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A B S T R A C T

Pesticide products contain one or more active substances as well as adjuvants, which are added for example as
solvents or antioxidants. Nevertheless, only the active substances are evaluated with a comprehensive battery of
mammalian toxicity tests. However, in some cases mixture effects of active substances and adjuvants may occur,
leading to increased toxicity of the products.

To address this issue, we investigated effects of active substances with known hepatotoxicity and two com-
monly used fungicides: Priori Xtra® and Adexar®. For this purpose, respective active substances individually and
in combination as well as the products were applied to two human hepatoma cell lines (HepaRG and HepG2) in a
broad dose range. The results of cytotoxicity analysis, nuclear receptor transactivation (AhR, CAR, PXR), mRNA
and protein expression of xenobiotic metabolizing enzymes (CYP1A1, CYP2B6 and CYP3A4) allow the conclu-
sion that active substances and plant protection products differ in terms of their in vitro toxicity. The products
activate AhR, while the individual active substances as well as the combination of the active substances have no
or only minor effects.

The present results support the hypothesis that plant protection products may have a modified toxicity as
compared to active substances alone, consequently requiring more comprehensive testing.

1. Introduction

Plant protection products are used in agriculture to protect plants
from pest organisms or to erase weeds (Kraehmer et al., 2014; Popp
et al., 2013). In addition, their application permits an increase of crop
yield enhances the food security worldwide (Oerke and Dehne, 2004).
Commonly, plant protection products are mixtures, so called formula-
tions, and contain one or more active substances as well as several
adjuvants.

Active substances are responsible for the effectiveness of the pro-
duct. According to their target organisms pesticides are divided into
different groups e.g. fungicides against fungi, herbicides against weeds
or insecticides against insects.

For example, the fungicides epoxiconazole and cyproconazole in-
hibit CYP51, thus disrupting the synthesis of ergosterol, a major part of
the fungal membrane (Kelly et al., 2003). The effect of the strobilurin,
azoxystrobin, and fluxapyroxad, a pyrazole-carboxamide, on fungi is
due to the inhibition of the mitochondrial respiratory chain (Anke et al.,
1977; Chen et al., 2016).

Adjuvants are used to give specific properties for application to the

product (i.e. solvents, anti-foaming-agents, wetting agents) (Hazen,
2000). The authorization of active substances as well as plant protec-
tion products is set in Regulation (EC) No 1107/2009. Individual active
substances are evaluated extensively prior to approval e.g. for acute-,
short- and long-term toxicity, genotoxicity, developmental and re-
productive toxicity (EU No 283/2013). Plant protection products are
also evaluated before authorization, albeit with limited scope (acute
toxicity only). This acute toxicity testing includes only limited end-
points like mortality, clinical symptoms and gross pathology. Other
relevant endpoints (i.e. hematology, clinical chemistry and histo-
pathology) are generally not examined. Additionally, repeated dose
toxicity studies are not required, thus possible sub-chronic effects on
target organs are not investigated. Furthermore, adjuvants alone nei-
ther require toxicological evaluation nor authorization (Commission
Regulation (EC) No 1107/2009). Plant protection products commonly
contain a large proportion of adjuvants (BVL, 2017; Cox and Surgan,
2006). The German Federal Office of Consumer Protection and Food
Safety has currently listed more than 1000 adjuvants used in plant
protection products (BVL, 2017). However, the EU regulation 1107/
2009 contains a list of adjuvants which are not to be used as such due to
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e.g. undesirable toxicological properties. While adjuvants are called
inert substances in the United States (Surgan et al., 2010; Tobiassen
et al., 2003) they may nevertheless exhibit effects of their own (Li et al.,
2015; Song et al., 2012b). In recent years, several studies regarding
plant protection products in vitro have been published, showing that
products may exhibit increased toxic effects compared to the individual
active substances used therein (Hernández et al., 2013). This has been
shown e.g. with glyphosate and the adjuvant tallowamine used in
glyphosate containing products (Chaufan et al., 2014; Coalova, 2014;
Kim et al., 2013; Song et al., 2012a) but also with dicamba and related
products (Gonzalez et al., 2007) as well as several others (Holeckova
et al., 2013; Mesnage et al., 2014). Additionally, mixture effects of
active substances have been published, showing effects of mixtures with
individual substances around their NOAEL (Pascotto et al., 2015).

Here, we analysed two plant protection products, Priori Xtra® and
Adexar®, both containing two active substances as well as several ad-
juvants. Priori Xtra® contains the active substances azoxystrobin and
cyproconazole and is primarily used against rust infestations (Carvalho
et al., 2013). Adexar® contains the active substances fluxapyroxad and
epoxiconazole and is primarily used against mildew as well as rust in-
festations (BVL, 2011). All four active substances have known effects on
the liver, leading to hypertrophy (EFSA, 2008; Heise et al., 2015;
Ireland, 2010; UK, 2009, 2011). This adverse outcome is related to the
activation of nuclear receptors, like PXR (Pregnane-X-Receptor), CAR
(Constitutive Androstane Receptor) and AhR (Aryl hydrocarbon Re-
ceptor) and increased synthesis of xenobiotic metabolizing enzymes
(Elcombe et al., 2010; Wei et al., 2000; Zhang et al., 2015). Thus in this
work, we analysed the cytotoxicity of the products compared to the
active substances in human liver derived HepG2 und HepaRG cell lines.
Additionally, we examined the effects of two plant protection products
as well as their active substances individually and in combination on
the transactivation of several nuclear receptors as well as on the tran-
scription and concentration of receptor depending metabolizing en-
zymes.

Currently, there is a considerable interest in detecting and evalu-
ating combination effects (Hernández and Tsatsakis, 2017; Tsatsakis
et al., 2017). Therefore, the purpose of this study was to analyse mix-
ture effects of active substances and plant protection products in two
cell lines of hepatic origin in vitro.

2. Materials and methods

2.1. Test substances

The test substances cyproconazole [CAS # 94361-06-5; Syngenta;
Batch # CHF1E00042; purity 96.8%] and epoxiconazole [CAS #
133855-98-8; BASF; Batch # 8563; purity 97.0%] were obtained di-
rectly from the producing companies in technical quality (the same
quality the substances are used in plant protection products). The test
substances fluxapyroxad [CAS # 907204-31-3; Batch # SZBF160XV;
purity 99.9%] and azoxystrobin [CAS # 131860-33-8; Batch #
BCBT1118V; purity≥ 98%] were obtained from Sigma-Aldrich
(Taufkirchen, Germany). The plant protection products Adexar® (re-
gistration no. 006958-00; BASF; Batch # 0013044538; 62.5 g/L epox-
iconazole; 62.5 g/L fluxapyroxad) and Priori Xtra® (registration no.
005481-00; Syngenta; Batch # 139731; 200 g/L azoxystrobin; 80 g/L
cyproconazole) were obtained commercially in Germany. All sub-
stances or products were diluted in DMSO, resulting in a final DMSO
medium concentration of 0.4% in all exposed wells. All other chemicals
(positive controls and solvents) were purchased from Merck
(Darmstadt, Germany) or Sigma-Aldrich (Taufkirchen, Germany) in the
highest available purity.

2.2. Cell culture

HepaRG cells were obtained from Biopredic International (Saint

Grégoire, France) and were grown for two weeks in Williams medium
(Pan-Biotech GmbH, Aidenbach, Germany) containing 10% fetal calf
serum (FCS) (PAN-Biotech GmbH, Aidenbach, Germany), 100 U/ml
penicillin, 100 μg/mL streptomycin, 0.05% human insulin (PAA
Laboratories GmbH, Pasching, Austria) and 50 μM hydrocortisone-
hemisuccinate (Sigma-Aldrich, Taufkirchen, Germany). For the differ-
entiation, cells were incubated for further two weeks in differentiation
medium. In addition to the already mentioned components, the dif-
ferentiation medium contained 1.7% DMSO. HepaRG cells with pesti-
cides was conducted in phenol-red-free Williams medium (Pan-Biotech
GmbH, Aidenbach, Germany) which contained all ingredients as the
proliferation medium, but only 2% FCS. HepG2 cells (ECACC, Porton
Down, UK) were grown in DMEM medium (Pan-Biotech GmbH,
Aidenbach, Germany) containing 10% FCS. HepG2 cells were passaged
every 3–4 days at a confluence of about 80% and treated with phenol-
red-free DMEM medium with 10% FCS (Pan-Biotech GmbH, Aidenbach,
Germany). Cells were incubated at 37 °C in a 5% CO2, 5% humidity
atmosphere in a Binder cell culture incubator.

2.3. Cytotoxicity measurement

Cytotoxicity was analysed by NRU (neutral red assay) for all sub-
stances individually, for the combination of the substances as well as for
the formulations according to the protocol by Repetto et al. (2008).
Before the neutral red assay was performed cells were seeded in 96-well
plates (104 cells per well for HepG2 and 9×103 cells per well for He-
paRG). HepG2 cells were used at a confluence of 80% and HepaRG were
cultured for 4 weeks. Therefore, cells proliferated for two weeks and
differentiated for the following two weeks. Cells were then treated with
the substances (eight different concentrations in culture medium with a
final solvent concentration of 0.4% DMSO) for 24 h. The detergent
Triton X-100 (0.01%) served as positive control. After 24 h treatment
medium was removed and cells were washed with 100 μL 1xPBS per
well. 100 μL neutral red medium was added per well and cells were
incubated for 2 h at 37 °C. Afterwards, neutral red medium was re-
moved and 150 μL of an acidic ethanol solution was added per well for
extraction to remove the basic dye. Take up of neutral red by en-
docytosis can be quantified by fluorescence measurement (Excita-
tion530 nm, Emission 645 nm) using an Infinite M200pro plate reader
(Tecan, Maennedorf, Swiss). Additionally, cytotoxicity was analysed by
WST1-Assay (Roche, Berlin, Germany) according to the standard pro-
tocol provided by the supplier (Rieke et al., 2014).

2.4. Reporter gene assays

The transactivation assay allows the detection of the direct binding
of a substance to the ligand binding domain (LBD) of a nuclear receptor.
In case of the CAR and PXR transactivation assay, the principle is based
on the transfection of the cells with three plasmids. One plasmid ex-
pressing a chimeric transcription factor constitutively (composition
from DNA binding domain (DBD) of the yeast transcription factor
GAL4 + ligand binding domain of the respective human nuclear re-
ceptor) and the second plasmid contains the gene for the firefly luci-
ferase under control of 5 copies of the GAL4 upstream activation se-
quence (UAS) and of a minimal thymidine kinase promoter. The third
plasmid expresses the renilla luciferase constitutively and serves for
normalization. Upon binding of a ligand to the LBD of the nuclear re-
ceptor, the chimeric transcription factor is activated, binds to the UAS
and results in the expression of the reporter gene Firefly luciferase.
Using the 3× DRE activation assay, the interaction of the test sub-
stances with the Ah receptor was determined by activation of the di-
oxin-responsive element (DRE). In this case, cells are only transfected
with two plasmids, because the HepG2 cells express the Ah receptor to a
sufficient extent by themselves. One plasmid contains the gene for the
Firefly luciferase as well as the DRE reporter vector, while the second
plasmid contains the renilla luciferase.
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Reporter gene activity was analysed by Dual Luciferase Assay
(Promega, Madison, WI, USA) following manufacturer's instructions.
HepG2 cells were transiently transfected using TransIT-LT1 (Mirus Bio
LLC, Madison; WI, USA) and incubated for 5 h. Table 3 shows the
transfection mixture for each receptor used for co-transfection. After
that, cells were treated with the test substances and incubated for
24 h at 37 °C. The known CYP1A1, CYP2B6 and CYP3A4 inducers and
receptor agonists rifampicin, CITCO and SR 12813 were used as posi-
tive controls. Next day, growth media was removed, 50 μL lysis buffer
(100mM potassium phosphate with 0.2% (v/v) Triton X-100, pH 7.8)
was added and cells were lysed for 15min on an orbital shaker
(600 rpm). After centrifugation (5min, 2000× g) 5 μL of the super-
natant of each well was analysed with help of a plate reader (Berthold,
Bad Wildbach, Germany) according to the Dual Luciferase Assay pro-
tocol provided by the supplier. In brief, first, Luciferase reagent was
injected to the lysate and luciferase activity was measured. Then, Re-
nilla reagent was injected to the lysate to stop the luciferase activity by
changing the pH-value and catalysis the Renilla reaction. The light re-
action was measured at room temperature in “relative light units”
(RLU). The respective references for the plasmids are given in Table 2.
The correctness of the cloned sequences was confirmed by DNA se-
quencing of the corresponding constructs (Qiagen Sequencing Services,
Hilden, Germany).

2.5. Gene expression analysis

Total RNA was isolated from treated HepaRG cells after 24 h of
incubation (with the substances, the mixtures and the formulations)
using peqGOLD TriFast™ (peqlab, Erlangen, Germany) reagent fol-
lowing manufacturer's instructions. Quality and quantity of the isolated
RNA were controlled with a Nanodrop spectrophotometer (NanoDrop
2000; Thermo Fisher Scientific, Waltham, MA, USA). A ratio of absor-
bance at 260/280 nm between 1.8 and 2.2 and 260/230 values in the
range of 1.6–2.2 were accepted. If necessary, RNA was further purified
using phenol-chloroform-isoamyl alcohol (25:24:1) (P:C:I) (Roth,
Karlsruhe, Germany). Reverse transcription of 1 μg RNA was performed
using High Capacity cDNA Reverse Transcription Kit and protocol
(Applied Biosystems, Darmstadt, Germany). For gene expression ana-
lysis, quantitative real-time PCR was performed using 20 ng cDNA on
an ABI 7900HT instrument (Applied Biosystems, Darmstadt, Germany)
using SYBR green mastermix (Thermo Fisher Scientific, Waltham, MA,
USA) and primers (0.25 μM, Table 3). The primers were designed with
the NCBI/primer BLAST program and synthesized at Eurofins Geno-
mics. PCR reaction was subjected to 95 °C for 10min and 40 cycles of
95 °C for 10 s, 60 °C for 15 s and a final extension step at 72 °C for 20 s.
Relative expression ratios were calculated according to Pfaffl equation
by use of GAPDH and β-Actin as housekeeping genes. Melting curves
were recorded to control for identity and specificity.

2.6. MS-based immunoassay procedure for CYP quantifcation

HepaRG cells were seeded in 6-well plates (2×105 cells per well)
and proliferated and differentiated for a total of four weeks. After this
time cells were treated with the single substances, the combinations and
the products incubated for 24 h at 37 °C. Then, medium was removed
and cells were washed with ice-cold PBS-buffer twice. Per well 500 μL
of ice-cold lysis buffer were added and cells were solved via re-
suspending. The cell suspension was transferred into protein-IoBInd
Eppendorf reaction vasculars (Eppendorf, Wesseling-Berzdorf,
Germany). Cells were incubated 1 h at 4 °C with lysis buffer under
shaking and then freezed with nitrogen. The protein quantification was
performed by NMI (University of Tübingen, Germany). Standard pep-
tides (isotopically labeled) were quantified with amino acid analysis on
a HPLC system. Samples were diluted in triethanolamine (50mM, pH
8.5) with 0.5% n-octyl-β-glucopyranoside, reduced by tris(2-carbox-
yethyl)phosphine (5mM) for 5min at 99 °C, and alkylated by

iodoacetamide (10mM) for 30min at RT. Trypsin (Pierce/Thermo
Fisher Scientific, Waltham, MA, USA) was added in a ratio of 1:20
(trypsin:protein) and incubated 16 h at 37 °C. Proteolysis was termi-
nated for 5min at 99 °C as well as by adding 200mM phe-
nylmethylsulfonyl fluoride.

Multi-specific antibodies recognizing short c-terminal sequences of
proteotypic peptide fragments were mixed with isotopically labeled
peptides (CYP2B10: EALVGQAEAFSGR, 100 fmol; ABCC3:
NVTVHVQGGEK, 50 fmol) and digested samples. Endogenous peptides
and standards for the proteins were enriched using an automated im-
munoprecipitation procedure (Weiβ et al., 2015). Peptide-antibody-
complexes were precipitated with magnetic protein G microspheres
using a magnetic particle processor. Elution was achieved by incubation
in 20 μl 1% formic acid. Peptides were desalted by a PepMap100 μ-
precolumn (0.3mm I.D. x 5mm, Thermo Fisher Scientific, Waltham,
MA, USA) and separated by an Acclaim Rapid Separation LC (RSLC)
Column (75 μm I.D. x 150mm; Thermo Fisher Scientific, Waltham, MA,
USA) on a UltiMate 3000 RSLCnano LC system (Thermo Fisher Scien-
tific, Waltham, MA, USA). Mobile phase A was composed of 98%
ddH2O, 2% acetonitrile, and 0.05% trifluoroacetic acid, mobile phase B
of 80% acetonitrile with 0.1% formic acid and the flow rate was
1000 nL/min. Peptides were eluted with 2.75min step gradients with at
least 5% and at the most 30% mobile phase B. Peptides were quantified
with a Q Exactive™ Plus (Thermo Fisher Scientific, Waltham, MA, USA)
using targeted Single-Ion-Monitoring (tSIM). Ion chromatograms were
processed with Pinpoint 1.4 (Thermo Fisher Scientific, Waltham, MA,
USA). Concentrations were calculated by the peak area ratios of iso-
topically labeled and endogenous peptides on parent ion level. The
lower limit of quantification (LLOQ) was determined analyte-depen-
dent with a dilutions series of standard peptides (0.1–0.4 fmol/μg).

2.7. Statistical analysis

Processed data was visualized using the Graphpad Prism software
(Version 7.02). Statistical analysis was performed using parametric and
non-parametric standard tests by SigmaPlot for Windows software
(Version 13). Values were checked for normal distribution by Shapiro-
Wilks test. If data were shown to be normally distributed a parametric
test (one-way ANOVA for comparison of the treated groups to the re-
spective negative control group) was applied. If a non-parametric test
was more appropriate, one way-ANOVA on rank was used. Statistical
significance was assumed if p≤ .05. Error bars represent the deviation
of the mean.

3. Results

3.1. Cytotoxicity

In HepG2 cells, Adexar® exhibited significant cytotoxic effects at
lower concentrations compared to the active substances individually
(1.25 mg/L compared to 62.5 mg/L). The mix of epoxiconazole and
fluxapyroxad was most cytotoxic at 62.5 mg/L and reduced the viability
of the cells around 90%, while epoxiconazole as single substance re-
duced the viability to about 55% at 62.5mg/L and fluxapyroxad re-
duced the viability of HepG2 cells to about 70% at the same con-
centration (see Fig. 1).

Adexar® was cytotoxic in HepaRG cells at 6.25 (about 50%) and
62.5 mg/L (about 5%). The mix of epoxiconazole and fluxapyroxad was
cytotoxic at the highest concentration (62.5 mg/L) in HepaRG cells,
with a viability of about 5%, however, no cytotoxicity was observed at
6.25mg/L. Neither fluxapyroxad nor epoxiconazole were cytotoxic as
single substances at the tested concentration range.

The cytotoxic effects of Priori Xtra® and the mix of azoxystrobin and
cyproconazole in HepG2 cells were comparable to the effects of azox-
ystrobin. Viability for all three terms was reduced starting at 0.8 mg/L
azoxystrobin. Cyproconazole was not cytotoxic over the tested
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Fig. 1. Results of the neutral red assay (NRU) cytotoxicity test in HepaRG and HepG2 cells after 24 h exposure to increasing concentrations of the single substances, their combination and
the plant protection products. The percentage of viable cells was compared to DMSO (0.4%) solvent control. Triton-X served as a positive control. * indicates statistical significance with
p≤ .05 after one-way ANOVA analysis (n = 3 experiments; each performed with five replicates). Adexar® (a) contains the active substances fluxapyroxad and epoxiconazole in equimolar
proportions (each 62.5 g/L). The product Priori Xtra® (b) contains ready-to-use 80 g/L cyproconazole and 200 g/L azoxystrobin.
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concentration range and showed only a slight not significant decrease
in viability at 200mg/L.

In HepaRG cells, Priori Xtra® exhibited cytotoxic effects at lower
concentrations compared to the active substances individually and the
mix. After treatment with Priori Xtra®, the viability was reduced to
about 40% at 8[20] mg/L and about 5% at 80[200] mg/L, while for the
mix (azoxystrobin and cyproconazole) cytotoxic effects occurred only at
a concentration of 80/200mg/L (about 10% viability). Azoxystrobin
reduced the viability at 80mg/L to about 50%. Cyproconazole was not
cytotoxic in the tested concentration range. Based on the NRU cyto-
toxicity assays, three concentrations of each single substance, combi-
nation and formulation were chosen for further analysis. The con-
centrations range from non-cytotoxic concentrations to concentrations
with a moderate cytotoxicity to discriminate if the observed effects are
specific for the substance or a result of cytotoxicity.

3.2. Reporter gene assays

The dual luciferase reporter gene assay (DLR) is a screening method
that is used to detect the activation of nuclear receptors. The AhR in
HepG2 cells was significantly transactivated in a dose dependent
manner after incubation with the product Adexar®, with an increase up
to about 4-fold at 1.25mg/L (Fig. 2a). In contrast, no relevant effect
was observed with the active substances epoxiconazole, fluxapyroxad
individually in equal concentrations as used in the product Adexar®.

CAR was significantly transactivated in a dose dependent manner
after incubation with fluxapyroxad as well as the combination of flux-
apyroxad and epoxiconazole (about 4-fold and 3-fold at 1.25mg/L,
respectively). In contrast, no transactivation was observed for epox-
iconazole individually or Adexar® over the whole range of concentra-
tions (see Fig. 2b).

In case of the nuclear receptor PXR (see Fig. 2c) a significant in-
duction of the receptor could be observed for the single substances, the
combination and the product Adexar® at 1.25mg/L (about 1.5-fold–4-
fold). For fluxapyroxad, a slight significant effect is observed even at a
lower concentration of 0.625mg/L.

Priori Xtra® induced the AhR in a dose responsive manner (up to
about 3-fold at 1.6[4] mg/L). The mix showed slight significant effects
in the lowest (0.08[2] mg/L) and highest (1.6[4] mg/L) concentrations
tested. No dose-response relationship in the interaction with the AhR
could be observed after treatment of the cells with cyproconazole and
no significant effect is observed for the single substance azoxystrobin
(see Fig. 2d).

Fig. 2e shows a dose dependent significant inhibition of the trans-
activation of CAR after treatment of the cells with azoxystrobin. This
was also observed after incubation with the mix (azoxystrobin and
cyproconazole) and Priori Xtra®. Cyproconazole significantly induced
transactivation of CAR at the lowest and the middle concentration
tested. However, at the highest concentration no effect was observed.

The PXR was significantly transactivated in a dose dependent
manner after incubation with azoxystrobin, the mix (azoxystrobin and
cyproconazole) and Priori Xtra® (between 8-fold and 10-fold at 1.6[4]
mg/L and 0.8[2] mg/L). No effect on the PXR was visible after in-
cubation with cyproconazole (see Fig. 2f).

3.3. Gene expression analysis

Results of gene expression analysis are presented in Fig. 3. Gene
expression of CYP1A1 in HepaRG cells was significantly increased at the
highest concentration level (1.25mg/L) after incubation with epox-
iconazole, the mix (epoxiconazole and fluxapyroxad) as well as Adexar®

(about 5.5-fold–7.5-fold). No significant changes were detected after
incubation with fluxapyroxad (Fig. 3a).

As can be seen from Fig. 3b, CYP2B6 gene expression was sig-
nificantly increased up to 3-fold with the mix (epoxiconazole and
fluxapyroxad) at 1.25mg/L and around 2-fold for fluxapyroxad at the

same concentration. No significant changes were visible after incuba-
tion with epoxiconazole or Adexar®.

The mix of epoxiconazole and fluxapyroxad increased the gene ex-
pression of CYP3A4 (about 3-fold) at highest tested concentration
(Fig. 3c). Also, at this concentration, slightly significant increases in the
gene expression were detected after incubation with the single sub-
stances epoxiconazole and fluxapyroxad (about 2-fold), but not in case
of the product.

Azoxystrobin and cyproconazole individually increased the gene
expression of CYP1A1 slightly but significant (about 2-fold–3-fold) over
the whole dose range, while Priori Xtra® rather repressed (not sig-
nificantly) the gene expression over the whole dose range (see Fig. 3d).
CYP1A1 expression is increased up to 2-fold after incubation with the
mix at the lowest concentration (0.08[0.2] mg/L) but suppressed with
increasing concentration as in the case of Priori Xtra® (0.5-fold at
1.6[4]).

Fig. 3e shows no significant changes in the gene expression of
CYP2B6 after incubation with azoxystrobin, cyproconazole, the mix
(azoxystrobin and cyproconazole) or Priori Xtra®.

A significant increase of CYP3A4 (between 2- and 2.5-fold) was
observed at 1.6[4] mg/L) for azoxystrobin individually (1.6 mg/L), the
mix and the formulation Priori Xtra® mg/L (Fig. 3f). No effects were
detected after incubation with cyproconazole at any concentration.

3.4. Quantitative protein determination for CYP induction

The protein concentration of CYP1A1 was significantly increased at
the highest concentration of 1.25mg/L after incubation with epox-
iconazole (up to 4-fold) and up to 3-fold after incubation with the
mixture and the formulation Adexar® at the same concentration
(Fig. 4a).

The protein concentration of CYP2B6 was significantly increased in
a dose dependent manner for epoxiconazole and the mix (epox-
iconazole and fluxapyroxad) to about 3- and 4-fold, respectively, at
1.25mg/L (see Fig. 4b). While fluxapyroxad had no effect on the
CYP2B6 level of the cells, Adexar® increased the quantity of the enzyme
at 0.625mg/L about 2-fold compared to control (not significantly).
However, the highest concentration of Adexar® caused a reduction of
CYP2B6 content (about 0.5-fold).

Epoxiconazole as well as the mix (epoxiconazole and fluxapyroxad)
increased the protein concentration of CYP3A4 dose dependently up to
3-fold or 4-fold at the highest concentrations. Incubation with Adexar®

increased the concentration of CYP3A4 at 0.625mg/L, but reduced it at
1.25mg/L. No changes were observed after incubation with fluxapyr-
oxad (Fig. 4c).

The protein concentration values of CYP1A1 after incubation with
azoxystrobin, cyproconazole, the mixture and Priori Xtra® were below
the LOQ, thus, an illustration was omitted.

Cyproconazole, azoxystrobine, the mixture and Priori Xtra® in-
creased the protein concentration of CYP2B6 at 0.08[0.2] mg/L and
0.8[2] mg/L (about 1.5- and 2-fold, respectively). At the highest con-
centration (4mg/L or 1.6[4] mg/L) cyproconazole and Priori Xtra®

increased the protein concentration about 2-fold, but no significant
effects for azoxystrobin and the mixture can be seen in Fig. 4d at this
concentration.

A significant increase in the expression of CYP3A4 was observed
after treatment with cyproconazole at the highest concentration and a
slight increase in concentration was observed after incubation with
azoxystrobin and the mix of both substances at a concentration of
0.8 mg/L and 2mg/L (Fig. 4e).

4. Discussion

The aim of this study was to investigate the toxicity of active sub-
stances and plant protection products and to elucidate if the formula-
tions were more toxic than the active substances due to potential
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Fig. 2. Transactivation of the nuclear receptors AhR, CAR and PXR by three increasing concentrations of the single substances, their combination and the plant protection products in
HepG2 cells after 24 h incubation.
The reporter activity was determined with help of the dual luciferase reporter gene assay and with respect to the accompanying solvent control (0.4% DMSO). Methylcholantren (AhR),
CITCO (CAR) and SR12813 (PXR) served as positive controls. * indicates statistical significance with p ≤ .05 after one-way ANOVA analysis (n = 3 experiments; each performed in 4
replicates). Adexar® (a, b, c) contains the active substances fluxapyroxad and epoxiconazole in equimolar proportions (each 62.5 g/L). The product Priori Xtra® (d, e, f) contains ready-to-
use 80 g/L cyproconazole and 200 g/L azoxystrobin.
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Fig. 3. Treatment-related changes in mRNA expression in differentiated HepaRG cells determined by qRT-PCR. Gene expression changes (compared to solvent control (DMSO 0.4%)) after
treatment (24 h incubation) with the substances in three concentrations (mg/L) individually, in combination as well as in the plant protection product are given as mean + SD (3
biological replicates; 3 technical replicates) for CYP1A1, CYP2B6 and CYP3A4. A fold-change of 2 (doubling) or 0.5 (reduction) of the respective tested gene was determined as limit value
for a relevant change in gene expression and is depicted by dotted lines. * indicates statistical significance with p ≤ .05 after one-way ANOVA analysis. Adexar® (a, b, c) contains the
active substances fluxapyroxad and epoxiconazole in equimolar proportions (each 62.5 g/L). The product Priori Xtra® (d, e, f) contains ready-to-use 80 g/L cyproconazole and 200 g/L
azoxystrobin.
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Fig. 4. Treatment-related changes in protein concentration in differentiated HepaRG cells. Changes were determined by MS-based immunoassay procedure for CYP quantification after
24 h incubation with the substances in three concentrations (mg/L) individually, in combination as well as in the plant protection product are given as mean + SD (3 biological replicates;
3 technical replicates) for CYP1A1, CYP2B6 and CYP3A4. Fold-changes were presented to the accompanying solvent control (0.4% DMSO). * indicates statistical significance with p≤ .05
after one-way ANOVA analysis (b–e) or t-test (a). Values for CYP1A1 have been normalized to ½ of limit of quantification (LOQ) (0.025 fmol/μg), since for non-treated cells the CYP1A1
expression was below the limit of detection (LOD). Adexar® (a, b, c) contains the active substances fluxapyroxad and epoxiconazole in equimolar proportions (each 62.5 g/L). The product
Priori Xtra® (d, e) contains ready-to-use 80 g/L cyproconazole and 200 g/L azoxystrobin.
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mixture effects. To address this question two commonly used fungicides
(Adexar® and Priori Xtra®) were selected, each containing two active
substances with known hepatotoxic effects as well as several adjuvants.
While the exact composition of the plant protection products is un-
known due to trade secrets, hazardous ingredients are listed in the
safety data sheets publicly available for each product (see Table 1).
Both products exhibited increased cytotoxicity at lower concentrations
compared to the single substances individually as well as to the mix of
the substances in both tested cell lines. Such an increased cytotoxicity
of plant protection products has been shown in several other studies
(Cox and Surgan, 2006; Mesnage et al., 2014). A potential explanation
for this observation might be the fact, that both formulations contain
surfactant adjuvants. As listed in Table 1, Adexar® contains up to 13% of
the non-ionic surfactants polyaryl phenol ethoxylate and fatty alcohol
polyglycolether as well as up to 5% of the anionic surfactant calcium-
bis(tetrapropylenbenzolsulfonate). Priori Xtra® contains about 20–30%
of the non-ionic surfactant ethoxylated alcohol. These surfactants share
amphiphilic properties, thus they form micelles, which contain in their
center oil drops or solid particles, like the primarily lipophilic active
principles. As a result, the uptake of the active substances might be
enhanced, explaining the increased cytotoxicity also at a lower con-
centration level. Additionally the surfactants are able to destroy cell
membranes, thus contributing to the increased cytotoxicity. Our results
are in line with effects observed in acute toxicity studies with the
products, commonly showing higher toxicity in vivo compared to the
active substances (Richard et al., 2005; Song et al., 2012b).

Furthermore in in vitro experiments, all adjuvants of a validamycin
containing pesticidal product reduced the cell viability in neuro-
blastoma cells (Park et al., 2015). In fact, several adjuvants have been
shown to be toxicants in in vitro and in vivo experiments (Hwang et al.,
2015; Li et al., 2015; Song et al., 2012b; Tobiassen et al., 2003).

All active substances tested within this work increase liver weight
due to hepatocellular hypertrophy (EFSA, 2008; Heise et al., 2015;
Ireland, 2010; UK, 2009, 2011). This adverse outcome is based on the
induction of receptor associated xenobiotic metabolizing enzymes ac-
companied by the proliferation of the smooth endoplasmatic reticulum.
Triazole fungicides are well known to induce nuclear receptors and
metabolizing enzymes and this has been shown in previous studies
(Goetz and Dix, 2009; Heise et al., 2015; Marx-Stoelting et al., 2017).
Azoxystrobin activates PXR and increases the gene expression of
CYP3A4 and CYP2B6 according to ToxCast data (Wetmore et al., 2012).
Fluxapyroxad increases the P450 content in vivo and the activity of
alkoxyresorufin-O-dealkylases (PROD, BROD and EROD), indicating
increased activity of CYP1A and 2B (UK, 2011). In this work, the in-
crease of gene expression and protein concentration of different CYP
enzymes was primarily observed in epoxiconazole- rather than flux-
apyroxad-treated cells. Consequently, the combination of these active
substances is dominated by the epoxiconazole mediated effects. How-
ever, no synergistic effects were visible. Thus, the concept to assume
dose additivity for active substances with the same target organ, as it is
proposed by the EFSA, would be appropriate for risk assessment of the
active substances used in the present products.

Most surprisingly both products transactivated the AhR, while the
active substances did not. In addition, the transactivation of CAR was
diminished in the cells treated with Adexar® in contrast to the combi-
nation of the active substances, as was the mRNA and protein con-
centration of CAR dependent CYP2B6. Finally, CYP3A4 mRNA and
protein concentrations were reduced in a similar manner. CYP3A4 can
be induced by both PXR and CAR (Gao and Xie, 2010; Zhou, 2008).
Since no difference in the PXR transactivation between the mixture of
the active substances and the respective product was observed, the
decrease in CYP2B6 and CYP3A4 is most likely due to the reduced CAR
transactivation of the product.

The unexpected activation of AhR and the reduced activation of
CAR by the product may be due to the toxicological properties of the
adjuvants. Information regarding specific hepatotoxicity of the relevant
adjuvants is scarce. The appropriate literature is limited and only some
adjuvants have been tested in the context of the REACH program of the
European Union. Solvent naphtha increases the absolute and relative
liver weight in a 13-weeks study with rats (ECHA, 2017a). DMSO in-
duces the gene expression of several P450 enzymes as well as CAR, PXR
and PPARα (Su and Waxman, 2004). Benzyl alcohol, which is com-
monly used as a preservative in many injectable drugs and solutions,
inhibits the activity of P450 enzymes (Du et al., 2015), specifically of
CYP1A1, CYP2E1 and CYP3A4 (Barnes et al., 2014). Additionally, 2-
ethylhexyl-S-lactate induces the hepatic peroxisome proliferation in a
28-day study with rats slightly, due to an increase in the activity of acyl-
CoA oxidase. Neither polyarylphenolethoxylate nor Calciumbis(tetra-
propylenbenzolsulfonate) nor fatty alcohol polyglycol ether are cur-
rently registered in the publicly available REACH database at ECHA
accessed on April 10th, 2017 at (ECHA, 2017b).

In summary the results presented in this study clearly show, that
plant protection products consisting of several active substances and

Table 1
Composition information on ingredients according to MSDS of Priori Xtra® and Adexar®.

Adexar® Priori Xtra®

active
substances

6% (w/w) epoxiconazole
6% (w/w) fluxapyroxad

18.2% (w/w) azoxystrobin
7.3% (w/w) cyproconazole

adjuvants <50% 2-ethylhexyl-S-lactate
< 25% benzyl alcohol
< 9% solvent naphtha
< 8% polyarylphenolethoxylate
< 5% calciumbis
(tetrapropylenbenzolsulfonate)
< 5% Fatty alcohol
polyglycolether
< 0.05% naphthalin
< 10% dimethyl sulfoxide

20-30% (w/w) ethoxylated
alcohol
0-5%
naphthalinsulfonacid,
sodium salt with
formaldehyde

Table 2
Plasmids used for transactivation assays.

receptor plasmids concentration [ng] reference

hCAR pGAL4-(UAS)5-TK-luc 40 Li et al., 2007
pGAL4/DBD-CAR/LBD
(+3aa)

40 Kanno and Inouye,
2010

pcDNA3-RLuc 1 Promega, Madison, WI,
USA

h3xDRE p3xDRE 80 Schreiber et al., 2006
pcDNA3-RLuc 1 Promega, Madison, WI,

USA
hPXR pGAL4-PXR-LBD 40 Kliewer et al., 1997

pcDNA3-RLuc 1 Promega, Madison, WI,
USA

pGAL4-(UAS)5-TK-luc 40 Li et al., 2007

Table 3
Sequences of primers used for RT-PCR analysis.

Gene name Forward primer (5′-3′) Reverse primer (5′-3′)

CYP1A1 AGATGGTCAAGGAGCACTACA CTGTGTCAAACCCAGCTCCAA
CYP2B6 TCTTCCGGGGATATGGTGTG CTTTCCCATCCCGAAGTCCC
CYP3A4 TTTTTGGATCCATTCTTTCTCTCAA AGGTGGGTGGTGCCTTATTG
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adjuvants have effects differing from the effects caused by active sub-
stances alone on a quantitative and a qualitative level in vitro. These
findings are in favor of an improved toxicity testing of plant protection
products.
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