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ARTICLE INFO ABSTRACT

Article history: In Burkina Faso, as in most Sahelian countries, the failure to follow good agricultural prac-
Received 13 May 2014 tices coupled with poor soil and climate conditions in the locust control context lead to
Received in revised form 1 July 2014 high environmental contaminations with pesticide residues. Thus, consumers being orally
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Available online 25 July 2014 exposed to a combination of multiple pesticide residues through food and water intake,

the digestive tract is a tissue susceptible to be directly exposed to these food contami-
nants. The aim of our work was to compare in vitro the impact of five desert locust control

g?s/:;/coizrjd:: pesticides (Deltamethrin DTM, Fenitrothion FNT, Fipronil FPN, Lambda-cyalothrine LCT,
Mixture and Teflubenzuron TBZ) alone and in combination on the human intestinal Caco-2 cells
Caco-2 viability and function. Cells were exposed to 0.1-100 M pesticides for 10 days alone or
Oxidative stress in mixture (MIX). Our results showed a cytotoxic effect of DTM, FNT, FPN, LCT, and TBZ
Locust control alone or in combination in human intestinal Caco-2 cells. The most efficient were shown
Antioxidant to be FPN and FNT impacting the cell layer integrity and/or barrier function, ALP activity,
Cell signaling antioxidant enzyme activity, lipid peroxidation, Akt activation, and apoptosis. The pres-

ence of antioxidant reduced lipid peroxidation level and attenuated the pesticides-induced
cell toxicity, suggesting that key mechanism of pesticides cytotoxicity may be linked to
their pro-oxidative potential. A comparative analysis with the predicted cytotoxic effect
of pesticides mixture using mathematical modeling shown that the combination of these
pesticides led to synergistic effects rather than to a simple independent or dose addition
effect.
© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction millions of hectares [ 1]. As the results of the widespread use

and the lack of safe management of pesticides in developing

Pesticides are useful tools against desert locust in vari- countries [2-4], various compartments of the environment

ous African and other world countries and several locust are contaminated and exposure to pesticides is a concern
invasions need intensive use of these chemicals across toward the general population [5].

Epidemiological studies often established a positive

correlation between occupational exposure to pesti-
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toxicity, nephropathies, and respiratory, cardiovascular
and autoimmune diseases (for a review see Mostafalou
and Abdollahi [6]). Moreover, pesticides are known indi-
vidually to induce toxicity at the cellular level throughout
oxidant-mediated responses such as apoptotic or necrotic
cells death, membrane lipids peroxidation, metabolic per-
turbation, deregulation of several signaling pathways [7]
or alteration of tight junctions [8,9].

Our previous investigations showed the presence of
pesticide residues in water and plant samples from locust
area in Burkina Faso several years after their use [10].
Elsewhere, pesticide residues in drinking water and plant
[11-13] have been reported to be present at concentra-
tions above Maximum Allowable Concentration (MAC) and
Maximum Residue Levels (MRLs) respectively. High lev-
els of pesticides in water and plants as sources of food
commodities are a concern for consumers and may be at
the onset of human health perturbations. Moreover, due
to their use in a wide variety of consumer products it is
likely that humans are exposed to several pesticides at
any one time and it is well admitted that consumers are
exposed through foodstuffs and water intake to cocktails
of food contaminants. Although it was well admitted that
the mixture is devoid of hazard when the concentration
of each compound does not reach an health concern level,
Kortenkamp et al. [14] demonstrated significant effects
of combination of pesticides when present below their
individual no observable adverse effect levels (NOAELs).
Predicting the effects associated with simultaneous expo-
sure to different food contaminants is often relying on two
suitable assessment concepts, the concentration or dose
addition (CA) and the concept of independent action (IA).
CA is thought to be applicable to mixtures of chemicals
that act on the same toxicological endpoint by a common
mechanism of action, while IA is commonly applied to
chemicals with dissimilar modes of action [15]. However,
combined effects of pesticide mixtures have been assessed
in various cell and animal model and results suggested that
the effect of pesticide mixture cannot always be predicted
from the effect of individual compounds [16-19]. It thus
appears the importance of assessing mixtures in toxicolog-
ical studies. This has stimulated our interest in assessing
the effects associated with simultaneous exposure to pes-
ticides both trough toxicological studies and mathematical
modeling.

We aimed to study the in vitro toxicological properties
of five pesticides alone or in combination (Deltamethrin
DTM, Fenitrothion FNT, Fipronil FPN, Lambda-cyalothrine
LCT, and Teflubenzuron TBZ) and to compare the results
to that predicted from a mathematical model in order to
assess the role of modeling in predicting effects of mix-
ture. These compounds are intensively used in Burkina Faso
against the desert locust and have been identified as food
contaminants found in edible plants and drinking water in
this country. It is noteworthy that these insecticides are
also largely used in the UE on various crops, vine and fruit
farming excepted fenithrotion and diazinon which are not
approved for utilization in the UE.

The oral route being the main way of consumers expo-
sure, intestinal tract is a direct target organ of xenobiotics.
Established cell lines, such as Caco-2 cells have proved to

be the best model for studies of intestinal absorption and
toxicity of xenobiotics [20-22]. These cells, despite their
colonic origin, expressed in culture the main morpholog-
ical and functional characteristics of intestinal cells [23].
The human colonic cell line Caco-2 cells was thus used as
an in vitro model in our study.

2. Materials and methods
2.1. Chemicals

The pesticides deltamethrin (CAS No. 52918-63-5),
fenitrothion (CAS No. 122-14-5), fipronil (CAS No. 120068-
37-3), lambda-cyhalothrin (CAS No. 91465-08-6), and
teflubenzuron (CAS No. 83121-18-0) were purchased
from Fluka (Riedel-de-Haén®, France). Purity of each
compound was ranged from 95.2 to 99.6% accord-
ing to manufacturer specification. Dulbecco’s modified
Eagle’s medium (DMEM), Roswell Park Memorial Institute
medium (RPMI), L-glutamine, Dimethyl sulfoxide (DMSO),
non essential amino acids (NEAA), Penicillin and Strep-
tomycin, Phosphate buffer saline (PBS), Trypsin-EDTA,
p-nitrophenol, p-nitrophenyl-phosphate, hydrogen per-
oxides(H,0,),Reduced glutathione, glutathione reductase,
a-NADPH, 2',7’-dichlorodihydrofluorescein diacetate (Hj-
DCF-DA), Hank’s balanced salt solution (HBSS), Hoechst
33342, propidium iodide (PI), thiobarbituric acid (TBA),
1,1,3,3-tetramethoxypropane (TMOP), and Bicinchoninic
Acid (BCA) were purchased from Sigma-Aldrich (France).
Fetal bovine serum (FBS) and the sterile material used
for culture (flasks and culture plates) were from Dutscher
(France). When not specified chemicals were purchased
from Sigma-Aldrich (France).

2.2. Cell culture

Caco-2 cells were obtained from the American Type Cul-
ture Collection (ATCC, USA) and cultured in a humidified
atmosphere of 5% CO, and 95% air at 37 °C. Culture medium
(DMEM) was supplemented with 1% L-glutamine, 1% NEAA,
1% Penicillin/Streptomycin and 10% of heat-inactivated
FBS. When the cell culture reached 80% confluence, cells
were dispersed with 0.025M trypsin-EDTA and reseeded
in new flask. The passage number of the cells used in the
experiments was between 25 and 39. The culture medium
was replaced every 48 h.

2.3. Pesticide treatments

Pesticides concentrations assessed in our study were
ranged from 0.1 to 100 wM. The chosen doses were based
on the LMR values adapted to our in vitro study as
follows: LMR values expressed in mg/kg of vegetables
were converted into g of active substance supposed
to be present in the digestive tract by considering a
total assimilation of the LMR amount of pesticide in vivo
upon a dietary intake of 100g of vegetables. LMRs for
DTM, FNT, TBZ, FNT, and LCT vary respectively from
0.01 to 2; 0.05 to 6; 0.05 to 1; 0.002 to 5; and 0.02
to 3mg/kg vegetables (according to Codex Alimentar-
ius http://www.codexalimentarius.org/).Stock solutions
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of pesticides (100mM) were prepared in DMSO. One
day after seeding, cell layers were washed with serum
free medium and then incubated with 4% FBS containing
medium supplemented with the indicated concentrations
of pesticides. The freshly mixture solution was made by
adding individual pesticides directly in medium containing
4% FBS at equimolar proportion respecting the same range
concentration of single agents. Treatments with pesticides
were renewed every 48 h. Control cells were exposed to
0.1% DMSO alone. Each experiment was repeated inde-
pendently 3 times in quadruplicate (MTT assay) or in
triplicate.

2.4. Evaluation of cell viability by MTT assay

The effects of pesticides on Caco-2 cells proliferation
and viability were monitored during a 10 days-period of
exposure. Reduction of the permeant tetrazolium salt 3-
(4,5-dimethylthiazol-2-yl)-2,5-di-phenyltetrazolium bro-
mide (MTT) was monitored as described by Mosmann [24],
with modifications. Briefly cells were seeded in 24-well
plates (5 x 104 cells/well). After 20 h of incubation, the cells
were treated with various concentrations (0.1-100 M) of
pesticides alone and in combination. At the end of the
incubation time (3, 7 and 10 days of exposure), culture
medium was discarded and the monolayer washed twice
with PBS. Cells were then incubated with MTT (500 .1 per
well at a concentration of 0.5mg/ml) in RPMI for 4h at
37°C. The reaction was stopped using 500 .l of a solution
containing 10% SDS and 1N NaOH at 37°C. Then, 200 1
of formazan solution was transferred into 96-well plates
and absorbances were measured by a microplate reader
(Tecan, Lyon, France) at 570 and 690 nm. The relative cell
viability was expressed as the ratio (%) of the absorbance
in the experimental wells to that of the control wells (cells
treated with DMSO). The EC50 (cytotoxic concentration for
50% cell death) was determined from the dose-response
curve.

2.5. Observation of morphologic changes

Caco-2 cells were seeded in 12-well plates at a den-
sity of 1.125 x 10° cells/well and allowed to grow for 20 h
in 500 .l medium. Thereafter, cells were exposed to pes-
ticides (25 wM) for 72 h and morphological changes were
analyzed using a phase contrast microscope (Olympus).

2.6. Evaluation of pesticide effects on cell monolayer
integrity

2.6.1. Transepithelial electrical resistance (TEER)
measurement

Cells were seeded at 2.5 x 10° cells/well in 6-well Tran-
swell culture plate coated with collagen and allowed to
grow for 4 days. Then 4% FBS-supplemented medium con-
taining pesticides (1, 5, 10 or 25uM) or DMSO (0.1%)
were introduced in both apical and basolateral compart-
ments. Treatment was renewed every 2 days. Monolayer
integrity was measured at day O, 3, 7 and 10 using the
Millicell Electrical Resistance System (Millipore, Molsheim,

France). Results are expressed as electrical resistance of the
monolayer (£2cm?) and were the mean + SEM of 3 inde-
pendent experiments in which each treatment was done in
triplicate.

2.6.2. Phenol red diffusion

Caco-2 cells culture conditions were the same as
described above. At last day of exposure (day 10), the
culture medium was discarded and apical and basolat-
eral sides were rinsed twice with 2ml of PBS (37°C).
Two miilliliters of phenol red containing medium were
introduced in apical side of monolayer. In the basolateral
side, phenol red containing medium was replaced by equiv-
alent medium without phenol red. Diffusion of phenol red
from apical to basolateral (A-B) compartment was eval-
uated for 4h. Quantification of phenol red in the basal
side was performed by measuring medium absorbance at
560 nm and percent diffusion was calculated.

2.7. Alkaline phosphatase essay for cell differentiation

Caco-2 cells were seeded into 12-well plates
(1.125 x 10° cells/well). Next day cells were treated
with pesticides (1, 5, 10, and 25 uM) or vehicle (DMSO
0.1%) for 10 days. Then cell layers were washed twice with
1ml of cold NaCl 9%. and harvested by scraping with a
rubber policeman in 500 wl of cold TRIS buffer (50 mM,
pH=7.5). Cell suspensions were then homogenized by five
passages through a 25G needle fitted with a 1 ml syringe.
Alkaline phosphatase activity, marker of enterocytic cells
differentiation [25], was measured in whole cell lysates
according to Walter and Schiitt [26] with modifications.
Briefly, ALP splits paranitrophenyl-phosphate (pNPP),
liberating yellow colored p-nitrophenol (pNP) under basic
condition. Quantification of p-nitrophenol (jumoles per mg
of proteins) was performed at 405 nm upon an incubation
time of 30 min at pH 10.4 and 37 °C. Results are expressed as
percent of ALP activity in treated cells compared to control.
The total protein concentration was determined by BCA
protein assay according to the manufacturer-suggested
protocol.

2.8. Pesticide-induced oxidative stress assessment

2.8.1. Lipids peroxidation measurement

Caco-2 cells were seeded in 24-well plates
(1.25 x 105 cells/well) and were treated as described
above upon a 48 h-period of exposure with the indicated
concentration of pesticides. Lipid peroxidation was quan-
tified in cell medium by using the thiobarbituric acid
reactive substances (TBARs) assay [27], which measures
malondialdehyde (MDA) equivalents. Briefly, 50wl of
cell medium were mixed with 5wl of 0.5N chlorhydric
acid (HCI) and 50l of TBA buffer (sodium hydroxide
0.12 M TBA, pH 7). Samples were then boiled for 10 min at
95 °C. After ice-cooling in dark, 200 .l of n-butanol were
added, samples were mixed and centrifuged for 10 min at
2000rpm at 4°C, 150 pl of supernatant from each sample
were transferred into 96-well plate and the absorbance
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was recorded at 532 nm. The TBARs content was calculated
from a calibration curve by using TMOP as MDA precursor.

2.8.2. Antioxidant enzyme assays

Caco-2 cells were seeded in 6-well plates
(1.5 x 10° cells/well) and were exposed next day to
pesticides (1, 5, 10, and 25 M) or vehicle as described
above. At day 10, cells were harvested by scraping on
ice. After centrifugation (900 rpm, 4°C), cell pellets were
washed twice with ice cold PBS and suspended in phos-
phate buffer (50 mM, pH=7) supplemented with 1 mM
EDTA. Cell membranes were disrupted using ultrasounds
three times for 10s on ice. After ultracentrifugation at
105,000 x g for 1h at 4°C, supernatants were used to
determine the catalase (CAT), glutathione peroxidase
(GPx), and superoxide dismutase (SOD) activities. The
total protein concentration of individual sample was
determined by BCA protein assay kit according to the
manufacturer-suggested protocol.

CAT activity was monitored according to the method
described by Aebi [28]. Briefly, hydrogen peroxide enzy-
matic decomposition by sample catalase was measured
for 30s at 240 nm on a spectrophotometer. The GPx activ-
ity was determined according to the method developed
by Lawrence and Burk [29]. Briefly, GPx reacts with H,0,
to generate glutathione disulfide (GSSG) which is reduced
by glutathione reductase (GR) in the presence of NADPH.
The disappearance of NADPH was monitored at 340 nm on
a spectrophotometer as indirect measure of GPx activity.
The SOD activity was determined following the method of
Oberley and Spitz [30]. Briefly, xanthine-xanthine oxidase
system in the presence of water generates the superox-
ide anion (O,* ) which reacts with Nitroblue Tetrazolium
(NBT) reducing it to Formazan dye. Sample SOD and NBT
compete for O,° . The percent inhibition of NBT reduction
for different protein concentrations of each sample was
measured as the amount of SOD present in sample. One
unit of SOD was defined as the amount of enzyme which
inhibits by 50% the formation of formazan blue observed at
560 nm. Inhibition of NBT reduction was kinetically mon-
itored for 5min using Tecan® microplate reader. Specific
enzymatic activities were reported as percent of activity in
treated cells compared to control.

2.8.3. Intracellular ROS measurement

Intracellular ROS were measured according to the
method described by Wang and Joseph [31] with or
without pretreatment with several antioxidants (vitamin
E, vitamin C or Trolox). Cells plated in 48-well dishes
(5 x 10% cells/well) were allowed to grow for 48 h in com-
plete medium supplemented with 10% FBS. Then cell
layers were washed twice with PBS and treated for 6h
at 37°C with 25 or 100 M of pesticides (0.025% of
DMSO as control cells) in HBSS medium containing 2',7'-
dichlorodihydrofluorescein diacetate (H,-DCFDA 5 uM).
At the end of the 6h incubation, medium was removed
and the cell layers washed twice with PBS. Cell fluores-
cence was measured with Tecan® microplate reader at the
excitation and emission wavelength of 485 and 530 nm
respectively.

2.9. Determination of pesticides-induced cell death
mechanism

2.9.1. Detection of apoptosis and necrosis by Hoechst
33342 and PI staining

Caco-2 cells were seeded in 12-well plates at a density of
1.25 x 10° cells/well. After 20 h incubation, the cells were
treated with 25 wM of pesticides alone or in combination
for 48 h. At the end of the treatment the culture medium
was discarded and the monolayer was stained with 5 pg/ml
of Hoechst 33342 and 1 pg/ml of PI solution in the dark for
30min at 37 °C. The cell layer was then washed with PBS.
The morphological features of apoptosis, such as cellular
nucleus shrinkage, chromatin condensation, and nuclear
fragmentation, were showed via Hoechst staining in PI
negative cells using fluorescent microscope with standard
excitation filters. Necrotic cells were stained in red by IP.
Each experiment was repeated independently three times
in triplicate. To record the number of normal, apoptotic and
necrotic cells by treatment, four random microscopic fields
per well were considered. Each experiment was repeated
three times in triplicate.

2.9.2. Western blot analysis of Akt

Cells were seeded at a density of 1.5 x 10° cells/well
into 6-well plates and were exposed 20h after incuba-
tion to 25 wM of each individual pesticide or mixture for
10 days. At the end of pesticide treatments, Caco-2 cells
were washed several times in cold phosphate-buffered
saline, were scraped off the plate and lysed in modi-
fied RIPA lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 1% triton X-100, 5 mM EDTA pH 8.0) containing 1x
protease inhibitor cocktail (HALT, Thermo scientific), and
phosphatase inhibitor cocktail (1 mM NaVO04, 50 nM NaF),
for 30 min on ice. Cell lysates were cleared by centrifuga-
tion (10,000 rpm, 15 min at 4°C). Protein concentrations
were determined using Bradford reagent (sigma). Twenty
five micrograms (25 wg) samples of extracted protein were
resolved on SDS-polyacrylamide gels and transferred to
nitrocellulose membranes. The membranes were incu-
bated in the presence of 1/2000 phospho-Akt ser473 (Cell
signaling, 4060) or 1/1000 Akt 1/2/3 (santa cruz biotech-
nology, sc-8312) antibodies at 4°C overnight. Antibody
binding was detected using an infrared fluorescent dye
conjugated antibodies absorbing at 800 nm (Biotium, CF
770 conjugated antibodies, 20078). Immunoblots were
visualized using an Odissey Infrared imaging scanner (Li-
Cor, Science Tec, les Ulis, France). Relative fluorescence
units allowed a quantitative analysis. Each experiment was
done independently 3 times.

2.10. Data analysis of combined cytotoxic effects

Combined effects of pesticides were analyzed according
to Takakura et al. [32]. The total concentration of mix-
ture at which an effect is generated can be calculated on
the basis of the concentration-response curves of indi-
vidual pesticides using the CA concept according to the
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Fig. 1. Pesticides-induced morphological changes in Caco-2 cells. Caco-2 cells were seeded in 12-well plates and allowed to grow for 20 h. Thereafter,
cells were exposed to pesticides (25 wM) for 72 h and morphological changes were analyzed using Olympus inverted microscope. Images selected are
representative of three independent experiments. Photographs were performed with a magnification of x20.

n -1

follow equation:ECX;x = Zﬁ

Foq | Where ECxyiy is the

i=1
total concentration of the cocktail provoking x% effect, ECxi
the concentration of component i provoking the x% effect
when applied singly, and Pi denotes the relative propor-
tions of the total mixture concentrations.
The IA prediction concept is used to explicitly calcu-
1

late combined effects according to:E(Cpix) =1 — H[l -
i=1
E(PICpix)]

E(Cpix) denotes the effect provoked by the total mixture
at concentration Cpx, While E(Picyx) are the effects that
the individual cocktail component i would cause if applied
singly at the same concentration at which it is present in
the cocktail.

2.11. Statistical analysis

Values are representative of the means + SEM (standard
error of the mean) of three independent experiments
performed at least in triplicate. Statistical analyses were
performed with GraphPad PRISM 5 (GraphPad Software
Inc., San Diego, CA, USA). Comparisons have used one-way
or two-way analysis of variance (ANOVA) followed respec-
tively by Dunnett’s and Bonferroni multiple comparison
posttests. The level of significance was set at p <0.05.

3. Results
3.1. Effect of pesticides on cell proliferation and viability

Cell proliferation and viability were assessed by
measuring MTT reduction assay. Overall, microscopy
observations of Caco-2 cells layer revealed that exposure to
pesticides for 3, 7 and 10 days led to morphological changes

compared to control cells (Fig. 1). Furthermore, as shown
in Fig. 2, each pesticide alone or in mixture, exerted an
impacton cell viability in a time and concentration depend-
ent manner. Their observed toxicity (ECsq values of Table 1)
in Caco-2 cells could be ranked in the following decreasing
order: FPN > MIX>FNT > LCT > DTM > TBZ. FNT and TBZ tox-
icity was observed upon a 3 days-period of exposure to
1 and 5 uM respectively. The impact of exposure to LCT
(1 wM), DTM (8 M) or FPN (5 wM) appeared later (J7).

3.2. Effect of pesticides on cell monolayer integrity

Impact of pesticides alone or in combination on the cell
monolayer integrity was assessed by analyzing, along a 10
days-period of treatment, the TEER (2 cm?) (Fig. 4) and
the passage of phenol red across the cell monolayer (Fig. 4,
inset figures). Control cells, treated with the vehicle alone,
showed a continuously increase of TEER until the end of the
treatment (from 420.00 +15.14 to 1010.30 +39.96  cm?
at day 10, Fig. 4). Our results showed that exposure to
FNT or TBZ led to a net decrease of membrane resistance
associated with an increase of the apparent permeabil-
ity of the cell layer (Fig. 4). On the other hand, exposure
of Caco-2 cells to LCT, DTM, and MIX induced a signifi-
cant increase of membrane resistance associated with a
decrease of membrane permeability suggesting a net rein-
forcement of cellular integrity. Treatment of Caco-2 cells
with FPN failed to produce a clear and noticeable change in
TEER values relatively to control. We next checked whether
the observed changes in viability and cell layer integrity
upon exposure to pesticides could be linked to a change in
the cellular differentiation process of Caco-2 cells.

3.3. Effect of pesticides on alkaline phosphatase activity

Caco-2 cells differentiation was characterized by domes
formation and cells polarization with apical brush border
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2. Cytotoxicity is expressed as the mean + SEM of three independent experiments in quadruplet. The combined effects of pesticides were also predicted
using an independent action (IA) and a concentration addition (CA) models as described in Section 2.
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Fig. 4. Effect of pesticides on cell layers integrity. Caco-2 cells were allowed to grow on permeable membrane filter supports in presence of pesticides at
concentrations ranging from 1 to 25 wM for 10 days. Transepithelial electrical resistance (TEER) was measured at days 0, 3, 7, and 10 following proceeding
described in Section 2 and its value is expressed as percent of control. In parallel, phenol red passage through cell layer was assessed at day 10 (inset) as
described by Section 2. Both TEER and PR diffusion values are expressed in means & SEM of 3 independent experiences done in triplicate. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)
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ECsp values (M) of pesticides alone on Caco-2 cells upon 3, 7, and 10 days-period of exposure. Caco-2 cells were exposed to DTM, FNT, FPN, LCT, and TBZ
either alone or as a mixture of the five for 3, 7 and 10 days at concentrations ranging from 0.1 to 100 wM. After exposure, cell viability was assessed by MTT
assay and effect concentrations 50% (EC50) were calculated according to the dose response curves in Fig. 1 as described in Section 2.

Time (days) ECso (M)?
DTM FNT FPN LCT TBZ
3 191.0 £ 5.5 31.6 £ 0.7 241 £ 04 729 £2.7 571.1 £ 51.0
1364 + 10.7 25.6 £ 0.8 21.6 £ 0.5 743 £ 4.8 4713 + 37.6
10 1119 £33 213 £ 05 18.1 £ 0.5 59.5+23 429.4 + 24.5

2 Mean + SEM of three independent experiments.

bearing specific enzymes. Differentiation of non-treated
Caco-2 cells was accompanied with a graduate increase
of ALP activity (Fig. 5) culminant at day 10. Our results
showed a clearly dose dependent perturbation of the
enzyme activity upon exposure to pesticides alone or in
combination. FNT and FPN exposure of Caco-2 cells led to
a decreased ALP activity compared to control whereas the
opposite was observed upon exposure to DTM, LCT, TBZ, or
MIX.

3.4. Pesticides-induced oxidative stress in Caco-2 cells

Oxidative status in Caco-2 cells upon exposure to pes-
ticides was investigated by measuring the activities of the
main enzymes involved in the control of ROS level (CAT,
GPx, and SOD). As shown in Fig. 6, a 10 days-period of treat-
ment of Caco-2 cells with pesticides alone or in mixture (1,
5, 10, and 25 uM) induced in a dose dependent manner
an increase in CAT (DTM/LCT/MIX), GPx (FNT/FPN/MIX),
and SOD (FNT) activities suggesting a change in oxidative
status of Caco-2 cells upon exposure to these compounds
(Fig. 6A-C). The increased SOD activity upon exposure to
FNT suggests a downstream production of O,°*~. The acti-
vation of GPx or CAT observed upon exposure to FNT,
FPN, DTM, LCT, and Mix suggested an increase in level of
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H,0,. On the other hand TBZ did not appear to induce
noticeable changes in oxidative status since no change
in enzyme activity was observed. In order to confirm the
prooxidative activities of pesticides in Caco-2 cells we
next evaluated H,0, production in cells by using spe-
cific fluorescent probe. As showed in Fig. 7A, FPN, FNT,
DTM, and MIX treatments induced the strongest effect on
intracellular H,0, generation evidenced by the increased
fluorescence staining. These results were well correlated
with the increased activity of CAT and GPx as described
above. We also determined the lipid peroxidation status
by examining the TBARs concentrations upon a short term
period of exposure (48 h) to pesticides (25 and 100 wM).
Results clearly indicated a significant increase of TBARS
level upon exposure to each pesticide alone or in mix-
ture. FPN and FNT were found to be the most efficient with
respectively 192.45 and 167.66% with respect to control at
25 uM (Fig. 7B). Furthermore, pretreatment with 100 uM
of Vitamin C for 4h or 10 wM of Vitamin E or Trolox for
24 h before exposure of Caco-2 cells to pesticides partially
reversed the production of H,0, (Fig. 8A) and led to a net
decrease of pesticide cytotoxicity specially in Caco-2 cells
exposed to the most cytotoxic compounds DTM, FPN, FNT,
LCT, and MIX (Fig. 8B). These results suggest that oxidative
stress could be at least in part involved in Caco-2 cells death
induced by these pesticides treatment.
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Fig. 5. Effect of pesticides on Caco-2 cells differentiation. Cells were exposed to single or mixture of pesticides at concentrations ranging from 1 to 25 uM
for 10 days. Cell differentiation was evaluated by measuring ALP activity as described in Section 2. Data are expressed as the percentage of ALP activity in
treated compared to control cells (exposed to the vehicle only DMSO) and are the mean + SEM of three independent experiences in which each treatment
was performed in triplicate. Asterisk indicate level of significance at p<0.05 (*), p<0.01 (**), p<0.001 (***).
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Fig. 6. Effects of pesticides on the activity of antioxidant enzymes in Caco-2. Cells were exposed for 10 days to pesticides individually and in mixture at
concentrations ranging from 1 to 25 wM. Catalase (A), GPx (B), and Cu/Zn SOD (C) activities were measured in cytosolic fractions of cell lysates as described
in Section 2. Data are expressed as the ratio of the activity in treated cells compared to control cells (DMSO). Results are the mean + SEM for 3 independent
experiments where each treatment was done in triplicate. Statistical differences are shown as *p <0.05, **p<0.01, ***p<0.001.

3.5. Pesticides-induced cell death mechanism on Caco-2
cells

To elucidate the mechanism of pesticide-induced cell
death in Caco-2 cells, we performed a double staining of
cell layer with Hoechst 33342 and PI followed by a micro-
scopic observation. Cells exhibiting a condensed nuclei and
no PI staining could be classified as apoptotic whereas cells
stained with both Hoechst and PI could be considered as
necrotic cells (Fig. 9A). Results showed an increased of cell
death through both apoptotic and necrotic mechanisms
(Fig. 9B and Q). It is noteworthy that only FPN and mixture
treatments led to a huge increased of apoptotic whereas the
percentage of necrotic cells increased to a lesser extent. In
order to confirm apoptosis in cells exposed to pesticides we

next examine the level of expression of the active form of
Akt (phospho-Akt), a key cell signaling enzyme involved in
the inhibition of apoptosis and induction of cell prolifera-
tion. Results showed areduced level of phospho-Aktin cells
exposed to pesticides especially in FPN and MIX exposed
cells compared to control (Fig. 10A and B) confirming the
role of apoptosis at least in part in the mechanism of pes-
ticide induced cell death in our model.

3.6. Comparison of the observed effect versus the
predicted effect of pesticide mixture

The experimentally measured effect of pesticides mix-
ture on cell viability (Fig. 1) was compared with the
predicted effect calculated using CA and IA models from the
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Fig. 7. Effects of pesticides exposure on lipid peroxidation and on the level of hydroxide peroxide in Caco-2. Cells were exposed for 6 and 48 h (lipid
peroxidation and H,0, dosage respectively) to FPN, FNT, LCT, DTM, and TBZ either alone or as a mixture of the five at 25 and 100 M. (A) H,0, production
was measured using H,-DCF-DA. (B) Lipid peroxidation was assessed by TBARs quantification in the incubation medium. Data are expressed as the ratio
of fluorescence in treated cells compared to untreated cells (DMSO exposed). Results are the mean + SEM for 3 independent experiments in which each
treatment were done in triplicate. Difference is statistically significant for p <0.05 (*), p <0.01 (**), and p <0.001 (***).

impact of single pesticide. Results are presented in Table 2.
The 95% CI from the measured ECsq failed to overlap the
ECsg obtained in the predicted model at each tested dose
(Table 2 and Fig. 3). These results suggest that the com-
bined toxicological effects of the 5 pesticides resulted from
complex interactions different from that observed in inde-
pendent or dose addition situation.

Table 2

4. Discussion

In Burkina Faso, as in most Sahelian countries, the fail-
ure to follow good agricultural practices (GAP) coupled
with poor soil and climate conditions in the locust control
context lead to high environmental contaminations with
pesticide residues [10]. Consumers being orally exposed

Statistical comparison between measured and predicted combined effect concentrations (ECsp ). Caco-2 cells were exposed to the mixture of the five for 3,
7 and 10 days at concentrations ranging from 0.1 to 100 M. After exposure, cell viability was assessed by MTT assay and predicted effect concentrations
50% (EC50) were calculated according to Section 2. IA, independent action model; CA, concentration addition; CI, confidence interval.

Time (days) Measured 1A CA
Mean 95% Cl Mean 95% Cl Mean 95% ClI
3 27.5 26.1-29.0 7.7 7.4-8.0 51.3 51.0-51.5
7 22.6 21.5-23.8 7.5 7.2-7.8 43.3 42.8-43.8
10 20.1 19.1-21.2 5.1 4.9-5.4 35.1 34.9-35.3
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Fig. 8. Effects of antioxidant on H,0, production and promotion of cell viability. Twenty hours after seeding, Caco-2 cells were pretreated with Vitamin
C(4h at 100 wM) and Vitamin E or Trolox (10 M for 24 h). Cells were then exposed to pesticides at 100 wM for 6 h in the presence of H2-DCF-DA (H,0;
dosage) or 72 h (cell viability assay). H2-DCF-DA fluorescence (A) and cells viability (B) were assessed as described in Section 2. Data represent the ratio
of the value in treated cells compared to untreated one (DMSO). Results are the mean + SEM for 3 independent experiments in which each treatment was
done in triplicate. Asterisk indicate level of significance at p<0.05 (*), p<0.01 (**), p<0.001 (***) for comparison between pesticide-treated results and
untreated control one. Statistical differences between pesticide-treated results in presence and without antioxidant are shown as *for p <0.05, **for p<0.01,

and ***for p<0.001).

to a combination of multiple pesticide residues through
food and water intake, the digestive tract is thus a tissue
susceptible to be directly exposed to these food contam-
inants mixtures. The aim of our work was to compare
in vitro the impact of five desert locust control pesticides
(DTM, FNT, FPN, LCT, and TBZ) commonly found in food
and water in Burkina Faso alone and in combination on
the human intestinal Caco-2 cells viability and function.
Pesticides concentrations ranges were chosen according to
their LMR and adapted to the in vitro study as described in
material and method.

Our results which are summarized in Table 3 clearly
showed a cytotoxic effect of DTM, FNT, LCT, and TBZ alone
or in combination in human intestinal Caco-2 cells at
dose ranging from 1 to 8 WM (1 wM being equivalent to

0.7-1.3 pg/well according to the pesticide). These doses
could be considered as relevant to human exposure. Indeed
based on the LMR values of each compound, pesticides
could be present in the digestive tract at dose ranging from
0.2 to 300 pg, when considering a total assimilation of the
LMR amount of pesticide in vivo upon a dietary intake of
100 g of vegetables.

The most cytotoxic compounds were FPN and FNT that
impacted the cell layer integrity, ALP activity, oxidative
status, Akt activation, and apoptosis (data summarized
in Table 3). These results are observed for the first time
in a human intestinal cell line (excepted FPN) and are
in agreement with their observed cytotoxicity in other
in vitro models. Cytotoxicity of DTM was indeed observed
in cortical neurons [33], in rat spermatozoa [34] and in
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Fig. 9. Impact of pesticides alone or in combination on Caco-2 cells death. Cells were treated with pesticides (25 M) for 48 h. At the end of the incubation
period, cells were labeled with Hoechst 33342 and IP for 30 min. Cell layer was then observed using fluorescence microscope to record normal viable
(uncondensed nuclei and no PI staining), apoptotic (condensed nuclei and no PI staining), and necrotic cells (uncondensed nuclei and PI staining). (A)
Shows the image of stained cells indicating necrotic (encircled) and apoptotic cells. Photographs were performed with a magnification of x20. (B) Shows
the percentage of nonapoptotic nor necrotic cells in treated and untreated assays, and (C) shows the percentage of apoptotic and necrotic cells. Statistical
differences with untreated result are shown as ***p <0.001 (normal/apoptotic cells) and ***p <0.001 (necrotic cells).

SH-SY5Y cells [35]. FNT was shown to exert cytotoxic effect
in rat hepatocytes [36]. FPN has been shown to display
toxic effect in SH-SY5Y cells [37-39], in mouse N2a neu-
roblastoma [40]. LCT exerted cytotoxic effect in human
lymphocytes [41].

The alteration of the cell layer integrity which increased
with the time of exposure to pesticides, was characterized
by either a decrease in TEER with a proportional increase
of the passage of PR (FNT and TBZ), or a rise in TEER with
a reduced passage of PR from the apical to the basal side
of the epithelium (DTM and LCT). It is well admitted that
free radicals may directly damage cell membrane through
the oxidation of Poly Unsaturated Fatty acids within the
phospholipids structure of the membrane itself and thus
alter the membrane resistance or permeability. However,
the differential effect of DTM/LCT on one hand and of FPN
and TBZ on the other hand on TEER in our model can-
not be explained by their pro-oxidative properties because
it is an almost universal property of pesticides. The dif-
ferential impact between DTM and FNT on TEER may be
due to their specific activity on cytoskeleton and mem-
brane fluidity respectively. Indeed FTN is known to alter
membrane fluidity and as suggested by Gonzales-Baro

et al. [42] it is possible that the toxic properties of FNT
could be related to an increased permeability of mem-
branes. DTM effect on TEER may be linked to its impact
on the expression of a transcriptional factor involved in
the expression of genes related to the cytoskeleton organi-
zation (NFATC1/cathepsin/c-SRC) [43]. FPN treatment that
induced oxidative stress in our model and the highest cyto-
toxicity (ECso=18.06 wM) led to changes in the apparent
permeability to phenol red without altering the TEER. This
is in agreement with the hypothesis formulated by Kar-
czewski and Groot [44] according to which an alteration of
permeability can occur without noticeable change in elec-
trical resistance.

As suggested by Sambuy et al. [22], the alteration of
the permeability and the integrity of the cell monolayer
suggest perturbation of the intestinal barrier function.
Modification of the epithelium integrity is considered as
a critical toxicokinetic parameter that influences the fate
and consequently the systemic toxicity of chemicals in the
organism. Previous findings have shown the involvement
of tight junction’s failure and cytoskeleton disorganiza-
tion in chemicals induced-cell monolayer permeability
alteration [45]. Oxidative stress is also known to disturb
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Fig. 10. Mechanism of pesticide induced cell death. One day after seeding, cells were exposed for 48 h to pesticide (DTM, FNT, FPN, LCT, and TBZ) alone
or in combination (MIX) (25 wM). Control corresponds to cells treated with the vehicle only (DMSO 0.1%). (A) Shows the western blot analysis of total and
phospho-Akt (Ser473). (B) Represents the ratio Phospho-Akt/Total-Akt expressed as the percentage of the control. Results are the mean +SEM of three
independent experiments in triplicate. Statistical differences are shown as *p <0.05, **p<0.01, ***p <0.001.

intestinal and renal epithelium or blood brain barrier
integrity by altering tight junction molecules [8,9,46]. In
the present study, pesticides-induced functional alteration
of the epithelial Caco-2 cell layer was well correlated with
the prooxidative activity of these chemicals.

In parallel our results showed a decreased activity of
ALP in cells exposed to FPN and FNT, while exposure to
DTM, LCT, and TBZ, increased its activity. ALP is a marker
of intestinal cell differentiation and is also involved in
lipid absorption across the apical membrane of entero-
cytes, in regulation of duodenal surface pH, in bacterial
transepithelial passage limitation, and in detoxification
of intestinal lipopolysaccharide [47]. The decreased ALP
activity in Caco-2 cells exposed to FPN and FNT could be
correlated with their cytoxicity. The involvement of oxida-
tive stress in the regulation of ALP activity has also been
demonstrated [48,49]. It may be indeed suggested that
pesticide induced Caco-2 cells toxicity and ALP activity dis-
turbance could be linked to their prooxidative properties.

Exposure of Caco-2 cells to individual pesticides in our
model also led to a decreased adaptive capacity of cells sug-
gested by a time dependent diminution of the ECsq values
of individual compound. Moreover morphological changes
as well as a reduction of cell density upon exposure to FNT,
FPN, and MIX suggested that cells did not reach confluence.
Although the induction of cell cycle arrest or increased sus-
ceptibility of dividing cells upon pesticide exposure has
been shown in various cell models [50-52], the increased
number of apoptotic and necrotic cells upon exposure to
pesticides alone or in combination in our model (sum-
marized in Table 3) supported the hypothesis that these
compounds affected rather the cell viability processes than
the cycle progression. Our results are in agreement with
previous studies showing proapoptotic property of FPN and

DTM [33,37,39]. Here we also showed that exposure to each
individual pesticide is associated with a decreased level
of phosphorylated Akt (Ser 473), FPN and LCT leading to
the greatest impact, confirming the start-up of an apop-
totic mechanism [53,54] upon exposure to each compound.
However from our results it appears that apoptosis was not
the one mechanism involved in cell death induced by pesti-
cides since the percent of necrotic cells was also increased.
Moreover our data showed that FPN and to a lesser extent
DTM and FNT were stronger apoptotic compounds than LCT
and TBZ suggesting dissimilar mechanism of action of these
pesticides.

From our overall data summarized in Table 3, DTM and
LCT which belong to the same chemical family (pyrethroid),
appeared to share the same mechanism of action in the
induced Caco-2 cells toxicity, although DTM was more pro
apoptotic than LCT (Table 3). On the opposite FPN, FNT and
TBZ showed differential impacts on Caco-2 cells compared
from each other. FNT and TBZ differentially affected ALP
activity, and FPN did not affect TEER and exerted clearly the
strongest apoptotic effect with minor changes of necrotic
cell number compared to control.

We also investigated the joint effects of the five pes-
ticides on various cell functions by testing a mixture
of pesticides in which each compound was present at
equimolar concentration. Although the mixture diluted the
most toxic compounds when combined, pesticides led to a
higher effect than that expected regarding to the effect of
each single compound suggesting a synergistic interaction
of the compounds. The mixture induced a dose dependent
cytotoxicity characterized by cells death according to apop-
totic and necrotic mechanisms, the disturbance of TEER
values, the increase of PAL activity, an alteration of
oxidative stress enzymes activity, and an increased lipid



Summary of the effect of pesticides alone or in combination on cell viability and transepithelial membrane resistance (TEER), apparent permeability (phenol red diffusion) and alkaline phosphatase activity (ALP)

at J10, on lipid peroxidation and H,0, production (upon 48 and 6 h, respectively) and on the ration of the percentage of apoptotic or necrotic cells in treated versus untreated cells (48 h). In control cells (DMSO

treated cells) the ratio of the apototic cell percentage versus necrotic cell percentage was equal to 0.5.

Table 3

ALP activity (J10)" Lipid H,0, production  Percent of apoptosis in treated Percent of necrosis in treated
vs control cells

Apparent

TEER (J10)

Cell viability (J10)

vs control cells

2.7
44
3.2
3.8
2.7
2.7

43
6.3
8.6
39
3.0
8.9

25uM
25uM
100 pM
100 uM
100 pM
25uM

peroxidation

100 M
25 uM
25 uM
25 uM
100 uM
100 M

1M
5uM
10 uM
5uM
1M
1M

permeability (J10)

25 M
25 uM
5uM
25 uM
25uM
5uM

10 uM
10 uM
5uM

25uM
10 uM

N
8 uM
AN
5uM
N
5uM
N
5uM
N
1M
1M

Deltamethrin
Fenitrothion
Fipronil
Teflubenzuron
Lambda
cyalothrin
Mixture

" p<0.05.
" p<0.01.

S. Ilboudo et al. / Toxicology Reports 1 (2014) 474-489 487

peroxidation. When comparing the effect of the mixture
with its predicted theoretical effect our results pointed out
a difference between the measured impact of the mixture
and the theoretically calculated one. In the analysis of com-
bined effects two reference concepts are currently applied
for the assessment of mixture toxicities, i.e. the Loewe
additivity (based on the dose addition (CA) concept) and
the Bliss independence (based on the independent action
(IA) concept) [55,56]. They have been widely applied to
predict the joint toxicity of mixtures [19,32,57,58]. Evalu-
ation of the effects associated with simultaneous exposure
to chemical contaminants has to rely on suitable assess-
ment concepts, but it is not immediately obvious which
of the two models, CA or IA, should be employed (accord-
ing to Ermler et al. [15]). The CA model is suitable for
predicting the combined toxicity of mixtures with com-
pounds sharing the same mechanism of action (inhibition
of cholinesterases by organophosphorus for example). For
this type of mixture, the prediction is reliable. The IA
model is meanwhile indicated in predicting the combined
toxicity of mixtures whose constituents do not share the
same mechanism of action (strictly distinct mechanisms
of action). As already underlined by Rajapakse et al. [59],
the difference found in our model between the predicted
and the observable effect of the mixture is materialized
on one hand by the shift of the observed and predicted
concentration-effect relationship curves, and on the other
hand by the lack of an overlap between the measured and
the predicted 95% CI of the dose response. Such deviations
are currently observed since the predicted toxicity by the IA
and CA concept can deviate by a factor n from the observed
values, n being the number of mixture components [60].
Furthermore, a deviation less than twofold has been gen-
erally applied as a threshold which shows a correlation
between predicted and observed mixture toxicity [61,62].
In our study using the CA concept we observed a deviation
factor of 1.87, 1.92, and 1.75 at day 3, 7, and 10, respec-
tively. Whereas a factor of 3.57, 3.01, and 3.94 was found at
the same time applying the IA concept (data not show). We
can thus presume that CA concept could be considered as
a more accurate model than the IA concept to predict the
effect of the combined pesticides in our study. However
although the similarity or dissimilarity of the mechanisms
of action of the mixture components are the governing fac-
tor for the prediction quality of both CA and IA concepts
it is assumed that CA overestimates the mixture toxicity of
strictly dissimilar acting substances, and IA underestimates
the toxicity of strictly similar acting substances [60]. Ermler
et al. [15] also reported that the assessment of chemical
mixtures composed of substances that do not act via the
same mechanism is more complicated. Rider etal.[63] have
recently presented an analysis of their own mixture studies
with anti-androgens where they investigated the effects of
in utero exposures on male reproductive tract development
inrats. CA predicted the mixture effects better than IA, even
with mixtures composed of anti-androgens with diverse
mechanisms of action. IA consistently underestimated
the effects of these anti-androgen mixtures. Pesti-
cides from a specific chemical class (organophosphorus,
organochlorine, etc.) could induce similar phenomenolo-
gical effects, and such similarity of action would support
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the choice of CA as an assessment concept, irrespective
of the finer details of molecular mechanisms of the com-
pounds. In this case the similarity assumption of CA could
not entirely be met, because of subtle differences in the
ways in which the chemicals in the component mixtures
interacted at the cellular and molecular level. Moreover
fewer compounds can be expected to qualify for inclu-
sion in acommon mixture/effects assessment and this may
lead to underestimation of the risk [15]. In the light of our
results and in agreement with the conclusions of Junghans
et al. [60] and Ermler et al. [15], we can make the follow-
ing assumptions: (i) the mixture effect could be due to
dissimilarly acting components since the toxicity of mix-
ture assessed using IA concept is higher than the measured
toxicity; (ii) in the mixture, compounds interact together
leading to a mixture toxicity that is higher than the pre-
dicted effect by CA.

In conclusion, locust control that generates environ-
mental and subsequent food commodities and water
contamination with pesticides mixture is a public health
concern. In our study, we clearly showed that pesticides
often found in water and vegetables in Burkina Faso dam-
age human intestinal cells in culture individually or in
mixture at dose closed to the real exposure, by modifying
cellular growth, survival and homeostasis suggesting sub-
sequent disorders of the intestinal epithelium. Moreover,
from the comparison of our measured and predicted results
it appears clearly that CA model is the most suitable for
predicting interaction of pesticide mixture in our model;
however it does not correlate with the observed synergis-
tic effect which suggests dissimilar acting substance. Our
invitro experiments serve the purpose to highlight the need
for further evaluation of the in vivo toxicity of chemical
mixture.
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