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A B S T R A C T

Use and thus exposure to quizalofop-p-ethyl, isoxaflutole, mesotrione and glyphosate, which are declared as
active principles in commercial formulations of herbicides, is predicted to rapidly increase in coming years in an
effort to overcome the wide-spread appearance of glyphosate-resistant weeds, especially in fields where gly-
phosate-tolerant genetically modified crops are cultivated in the USA. Thus, there is an urgent need for an
evaluation of metabolic effects of new pesticide ingredients used to replace glyphosate. As the liver is a primary
target of chemical pollutant toxicity, we have used the HepaRG human liver cell line as a model system to assess
the toxicological insult from quizalofop-p-ethyl, isoxaflutole, mesotrione and glyphosate by determining al-
terations in the transcriptome caused by exposure to three concentrations of each of these compounds, including
a low environmentally relevant dose. RNA-seq data were analysed with HISAT2, StringTie and Ballgown.
Quizalofop-p-ethyl was found to be the most toxic of the pesticide ingredients tested, causing alterations in gene
expression that are associated with pathways involved in fatty acid degradation and response to alcoholism.
Isoxaflutole was less toxic, but caused detectable changes in retinol metabolism and in the PPAR signalling
pathway at a concentration of 1mM. ToxCast data analysis revealed that isoxaflutole activated PPAR gamma
receptor and pregnane X responsive elements in reporter gene assays. Glyphosate and mesotrione caused subtle
changes in transcriptome profiles, with too few genes altered in their function to allow a reliable pathway
analysis. In order to explore the effects of glyphosate in greater depth and detail, we undertook a global me-
tabolome profiling. This revealed a decrease in free long chain fatty acids and polyunsaturated fatty acid levels at
the lowest concentration (0.06 μM) of glyphosate, although no effects were detected at the two higher con-
centrations tested, perhaps suggesting a non-linear dose response. This surprising result will need to be con-
firmed by additional studies. Overall, our findings contribute to filling the knowledge gap regarding metabolic
toxicity that can potentially arise from exposure to these four herbicide active principles.

1. Introduction

The application of genetic engineering in agriculture has resulted in
the creation of agricultural crops modified to tolerate and accumulate a
herbicide or/and to produce their own insecticides [1]. This has con-
siderably modified pesticide use patterns. The use of the most toxic
herbicides, such as alachlor or metolachlor, has decreased with the
adoption of genetically modified (GM) crops [2]. In turn, glyphosate-
based herbicides (GBH) uses have dramatically increased, by approxi-
mately 100-fold since the late 1970s [3]. GBHs are now associated with
the cultivation of 80% of agricultural GM crops [3]. For example, as of

2017, 94% of soybeans and 89% of maize grown in the US is GM and
mostly engineered to tolerate GBH application [4]. However, the
growing reliance on a single herbicide in GM cropping systems has led
to a widespread growth of glyphosate resistant weeds [5]. Since the
introduction of glyphosate-tolerant GM crops in 1996 and the massive
increase in GBH use, 14 plant species have evolved resistance to gly-
phosate in 32 states in the USA [1]. In an effort to control the very
considerable economic damage caused by the rapid spread of glypho-
sate-resistant weeds, major biotechnology companies have developed
new GM crops combining tolerances to several herbicide active prin-
ciples. These new GM crops have been designed to tolerate the
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combined application of commercial formulations of pesticides in-
cluding glyphosate, 2,4-D, dicamba, glufosinate, quizalofop-p-ethyl,
mesotrione, and isoxaflutole [6]. This new generation of agricultural
GM crops will in all likelihood lead to an increase in human exposure to
these compounds, making the potential non-target health effects of
their residues a burning question.

The liver is a very important target of the toxicity of chemical
pollutants. Although it has long been known that acute exposure to
chemicals in the workplace can cause damage to the liver, recent sur-
veys show that the exposure to physiologically active environmental
pollutants can be a risk factor in the development of chronic liver ail-
ments such as non-alcoholic fatty liver disease (NAFLD) [7]. Exposure
to chemical pollutants can also act as a second hit in the development of
liver diseases in human populations having a liver function compro-
mised by over-nutrition and a lack of exercise [8]. A recent review of
rodent toxicology databases found that pesticides were the chemicals
that were most frequently associated with fatty liver disease in rodents
[9]. In addition, NAFLD is associated with great economic con-
sequences as it currently affects 25% of the US population [10]. This
makes the evaluation of liver toxicity a high priority for newly mar-
keted pesticides.

We report here the use of terminally differentiated HepaRG cells to
characterize the effects of quizalofop-p-ethyl, isoxaflutole, mesotrione
and glyphosate on human liver metabolism. HepaRG cells are derived
from the human hepatic HepaRG progenitor cell line [11]. HepaRG are
more stable than other hepatic cell lines because the pool of cells used
to produce the differentiated hepatocytes is consistently maintained at
low passage. They can thus be used as an alternative to primary human
hepatocytes in order to produce reproducible results by avoiding donor
variation [11]. HepaRG cells express the most important liver nuclear
receptors known to be targets of endocrine disrupting chemicals [12],
such as the aryl hydrocarbon receptor (AhR) and the peroxisome pro-
liferator-activated receptor γ (PPARγ). They are also metabolically
competent and express most phase 1 (i.e., CYP1A2, CYP3 A4, or
CYP2C9) and phase 2 (i.e., GSTA1/2/4, GSTM1, UGT1A1) enzymes at
levels comparable to those found in freshly isolated human hepatocytes
[13].

We performed transcriptomics experiments to identify gene net-
works involved in liver function disturbances induced by three con-
centrations of quizalofop-p-ethyl, isoxaflutole, mesotrione and glypho-
sate. Our results show that quizalofop-p-ethyl is the most potent
toxicant in this assay affecting fatty acid degradation and bringing
about a response akin to alcoholism. Isoxaflutole was less toxic, but
caused detectable changes in retinol metabolism and in the PPAR sig-
nalling pathway. Glyphosate and mesotrione caused only subtle
changes in transcriptome profiles that did not allow a reliable pathway
analysis. A follow-up metabolomics analysis of cells treated with gly-
phosate revealed a decrease in the level of free long chain fatty acids
(LCFAs) and polyunsaturated fatty acids (PUFAs) at the lowest con-
centration (0.06 μM) of glyphosate, perhaps suggesting a non-linear
dose response.

2. Material and methods

2.1. Reagents

All reagents and chemicals, unless otherwise specified, were of
analytical grade and were purchased from Sigma-Aldrich (Gillingham,
Dorset, UK). The pesticides were N-(phosphonomethyl)glycine (CAS:
1071-83-6, purity≥96%), quizalofop-p-ethyl (CAS: 100646-51-3,
purity≥98%, Santa Cruz Biotechnology), isoxaflutole (CAS: 141112-
29-0, purity≥98%, Santa Cruz Biotechnology) and mesotrione (CAS:
104206-82-8, purity> 99%, Santa Cruz Biotechnology). All these
compounds were dissolved in dimethyl sulfoxide (DMSO) to prepare
stock solutions. The Williams’ E medium+GlutaMAX™ were from
Gibco (Thermo Fisher, Loughborough, UK). The supplements ADD670

and DMSO, were provided by Biopredic International (Rennes, France).

2.2. HepaRG cell culture

Differentiated HepaRG™ cells (HPR 116) were purchased from
Biopredic International (Rennes, France). Cells were thawed, suspended
and plated in the general purpose medium (Williams’ E
medium+GlutaMAX™) containing the ADD670 supplement. A total of
72,000 and 2,000,000 cells per well were plated in collagen-coated 96
well-plates (Greiner Bio-One, Germany), and 6 well-plates (Biopredic),
respectively. All cells were grown at 37 °C (5% CO2). The medium was
refreshed at days-3, -5 and -7 following initial plating. The cells were
kept in general purpose medium until day-8, when the culture becomes
well organized and includes well-delineated trabeculae and many ca-
naliculi-like structures. At this time, the culture is composed of primi-
tive biliary epithelial cells and mature hepatocytes with basal metabolic
activities similar to freshly isolated primary cells. From day-8 to day-14,
cells were switched to the test medium composed of Williams’ E
medium+GlutaMAX™ supplemented with 2% fetal bovine serum (FBS;
GE Healthcare Life Sciences, Buckinghamshire, UK) and 1% DMSO, as
well as different concentrations of pesticides or just solvent as a control.
In order to ensure coverage of a wide range of potential biological ef-
fects, three concentrations of each active principle were tested; a con-
centration representative of low environmental exposure (0.06-0.1 μM),
an intermediate concentration (6–10 μM) and a high concentration
(600–1000 μM).

2.3. Sample quality control

The transcriptome of cells exposed to quizalofop-p-ethyl, isoxa-
flutole and mesotrione was analysed as follows. RNA extraction was
performed using the Qiagen RNeasy kit (Qiagen, Manchester, UK) ac-
cording to the manufacturer's instructions. The samples were checked
for RNA quality using the Agilent 2100 Bioanalyzer (Agilent
Technologies UK Limited, Craven Arms, UK) and quantified using a
Nanodrop instrument (ND-1000 Spectrophotometer; Thermo Fisher
Scientific Inc.). Out of 50 samples analysed, 48 showed good integrity
with RIN numbers ranging from 7 to 10. The two remaining samples
showed a small degree of degradation with RINs of 6.1 and 6.5. All
samples were taken forward for RNA library preparation.

2.4. Library generation and RNA-sequencing

A 100 ng aliquot of total RNA from each sample was used to prepare
total RNA libraries using the KAPA Stranded RNA-Seq Kit with
RiboErase (KAPA Biosystems, Massachusetts, USA), and samples were
randomised before preparation. Fragmentation prior to first strand
cDNA synthesis was carried out using incubation conditions re-
commended by the manufacturer for intact RNA samples (94 °C for
6min). Polymerase chain reaction (PCR) was performed for 14 cycles
for final library amplification. Resulting libraries were quantified using
the Qubit 2.0 spectrophotometer (Life Technologies, California, USA)
and average fragment size assessed using the Agilent 2200 Tapestation
(Agilent Technologies UK Limited). The transcriptome of HepaRG cells
exposed to glyphosate was sequenced employing the same strategy,
except that the libraries were prepared as previously described [14]. A
total of three separate sequencing pools were created using equimolar
quantities of each sample with compatible indexes; two with 17 sam-
ples each, and one with 16 samples. Paired-end reads of 75bp were
generated for each library using the Illumina NextSeq®500 in con-
junction with the NextSeq®500 v2 High-output 150-cycle kit (Illumina
Inc., Cambridge, UK).

2.5. Mass spectrometry-based metabolomics

We harvested approximately 5,000,000 HepaRG cells per sample
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from the 6 well-plates in order to obtain a sufficient quantity of material
to perform the metabolomics experiment. Cells were detached using
0.05% trypsin EDTA (Life Technologies), and then centrifuged in order
to eliminate trypsin residues. Finally, cell pellets were frozen at −80 °C
until use. Metabolomics analysis of the frozen cell pellets was con-
ducted by Metabolon Inc. (Durham, NC, USA). Samples were prepared
using the automated MicroLab STAR® system (Hamilton Company
(Reno, NV, USA). Proteins were precipitated with methanol under
vigorous shaking for 2min using the Glen Mills GenoGrinder 2000
(Glen Mills, NJ, USA), followed by centrifugation. Samples were placed
briefly on a TurboVap® (Zymark, Hopkinton, MA, USA)) to remove the
organic solvent. The sample extracts were stored overnight under ni-
trogen before preparation for analysis. The resulting extract was ana-
lysed on four independent instrument platforms: two different separate
reverse phase ultrahigh performance liquid chromatography-tandem
mass spectroscopy analysis (RP/UPLC-MS/MS) with positive ion mode
electrospray ionization (ESI), a RP/UPLC-MS/MS with negative ion
mode ESI, as well as a by hydrophilic-interaction chromatography
(HILIC)/UPLC-MS/MS with negative ion mode ESI as previously de-
scribed [14].

All UPLC-MS/MS methods utilized a Waters ACQUITY ultra-per-
formance liquid chromatography (UPLC) (Waters Corporation, Milford,
MA, USA) and a Thermo Scientific Q-Exactive high resolution/accurate
mass spectrometer (Thermo Fisher Scientific Inc.) interfaced with a
heated electrospray ionization (HESI-II) source and Orbitrap mass
analyzer operated at 35,000 mass resolution. The sample extract was
dried then reconstituted in solvents compatible to each of four methods
used. Each reconstitution solvent contained a series of standards at
fixed concentrations to ensure injection and chromatographic con-
sistency. One aliquot was analysed using acidic positive ion conditions,
chromatographically optimized for more hydrophilic compounds. In
this method, the extract was gradient eluted from a C18 column
(Waters UPLC BEH C18-2.1 x 100mm, 1.7 μm) using water and me-
thanol, containing 0.05% perfluoropentanoic acid (PFPA) and 0.1%
formic acid (FA). Another aliquot was also analysed using acidic posi-
tive ion conditions, however it was chromatographically optimized for
more hydrophobic compounds. In this method, the extract was gradient
eluted from the same afore mentioned C18 column using methanol,
acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an
overall higher organic content. Another aliquot was analysed using
basic negative ion optimized conditions using a separate dedicated C18
column. The basic extracts were gradient eluted from the column using
methanol and water, however with 6.5 mM Ammonium Bicarbonate at
pH 8. The fourth aliquot was analysed via negative ionization following
elution from a HILIC column (Waters UPLC BEH Amide 2.1×150mm,
1.7 μm) using a gradient consisting of water and acetonitrile with
10mM Ammonium Formate, pH 10.8. The MS analysis alternated be-
tween MS and data-dependent MSn scans using dynamic exclusion. The
scan range varied slighted between methods but covered 70–1000m/z.

Instrument variability was 5%. This was determined by calculating
the median relative standard deviation (RSD) for the standards that
were added to each sample prior to injection into the mass spectro-
meters. Overall process variability was 10%. This was determined by
calculating the median RSD for all endogenous metabolites (i.e., non-
instrument standards) present in 100% of the pooled matrix samples.

Raw data was extracted, peak-identified and QC processed using
Metabolon Inc.’s hardware and software. Compounds were identified by
comparison to library entries of purified standards or recurrent un-
known entities. Biochemical identifications are based on three criteria:
retention index within a narrow the retention time/index (RI) window
of the proposed identification, accurate mass match to the library +/-
10 ppm, and the MS/MS forward and reverse scores between the ex-
perimental data and authentic standards. While there may be simila-
rities between these molecules based on one of these factors, the use of
all three data points can be utilized to distinguish and differentiate
biochemicals. Peaks were quantified using the area-under-the-curve

method.

2.6. ToxCast data mining

The data generated by the Toxicity Forecaster (ToxCast) programme
was accessed by the iCSS ToxCast Dashboard (http:// actor.epa.gov/
dashboard/; last accessed 18, May 2018) to search for isoxaflutole
mode of action. Isoxaflutole scored positive in the pregnane X receptor
(PXR) and peroxisome proliferator-activated receptor gamma (PPAR-γ)
assays. These tests conducted by Attagene Inc were reporter gene assays
in the human hepatocyte HepG2 cell line [15]. The concentration
giving 50% activation in an assay (AC50 value) was considered as a
quantitative measure to reflect the activity of isoxaflutole.

2.7. Statistics

The metabolome data analysis was performed using in-house ser-
vices of Metabolon Inc. Biochemical data was normalized with respect
to protein concentration as determined by Bradford assay to account for
differences in metabolite levels due to differences in the amount of
material present in each sample. The Welch’s two-sample t-test was
used to test whether control and treatment group means are different
from two independent populations. This version of the two-sample t-test
allows for unequal variances. We used the FDR methods and estimated
q-values in order to account for the highest number of false positive
results caused by the high number of statistical tests [16].

The RNA-seq data analysis (Supplementary Material 1) was per-
formed using the new version of the Tuxedo protocol with HISAT2,
StringTie and Ballgown [17]. First, we analysed the quality scores and
other metrics using FASTQC [18]. Contamination from rRNA was
measured by aligning the sequences of human rRNA to the FASTQ files
with the Burrows-Wheeler Alignment tool (BWA) by using the nucleo-
tide sequences of the human rRNA as indexes. The transcriptome of
HepaRG cells exposed to glyphosate was processed separately and dif-
ferential gene expression quantified against their respective controls
from the same sequencing batch. Sequences were aligned to the human
genome using the hierarchical indexing for spliced alignment of tran-
scripts programme HISAT2 [19]. For this purpose, we used prebuilt
indexes (H. sapiens, GRCh38) downloaded from the HISAT2 website.
Then, StringTie was used to assemble and quantify the transcripts in
each sample using the Homo_sapiens.GRCh38.89 database [17]. Ulti-
mately, the differential gene expression analysis was made with Ball-
gown [20] in R environment [21]. Low abundance transcripts with a
variance across samples less than one were filtered. A standard linear
model-based comparison of transcript abundance was performed
without adjusting for other covariates to identify differentially ex-
pressed transcripts for each group. Although we tested 3 concentrations
of each test compound, we have not used multigroup comparisons be-
cause we considered that the dose spacing was too large to allow reli-
able conclusions to be drawn from these methods. We thus used pair-
wise comparisons. These RNA-seq data have been submitted to Gene
Omnibus and are accessible through accession numbers GSE109565
and GSE114573.

3. Results

We determined transcriptome alterations in differentiated HepaRG
human liver cells caused by exposure to the declared herbicide active
principles glyphosate, quizalofop-p-ethyl, isoxaflutole and mesotrione
(Fig. 1). Control, untreated cell cultures presented no visible signs of
aging after a 6-day exposure (data not shown). Transcriptome profiles
of HepaRG cells were then determined using the Illumina-based RNA
sequencing platform. Only the highest concentration of each compound
tested caused significant changes in transcriptome profiles (Supple-
mentary Material 2). Alterations in gene expression caused by the two
lowest concentrations (0.06-0.1 and 6–10 μM) failed to pass the
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Fig. 1. Molecular structures of the herbicide ingredients tested in this study. These pesticides were chosen because their usage is increasing or is predicted to increase
in order to deal with the rapid spread of weeds resistant to glyphosate-based commercial formulations.

Fig. 2. Volcano plots showing the fold changes and statistical significance in the expression of genes affected by exposure to the major pesticide ingredients
quizalofop-p-ethyl, isoxaflutole, mesotrione and glyphosate. This figure was created using R in-house functions and based on the statistics performed with the
Ballgown R package.
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statistical threshold that took into account the high number of tests
performed. A total of 7, 19, 77 and 3833 transcripts had their levels
altered (q<0.05) at the highest concentration tested namely 600 μM
glyphosate, and 1000 μM of mesotrione, isoxaflutole and quizalofop-p-
ethyl (Fig. 2).

We then studied the function of the genes having their expression
altered by the pesticide ingredients tested. The number of genes dis-
turbed by the exposure to glyphosate and mesotrione were insufficient
to use a functional annotation tool for pathway enrichment analysis. It
is not clear if these compounds lack hepatic toxic effects at these con-
centrations or if our experimental design lacks sensitivity to detect
hepatic effects of weak toxicants. By contrast, isoxaflutole and quiza-
lofop-p-ethyl at 1000 μM caused an enrichment in pathways associated
with alterations in liver metabolism (Table 1).

Quizalofop-p-ethyl produced the strongest response. A total of 21
genes reflected an alteration of fatty acid degradation. In addition, al-
teration in expression of 54 genes were annotated to be involved in the
response to alcoholism. Although the HepaRG cells were not exposed to
ethanol, the phenotype of liver cells intoxicated by ethanol overlap with
those identified in cases of NAFLD. The expression of the long-chain-
fatty-acid-CoA ligases ACSL1, ACSL3 and ACSL5 were increased by 6.34
(q= 0.05), 2.1 (q= 0.01) and 4.7 (q= 0.06) fold respectively.
Quizalofop-p-ethyl also caused alterations in the expression of several
genes, which are members of the alcohol dehydrogenase family such as
ADH1A (Fold Changes (FC) = -15.7, q= 0.003), ADH1B (FC = -12.9,
q= 0.005), ADH1C (FC = -21, q= 0.001), ADH4 (FC = -7.1,
q= 0.0007), ADH6 (FC = -5.95, q= 0.00004), and of the aldehyde
dehydrogenases ALDH1A1 (FC = -3.2, q= 0.008), ALDH1B1 (FC =
-2.6, q= 0.001), ALDH3 A1 (FC = -5.3, q= 0.02) and ALDH7A1 (FC
= -2.2, q= 0.009). However, there were no indications that the effects
of quizalofop-p-ethyl could have been mediated by a nuclear receptor.

The gene expression profiles in HepaRG cells exposed to isoxaflutole
suggested the involvement of a nuclear receptor inducing changes in
lipid metabolism. This was reflected in the transcriptome profiles of
HepaRG cells treated with 1000 μM of isoxaflutole being enriched in

genes involved in retinol metabolism and in the PPAR signalling
pathway, although these indications came from a low number of genes
whose expression was disturbed. Among these, the genes coding for the
fatty acid-binding proteins 1 and 4 (FABP1 and FABP2) had their ex-
pression increased by 1.6 (q=0.01) and 4.4 (q=0.02) fold respec-
tively. Interestingly, the most affected gene was the cytochrome
CYP3 A4 (FC=55.8, q= 0.006), which is a known marker of PXR
activation. Additionally, expression of the 17β-hydroxysteroid dehy-
drogenase 2 (HSD17B3) (FC = -1.95, q= 0.02) and 4 (HSD17B4) (FC
= -4.1, q= 0.05) genes were decreased and could indicate alterations
in hormone metabolism. We then investigated the activity of isoxa-
flutole towards nuclear receptors involved in the regulation of lipid
metabolism by analysing data from the ToxCast programme (iCSS
ToxCast Dashboard, accessed May 18, 2018). The ATG_PXRE_CIS_up
assay suggested that isoxaflutole can activate PXR-mediated transcrip-
tion (Fig. 3A), although the results of the transactivation assay
ATG_PXR_TRANS_up were negative (Fig. 3B). Contrastingly, the results
of the Attagene ATG_PPARg_Trans_up assay suggested that isoxaflutole
can activate PPAR-γ (Fig. 3D), but the results of the peroxisome pro-
liferator-activated receptor (PPAR) response element (PPRE) activation
assay (ATG_PPRE_CIS_up) were negative (Fig. 3C).

Previous results from our group indicated that chronic (2 year) ex-
posure of rats to an extremely low dose of a commercial formulation of
Roundup GBH, caused alterations in liver metabolism representative of
NAFLD (Mesnage et al., 2017). In order to further explore changes in
liver metabolism caused by glyphosate in greater detail, we performed
a global metabolome profiling of HepaRG cells exposed to three con-
centrations of this herbicide (Supplementary Material 3). The
Metabolon HD4 platform detected 802 named biochemicals in the
HepaRG samples. Overall, glyphosate did not cause significant altera-
tions in metabolome composition. However, exposure did cause a sig-
nificant decrease in LCFAs and PUFAs. Notably, HepaRG cells exposed
to the lowest concentration (0.06 μM) of glyphosate tested showed the
most dramatic effects in the levels of these fatty acids as either sig-
nificant or trends towards significant lower levels (Fig. 4). At the higher
glyphosate concentrations of 6 μM and 600 μM, lower lipid levels were
also observed but these did not reach statistical significance.

4. Discussion

We present here an in-depth investigation of the transcriptome
profile alterations in the HepaRG human liver cell line caused by ex-
posure to four chemical compounds declared as active principles in
commercial formulations of herbicides (Fig. 1). Our results show that
isoxaflutole and quizalofop-p-ethyl are potent toxicants in this tissue
culture model system as they caused transcriptome profile alterations
consistent with dysregulation of lipid metabolism (Fig. 2; Table 1). In
contrast, we found mesotrione and glyphosate to be only weakly toxic
inducing little change in transcriptome profiles (Fig. 2; Table 1). In-
terestingly, a follow-up metabolomics analysis of HepaRG cells treated
with the lowest (0.06 μM) concentration of glyphosate revealed a sig-
nificant decrease in levels of LCFAs and PUFAs (Fig. 3). In general, the
tissue culture cell model system we have employed in this study has
demonstrated that it can be used in the context of the establishment of
high-throughput assays, which are advocated as promising tools to re-
duce the use of animals in toxicology [22].

Although these findings from an in vitro tissue culture model system
cannot be readily translated to effects in vivo, they are nevertheless
indicative of differences in toxicity potency between these four pesti-
cide ingredients. Glyphosate was the least toxic of the compounds
tested in this study. The most toxic was quizalofop-p-ethyl inducing
large scale alterations in the transcriptome profile. However, it is not
clear if these alterations are indicative of a potential to induce an
NAFLD phenotype. One of the strongest effects of quizalofop-p-ethyl
was a global decrease in the expression of genes encoding enzymes
involved in alcohol metabolism, such as ADH. However, it has been

Table 1
Pathway analysis of HepaRG liver cells exposed to isoxaflutole and quizalofop-
p-ethyl. This analysis was made using the DAVID gene functional classification
tool to reveal the most affected KEGG pathways. Pvalue were adjusted using the
Benjamini-Hochberg method.

Terms for Isoxaflutole 1mM group Count PValue adj-PValue

hsa04610:Complement and coagulation cascades 5 3E-04 3E-02
hsa00830:Retinol metabolism 4 4E-03 2E-01
hsa03320:PPAR signalling pathway 4 4E-03 1E-01
hsa00071:Fatty acid degradation 3 2E-02 4E-01
hsa00140:Steroid hormone biosynthesis 3 3E-02 5E-01
hsa00982:Drug metabolism - cytochrome P450 3 4E-02 5E-01
hsa00980:Metabolism of xenobiotics by

cytochrome P450
3 5E-02 5E-01

hsa05204:Chemical carcinogenesis 3 6E-02 5E-01
hsa01100:Metabolic pathways 11 7E-02 5E-01
hsa05146:Amoebiasis 3 1E-01 6E-01

Term for Quizalofop-p-ethyl 1mM group Count PValue Benjamini adj-
Pvalue

hsa01100:Metabolic pathways 275 4E-07 1E-04
hsa05322:Systemic lupus erythematosus 48 4E-07 6E-05
hsa03010:Ribosome 47 2E-06 2E-04
hsa01200:Carbon metabolism 40 7E-06 5E-04
hsa00071:Fatty acid degradation 21 1E-05 8E-04
hsa05034:Alcoholism 54 2E-05 9E-04
hsa01130:Biosynthesis of antibiotics 60 7E-05 3E-03
hsa05204:Chemical carcinogenesis 29 1E-04 4E-03
hsa00280:Valine, leucine and isoleucine

degradation
20 1E-04 5E-03

hsa00980:Metabolism of xenobiotics by
cytochrome P450

27 2E-04 5E-03

R. Mesnage et al. Toxicology Reports 5 (2018) 819–826

823



reported in other studies that the ADH family of genes have their ex-
pression increased in cases of steatohepatitis [23] and NAFLD [24]. It
could thus be hypothesised that quizalofop-p-ethyl could cause tox-
icant-associated fatty liver disease and different metabolic diseases re-
lated to lipid metabolism dysregulations such as obesity.

The toxicity of quizalofop-p-ethyl is poorly studied compared to
glyphosate. Although the use of quizalofop-based herbicides has de-
creased following the introduction of “Roundup-Ready” glyphosate
tolerant GM crops, an increase in application can be observed in recent
years as revealed by US government pesticide national synthesis project
(water.usgs.gov/nawqa/pnsp/). Quizalofop is increasingly being used
in combination with glyphosate and this use will be further increased
by the cultivation of crops such as DAS– 40,278–9 GM maize carrying
an aad-1 transgene introduced to detoxify both 2,4-D and quizalofop
herbicides [6]. Sprout Intelligence has estimated the global quizalofop-
p-ethyl market to be more than $21.32 million [25] and this is now set
to increase markedly in the coming years.

The liver is the main target for quizalofop-p-ethyl toxic health ef-
fects as revealed by an analysis of the studies used to establish reg-
ulatory guidance values for this compound [26]. It was observed that
quizalofop-p-tefuryl resulted in hypertrophy and hyperplasia of hepa-
tocytes, as well as bile stasis and hepatocellular adenomas/carcinomas
in males and females administered with 39.5 and 48.7 mg/kg bw/day,

respectively, in a chronic toxicity study in rats [26]. A human case
report has confirmed that commercial formulations of pesticides con-
taining quizalofop-p-ethyl is a probable inducer of occupational liver
injury [27]. Interestingly, quizalofop-p-ethyl may also be an endocrine
disruptor as suggested by an investigation showing estrogenic effects in
zebrafish [28]. Health consequences of environmental levels of ex-
posure in human populations are unclear and evidently require further
research.

The mechanism by which isoxaflutole, brings about plant death is
via inhibition of the enzyme 4-hydroxyphenylpyruvate dioxygenase
(HPPD), a component of the biochemical pathway that converts tyr-
osine to plastoquinone and α-tocopherol that is necessary for car-
otenoid biosynthesis [29]. Again, it is expected that the use of isoxa-
flutole will increase with the introduction of isoxaflutole-tolerant GM
crops, including the soybean variety FG72 developed by Bayer
CropScience, which carries a modified HPPD gene from Pseudomonas
fluorescens strain A32 [6]. Our study reveals that isoxaflutole can cause
metabolic alterations in liver cells, and that these effects could be due to
the activation of nuclear receptors PXR and/or PPAR-γ. Future studies
would have to be undertaken to confirm these findings as the reliability
of the ToxCast database to predict PPAR-γ activation is debated [30].
However, CYP3 A4 was the most affected gene and the measurement of
CYP3 A4 mRNA has been found to be a reliable marker of PXR

Fig. 3. Isoxaflutole activates PPAR gamma receptor and pregnane X responsive elements in reporter gene assays. Publically available Attagene FACTORIAL™ assay
data from the ToxCast programme was scrutinised to identify nuclear receptors activated by isoxaflutole. The data for Attagene cis- and trans-FactorialTM assays
ATG_PXRE_CIS_up (A) and ATG_PXR_TRANS_up (B), and ATG_PPRE_CIS_up (C) amd ATG_PPARg_Trans_up (D) were extracted using the iCSS ToxCast Dashboard
(http:// actor.epa.gov/dashboard/; last accessed May, 16, 2018). Isoxaflutole dose response curve (0.1–100 μM) is expressed as fold induction.
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activation [31]. Since the role of PXR in activation of hepatocyte pro-
liferation has been shown to influence tumorigenesis [32], it is inter-
esting to note that possible carcinogenic effects of isoxaflutole are
documented by the US EPA. In particular, a dose-related increased in-
cidence of hepatocellular adenomas was observed in CD-1 mice fol-
lowing a 78-week exposure to isoxaflutole, starting at a concentration
of 3.6mg/kg/day [33]. A possible role of isoxaflutole in the activation
of PXR remains to be ascertained as there was a discrepancy between
the results of the cis- and the trans- Attagene transactivation assays
(Fig. 3).

Our study reported here failed to provide an indication of the
NAFLD phenotypes caused by a glyphosate-based herbicide (Roundup)
after a two-year exposure in rats [34]. Surprisingly, the lowest con-
centration of glyphosate tested (0.06 μM) caused a decrease in a large
number of lipid species (Fig. 4). The exact nature of this low dose re-
sponse cannot be determined from this single experiment, but it is
possible that at higher concentrations, more overtly toxic mechanisms
are masking the effects on lipids. Another possibility is that a saturation
effect is occurring once the low dose is exceeded bearing in mind that
glyphosate levels found in the HepaRG cells during the metabolomics
analysis increased by 3.7 and 336.35 fold at the intermediate and
highest concentrations tested compared to the negative controls

(Supplementary Material 3). Moving forward, it might be interesting to
perform a time course study of the lower and middle range con-
centrations of glyphosate treatment to determine the effects of long-
term, low dose exposure. The effects observed here may be exacerbated
by longer exposure, and possible mechanisms of action may be eluci-
dated by this type of investigation. The results obtained with treatment
of HepaRG cells with glyphosate also raise the intriguing possibility that
the NAFLD phenotype we observed in rats following chronic exposure
to an ultra-low dose of Roundup GBH (Mesnage et al., 2017), occurs
indirectly rather than as a consequence of a direct effect of this herbi-
cide active principle on the liver. In addition, at present we cannot
exclude the possibility that the adjuvants and other co-formulants
present in the Roundup ingested by the rats contributed to the causa-
tion of NAFLD. Further studies are clearly needed to resolve this issue.

Perhaps what is most important to undertake is to compare effects
between these isolated pesticide ingredients and their respective whole
commercial formulations, which contain additional complex mixtures
of chemicals used as adjuvants. Chemical components declared as ac-
tive ingredients in commercial pesticides are never used alone but al-
ways in combination with co-formulants and adjuvants. There have
been numerous studies reported, which have investigated the toxic ef-
fects of GBH adjuvant co-formulants. It has been shown that

Fig. 4. Metabolome analysis of HepaRG liver cells treated with 60 nM glyphosate shows a decrease in levels of free long chain fatty acids and polyunsaturated fatty
acids. Visualization of lipid metabolites were created using Cytoscape. Blue nodes represent significantly decreased metabolites compared to control cultures
(p < 0.05). There was no increased metabolite. The size of the node is proportional to the fold change relative to the negative control. Nodes with a red background
and yellow characters display enriched pathways.
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commercial formulations including glyphosate can be up to 1000 times
more toxic than glyphosate alone on human tissue culture cells, and
that this toxicity can be attributed to ethoxylated surfactants [35]. This
is the case for most commercial formulations of pesticides which were
up to 1056 times more toxic than their active principles in a comparison
of 3 major insecticides, fungicides and herbicide formulations [36]. The
long-term consequences of the effects of co-formulants are unclear,
although some epidemiological studies have suggested that they can be
responsible of congenitial malformations [37] or adverse respiratory
effects [38]. Generally, adjuvant toxicity is poorly researched and a
largely missing component in regulatory health risk assessment of
pesticide active ingredients, which remains to be addressed [39].

Our study revealed that isoxaflutole and quizalofop-p-ethyl are in-
ducing toxic effects on liver, which are reflected by large scale tran-
scriptome profile alterations in lipid metabolism. The use of these
pesticide ingredients is being expected to increase and there is an ur-
gent need for an evaluation of their effects on human metabolism.
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