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a b s t r a c t
Pesticides as well as many other environmental pollutants are considered as risk factors for the initiation
and the progression of cancer. In order to evaluate the in vitro effects of chemicals present in the diet, we
began by combining viability, real-time cellular impedance and high throughput screening data to
identify a concentration ‘‘zone of interest’’ for the six xenobiotics selected: endosulfan, dioxin, carbaryl,
carbendazim, p0 p0 DDE and hydroquinone. We identiﬁed a single concentration of each pollutant allowing
a modulation of the impedance in the absence of vital changes (nuclear integrity, mitochondrial
membrane potential, cell death). Based on the number of observed modulations known to be involved
in hepatic homeostasis dysfunction that may lead to cancer progression such as cell cycle and apoptosis
regulators, EMT biomarkers and signal transduction pathways, we then ranked the pollutants in terms of
their toxicity. Endosulfan, was able to strongly modulate all the studied cellular processes in HepG2 cells,
followed by dioxin, then carbendazim. While p,p0 DDE, carbaryl and hydroquinone seemed to affect fewer
functions, their effects nevertheless warrant close scrutiny. Our in vitro data indicate that these xenobiotics may contribute to the evolution and worsening of hepatocarcinoma, whether via the induction of
the EMT process and/or via the deregulation of liver key processes such as cell cycle and resistance to
apoptosis.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
To ensure the safety of new molecules on human health and the
environment, both public and private institutions have in recent
years greatly promoted the development of alternative methods
in toxicology to replace animal experiments deemed both unethical and not always representative of xenobiotic effects in humans
(Olson et al., 2000). Current regulations for compound approval
require manufacturers to perform numerous tests, many of which
use liver cells as toxicological model. Indeed, the liver is the main
organ of detoxiﬁcation within the human body and is where xenobiotics are metabolized prior to their excretion. In addition to being
long and costly, such regulatory measures could also be considered
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as insufﬁcient in light of several molecules being withdrawn from
market following suspicions raised by healthcare professionals and
pressure from the governments concerned. Indeed, many environmental contaminants including drugs and pesticides have now
been recognized as risk factors for hepatic diseases (Mostafalou
and Abdollahi, 2013) that affect not only farmers and workers
within the agrochemical industry but the entire population
(Ferris et al., 2008). Yet, although epidemiologic studies tend to
highlight the statistically relevant link between chemicals and
hepatocarcinoma (HCC), the molecular mechanisms remain
unclear. Our vision of a single molecular pathway is insufﬁcient
and should instead incorporate many pathways combined that
relate to other perturbations of cellular homeostasis such as apoptosis, cell cycle dysregulation, or epithelial to mesenchymal transition (EMT), three processes involved in carcinoma progression and
leading to metastasis (Fabregat, 2009).
The EMT process is complex and comprises a succession of
events leading to the loss of epithelial characteristics. This
phenomenon can be studied by monitoring the disappearance of
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speciﬁc markers, particularly in the dissociation of adherent
junctions in which E-cadherin is downregulated by the modulation
of expression of many transcription factors such as Snail or Slug
known to be controlled by different pathways including TGF-b/
Smad, (Dang et al., 2011). This step induces the stabilization of bcatenin protein and the activation of the Wnt/b-catenin pathway
(Nambotin et al., 2012). In parallel, the increase of mesenchymal
markers (ﬁbronectin, S100a4. . .) is associated with the gain of
migratory and invasive proprieties. It requires two levels of interaction: ﬁrstly between the cell and the ECM, and secondly between
the same cell and its neighbors (Yang et al., 2011). The contact
between cells and the ECM allows the activation of the ERK pathway and the master survival AKT pathway under the control of
Fak and ILK respectively (Fuchs et al., 2008). The breakdown of epithelial cell adhesion during EMT is followed by the activation of a
survival program (Fabregat et al., 2007). Two potential markers are
the anti-apoptotic protein XIAP which has recently been shown to
be overexpressed in HCC, and Cyclin D1 which, when coexpressed
with XIAP, relates to poor prognosis (Che et al., 2012). On the other
hand mesenchymal resistant cancer cells show increased levels of
AKT and STAT3 activation (Ji and Wang, 2012), thus highlighting
two more potential markers. The consequential inhibition of
apoptosis also requires the intervention of survival pathways such
as PI3 K/AKT and RAS/ERK pathways described above. Finally,
P21waf1 was used here as key marker of the cell cycle control.in
HCC. It acts as a tumor suppressor by inhibiting cyclin complexes
but can also exhibit oncogenic activities in certain contexts
(Buitrago-Molina et al., 2013).
In our laboratory, we have recently developed the technology of
High Content Screening (HCS) which combines in one device the
simultaneous measurements performed by ﬂuorescence microscopy, ﬂow cytometry and microplate reader. Interestingly, all data
collected can be processed via a simultaneous high-throughput
analysis. This innovative and multi-functional ‘‘Cytomic’’ technology analyses live cells responding to chemical stress by combining
assessments of such as proliferation, apoptosis, metabolism, morphology or signaling pathways (O’Brien et al., 2006; Tolosa et al.,
2012). In parallel we use the xCELLigence system to measure
real-time changes in electrical impedance of culture cells across
microelectrodes integrated into the bottom of a 96-well plate.
The cell status is then quantiﬁed and annotated as a Cell Index
(CI), according to a speciﬁc equation provided by the manufacturer
(Ke et al., 2011). In practice and reﬂecting uniform physiological
conditions, more cells attaching onto the electrodes lead to a larger
value for the cell index. Furthermore, for the same number of cells
per well, a change in the cell status such as morphology, receptor
activation or adhesion will lead to a change in the cell index
(Atienza et al., 2006).
We selected for this study 6 environmental contaminants still
found in water and/or food of the French population despite their
prohibition (EAT2, ANSES, 2011). These were dioxin (TCDD) which
is considered as a persistent organic pollutant (POP) and as a
carcinogen (group 1 CIRC), the two organochlorine pesticides
endosulfan and the DDT metabolite p,p0 DDE, the two carbamates
carbaryl and carbendazim developed in parallel of the ban of
organochlorines, and ﬁnally hydroquinone which is used in several industries including pharmaceutical, cosmetics and agrochemical. The hepatocarcinoma cells HepG2 were chosen for
their epithelial characteristics and their ability to acquire metastatic behavior in response to certain agents (Zucchini-Pascal
et al., 2013).
The aim of this work was to evaluate in vitro the six xenobiotics
selected using real-time cellular impedance and HCS technologies
combined with EMT and HCC biomarkers, in order to provide
new evidence for an effect of these chemicals on liver cancer progression that may lead to metastasis.

2. Materials and methods
2.1. Materials
The human hepatocellular carcinoma cell line HepG2 was
obtained from ATCC (American Type Culture Collection, Manassas,
VA). Dulbecco’s modiﬁed Eagle’s medium (DMEM), fetal bovine
serum (FBS), penicillin–streptomycin solution, sodium pyruvate
and Eagle’s non-essential amino acids were from BioWhittaker
(Cambrex company, Walkersville, MD, USA). Dimethylsulfoxide
(DMSO), endosulfan, carbaryl, carbendazim and hydroquinone
were from Sigma–Aldrich (L’Isle d’Abeau Chesne, Saint Quentin Fallavier, France), p,p0 DDE from Chem Service (West Chester, USA) and
TCDD from AccuStandard, USA. Protein assay materials were from
Bio-Rad, Hoechst 33342 and TMRE from Molecular Probes (Eugene,
OR) and the antibodies used for western blotting experiments from
Cell Signaling, Epitomics and Neomarkers (Table 1).
2.2. Cell culture and chemical treatments
HepG2 cells were maintained in DMEM with 1% penicillin/
streptomycin, 1% nonessential amino acids, 1% sodium pyruvate
and 10% FBS, in humidiﬁed atmosphere at 37 °C containing 95%
O2 and 5% CO2. After washing with sterile phosphate buffer saline
(PBS), cells were detached by trypsinization (trypsin/EDTA) and,
depending on the experiment, plated at a concentration of 0.5–
2  106 cells in 6-well plates or 1  104 in 96-well plates. For all
experimental conditions, FBS was reduced to 5% in DMEM medium. The mitogen-activated protein kinase (MEK) 1/2 inhibitor
U0126 was added at a concentration of 5 lM and the control cyclosporine A was used at 30 lM. All chemicals and pharmacological
inhibitors were prepared as stock solutions in DMSO. The ﬁnal concentration of DMSO in the medium was 0.25% in all conditions.
2.3. Viability test
Viable cells were determined by measuring the conversion of
the tetrazolium salt MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma–Aldrich (St. Louis, MO) to formazan, as previously described (Fautrel et al., 1991). Brieﬂy, cells
were seeded in 96-well plates and treated at 50% conﬂuency with
a concentration of 20 lM endosulfan during 48 h. The cells were
Table 1
Primary antibodies used for western blot.
Antigen

Phosphorylation
site

Source/type

Manufacturer

Dilution

pErk1/2

thr202/tyr204

Rabbit
mAb1
Rabbit pAb2
Rabbit pAb
Rabbit pAb
Rabbit mAb
Rabbit mAb
Rabbit pAb
Rabbit pAb
Rabbit pAb
Rabbit mAb
Rabbit pAb
Rabbit mAb
Rabbit pAb
Rabbit pAb
Rabbit mAb
Rabbit mAb
Mouse mAb
Rabbit mAb
Rabbit pAb

Cell signaling

1:2000

Cell signaling
Cell signaling
Cell signaling
Cell signaling
Cell signaling
Cell signaling
Cell signaling
NeoMarkers
NeoMarkers
Cell signaling
Cell signaling
Cell signaling
Cell signaling
Cell signaling
Epitomics
Santa Cruz
Epitomics
Santa Cruz

1:5000
1:2000
1:2000
1:2000
1:2000
1:2000
1:2000
1:2000
1:2000
1:2000
1:2000
1:2000
1:2000
1:15000
1:5000
1:2000
1:1000
1:1000

Erk2
pAkt
Akt
pSmad1/5
pSmad2
Smad5
pStat3
Cyclin D1
P21waf1
Bax
Bcl-xl
pFak
Fak
Gapdh
E-cadherin
b-catenin
Fibronectin
Snail1

Thr308
Ser463/465
Ser465/467
Tyr705

Tyr925

1:mAb.monoclonal antibody.
2:pAb.polyclonal antibody.
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then incubated with 0.5 mg/ml MTT for 2 h at 37 °C. The waterinsoluble formazan crystal was dissolved by adding 100 ll DMSO
to each well and the absorbance was determined with a spectrophotometer at 550 nm (MR7000, Dynatech Laboratories, Inc., USA).
2.4. Real-time reverse transcription-polymerase chain reaction
Total RNA was isolated using Trizol extraction. One microgram
of total RNA was reverse transcribed using SuperScript II (Invitrogen Corp, Carlsbad, California) following the manufacturer’s
instructions. The resulting complementary DNA was diluted 100fold and for each gene (target genes CCND1, CDH1, FN1, FSP1, ILK,
P21waf1, XIAP or reference gene GAPDH) and each condition, a
mixture of Taq polymerase, 6.4 mmol/L of magnesium chloride,
deoxynucleotide triphosphate, primer, and probe (https://
www.roche-applied-science.com) was added. The cDNA was then
ampliﬁed in a thermocycler (LightCycler 480; Roche Applied
Science, Penzburg, Upper Bavaria, Germany) for 45 cycles using
conditions of 95 °C and 60 °C for 10 s each. Commercially available
software (LightCycler 480; Roche Applied Science) was used for
relative quantitative analysis.
2.5. Western blot
Cells were scraped into hypotonic buffer (20 mM HEPES ph7.5,
10 mM KCl, 15 mM MgCL2, 0.25 mM sucrose, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT, 0.1 mM PMSF, 10 lg/ml pepstatin A, 10 lg/ml
leupeptin, and the phosphatase inhibitory cocktail PhosphoSTOP,
Roche). The protein concentration in each cell lysate was measured
with a BCA Protein Assay Kit (Pierce), using bovine serum albumin
(BSA) as a standard. Equal protein amounts were separated by
SDS–polyacrylamide gel electrophoresis on 10% or 12% gels and
were transferred to PVDF membranes. The membranes were
immunoblotted with antibodies (cf. Table 1 for names, origins
and concentrations) for 1 h at room temperature or overnight at
4 °C. The membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (anti-mouse or anti-rabbit
immunoglobulin G; Promega, Madison, WI, USA) for 2 h at room
temperature. After washing, an ECL detection kit was used to react
with the secondary antibodies. The signal was acquired with a CDD
camera (ChemiGenius2, Syngene) and semi-quantitative analysis
was then carried out with GeneTools software.
2.6. Real-time cellular impedance
The xCELLigenceÒ system was used according to the manufacturers’ instructions (Roche Applied Science, Mannheim, Germany)
and ACEA Biosciences (San Diego, CA, USA). Brieﬂy, 1  104 cells/
well were added to the 96-well E-plates before being treated
24 h later with chemicals and/or pharmacological inhibitors in a
DMEM medium supplemented with 10% of FBS. Real-time cellular
impedance is measured in each well (Cell Index values) and the
signal observed via the integrated software (RTCA analyzer). To
observe the inﬂuence of chemicals on cells in comparison with
the DMSO control, the Normalized Cell Index (NCIti) based on
the last time point before compound addition was used. Each curve
is representative of one experiment performed at least in triplicate
(technical replicates). Data represent the average ± standard deviation of one of three independent and reproducible experiments as
described previously (Atienzar et al., 2011).
2.7. Cell imaging microplate assays and cellomics ArrayScanXTI
scanning details
HepG2 cells were seeded at 10,000 cells per well in black
96-well cell culture plates and allowed to attach overnight in the
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incubator. 24 h later, the tetramethylrhodamine ethyl ester perchlorate TMRE (Molecular Probes) was used following the recommendations of the manufacturer in order to detect variations of
the mitochondrial membrane potential sequestered by active
mitochondria. Brieﬂy, cells were treated for 24 h with different
concentrations of xenobiotics. Then the stock concentration
(2.4 mM) of TMRE contained in DMSO was diluted in a serum
and red phenol free medium. 100 ll of the ﬁnal solution (25 nM)
was added per well and incubated during 30 min with the nuclear
marker Hoechst 33342 (2.5 lg/ml ﬁnal) at 37 °C. After two steps of
washing with PBS buffer, cells were ﬁxed with 3.7% paraformaldehyde during 10 min at 37 °C. Plates were washed again twice
before being scanned with the ArrayScanXTI instrument (Cellomics
Inc., Pittsburgh, USA). The mitochondrial membrane potential
detection and the nuclear Area calculation were performed with
the ‘‘compartmental analysis’’ bio-application, and the cell cycle
modulation in response to xenobiotics was calculated with the
‘‘Cell Cycle’’ bio-application (Cellomics Inc., Pittsburgh, USA). The
number of cells to analyze was ﬁxed between 500 and 2000 per
well depending on the bio-application. An objective of 20X was
used for imaging analysis. The nuclear dye (Hoechst) was detected
in channel 1 (excitation ﬁlter 386 nm). The ‘objects’ targeted to
measure in channels 2, were deﬁned by expanding the circular
region of the nuclei to include the cytoplasm of the cell. Channel
2 (ﬁlter set 549/600 nm) was used to detect the TMRE. The Cellomics ArrayScanXTI output feature ‘‘mean ring spot total intensity’’
was used to analyze the scans. For each plate, the average of the 3
control wells (0.25% DMSO) was used as a reference level and
rescaled to 1. Each well value was expressed relative to this reference value. A value of 2 meant a 2-fold induction of the ﬂuorescent
signal compared to the control value.
2.8. Enzymatic assays for caspase activity
Caspase activity was assessed by measuring ﬂuorophore
(7-amido-4-triﬂuoromethylcoumarin (AFC)) release from caspase
tetrapeptide substrate N-acetyl-Asp-Glu-Val-Asp (Ac-DEVD) for
caspase-3-like activity. Brieﬂy, cells grown in 6-well culture dishes
were scraped into ice-cold hypotonic buffer. Cells were lysed by
being subjected to three cycles of freezing and thawing. Protein
concentrations were determined using the BCA Protein Assay kit
(Pierce, Rockford, IL, USA) and equal amounts were mixed with
buffer B (312.5 mM HEPES, pH 7.5, 31.25% sucrose, 0.3125% CHAPS,
and 50 M of relative substrate enzymes). The ﬂuorometric assay
detects the shift in AFC ﬂuorescence emission following cleavage
from tetrapeptide-AFC, as measured in a ﬂuorometer (ex = 390 nm;
em = 530 nm).
2.9. Statistical analysis
Each experiment was repeated at least three times. Data shown
are an average ± standard deviation (SD). Statistical analysis of
in vitro studies was performed using a Student’s t test. Levels of
probability are indicated: *P < 0.05 or **P < 0.01
3. Results
3.1. Combining MTT test and real-time cellular Impedance to predict
HepG2 cell viability
In order to select a subtoxic concentration zone for each xenobiotic used, we ﬁrst tested 7 concentrations per compound using
real-time cellular impedance in parallel with the MTT assay at
48 h, the maximum time at which we performed experiments. As
shown in Fig. 1A and B, the MTT test seemed to be more sensitive
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with regards evaluating cell viability with endosulfan. Indeed,
while the MTT test revealed decreases of 20% and 70% cell viability
at 50 and 100 lM respectively, the xCELLigence system suggested
a reduction of only 20% for 100 lM of endosulfan. This decrease in
viability could have been masked by the increase in the Normalized Cell Index (NCI) induced by the organochloride pesticide, a
phenomenon that can be observed between 0.1 and 20 lM. At
these concentrations, no changes were observed with the MTT test
in terms of proliferation or death process, suggesting a possible
modiﬁcation in cell morphology. Based on this analysis model
(no toxicity, no proliferation but changes in NCI), we made the
same investigation with the other 5 pollutants. As shown in
Fig. 1C and D, we noted a decrease in NCI at 100 and 500 lM carbaryl that corresponded to a decrease in the cell viability revealed
by MTT assay. This test allowed us to observe that compared to the
control DMSO, 500 lM of carbaryl was also prejudicial with a loss
of about 50% of viability whereas no differences were observed on
the xCELLigence system. However, an increase in the NCI at 48 h
for doses between 1 and 100 lM was observed. We then studied
the effects of carbendazim on viability as shown in Fig. 2A and B.
Real-time cellular impedance analysis revealed a strong increase
in NCI for concentrations between 0.1 and 5 lM, and inversely a
decrease between 10 and 125 lM. This corresponds to the decrease
in cell viability that is already detectable from 5 lM using MTT
assay. As shown in Fig. 2B and C, a clear pattern emerged from
the p,p0 DDE treatment. MTT and xCELLigence curves were quite
similar, showing an increase in viability and NCI at low doses of

2.5–25 lM and a decrease at higher concentrations between
125 lM and 1.25 mM. As shown in Fig. 3A and B, no signiﬁcant
modulation of the NCI was found at 48 h for hydroquinone concentrations between 1 and 100 lM. A transient decrease in NCI
occurred at 250 lM during the ﬁrst 24 h before stabilizing at
48 h, with greater decreases occurring at 500 lM and 1 mM. This
observation was supported by the MTT assay which displayed a
decrease at 100 lM, a lower concentration than that causing a
decrease detectable via real-time cellular impedance. Finally, performing the same tests on dioxin (TCDD) revealed its non-toxicity
at concentrations between 6 nM and 48 nM. Cell viability did however decrease at concentrations between 97 and 397 nM. Interestingly, we noticed a strong increase in the NCI in response to TCDD
with a maximum at concentrations between 12 and 48 nM.
3.2. HCS to complement the viability data
To complete the above data and to select a relevant concentration of each molecule for further study, we decided to assess different factors that could indicate toxicity (Tolosa et al., 2012; Xu et al.,
2008). For this experiment, the two high and toxic doses were
removed. Firstly, we used HCS technology to calculate the average
area of the nucleus that has been shown to be reduced in the presence of toxic concentrations. As expected, Hoechst 33342 staining
revealed a decrease of the nuclear area at 24 h for 100 and 500 lM
carbaryl, 125 and 250 lM p,p0 DDE, 50 lM endosulfan and 250 lM
hydroquinone (Fig. 4A). We then used the ArrayScan cell cycle

Fig. 1. Comparison between MTT test and real-time cellular impedance to predict HepG2 cell viability. (A and C) Cells were seeded onto 96-well E-plates and treated for at
least 48 h with endosulfan (from 0.1 lM to 200 lM) or carbaryl (from 1 lM to 5 mM). Cell impedance was measured in real-time and cell index normalized against the DMSO
condition. Results are means ± S.D. for triplicates of one experiment and are representative of three independent experiments. (B and D) HepG2 cell viability was assessed by
MTT test after 48 h treatment with increasing concentrations of endosulfan (from 0.1 lM to 200 lM) or carbaryl (from 1 lM to 5 mM). MTT results are compared with
impedance results at 48 h and presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments.
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Fig. 2. Comparison between MTT test and real-time cellular impedance to predict HepG2 cell viability. (A and C) Cells were seeded onto 96-well E-plates and treated for at
least 48 h with carbendazim (from 0.1 lM to 125 lM) or p,p0 DDE (from 2.5 lM to 1.25 mM). Cell impedance was measured in real-time and cell index normalized against the
DMSO condition. Results are means ± S.D. for triplicates of one experiment and are representative of three independent experiments. (B and D) HepG2 cell viability was
assessed by MTT test after 48 h treatment with increasing concentrations of carbendazim (from 0.1 lM to 125 lM) or p,p0 DDE (from 2.5 lM to 625 lM). MTT results are
compared with impedance results at 48 h and presented as a percentage of viability over DMSO treatment and each value is the mean ± S.D. of three separate experiments.

bio-application (see materiel and methods) to calculate the
percentage of cells below 2 N, i.e. the proportion of cells detected
with a lower nuclear DNA content (sub G0/G1 fraction) than the
control condition DMSO (Fig. 4B). This provided supplementary
information on cell status by highlighting the possible apoptotic
or necrotic population. Concordantly, we noticed an increase of
the cell population below 2 N after treatments with 100 and
500 lM carbaryl, 125 and 250 lM p,p0 DDE, 50 lM endosulfan
and 250 lM hydroquinone. However we also observed an increase
for 100 lM hydroquinone and 50 lM carbaryl. In parallel, we measured the mitochondrial potential activity of the HepG2 cells after
24 h of treatment (Fig. 4C and D). These data were in agreement by
showing a decrease of the mitochondrial activity with 50, 100 and
500 lM carbaryl, 125 and 250 lM p,p0 DDE, 50 lM endosulfan and
250 lM hydroquinone. Surprisingly, TCDD seemed to induce a perturbation in mitochondrial activity whatever the concentration
tested, with a decrease of 50% at 12, 24 and 48 nM. Combining
these preliminary data (Fig. 5), we were able to determine a zone
of interest within which we could choose a concentration that neither induced toxicity nor led to major changes in the controls
tested (nuclear integrity and mitochondrial activity) and yet
caused a change in the NCI. For each molecule, we selected the following relevant concentrations for further evaluation: 20 lM
endosulfan, 10 lM carbaryl, 5 lM p,p0 DDE and 2.5 lM carbendazim. Exceptions were made for 10 lM hydroquinone which met
the criteria of dose selection, i.e. no toxicity and no major changes
in major cellular functions but for which we detected no positive
response in cell impedance in the range of 1–50 lM, and for

12 nM TCDD which induced as desired an increase in the NCI but
with a decrease in mitochondrial activity even at lower doses.
3.3. Effects of the environmental pollutants on cell cycle
Using HCS, we investigated the role of each compound on the
cell cycle and its main regulators P21waf1 and cyclin D1. In
Fig. 6A, we have deliberately kept three concentrations to achieve
an overview of the effects of each compound and thus be able to
offer a global trend of their effects on the cell cycle. In the control
condition DMSO, we observed an average ratio of about 60% of cells
in G0/G1 phase, 10% in S phase and 30% in G2/M phase. Treatment
with 10 lM carbaryl, 20 lM endosulfan or 10 lM hydroquinone
had no signiﬁcant effect. However, we noted a decrease in the percentage of cells in G0/G1 phase which started at 2.5 lM p,p0 DDE
and which was signiﬁcant at 12.5 lM the concentration at which
we observed an increase in the G2/M population (40% of cells in
G0/G1 and 40% in G2/M). Carbendazim displayed an almost identical proﬁle to p,p0 DDE at concentrations of 5–10 lM, yet appeared
to have no effect at concentrations of 1–2.5 lM, the lowest concentrations chosen for this experiment. Finally, 12 nM of dioxin
induced a decrease in the population of cells in phase G2/M from
30% in the control condition to 20%.
Having chosen and validated a single concentration for each
compound of interest through a combination of tools, our investigation then focused on the involvement of the key regulators
Cyclin D1 and P21waf1 after 48 h of treatment of HepG2 cells. Cyclin
D1 is involved in cancer progression and acts as a biomarker of
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Fig. 3. Comparison between MTT test and real-time cellular impedance to predict HepG2 cell viability. (A and C) Cells were seeded onto 96-well E-plates and treated for at
least 48 h with hydroquinone (from 1 lM to 1 mM) or TCDD (from 6 nM to 387 nM). Cell impedance was measured in real-time and cell index normalized to the DMSO
condition. Results are means ± S.D. for triplicates of one experiment and are representative of three independent experiments. (B and D) HepG2 cell viability was assessed by
MTT test after 48 h treatment with increasing concentrations of hydroquinone (from 1 lM to 1 mM) or TCDD (from 6 nM to 387 nM). MTT results are compared with
impedance results at 48 h and presented as a percentage of viability over DMSO treatment; each value is the mean ± S.D. of three separate experiments.

cancer prognosis whereas P21 is considered a tumor suppressor
due to its role as a key negative regulator of the cell cycle and cell
proliferation. Using western blotting (Fig. 6B) and quantitative PCR
(Fig. 6C and D), we wished to observe the effects of the 6 xenobiotics on gene and protein expressions. The expression of cyclin
D1 at both the gene and protein levels was upregulated with TCDD,
endosulfan and p,p0 DDE. In parallel, we observed the upregulation
of P21waf1 gene and protein expression after treatment with
endosulfan, p,p0 DDE and hydroquinone. TCDD seemed only to
affect the expression of P21waf1 at the protein level.

proteins XIAP (Fig. 7B) and survivin (data not shown). While we
detected no modulation of survivin gene expression, that of XIAP,
an anti-apoptotic gene and also a HCC marker associated with a
higher metastatic potential and cancer recurrence in patients did
change. We only noted an increase in the XIAP gene expression
at 48 h when HepG2 cells were treated with endosulfan and carbendazim. Interestingly, neither of these two pesticides showed
dysregulation of the apoptotic balance at this time point.

3.5. Early modulation of transduction signals
3.4. Dysregulation of the apoptotic pathway
This dysregulated balance between survival and apoptosis was
shown to occur in liver cancer and partly participate towards progression to HCC. Only TCDD and endosulfan were able to induce
Caspase-3 like activity at 4 h; hydroquinone induced it at 48 h
(Fig. 7A). To provide evidence to support this observation in terms
of apoptotic tendency, we analyzed the ratio Bcl-xl/Bax., previously
shown to well reﬂect the extent of cell apoptosis in HCC (Duan
et al., 2005). Among the compounds tested, TCDD, endosulfan
and p,p0 DDE showed an anti-apoptotic tendency at 4 h, while
hydroquinone induced a strong variation of the apoptotic pattern
at 48 h (Fig. 7C and D). At 48 h, TCDD, carbaryl and p,p0 DDE
displayed pro-apoptotic activity (Fig. 7D). We decided to illustrate
the apoptotic dysregulation potentially induced by the chemicals
by monitoring the modulation of two caspase inhibitors, the

Our investigations then concerned the involvement of the major
signaling pathways potentially associated with hepatic dysregulations in response to xenobiotics. Pathways chosen have already
demonstrated involvement in angiogenesis, inﬂammation, proliferation, survival or differentiation processes leading to tumor progression and metastasis. We treated HepG2 cells for 4 h and 48 h
and looked for any of the responses generally observed early in
the Erk, Akt, Smads and Stat3 pathways (Fig. 8A). Only endosulfan
induced a transient activation of the Erk pathway at 4 h. Endosulfan as well as carbendazim also induced an increase in Akt phosphorylation on threonine 308. Both pesticides as well as carbaryl
activated the TGF-b pathway early through the phosphorylation
of Smad1/5 and Smad2. Finally, these three pesticides also activated the inﬂammatory pathway Stat3 through its phosphorylation on tyrosine 705.
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Fig. 4. HCS to complement the viability data. (A, B and C) HepG2 cells were seeded onto 96-well plates and treated with carbaryl (from 1 lM to 500 lM), p,p0 DDE (from
2.5 lM to 250 lM), carbendazim (from 0.1 lM to 10 lM), endosulfan (from 0.1 lM to 50 lM), hydroquinone (from 1 lM to 250 lM) or TCDD (from 6 nM to 97 nM). After
24 h treatment, cells were labeled with Hoechst 33342 and tetramethylrhodamine ethyl ester (TMRE) for 30 min before being read on the ArrayScanXTI. (A) Nuclear area was
calculated following the ‘compartmental’ protocol and is based on Hoechst 33342 detection. The relative area was compared to DMSO-treated cells taken as 1. (B) Population
of cells below 2 N was calculated following the ‘cell cycle’ protocol and also compared to DMSO-treated cells. (C and D) Mitochondrial activity was calculated using TMRE
ﬂuorescence intensity following the ‘compartmental’ protocol. Cyclosporin A was used as the positive control and was added 30 min before staining. Error bars indicate the
mean ± SEM of triplicate determinations in three independent experiments. *P < 0.05; **P < 0.01.

3.6. Effect of xenobiotics on epithelial–mesenchymal transition
Epithelial mesenchymal transition results in a loss of epithelial
markers through the activation of speciﬁc pathways and transcription factors, and in a gain of mesenchymal characteristics
ultimately giving cells the capacity to migrate and invade the surrounding tissue. Firstly quantitative PCR revealed that treatment
with TCDD, endosulfan and carbendazim resulted in the downregulation of CDH1, a gene coding for the epithelial marker E-cadherin,
the main protein of the adherent junctions (Fig. 8B). These three
chemicals also induced stabilization of b-catenin (Fig. 8C) in HepG2
cells which was immediately after exposure with endosulfan, early
and transient after with carbendazim and later on with dioxin.
Finally, we observed an increase of Snail1 protein expression at
4 h after endosulfan treatment (Fig. 8C), a phenomenon that could
in part explain the downregulation of CDH1 gene expression.
Using quantitative PCR, we then observed the modulation of
three mesenchymal genes involved in the process of EMT: the
FSP1 gene encoding the clinical marker S100A4 (Fig. 9A), FN1 gene
encoding the extracellular matrix protein ﬁbronectin (Fig. 9B) and
ILK gene, encoding the integrin-linked kinase which participates in
Akt activation through integrin engagement (Fig. 9C). Endosulfan
at 24 h (data not shown) and carbendazim at 48 h modulated the

expression of FSP1, whereas ﬁbronectin was induced by endosulfan
only. Both endosulfan and carbendazim induced an increase in
expression of ILK. Finally, we investigated whether the compounds
could induce the activation of the Fak pathway involved in the EMT
process that is essential for cell migration (Fig. 9D and E). To this
end, we decided to compare the level of total Fak protein with its
phosphorylated form. We observed an increase in activation when
HepG2 cells were treated with TCDD and endosulfan whereas
p,p0 DDE and hydroquinone were associated with low levels of
phosphorylation.
3.7. Use of speciﬁc pharmacological inhibitors with real-time cellular
impedance to target the main pathways responsible for the events
engaged in the response to chemicals
Finally, we wished to determine whether the pathways
involved in the response to xenobiotic treatment were speciﬁc to
the impedance proﬁle observed. To this end, we selected endosulfan, TCDD and carbendazim, the three compounds found to activate the major pathways involved in cancer progression and
enhance the level of detection of biomarkers of EMT, apoptosis
and the cell cycle. We hypothesized that inhibition of the cellular
transduction pathways with a speciﬁc inhibitor would both disrupt
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Fig. 5. A summary of the modulations observed in response to the 6 compounds tested. A subtoxic zone called ‘‘zone of interest’’ has been selected based on various
parameters set.

Fig. 6. Effects of the environmental pollutants on the cell cycle. (A) HepG2 cells were seeded onto 96-well plates and treated for 24 h with carbaryl (1, 10 and 100 lM),
p,p0 DDE (2.5, 12.5 and 125 lM), carbendazim (1, 5 and 10 lM), endosulfan (10, 20 and 50 lM), hydroquinone (1, 10 and 50 lM) or TCDD (6, 12 and 97 nM). Cells were stained
with Hoechst 33342 for 30 min and the percentage of cells in each phase was calculated following the ArrayScanXTI ‘cell cycle’ protocol. (B) HepG2 cells were treated with 10
nM TCDD, 20 lM endosulfan, 10 lM carbaryl, 2.5 lM carbendazim, 5 lM p,p0 DDE or 10 lM hydroquinone for 48 h. Cells were lysed and cyclin D1 and P21waf1 protein levels
were assessed by western blotting. (C and D) CCND1 and P21 mRNA levels were assessed by real-time RT-PCR after 48 h treatment with each compound. For all experiments,
relative mRNA levels with respect to GAPDH mRNA levels are given, and the mRNA levels in DMSO-treated cells are taken as 1. Error bars indicate the mean ± SEM of triplicate
determinations in three independent experiments. *P < 0.05; **P < 0.01.
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Fig. 7. Dysregulation of the apoptotic pathway. (A) HepG2 cells were treated with 10 nM TCDD, 20 lM endosulfan, 10 lM carbaryl, 2.5 lM carbendazim, 5 lM p,p0 DDE or
10 lM hydroquinone for 48 h. The cells were then lysed and caspase-3 activity assayed. Results are expressed as a percentage of DMSO-treated cells, designated as 100%. Data
are means ± SD of four independent experiments (note: *P < 0.05, **P < 0.001). (B) XIAP mRNA levels were assessed by real-time RT-PCR after 48 h treatment with each
compound. For all real-time RT-PCR experiments, relative mRNA levels with respect to GAPDH mRNA levels are given, and the mRNA levels in DMSO-treated cells are taken as
1. Error bars indicate the mean ± SEM of triplicate determinations in three independent experiments. *P < 0.05; **P < 0.01. (C and D) HepG2 cells were treated with the same
concentration of chemicals as outlined above, for 4 and 48 h. Bcl-xL and Bax protein levels were evaluated by western blot analysis. Akt protein detection was included as a
control for equal loading and membrane transfer. Chemiluminescence was quantiﬁed after image acquisition with a CCD camera and the ratios obtained (means ± SD for
three independent experiments). The Bcl-xL/Bax ratio was calculated from band densitometry measured in three independent experiments (means ± S.D. for three
experiments) after normalization against the value of DMSO-control cell and Akt (Note: *P < 0.05, **P < 0.001).

the cell impedance proﬁle and block the dependent modulations of
associated markers. We detected no effect during the ﬁrst 48 h of
treatment on the HepG2 cells of the inhibitors of the ERK/MEK
pathway (5 lM U0126), the PI3 K/AKT pathway (10 lM
LY294002) or the TGF-b pathway (10 lM SB431542) at the speciﬁed concentrations (data not shown). We focused on the ERK pathway because the U0126 was the only pharmacological inhibitor
able to disrupt the TCDD and endosulfan impedance proﬁles of
HepG2 (Fig. 10A and C); no effect on impedance proﬁles was
detected following co-treatment with carbendazim and any of
the three inhibitors (data not shown). Although we were unable
to detect Erk1/2 phosphorylation after TCDD treatment, the realtime cellular impedance disruption under the inﬂuence of the
ERK inhibitor allowed us to conﬁrm the possible involvement of
the MAPK/ERK pathway in response to TCDD on HepG2 cells, in
agreement with that described in the literature (Pierre et al.,
2011). Supplementary data show that the U0126 prevented the
upregulation of the CCND1 gene, a well known target of the Erk1/
2 pathway but also a HCC prognosis marker, induced by TCDD
and endosulfan (Fig. 10B and D). These data suggest that TCDD
and endosulfan-induced deregulation of CCND1 expression should

be Erk1/2 dependent. Aiming to conﬁrm this, we tested whether
the EMT induction observed on HepG2 cells in response to these
two chemicals was governed by the same pathway. Supplementary
qPCR on different EMT markers used in Figs. 7 and 8 failed to conﬁrm this phenomenon and instead supported a more a pro-epithelial effect of the inhibitor U0126 in increasing the transcription
basal level of epithelial genes (CDH1) and in decreasing drastically
the mesenchymal ones (ILK, FN1; data not shown).

4. Discussion
Here we have described the ﬁrst combined approach using EMT
biomarkers, apoptotic proteins, cell cycle regulators, High Content
Screening (HCS) and real-time cellular impedance monitoring
technology to investigate the in vitro pro-carcinogenic effects of
xenobiotics at non toxic doses. Our aim was to assess six environmental pollutants and to detect events which could predict tumor
promotion towards metastasis. We used cellular impedance as an
indicator of cellular and morphologic changes in response to six
compounds. We also chose a range of EMT biomarkers commonly
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Fig. 8. Early modulation of transduction signals. (A) HepG2 cells were exposed to 10 nM TCDD, 20 lM endosulfan, 2.5 lM carbendazim, 10 lM carbaryl, 5 lM p,p0 DDE or
10 lM hydroquinone. After 4 h of treatment, cells were lysed and subjected to western blotting, as described in Materials and Methods. Signaling pathways were studied by
analyzing the levels of respectively phospho-ERK1/2 and total Erk2 for the ERK1/2 pathway, phospho- and total Akt for the AKT/PI3 K pathway, phospho-Smad1/2/5 and total
Smad5 for the TGF-b pathway, and phospho-Stat3 for the STAT pathway. As a control, the same membranes were also probed with an antibody directed against GAPDH. (B)
CDH1 mRNA levels were assessed by real-time RT-PCR after 48 h treatment with each compound. For all real-time RT-PCR experiments, relative mRNA levels with respect to
GAPDH mRNA levels are given and the mRNA levels in DMSO-treated cells are taken as 1. Error bars indicate the mean ± SEM of triplicate determinations in three independent
experiments. *P < 0.05; **P < 0.01. (C) Cells were treated as outlined above for 4 h or 48 h. They were then lysed and b-catenin and Snail1 protein levels were assessed by
western blotting (results representative of three experiments). As a control, the same membranes were also probed with an antibody directed against GAPDH.

used in HCC and corroborating in vitro cell culture. To further validate our ﬁndings we studied cell cycle regulators (P21waf1 and
cyclin D1), early pathway activations (ERK, AKT, SMAD1/2/5 and
STAT3), caspase-3 activity and pro- and anti-apoptotic proteins
(Bax, Bcl-xl, and XIAP), known to be deregulated during hepatocarcinogenesis progression. We have summarized and ranked the
dysregulations observed in response to the six chemicals used
(Fig. 11).
Endosulfan, TCDD and carbendazim were the three pesticides
associated with most disturbances of the major cellular processes.
Firstly, they all induced downregulation of the epithelial marker
CDH1 coding for E-cadherin protein, with stabilization of b-catenin
through an increase in its protein expression. Such stabilization can
lead to the activation of the Wnt/b-catenin pathway and play an
additional role in tumorigenesis should it cooperate with other signaling pathways (Nejak-Bowen and Monga, 2011). Among all the
repressor factors known to repress E-cadherin gene expression,
we focused on Snail1 and observed its early up-regulation after
endosulfan treatment, suggesting that other repressors or a later
Snail1 activation could be involved in CDH1 down-regulation after
TCDD and carbendazim exposure. In parallel, endosulfan, TCDD and
carbendazim also modulated the gene expression of different mesenchymal markers such as ﬁbronectin, with endosulfan, or S100a4
and ILK, with both carbendazim and endosulfan. In contrast,
p,p0 DDE, carbaryl and hydroquinone treatment produced no detectable modulations in the expression of the EMT biomarkers. The
increase in S100a4 (encoded by FSP1) observed following treatment
with xenobiotics may be relevant with regards to liver cancer progression. Indeed S100a4 is implicated in many processes including
differentiation and inﬂammation and its expression is strongly
associated with metastasis (Garrett et al., 2006; Liu et al., 2013).
Moreover, ILK, the expression of which is also increased by

endosulfan and carbendazim, is a key player in integrin-mediated
signal transduction. It dependently or independently of FAK contributes towards resistance of anoïkis, an apoptosis phenomenon
consecutive to loss of adherent junctions that occurs during cancer
progression (Paoli et al., 2013). Interestingly, FAK was found
strongly activated after TCDD exposure whereas p,p0 DDE led to a
reduction in the basal phosphorylation level indicating the likely
presence of poor adhesion. Considering the evidence for their
induced loss of E-cadherin, gain of mesenchymal markers and activation of the ILK or/and Fak pathway, endosulfan, TCDD and carbendazim appear to be EMT process inducers.
Among all the compounds tested, only endosulfan and carbendazim seemed to be able to rapidly activate most of the pathways
studied. Interestingly, endosulfan showed a parallel activation of
both ERK and SMAD pathways. The cooperation between MAPK
and TGF-b has been shown to be crucial for EMT induction and
hepatocyte survival (Fischer et al., 2005). Concerning carbendazim
and carbaryl, the activation of the SMAD pathway on such cancer
cells can be linked to the deregulation of homeostasis and the promotion of cancer progression through EMT induction (Jain et al.,
2010). We also noted that endosulfan, carbendazim and carbaryl
were able to activate, in parallel to SMAD, the Stat3 pathway
involved in the production of cytokines responsible for tumor
maintenance and progression (Subramaniam et al., 2013). This
phenomenon has already been described in HepG2 cells and in
mouse primary hepatocytes, and is associated with chronic inﬂammation (Besson-Fournier et al., 2012). Finally, endosulfan and carbendazim increased the level of Akt phosphorylation which could
impact on many processes but in particular here may be directly
linked with EMT and cell survival.
With regards resistance to apoptosis, TCDD and endosulfan
showed an early anti-apoptotic proﬁle with the change in Bax/
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Fig. 9. Effect of xenobiotics on epithelial–mesenchymal transition. (A, B and C) HepG2 cells were treated with 10 nM TCDD, 20 lM endosulfan, 10 lM carbaryl, 2.5 lM
carbendazim, 5 lM p,p0 DDE or 10 lM hydroquinone. FSP1, FN1 and ILK mRNA levels were assessed by real-time RT-PCR after 48 h of treatment. For all real-time RT-PCR
experiments relative mRNA levels with respect to GAPDH mRNA levels are given, and the mRNA levels in DMSO-treated cells are taken as 1. Error bars indicate the
mean ± SEM of triplicate determinations in three independent experiments. *P < 0.05; **P < 0.01. (D) Cells were treated as described above for 4 h. They were lysed and Fak and
its phosphorylated form p-Fak protein levels were assessed by western blotting (results representative of three experiments). As a control, the same membranes were also
probed with an antibody directed against GAPDH. (E) Band densitometry corresponding to immunoblots shown in (D) was performed after the acquisition with a CCD camera.
The results are deﬁned as the ratio between treated cells versus DMSO-treated cells normalized by GAPDH (means ± S.D. for three experiments).

Bcl-xl balance. Yet, the increase in caspase-3 activity observed is
normally consecutive to the induction of an apoptotic process. This
phenomenon has already been described by our team (Peyre et al.,
2012) and is linked to an anoïkis process. The number of modulations and near-identical behavior observed between dioxin and
endosulfan, would indicate the same mechanism of action between
the two pesticides. This phenomenon tends to be abrogated at 48 h
after endosulfan exposure with in particular the increase in XIAP
gene expression. It also occurs after carbendazim treatment and
is correlated in HCC cells with metastasis and resistance to apoptosis (Shi et al., 2008). XIAP also inhibits caspase activity, which in
part could explain the absence of apoptosis at 48 h after treatment
with endosulfan. At this point, both carbaryl and p,p0 DDE induce a
low change in the apoptotic balance leading to a pro-apoptotic
response whereas hydroquinone treatment is followed by an
increase in caspase-3 activity without a well-deﬁned dysregulation
in Bcl-xl/Bax balance (high variability observed).
With regards the cell cycle, we observed that p,p0 DDE acts as a
proliferator through MTT results (120–130% of viability compared
to the DMSO control between 2.5 and 25 lM), impedance positive
curves which perfectly matched the viability test, cell cycle assay
which highlighted the increase in the G2/M phase, and through

the increase in CCND1 both at the gene and protein level. The
decrease in the G2/M phase and increase of P21 protein expression
induced by TCDD reﬂects cell cycle arrest in accordance with previous studies (Puga et al., 2000). The increase of CCND1 gene and
protein expression is probably associated with the activation of
the Wnt/b-catenin pathway as observed with endosulfan. The positive curves we observed via real-time cellular impedance together
with the EMT responses could be linked to the cell plasticity and
migration induced by TCDD on HepG2 cells as previously proposed
(Diry et al., 2006). While hydroquinone seems to induce a later
stress leading to initiation of an apoptotic cascade and the modulation of P21 gene expression, exposure to endosulfan or TCDD
induces similar effects with a possible tendency to cell cycle arrest
through high expression of P21waf1 (the decrease in the G2/M
phase is signiﬁcant after 50 lM of treatment).
Using real-time cellular impedance technology (xCELLigence,
Roche), we were able to add pertinent data to our common protocol. This innovative approach enhances the sensitivity of detection
and could represent a decisive tool for future toxicological investigations when combined with such EMT relevant biomarkers.
Among the six chemicals tested, we choose two for the ﬁnal tests
of our investigation. While endosulfan was banned in Europe, little
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Fig. 10. Use of speciﬁc pharmacological inhibitors with real-time cellular impedance to target the main pathways responsible for the events engaged in the response to
chemicals. (A and C) HepG2 cells were treated for 48 h with 10 nM TCDD or 20 lM endosulfan with or without 5 lM of U0126. Then, the real-time cellular impedance
signatures were obtained using xCELLigenceÒ technology. (B and D) CCND1 mRNA levels were assessed by real-time RT-PCR after 48 h of treatment, with or without 5 lM of
U0126. For all real-time RT-PCR experiments, relative mRNA levels with respect to GAPDH mRNA levels are given, and the mRNA levels in DMSO-treated cells are taken as 1.
Error bars indicate the mean ± SEM of triplicate determinations in three independent experiments. *P < 0.05; **P < 0.01.

Fig. 11. A summary of the modulations observed in response to the 6 compounds tested. Chemicals have been classiﬁed in order of extent of deregulation observed and thus
also in order of their carcinogenic potential.

information actually exists concerning its implication in cancer
development. Similarly, TCDD has been classiﬁed as a class 1 carcinogen by the International Agency for Research on Cancer (IARC),
and yet doubt remains over its effects on human health, in particular since it shows opposite effects depending on its concentration
and most of the studies and available data are based on animal
experiments (Popp et al., 2006; Steenland et al., 2004). Here we
attempted to provide new evidence concerning endosulfan and
TCDD on the risk of cancer aggravation. The U0126-induced inhibition of NCI when HepG2 cells are treated with TCDD or endosulfan
showed a possible involvement of the Erk1/2 pathway in the EMT
process. However, we were not able to detect phosphorylation of

the Erk1/2 proteins at 4 h when HepG2 cells were treated with
TCDD. Nevertheless, 25 nM TCDD was shown to stimulate Ras
activity and ERK1/2 phosphorylation through the induction of
SOS1 (Pierre et al., 2011). One explanation for this discrepancy
could therefore be that the activation of the ERK pathway brought
about by the lower concentration of TCDD (10 nM) used in our
experiments fell below the limit of detection. The concentration
used was however sufﬁcient to modulate the Erk1/2-dependant
cellular impedance proﬁle and in parallel induce the Erk1/2dependant overexpression of CCND1. The link between Erk1/2
pathway and the regulation of CCND1 gene expression has already
been shown (Jin et al., 2011). We can conﬁrm that TCDD and
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endosulfan are two chemicals able to modulate the CCND1 gene
expression through the activation of the ERK/MAPK pathway.
To conclude, we have highlighted the pro-carcinogenic effects
of endosulfan, TCDD and carbendazim by demonstrating the dysregulation of the TGF-b pathway through Smads activation and
possible b-catenin activation. These two events in HCC could
together lead to the induction of EMT and cancer cell survival
(Fabregat, 2009). Secondly, the phosphorylation of STAT-3 and
AKT after treatment with endosulfan and carbendazim is evidence
in favor of a conferred resistance to apoptosis, an event associated
with the development and progression of tumors in the liver
(Fabregat et al., 2007). Thirdly, the induction of caspase activity
and the modulation of the expression of apoptotic proteins (XIAP,
Bcl-xl, Bax) is further evidence allowing us to reasonably presume
that these chemicals can alter the function of apoptosis and contribute to resistance to chemotherapy. All three compounds confer
a higher carcinogenic potential to HepG2 cells. Endosulfan, TCDD
and p,p0 DDE also increase cyclin D1 protein expression. This cell
cycle regulator correlates with tumor relapse and is an independent predictive marker for recurrence and prognosis of HCC (Qin
and Tang, 2004). Altogether, the numerous pieces of evidence we
have gathered here strongly support the occurrence of pro-carcinogenic effects following chronic exposure to chemicals, in particular endosulfan, TCDD and carbendazim, able to induce EMT. We
conclude that the combined use of all these biomarkers with
real-time cellular impedance and HCS represents a reliable and
realistic approach to determine the impact of xenobiotics on liver.
The next step towards greater clinical relevance will aim to add to
this protocol, any markers of stem cells, inﬂammation, stress oxidation and hypoxia. Using this in vitro approach, further investigations on the deregulation of key hepatic functions, by food or
environmental contaminants, could then be conducted.
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