mitochondrial
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Fig. 3. Amodiaquine cytotoxicity monitoring of rat hepatocytes (RH) and FaO cell line. Cells were seeded onto 96-well plates and treated for 24 h with increasing
concentrations of amodiaquine (AQ). Then, cell viability was assessed using MTT assay (A), NRU (B), ATP monitoring (C) and real-time impedance (D). (A–D) Results are
presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments. (E and F) Real-time impedance curves obtained
from the xCELLigence system (Roche). Each curve was normalized just before compound addition on rat hepatocytes (E) or FaO cells (F) and represents an average of triplicate
values.
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activity also seemed to be highly affected with a decrease of 80% as
compared to control conditions.

The IC50 in FaO cells was higher than that in hepatocytes
according to the results of two of the four tests (Fig. 3A–D), with
a maximum for the MTT test of 41 lM (Fig. 3A, Table 2) and with
a minimum of 14 lM revealed using the NRU test (Fig. 3B,
Table 3). Cytotoxicity was hence lower in this cell model than in
the hepatocytes, suggesting that amodiaquine metabolites could
be involved in hepatocyte cytotoxicity. Through the impedance
curves (Fig. 3F), we observed an increase in the cell index during
the first 12 h after treatment for concentrations ranging from 7
to 18 lM, a phenomenon often linked with changes in morphology
and/or cell adhesion. These effects could be correlated with those
observed using HCS, namely autophagy, oxidative stress and mito-
chondrial disturbances. Moreover, in contrast with the DMSO con-
trol, the cell index decreased at the high doses of 35 and 50 lM.
Lastly, for all the concentrations tested and mostly at the lower
doses, FaO cells showed a biphasic profile whereas hepatocytes
only showed a dose-dependent effect, a difference in behavior
which supports the hypothesis of detectable metabolism-related
drug effects via impedance monitoring.

3.4. Carbamazepine does not exhibit a hepatotoxic profile

Carbamazepine (CBZP) is an anticonvulsant drug which is par-
tially metabolized into active epoxide compounds in the liver
and is suspected to induce hepatic injury (Higuchi et al., 2012).
In our study, this drug did not appear to be hepatotoxic either in
rat hepatocytes or in FaO cells, with tests performed up to the limit
of dilution which is around 1 mM (Fig. 4A–D). As a result, we were
unable to calculate an IC50 with either the MTT or the ATP test
(Tables 2 and 4). Only neutral red assay provided an IC50 of
2.2 mM on rat hepatocytes (Table 3) while real-time cellular impe-
dance detected an effect with a decrease in the NCI of 30–40%
without dead cells observed in microscopy, suggesting a possible
non-dose-dependent effect on hepatocyte phenotype in the
absence of mortality (Fig. 4E). From HCS analysis, we noted a rela-
tively weak antioxidant property which paralleled the decrease in
lysosomal activity level between 260 and 714 lM (Fig. 10). We
observed similar effects on FaO cells (Fig. 4F) with the cell index
curves increasing in a biphasic manner for the lowest CBZP
concentrations (133–510 lM). Without a direct correlation
between oxidant stress and/or lysosomal activity with the modula-
tion of the cellular impedance, we can only hypothesize on a pos-
sible non-toxic in vitro effect of CBZP on murine liver cells.

3.5. Cyclophosphamide is weakly hepatotoxic

As with the other drugs tested, cyclophosphamide (CP) is
metabolized in liver. Indeed, its antineoplasic action is linked to
the biotransformation processes but it can also lead to toxicity
(Pirmohamed et al., 1992). Using classical cytotoxic tests on pri-
mary cultures of hepatocytes (Fig. 5A–D), we found no significant
toxicity of this compound via MTT (IC50 = 21.31 mM) or neutral
red tests (IC50 = 18.75 mM) whereas ATP monitoring
(IC50 = 8.27 mM) and real-time cellular impedance detection
(IC50 = 2.6 mM) showed a higher sensitivity with this drug. Our
investigations on HCS (Fig. 10) then allowed us to identify two
events. While mitochondrial potential decreased at low doses
(1.1–2.9 mM), lysosomal activity increased, as already observed
with amodiaquine. For higher concentrations (4.1–8 mM), we
noted modulations of all the studied cell functions (except for
the calcium content which remained stable). This high-dose toxic-
ity probably correlates to oxidative stress as suggested by the mod-
ulations in levels of anion superoxide and GSH.

On FaO cells, none of the concentrations examined up to the
limit of solubility showed any significant toxicity whatever the test
used, as already observed on primary culture of hepatocytes
(Fig. 5A–D and F). Consequently, we were unable to calculate the
IC50 for example using the ATPu assay or with the real-time cellular
impedance monitoring, which was estimated to be above 8 mM for
this drug (Tables 4 and 5). Impedance results appeared to be
non-dose-dependent and the weak differences observed supported
weak toxic properties of this compound on the two cell models
(Fig. 5E and F).

3.6. Diethylstilbestrol hepatotoxicity

Diethylstilbestrol (DES) is a synthetic oestrogen prescribed up
until the early 1970s to counteract threats of premature birth or
miscarriage. It is bio-transformed into reactive metabolites that
lead to toxic effects (Vega et al., 2014). In our study, DES appeared
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Fig. 4. Carbamazepine cytotoxicity monitoring of rat hepatocytes (RH) and FaO cell line. Cells were seeded onto 96-well plates and treated for 24 h with increasing
concentrations of carbamazepine (CBZP). Then, cell viability was assessed using MTT assay (A), NRU (B), ATP monitoring (C) and real-time impedance (D). (A–D) Results are
presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments. (E and F) Real-time impedance curves obtained
from the xCELLigence system (Roche). Each curve was normalized just before compound addition on rat hepatocytes (E) or FaO cells (F) and represents an average of triplicate
values.
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Fig. 5. Cyclophosphamide cytotoxicity monitoring of rat hepatocytes (RH) and FaO cell line. Cells were seeded onto 96-well plates and treated for 24 h with increasing
concentrations of cyclophosphamide (CP). Then, cell viability was assessed using MTT assay (A), NRU (B), ATP monitoring (C) and real-time impedance (D). (A–D) Results are
presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments. (E and F) Real-time impedance curves obtained
from the xCELLigence system (Roche). Each curve was normalized just before compound addition on rat hepatocytes (E) or FaO cells (F) and represents an average of triplicate
values.
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moderately toxic in comparison with the other drugs tested on rat
hepatocytes, with a similar IC50 whatever the tests used (Fig. 6;
IC50 = 135 lM with NRU, 185 lM with MTT and 160 lM with
ATP). Cellular impedance showed a strong decrease in NCI with
very fast dose-dependent kinetics (Fig. 6E). Thus, this compound
seems able to deregulate most of the cell functions evaluated
(Figs. 9 and 10). Indeed, in the range of 74–400 lM, DES increased
GSH level in a dose-dependent manner (supplementary data 2 and
3), whereas mitochondrial potential rapidly and strongly decreased
to reach a 0.2-fold induction for five of the seven doses used. The
HCS technology suggested that DES could be toxic from 74 lM, a
concentration at which we observed the increase in nuclear inten-
sity with a parallel decrease in nuclear area. Interestingly, at this
concentration the DES firstly strongly increased oxidative stress
by 3-fold, before strongly decreasing the production of ROS to
match the level of mitochondrial activity. Finally, DES exerted a
negative effect on lysosomes by decreasing their activity, thus
making the NRU test the least appropriate for use to assess this
drug.

DES showed a higher toxicity in FaO cells than in hepatocytes,
with an IC50 around 40 lM for the classical tests and 60 lM for
real-time cellular impedance (Fig. 6A–D; Tables 2–5). This would
suggest that bio-activation is not involved in DES toxicity; in other
words, the hepatic metabolites are less toxic than the parent com-
pound alone. The effects also displayed very fast kinetics, espe-
cially at high doses. On comparing the impedance curve profiles
between the two cell models (Fig. 6F), we first noted a
dose-dependent effect in hepatocytes with low cell index at high
concentrations. On FaO cells on the other hand, the profile was dif-
ferent, with an increase in NCI for concentrations under 46 lM and
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Fig. 6. Diethylstilbestrol cytotoxicity monitoring of rat hepatocytes (RH) and FaO cell line. Cells were seeded onto 96-well plates and treated for 24 h with increasing
concentrations of diethylstilbestrol (DES). Then, cell viability was assessed using MTT assay (A), NRU (B), ATP monitoring (C) and real-time impedance (D). (A–D) Results are
presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments. (E and F) Real-time impedance curves obtained
from the xCELLigence system (Roche). Each curve was normalized just before compound addition on rat hepatocytes (E) or FaO cells (F) and represents an average of triplicate
values.
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Fig. 7. Erythromycin cytotoxicity monitoring of rat hepatocytes (RH) and FaO cell line. Cells were seeded onto 96-well plates and treated for 24 h with increasing
concentrations of erythromycin (E-mycin). Then, cell viability was assessed using MTT assay (A), NRU (B), ATP monitoring (C) and real-time impedance (D). (A–D) Results are
presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments. (E and F) Real-time impedance curves obtained
from the xCELLigence system (Roche). Each curve was normalized just before compound addition on rat hepatocytes (E) or FaO cells (F) and represents an average of triplicate
values.
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a strong decrease for doses between 64 and 125 lM. At higher con-
centrations, DES was too toxic on this model, explaining our use of
lower doses for this drug.

3.7. Erythromycin hepatotoxicity: two independent steps for two
potential effects

Erythromycin (ERY or E-mycin) belongs to the macrolide bacte-
riostatic and bactericide family. Biotransformation occurs mainly
in the liver where the metabolites strongly inhibit cytochrome
P450 inducing drug–drug interaction and liver injury (Lam et al.,
2006). In our experiments on rat hepatocytes, ERY was toxic at
high concentrations (Tables 2–5) with fast kinetics (Fig. 7A–C)
and similar hepatoxicity whatever the test used (MTT,
IC50 = 1.2 mM; NRU, IC50 = 0.92 mM; ATP, IC50 = 0.87 mM). Only
real-time cellular impedance (Fig. 7D and Table 5) led to a lower
value and to a more sensitive result (IC50 = 0.36 mM), with a
dose-dependent and sinusoidal profile (Fig. 7E). In parallel, we
noted that ERY induced an important increase in the lysosomal
activity (10-fold) which decreased progressively with increasing
concentration of ERY (Figs. 9 and 10). We were unable to detect
such a modulation at concentrations above 1.43 mM. However, in
the range of 372–729 lM, we observed changes in nuclear area
and intensity, a decrease in mitochondrial potential of about 60%,
an increase in oxidative stress and GSH level, and finally an
increase in intracellular calcium at concentrations above 1 mM.

On FaO cells, ERY was weakly toxic, with similar IC50 values
(around 3 mM) whatever the end-point, suggesting that the
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Fig. 8. Furosemide cytotoxicity monitoring of rat hepatocytes (RH) and FaO cell line. Cells were seeded onto 96-well plates and treated for 24 h with increasing
concentrations of furosemide (FURO). Then, cell viability was assessed using MTT assay (A), NRU (B), ATP monitoring (C) and real-time impedance (D). (A–D) Results are
presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments. (E and F) Real-time impedance curves obtained
from the xCELLigence system (Roche). Each curve was normalized just before compound addition on rat hepatocytes (E) or FaO cells (F) and represents an average of triplicate
values.

Fig. 9. Effects of several drugs on the main cellular functions of hepatic cells. Primary culture of rat hepatocytes were seeded onto 96-well plates and treated for 24 h with
increasing concentrations of acetaminophen, retinoic acid, amodiaquine, carbamazepine, cyclophosphamide, diethylstilbestrol, erythromycin and furosemide. Cells were then
stained with Hoechst 33342 and TMRE (30 min), MitoSOX (15 min), GSH (30 min), LysoTracker (45 min) or Fluo-8 (20 min). Spot intensity was detected with the ArrayScanXTI

and expressed as a ratio relative to the negative control DMSO. 500 lM of tert-butyl hydroperoxide (TBHP; 1 h of treatment) and 10 lM of cyclosporine A (CsA; 24 h of
treatment) were used as a positive control. Amodiaquine – AQ (25.5 lM), diethylstilbestrol – DES (146 lM) and erythromycin – E-mycin (1.02 mM) conditions were chosen to
illustrate the HCS imaging contribution.

L. Peyre et al. / Toxicology in Vitro 29 (2015) 1916–1931 1925



Fig. 10. Summary of the effects of drugs on main cellular functions of hepatic cells. Primary culture of rat hepatocytes were seeded onto 96-well plates and treated for 24 h
with increasing concentrations of acetaminophen, retinoic acid, amodiaquine, carbamazepine, cyclophosphamide, diethylstilbestrol, erythromycin and furosemide. Cells
were then stained with Hoechst 33342 and TMRE (30 min), MitoSOX (15 min), GSH (30 min), LysoTracker (45 min) or Fluo-8 (20 min). Spot intensity was detected with the
ArrayScanXTI and expressed as a ratio relative to the negative control DMSO. 500 lM of tert-butyl hydroperoxide (TBHP), 0.5 lg/ml oligomycin (OM) and 10 lM cyclosporine
A (CsA) were used for 24 h as positive controls (except for TBHP, 1 h). Color legend: white means ‘‘no modulation’’, green ‘‘increase’’ and red ‘‘decrease’’. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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toxicity observed on rat hepatocytes could be linked to metabolic
processes leading to drug bio-activation. The impedance curves
(Fig. 7F) showed an increase in NCI for concentrations ranging from
0.4 to 1.5 mM, suggesting a possible cytomorphological effect in
the absence of toxicity.
3.8. Furosemide hepatotoxicity is probably due to its impact on
calcium storage

Furosemide (FURO) is a diuretic drug which improves kidney
insufficiency. It is metabolized in the liver and has been associated
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with hepatotoxicity (Qu et al., 2014). In our study, FURO cytotoxi-
city was low (IC50 = 4.66 mM with ATP monitoring, 4.92 mM with
the NRU and 6.52 mM with the MTT test) yet the kinetics of the
effect were rapid (Fig. 8A–C). Moreover, the impact of this drug
on hepatocyte viability was dose-dependent, as suggested by the
real-time cellular impedance data (Fig. 8D and E) which showed
a much clearer biological response (IC50 = 1.4 mM). Using HCS
technology (Fig. 10), we observed an alteration in nuclear integrity
upon expositions in the range of 2.6–10 mM, while intracellular
calcium increased (1.5-fold) at all concentrations tested (1.3–
10 mM). We observed no additional modulation of cell functions.

FURO showed half the level of toxicity in FaO cells compared to in
rat hepatocytes, suggesting that it is metabolized in the liver to pro-
duce toxic metabolites. Indeed, we noticed an IC50 of about 10 mM
for the MTT, the NR and the ATP monitoring (Fig. 8A–C; Tables 2–
4). While low doses (1.9–3.6 mM) increased the NCI (Fig. 8F), the
highest concentrations (7.1 and 10 mM) provoked a significant
decrease in the impedance value. However, at all concentrations
tested, NCI displayed a quick and transitory decrease suggesting
the possible occurrence of an early molecular and cellular event such
as the modulation of calcium storage, as shown with HCS.
4. Discussion

Because liver is the main organ within which the detoxification
of xenobiotics occurs, DILI represents the major cause of failure in
drug development and the major reason for their withdrawal. The
early detection of the hepatotoxic effects of drugs and chemicals to
prevent such a huge economical loss through failure is crucial.
Some in vitro cells cultures currently used to detect DILI are not
always metabolically competent and therefore sensitive enough
for use in drug assessment (Gerets et al., 2012). The same holds
true for traditional cytotoxic assays (Miret et al., 2006). Indeed,
the limited xenobiotic metabolizing potential of commonly-used
indicator cell lines is one of the major disadvantages of in vitro
methods. Due to their biochemical properties (binding to macro-
molecules, depleting the antioxidant cellular pool, etc.), reactive
metabolites represent a leading cause of adverse drug reactions,
which are not predicted accurately by current preclinical testing
methodologies. Accounting for the metabolism process is therefore
crucial for in vitro toxicological test development. The absence of
such determinants of toxicity could give rise to falsely positive
(lack of detoxification) or negative data (lack of bio-activation),
as specified in the 2006 OECD report (see references part). For this
reason, the visualization of xenobiotics metabolizing within hepa-
tocytes is now considered as the best model for use in various areas
of pharmaco-toxicological research.

In this context, we aimed to assess the potential applications of
this model when coupled to real-time cellular impedance monitor-
ing and high-content screening imaging. HCS technology has been
proposed to solve such frequent toxicological drawbacks and be
more predictive of human liver toxicity (Bale et al., 2014; Donato
et al., 2012; Gerets et al., 2012; Kim et al., 2012; O’Brien et al.,
2006; Persson et al., 2013; Porceddu et al., 2012; Seeland et al.,
2013; Sirenko et al., 2014; Tolosa et al., 2012; Xu et al., 2008).
Indeed, combining primary culture of human hepatocytes with this
technology has already proven an interesting in vitro testing
approach to identifying DILI positive drugs (Xu et al., 2008).
Taking this further, we decided to compare conventional cytotoxic
tests with two recent technologies: the real-time cellular impe-
dance and the high-content imaging technology. To address the
issue of hepatotoxicity linked to metabolic bio-activation, we com-
pared eight drugs on two rat hepatic models: primary hepatocytes,
known to be metabolically competent, and hepatoma cells, lacking
most of the detoxification enzymes.
In primary culture of rat hepatocytes, our results from the MTT,
the RN and the ATP uptake were comparable in terms of cell viabil-
ity. However, MTT tended to under-estimate the mortality induced
by the drugs tested. This can be explained by the drug-induced
modulation of intracellular anion superoxide (decrease after carba-
mazepine and diethylstilbestrol expositions and increase for the
other molecules) for all the compounds selected, except furose-
mide (and in a less obvious way acetaminophen). Anion superoxide
is the predominant reactive oxygen species (ROS) linked to mito-
chondrial activity and is responsible for cellular damage (Dawson
et al., 1993; Pessayre et al., 2004, 2012). The MTT test appeared
inappropriate for investigating DILI which most often involved
mitochondrial functioning (Labbe et al., 2008). Thus, among these
three classical assays, the ATP and the NR uptake would appear
to be the most relevant tests on this cell model.

In parallel, the NCI provided the dose-dependent effect of some
drugs such as amodiaquine, retinoic acid, diethylstilbestrol, ery-
thromycin and furosemide, while for others such results were
not observed (cyclophosphamide, carbamazepine and acetamino-
phen). However, for methodological reasons that to date remain
unclear, the rat hepatocytes model appears inappropriate for the
study of cell viability with real-time cellular impedance. Indeed,
the control DMSO alone increased the NCI, while for all the com-
pounds tested and from the lowest concentrations, the NCI
decreased 30–50%. Besides a lack of evidence in the literature for
DMSO inducing such an effect, this increase in NCI observed in
the control condition cannot be assigned to a proliferative effect
since primary cultures of rat hepatocytes are blocked in G1 phase
(Ichihara et al., 1982). It could however be associated with other
cellular phenomena, such as resistance to spontaneous apoptosis,
dedifferentiation, cell-junctions formation or extra-cellular matrix
remodeling, which all happen during static hepatocyte culture
(Bailly-Maitre et al., 2002; Fraczek et al., 2013;
Martinez-Hernandez and Amenta, 1983; Weiner et al., 1996). In
contrast with the increase induced by DMSO, all the drugs used
in our study seemed to reduce the NCI making real-time cellular
impedance monitoring unsuitable with this cell model. A similar
observation has also been made by Atienzar’s team (2013) who
reported a low correlation of around 55% between classical cyto-
toxic assay and real-time cellular impedance using primary culture
of human and rat hepatocytes. This holds true on human ker-
atinocytes NHEK (Atienzar et al., 2011) and on primary neurons
(Diemert et al., 2012), arguing against the use of primary cultures
for impedance monitoring. Nevertheless, kinetics of effects and cell
index curves could be considered as good indicators for cellular
impacts of compounds on liver cells, especially on the HepG2 cell
line already tested during our last investigations (Peyre et al.,
2014). Moreover, impedance measurements in real-time condition
constitute a unique tool to study the adaptative response of the
cells to a chemical stress. Hence, in the present study, we observed
very progressive kinetics of toxicity for retinoic acid in contrast to
very fast kinetics for diethylstilbestrol, amodiaquine, furosemide
and to a lesser extent erythromycin. This suggests a slower action
for retinoic acid in comparison with the other compounds tested.
Moreover, the NCI upon xenobiotic treatments is modulated by
phenotypical modifications that could be related to biological per-
turbations. Despite of the difficulties of interpretation, the general
curves obtained from impedance assay in primary cultured hepa-
tocytes could be correlated to HCS results that provide a precise
investigation at individual cells and their metabolic status. For
instance, the dose-dependent decrease of NCI upon erythromycin
treatment occurs in parallel with the formation of ROS (as quanti-
fied by MitoSOX™ Red assay). Moreover, amodiaquine, a prototyp-
ical pro-oxidant compound, increased the relative oxidative stress
(as measured by MitoSOX™ Red assay) as well as GSH level (as
quantified by ThiolTracker™ Violet) from 1.02 to 2 mM,
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concentrations for which an important cytotoxicity is observed (as
measured by NRU). However, we observed a transient increased in
lysosomal activity for concentrations ranging from 266 lM to
1.02 mM (sub-toxic concentrations), that could be consistent with
an adaptative response related to an increased autophagic process
in response to chemical stress induced by amodiaquine. Hence, our
results suggest that the early phenotypical modifications occurring
after xenobiotics exposure could be detected by impedance mea-
surements and further characterized by the HCS technology.
Despite of the difficulties to use the primary cultures in impedance
measurements, the overall curve obtained could be of interest to
characterize the further adaptative response of cells upon chemical
stress.

On FaO cells, the various evaluation methods of cell viability
showed good correspondence. This first point to be made is that
hepatic metabolism (missing in this hepatoma model) leads to
molecular and cellular effects that modulate the detection of cyto-
toxicity by those tests which depend on these cellular functions.
Secondly, the comparison between FaO cells and primary culture
of rat hepatocytes provides interesting data. For example, while
acetaminophen exposure showed no toxicity on FaO cells, we
detected a toxicity of 10 mM in hepatocytes. This difference
indicates that hepatotoxicity is dependent on bio-activation.
The electrophilic metabolite N-acetylbenzoquinoneimine (NAPQI)
is conventionally thought to provoke the hepatotoxic process.
Indeed NAPQI is detoxified by GSH conjugation to form an
acetaminophen-GSH conjugate. At high APAP concentration,
total hepatic GSH is depleted, and as a result, the NAPQI cova-
lently binds to proteins, forming acetaminophen-protein
adducts (Mitchell et al., 1973). However, additional pathways
could be involved in the detoxication processes involving
Cytochrome P450 (CYP1A1, CYP1A2, CYP2A6, CYP2B1, CYP2E1,
CYP3A4, CYP2D6 and CYP2A13), sulfotransferase or
UDP-glucuronosyltransferases (Larson, 2007). Although much
information has been published on APAP metabolism, the bio-
chemical factors that determine hepatotoxicity outcome remain
unclear. Hence, detoxication of APAP is complex and it has been
proposed that besides CYPs activities, probably many factors con-
tribute to processes leading to liver damage (Jemnitz et al., 2008;
Patten et al., 1993; Thummel et al., 1993; Chen et al., 1998).
Giving our results, we could suppose that depletion of GSH is not
the only factor responsible of the cytotoxicity observed upon
APAP exposure, suggesting another way of mechanism of toxicity
than NAPQI (e.g. oxidative stress, mitochondrial permeability,
apoptosis, etc.) as mentioned in the work of Jemnitz et al. (2008)
and Masubuchi et al. (2005).

Another example is provided by the case of amodiaquine.
Although the IC50 values are close in the two cell models, we noted
a 2-fold difference with cellular impedance measurement, with
faster kinetics on hepatocytes. This amplified toxicity on hepato-
cyte appears once again to be linked to bio-activation processes.
Two other compounds exhibited a similar profile linked to bio-
transformation: erythromycin and furosemide. Indeed, these two
drugs appeared more cytotoxic towards hepatocytes than to FaO
cells. In addition to these four molecules showing different toxicity
profiles depending on the model used, the four other compounds
tested presented specific characteristics. Concerning diethylstilbe-
strol exposition, the hepatotoxicity was two to four times higher in
FaO cells than in hepatocytes. In this case, the toxicity would there-
fore appear to not be linked to biotransformation, and metabolism
could have a beneficial effect on direct DES toxicity. Interestingly
and only based on IC50 comparison and cellular impedance kinet-
ics, we concluded that cyclophosphamide was not significantly
hepatotoxic and its biotransformation had no effects on
non-mitotic cells. However, the HCS results showed that this com-
pound alters the proper functioning of mitochondria and
lysosomes at non-toxic doses, suggesting that this drug could be
hepatotoxic under chronic conditions and may also be associated
with DILI, as already shown (Abraham and Sugumar, 2008; Patel
et al., 2009; Subramaniam et al., 2013). In the same way, HCS tech-
nology allowed us to better evaluate the effects of carbamazepine,
which is non-toxic for both FaO cells and hepatocytes, yet it is able
to downregulate the lysosomal activity, probably due to its
anti-oxidant properties. These data are in concordance with those
reported on mouse hepatocytes, where carbamazepine was found
to reduce cell death and autophagy (Kim et al., 2013). Concerning
retinoic acid, toxicity would not appear to depend on
bio-activation since we observed similar IC50 for the two models
and whatever the test used.

Finally, high content screening provided us with an overview on
the main cellular dysfunctions induced by the tested drugs. First,
nuclear integrity appears to be a good indicator as regards cell
death (Earnshaw, 1995; Loo and Rillema, 1998; Toné et al.,
2007). Here we noted that after toxic exposure, nuclear area was
inversely proportional to nuclear intensity, indicating that
drug-induced toxicity leads to a decrease in nuclear area and to
an increase in its intensity, as detected via Hoechst 33342. Only
acetaminophen appeared capable of significantly modifying the
nuclear intensity without changing the nuclear area. Among all
the numerous chemicals tested in our laboratory, this is the first
time we have observed such an event. We hypothesize a possible
link between this process and an increase in intracellular calcium
however the involved mechanism requires further investigation.
We did identify a two-step event occurring with acetaminophen,
the first linked to calcium flux and the second to oxidative stress
and downregulation of mitochondrial activity, as already sug-
gested (Bajt et al., 2004, 2011; Jaeschke et al., 2012). Using HCS,
we also demonstrated, as already suggested by many studies, that
retinoic acid (Ribeiro et al., 2013; Tan et al., 2008), amodiaquine
(Tafazoli and O’Brien, 2009), cyclophosphamide (Kumari and
Setty, 2012; Tripathi and Jena, 2010), diethylstilbestrol (Kipp and
Ramirez, 2001; Li et al., 2011) and erythromycin
(Anandatheerthavarada et al., 1999; Lu et al., 2014) induced oxida-
tive stress and mitochondrial dysfunction. Interestingly, coupling
information from HCS and xCELLigence allowed us to conclude that
amodiaquine first acts on mitochondria before inducing ROS pro-
duction. Indeed, we first detected a decrease in mitochondrial
potential with a parallel increase in lysosomal activity. The second
event was an increase in GSH that occurred in parallel to an
increased detection of ROS. This observation is in accordance with
the biphasic impedance profile which first shows an increase of the
cell index, before decreasing under the DMSO control. Another
interesting observation made using HCS was the case of cyclophos-
phamide. At non-toxic concentrations, this drug (when bioacti-
vated) induced an increase in lysosomal and decrease in
mitochondrial activity before acting as a pro-oxidant compound
at the highest doses. Such perturbations have already been
reported in rat kidney (Abraham and Isaac, 2011) and in liver
(Lushnikova et al., 2011). As concerns erythromycin, an antibiotic
drug able to induce hepatitis, hepatic dysfunction, jaundice and
necrosis of hepatocytes at high dose (Pessayre et al., 1985), our
study underlined not only its pro-oxidant properties leading to
cytotoxicity but also it leading to an increase of lysosomal activity,
as already shown (Cox et al., 1988). Perturbation of lysosomal func-
tion has been correlated with phospholipidosis (Atienzar et al.,
2007; Gerbaux et al., 1996) and then hepatic injury (Anthérieu
et al., 2012), making crucial an early detection of such an event
for drug development.

These various examples illustrate the huge potential of this
combined toxicological approach, for the early identification of
bio-activation processes which represent a leading cause of
adverse drug reactions often overlooked by current preclinical
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testing methodology. This mechanistic-based approach is explana-
tory, sensitive, reproducible, and more accurately predictive of the
toxic response in vertebrates, and is suitable for coupling with for
example in silico methods for reducing, refining and replacing the
use of laboratory animals.

To conclude, the correlation between the outcomes from differ-
ent methods used in our study to evaluate cellular viability
depended on the biological model used. For an objective assess-
ment and to increase the sensitivity of tests, we believe it crucial
to exploit multiparametric tests such as HCS. Globally, the neutral
red uptake appeared a well-adapted test for all the models used.
MTT and ATP monitoring on the other hand should to be used with
caution, particularly for cells sensitive to oxidative stress or for pri-
mary cultures respectively. Although our data indicate cellular
impedance as the most sensitive test, we propose using this
method as a secondary cytotoxic evaluation tool to complement
standard assays. The real-time impedance curves are good indica-
tors of dose dependence, kinetics of action and consequently of
hepatic bio-activation. When no significant differences were found
between the IC50, the kinetics were faster on freshly isolated hep-
atocytes suggesting the involvement of bio-activation in toxicity.
The impedance curves also constitute molecular profiles that pro-
vide a useful guide in the study of mechanisms of action. As such
real-time cellular impedance might be considered as a useful tool
in ‘‘behavioral cellular biology’’. However, this innovative technol-
ogy must be employed in preference with cell lines and not, or at
least with caution, with primary cultures.
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