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A B S T R A C T   

The toxicity of co-formulants present in glyphosate-based herbicides (GBHs) has been widely discussed leading to 
the European Union banning the polyoxyethylene tallow amine (POEA). We identified the most commonly used 
POEA, known as POE-15 tallow amine (POE-15), in the widely used US GBH RangerPro. Cytotoxicity assays 
using human intestinal epithelial Caco-2 and hepatocyte HepG2 cell lines showed that RangerPro and POE-15 are 
far more cytotoxic than glyphosate alone. RangerPro and POE-15 but not glyphosate caused cell necrosis in both 
cell lines, and that glyphosate and RangerPro but not POE-15 caused oxidative stress in HepG2 cells. We further 
tested these pesticide ingredients in the ToxTracker assay, a system used to evaluate a compound’s carcinogenic 
potential, to assess their capability for inducing DNA damage, oxidative stress and an unfolded protein response 
(endoplasmic reticulum, ER stress). RangerPro and POE-15 but not glyphosate gave rise to ER stress. We 
conclude that the toxicity resulting from RangerPro exposure is thus multifactorial involving ER stress caused by 
POE-15 along with oxidative stress caused by glyphosate. Our observations reinforce the need to test both co- 
formulants and active ingredients of commercial pesticides to inform the enactment of more appropriate regu
lation and thus better public and environmental protection.   

1. Introduction 

Glyphosate, an N-phosphonomethyl-derivative of glycine, is used as 
an active ingredient in herbicides, such as Roundup, to control weeds in 
agricultural fields and urban environments, and also to desiccate crops 
shortly before harvest. Commercial glyphosate-based herbicides (GBHs) 
are a complex mixture of glyphosate and other ingredients called co- 
formulants. The major GBH co-formulants are surfactants, which allow 
glyphosate penetration through plant cell walls (Anderson and Girling, 
1983). Although co-formulants are listed as “inert” by GBH manufac
turers as they are deemed not to have target herbicidal action, it has long 
been known that these complex mixtures of compounds are highly toxic 
in their own right (Mesnage et al., 2019) and ignoring their toxicity 
constitutes a regulatory oversight (Mesnage and Antoniou, 2018). 

There are various routes through which humans can be exposed to 

GBH co-formulants. First, GBH applicators in agricultural, urban and 
domestic settings are subject to uptake via inhalation and dermal ab
sorption. In addition, non-occupational exposure to glyphosate-based 
herbicide application can arise from aerial spraying in both an agricul
tural context (cultivation of glyphosate tolerant genetically modified 
crops) (Paz-y-Miño et al., 2007) and in an effort to control coca and 
poppy production in Colombia (Solomon et al., 2007). Second, for 
populations at large foodstuffs constitute the main source of 
co-formulant ingestion, especially those derived from crops sprayed 
with GBHs just prior to harvest (e.g., cereals, pulses). Given the recog
nised toxicity of GBH co-formulants (Mesnage and Antoniou, 2018; 
Mesnage et al., 2019), it is essential to assess the health implications of 
exposure to the complete GBH formulations and not just glyphosate 
alone. However, a major obstacle to such investigations is that 
co-formulants used in GBHs are generally held by manufacturers as 
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proprietary confidential information. As a result, although the full 
composition of a GBH must be submitted to regulatory agencies, details 
of co-formulants in most cases are withheld and do not appear on the 
product specification sheets provided to applicators and consumers. 

Understanding the human health implications of exposure to GBH 
co-formulants has become a priority within the European Union (EU), 
who has launched a biomonitoring programme to try and address this 
concern (HMB4EU, 2018). The HMB4EU initiative has highlighted the 
co-formulant polyoxyethylene tallow amine (POEA) as a priority sub
stance to evaluate exposure to GBH (HMB4EU, 2018). In 2016, the EU 
Commission recommended to Member States that POEA-type co-for
mulants be banned from use in GBHs (Mesnage et al., 2019). 

As a result of the phasing out of POEA use, manufacturers of GBHs 
have been replacing this co-formulant with other surfactants. Previ
ously, we developed and validated a mass spectrometry method to 
measure the urinary excretion of surfactants present in Roundup MON 
52276, the European Union GBH representative formulation (Mesnage 
et al., 2021b). In this study we identified that the listed surfactant 
co-formulant in Roundup MON 52276, Dogiden 4022, is a propoxylated 
quaternary ammonium compound (Mesnage et al., 2021). Furthermore, 
in this previous study we demonstrated that our method was highly 
accurate, precise, sensitive and reproducible to estimate the oral ab
sorption of MON 52276 surfactants in rats exposed to this GBH via 
drinking water. Based on this prior success, the first objective of the 
investigation presented here was to use a similar mass spectrometry 
approach to evaluate the surfactant composition in the widely used US 
GBH formulation RangerPro marketed by Bayer Corporation, which 
would lay a foundation for the development of new environmental 
epidemiology studies. 

The second objective of this study was to assess the cytotoxicity of 
RangerPro compared to glyphosate and POE-15 tallow amine. In a 
previous investigation, a comparison of 9 GBHs to glyphosate by 
combining mass spectrometry and cell culture to identify the contribu
tion of POEA to the toxicity of these products, found that all the for
mulations were more cytotoxic than glyphosate alone (Mesnage et al., 
2013). We therefore chose to determine the cytotoxicity profile of 
RangerPro using two different human tissue culture cell line model 
systems namely Caco-2 epithelial cells as a representative of the intes
tinal epithelium, which is the first tissue exposed to GBHs through the 
diet, and HepG2 hepatoma cells, which are a known reliable model to 
evaluate glyphosate toxicity (Gasnier et al., 2011). In addition, we also 
used a mammalian stem cell-based genotoxicity experimental system 
(ToxTracker Assay), which is designed to evaluate a chemical’s ability to 
induce DNA damage, oxidative stress or activation of an unfolded pro
tein response (Hendriks et al., 2016) and thus assess its carcinogenic 
capability. 

2. Materials and methods 

2.1. Chemicals 

Standard reagents were of analytical grade and obtained from Sigma 
Aldrich (Gillingham, Dorset, UK), unless otherwise stated. Glyphosate 
was obtained from Sigma Aldrich N (CAS: 1071-83-6, purity ≥96%, 
catalog no: 337757). The formulation RangerPro was sourced from the 
US market. POE-15 tallow amine was purchased from ChemService 
(distributed by Greyhound Chromatography and Allied Chemicals, Bir
kenhead, UK). Stock solutions of glyphosate, RangerPro and POE-15 
were prepared in foetal bovine serum (FBS)-free tissue culture cell me
dium. RangerPro was diluted accordingly in phenol red-free Dulbecco’s 
Modified Eagle Medium (DMEM). 

2.2. Mammalian cell tissue culture 

The human colonic tumour-derived epithelial cell line Caco-2 was 
obtained from the American Type Culture Collection (ATCC) and used 

between passages 46 and 66. The human hepatoma HepG2 cell line was 
obtained from the European Collection of Authenticated Cell Cultures 
(ECACC) and was used between passages 53 and 65. Both cell lines were 
grown in phenol red-free DMEM supplemented with 10% FBS, 10 mg/ml 
200 mM L-glutamine and 10 mg/ml penicillin/streptomycin. DMEM 
without phenol red, FBS, penicillin/streptomycin and trypsin (0.05 and 
0.5%), L-glutamine, penicillin/streptomycin and DMSO were all ob
tained from ThermoFisher Scientific (ThermoFisher Scientific, Lough
borough, UK). Cells were maintained in 75 cm2 flasks (Corning, 
Tewksbury, USA) under standard culture conditions of 37 ◦C and 5% 
CO2 air atmosphere. For experimentation, cells were seeded into 96 well 
plates from stock cultures that were no more than 70% confluent. 

2.3. Cytotoxicity assays 

Caco-2 and HepG2 cells were seeded at 20,000 cells/well in 100 μ l of 
medium in clear 96 well plates. Following a 24 h incubation, cells were 
treated with the test substances diluted accordingly to the desired con
centrations in tissue culture maintenance medium. After a further 24 h 
incubation, an MTT assay was performed to assess cell proliferation and 
thus cytotoxicity according to the manufacturer’s instructions. Cells 
were incubated for 2 h in MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide] solution at 1 mg/ml in PBS. The resulting 
formazan precipitate was then dissolved by addition of 100 μl dimethyl 
sulfoxide (DMSO) and quantified spectrophotometrically at 560 nm 
using a GloMax Multi Microplate Multimode Reader (Promega, Madi
son, USA). Cell viability was expressed as a percentage relative to the 
negative control, untreated cell samples. 

2.4. ToxiLight cell membrane damage assay 

Caco-2 and HepG2 cells were seeded at 10,000 cells/well in 50 μl of 
medium in white-walled, clear-bottomed 96-well plates and incubated 
for 24 h. Subsequently, Caco-2 cells were treated with the concentra
tions of pesticides that produced the lethal concentration 50 (LC50; 50% 
cell viability), the cytotoxicity threshold (LC99) or with the LC99/5. 
HepG2 cells were also treated at concentrations corresponding to LC50, 
LC50/2 and (LC50/2)/2 values. Following incubation, the ToxiLight kit 
(Lonza, Slough, Berkshire, UK) was used according to the manufac
turer’s instructions to assess cell membrane rupture. Briefly, a 50 μl 
aliquot of the AK reagent was added to each well and after 5 min the 
plates were read using the GloMax Multi Microplate Multimode plate 
reader with excitation 485 nM and emission 520 nM settings. The 
background luminescence from wells with tissue culture medium alone 
was subtracted, and luminescence compared relative to the negative 
control, untreated cell samples. Triton X100 (0.05%) was used as a 
positive control, cell membrane damage-inducing agent. 

2.5. Oxidative stress 

Caco-2 and HepG2 cells were seeded at 10,000 cells/well in 80 μ l 
medium in 96 well white-walled plates, incubated for 24 h and then 
treated with the test substances at the desired concentrations. The pos
itive control, reactive oxygen species (ROS)-inducing agent treatment 
was with 50 μ M menadione. Immediately after treatment, 20 μl H2O2 
substrate was added to each well. At 6 h post treatment, 100 μl ROS-Glo 
detection reagent (Promega, Southampton, UK) was added per well, as 
per manufacturer’s instructions. The plates were then incubated at room 
temperature in the dark for 20 min and the luminescence read using the 
GloMax Multi Microplate Multimode plate reader at excitation 485 nM 
and emission 520 nM settings. 

2.6. Mass spectrometry analysis 

The glyphosate-based herbicide RangerPro formulation samples 
were diluted 1:100 with acetonitrile-water (1:1) containing 0.1% formic 
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acid prior to their injection into the LC-MS/MS system. The UHPLC-MS/ 
MS instrument employed was a Thermo Scientific Accela™ UHPLC 
coupled to a Thermo Scientific TSQ Quantum Access™ mass analyser 
with a heated electrospray ionization source (HESI-II). The mass spec
trometer was operated in positive ion mode and data acquired with 
Xcalibur software. The injection volume was 5 μl and the chromato
graphic separation was achieved using a Thermo Scientific Accucore 
C18 column (2.6 μm, 100 × 2.1 mm) maintained at 40 ◦C. A binary 
gradient profile was developed using water with 0.1% formic acid (A) 
and acetonitrile with 0.1% formic acid (B) at a flow rate of 200 μl/min 
(min). HPLC grade acetonitrile and HPLC grade water were from Fisher 
Scientific, and LC-MS grade formic acid was from Merck (Merck Life 
Science UK Limited, Gillingham, UK). Separations were conducted 
under the following chromatographic conditions: 95% solvent A for 0.2 
min, decreased to 5% over 15 min, maintained for 5 min at 5% before 
being increased to 95% over 0.1 min. Column equilibration time was 
4.2 min, with a total runtime of 25 min. Mass spectrometric conditions 
were as follows: spray voltage 3.5 kV, capillary temperature 350 ◦C, 
vaporizer temperature 300 ◦C, sheath gas 50 au, auxiliary gas 5 au, full 
scan mode 150–1200 m/z. 

2.6.1. ToxTracker assay system 
The ToxTracker assay system was used as previously described 

(Mesnage et al., 2021f). Briefly, first cytotoxicity profiles of the test 
substances was undertaken using the wild-type murine embryonic stem 
(mES) cell line B4418, with cells exposed to 20 different concentrations 
of the test substances at a maximum concentration of 10 mM or 1 
mg/ml. Cytotoxicity was estimated by cell count after 24 h exposure by 
flow cytometry and was expressed as the percentage of viable cells 
compared to untreated control cells. 

Based on the cytotoxicity analysis, 5 concentrations of the test sub
stances were selected for testing in the ToxTracker system. ToxTracker 
consists of six mES cell lines (Hendriks et al., 2016). Each cell line was 
seeded in 96-well cell tissue culture plates at 50,000 cells per well. After 
24 h, the test substances were added. The response to the test materials 
was evaluated at five concentrations in a 2-fold dilution series. GFP 
reporter gene expression was determined after 24 h by flow cytometry to 
assess induction compared to untreated control cultures taking into 
account cytotoxicity and cell viability corrective measures. Possible ef
fects from metabolic activation of test substances was assessed by con
ducting the same assays in the presence of 0.25% S9 rat liver extract plus 
required co-factors (Moltox, Boone, NC, USA). 

The following treatments were included as positive controls for the 
various ToxTracker measures: cisplatin (DNA damage), diethyl maleate 
(oxidative stress), tunicamycin (unfolded protein response) and cyclo
phosphamide (metabolic activation of progenotoxins by S9 rat liver 
extract). 

2.7. Statistical analysis 

The dose response on Caco-2 and HepG2 cells was used to determine 
cytotoxicity thresholds using nonlinear dose-relationships. We deter
mined the LC50, the concentration at which 50% of the cells are viable. 
Statistical analysis was performed by one-way ANOVA in GraphPad 
prism 5. Primary ToxTracker data were generated as flow cytometry (. 
fcs) files. Mean GFP expression and viable cell concentrations after 
treatment were exported as text files (.csv) that are imported into 
Microsoft excel for calculation of reporter gene induction and cytotox
icity. ToxTracker is considered to give a positive response when a 
compound induces at least a 2-fold increase in GFP reporter gene 
expression in any of the six cell assay systems. GFP induction at test 
substance concentrations that do not cause more than 75% cytotoxicity 
are used for the ToxTracker analysis. 

3. Results and discussion 

We determined the surfactant composition of RangerPro, a widely 
used GBH in the US, using a mass spectrometry approach. The com
parison of RangerPro to the POE-15 tallow amine standard revealed that 
both products contain a complex mixture of surfactants (Fig. 1A). Peaks 
for polyoxyethylene tallow amines with several different polyoxy
ethylene chain lengths were observed (Fig. 1B). This is due to the suc
cessive addition of ethylene oxide molecules to form POE does not occur 
at the same speed for each POE in the melange. Thus, when the chemical 
reaction is stopped, the POE chains produced have different lengths. 
Although our results do not allow either the identification of every peak 
in the mass spectrometry spectra or the quantification of the different 
polyoxyethylene tallow amines, comparison of the m/z profiles of the 
two products confirmed that POE-15 tallow amine is a component of 
RangerPro. 

Our results demonstrate that RangerPro contains POE-15 tallow 
amine, and thus offers a starting point for conducting human surveys of 
co-formulant exposure. Given the established toxicity of POEA, there is a 
need to conduct biomonitoring studies and assess for their presence in 
population groups, especially those which are spraying pesticides con
taining surfactants, and correlate this exposure to the presence of 
glyphosate. However, exposure to surfactants can be from multiple 
sources such as washing products and cosmetics as well as pesticides. 
Therefore, additional experiments would be required to ascertain that 
POE-15 tallow amines found in humans originate from pesticide expo
sure or from the use of other products. 

We next investigated the cytotoxic potential of RangerPro compared 
to glyphosate alone to reveal the greater potential health risks from 
exposure co-formulants present in the herbicide formulation. A Caco-2 
cell cytotoxicity assay was performed, which gave LC50 values of 125 
μg/ml, 17,200 μg/ml, and 5.7 μg/ml, for RangerPro, glyphosate and 
POE-15, respectively (Fig. 2A to C). Thus, based on this assay RangerPro 
was ~22 times and POE-15 > 3000 times more cytotoxic than glypho
sate. The products were also tested in HepG2 cells, which gave LC50 
values of 96 μg/ml, and 2 μg/ml, for RangerPro, and POE-15, respec
tively (Fig. 2E to F). Glyphosate was not cytotoxic and even tended to 
increase the number of vial cells, which could reflect an hormetic effect 
by which the survival of the cells is increased by a protective response to 
induced oxidative stress as demonstrated in other studies (Calabrese and 
Baldwin, 2003). This phenomenon by which mild-induced stress can 
give rise to a positive physiological counter-response inducing mainte
nance and repair systems, has already been described by our group after 
an exposure to a low-dose pesticide mixture (Mesnage et al., 2021e), and 
for other pesticide exposures on both target (Tang et al., 2019) and 
non-target (Calabrese and Baldwin, 2003) species. Overall, our results 
demonstrate a marked enhanced toxicity from the presence of the 
POE-15 surfactant and possibly other related surfactants in the Ran
gerPro formulation. 

A large number of studies have shown that POEA surfactants 
contribute to the toxicity of GBHs. Studies showing that POE-15 tallow 
amine is more toxic than glyphosate stretch back to 1979 (Folmar et al., 
1979). The formulation MON 2139 containing POE-15 tallow amine was 
10–40 times more toxic than glyphosate in different fish species (Folmar 
et al., 1979; Wan et al., 1989). Further studies showed that the lethal 
concentration at which 50% of rainbow trout (Oncorhynchus mykiss) 
were killed was 86 mg/l for glyphosate, and 8.2 mg/l for MON 2139. 
The herbicide MON 2139 was also 10 to 50 times more toxic than 
glyphosate in four North American amphibian species (Howe et al., 
2004; Mann and Bidwell, 1999) or Microtox bacterium, microalgae, 
protozoa and crustaceans (Tsui and Chu, 2003). In a previous investi
gation using three mammalian tissue culture cell lines (HepG2, HEK293, 
JEG3), we showed that 9 GBHs were up to 100 times more cytotoxic and 
POE-15 was 10,000 times more toxic than glyphosate alone (Mesnage 
et al., 2013). Thus, our results showing that RangerPro is 22 times and 
POE-15 > 3000 times more cytotoxic than glyphosate alone in Caco-2 
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cells (Fig. 2) is in accord with these earlier observations. 
The mechanism of action by which POEA caused cytotoxicity in 

previous studies was by disrupting the structure of cell membranes 
(Mesnage et al., 2013). Therefore, we next undertook an analysis to see 
if RangerPro also caused cell membrane disruption (Fig. 3). We tested 
the LC50 (cytotoxic), LC99 and LC99/5 (non-cytotoxic) threshold con
centrations. RangerPro and POE-15 treatment resulted in a statistically 
significant increase in adenylate kinase release indicative of induced cell 
membrane damage at all concentrations tested in both Caco-2 (Fig. 3A) 
and HepG2 (Fig. 3B) cells. Glyphosate did not cause any measurable 
membrane damage in either of the two cell lines, confirming that the 
cytotoxic capability of RangerPro can be attributed to the membrane 
disrupting potential of the surfactants included as co-formulants. 

Since glyphosate has frequently been described as a disruptor of 
redox status in mammalian cells (Mesnage et al., 2015; Wang et al., 
2022; Martínez et al., 2020), we tested to see if either glyphosate or 
RangerPro could increase production of hydrogen peroxide, an indicator 
of oxidative stress (Fig. 4). In Caco-2 cells, the positive control com
pound menadione provoked a significant (6-fold) increase in hydrogen 
peroxide production in comparison to the negative control untreated 
samples (Fig. 4A, NC and PC values). Although some of the test com
pounds caused an increase in oxidative stress, effects were limited with 
none reaching significance (Fig. 4). Glyphosate induced a 
dose-dependent oxidative stress response in HepG2 cells (Fig. 4B). The 
difference between the results of the Caco-2 and HepG2 oxidative stress 
assays could also suggest that glyphosate was metabolised by the 

Fig. 1. Representative spectrum of the GBH RangerPro obtained by liquid chromatography-mass spectrometry reveals the presence of POE-15 tallow 
amine. (A) Chromatograms of RangerPro and POE-15 show the presence of a mixture of co-formulants in the herbicide, which elute at different retention times from 
the mass spectrometry column. (B) The mass spectra (bottom panel) are obtained by extracting the TIC (Total Ion Chromatogram) of peak 1 for POE-15, retention 
time: 8.7 min (TIC between 8.63 and 8.70 min) show that peaks are separated by 44 m/z increments, which is similar to what is seen with RangerPro suggesting that 
each peak corresponds to a different molecule belonging to a homologous series of surfactants with a different number of ethoxylation units. Mass spectra from the 
other peaks 2–9 are available as supplementary data. 
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xenobiotic metabolising enzymes in hepatocytes into a more toxic 
compound. This hypothesis is supported by animal experiments sug
gesting that glyphosate is metabolised to glyoxylate in the liver (Ford 
et al., 2017). In general, toxicokinetic evaluations performed with 
glyphosate suggest that the main metabolite of glyphosate is 

aminomethyl phosphonic acid (Anadón et al., 2009). However, it should 
be noted that the generation of oxidative stress can be time-dependent 
and it is not clear if our experimental design fully captures glyph
osate’s capability for inducing this type of toxicity. It is plausible that 
changes in gut microbiota composition could promote oxidative stress 

Fig. 2. RangerPro is markedly more cytotoxic than glyphosate alone in Caco-2 and HepG2 cells. Caco-2 cells (A to C) or HepG2 cells (D to F) were treated with 
the test substances for 24 h, and viability determined by an MTT assay. The concentration of RangerPro is expressed as glyphosate equivalent concentrations. Cell 
viability was expressed as a percentage relative to the negative control, untreated cell samples. The assay was performed in triplicate and data is expressed as mean 
± SD (standard deviation) of 3 independent replicates. 

Fig. 3. Cytotoxicity of RangerPro and POE-15 in Caco-2 and HepG2 cells is via a plasma membrane disruption mechanism. Caco-2 (A) or HepG2 (B) cells 
were treated with 3 concentrations of each test substance, which corresponded to the lethal concentration (LC) thresholds determined by the MTT cytotoxicity assay. 
The positive control (PC) was 0.05% Triton-X100 non-ionic detergent, which is known to cause cell plasma membrane damage. Following treatment, cultures were 
assessed for plasma membrane damage and necrosis using the Toxilight assay system, which measures release of adenylate kinase from damaged cells. The assay was 
performed in triplicate and data is expressed as mean ± SD (standard deviation) of at least 3 independent replicates. Adenylate kinase activity shown is represented 
as fold change in relative light units (RLU) compared to the negative control (NC) untreated cell culture samples. Statistical analysis was performed by one-way 
ANOVA in GraphPad prism 5 (**p < 0.01; ***p < 0.001; ****p < 0.0001). 
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since we recently showed that the gut microbiome metabolite profile in 
rats exposed to glyphosate reflected changes in the redox status of the 
microbial community (Mesnage et al., 2021d). In addition, our most 
recent study has shown that exposure to RangerPro, and to a lesser 
extent glyphosate, affected the growth of gut bacteria, which in turn 
reduced competition and allowed opportunistic fungi to proliferate 
(Mesnage et al., 2021c). 

In order to gain deeper insight into mechanisms of toxicity, espe
cially any carcinogenic potential, of glyphosate, RangerPro and POE-15 
we conducted an evaluation of their effects in the ToxTracker assay in 
the presence or absence of S9 metabolising liver extract fractions. The 
ToxTracker assay system consists of six different mES cell lines 
expressing reporter gene constructs, which provide a readout of poten
tial carcinogenic activity (Hendriks et al., 2016). The reporter loci are: 
Bscl2 (DNA damage-associated Berardinelli-Seip congenital lipodys
trophy 2), which informs on the activation of the ATR-CHK1 DNA 
damage signalling pathway (Smith et al., 2010). A second biomarker to 
monitor activation of a DNA damage response is Rtkn (Rhotekin), which 
is a indicator of NF-kB signalling reflecting double-strand DNA breaks 
(Thumkeo et al., 2013). Btg2-GFP reflects activation of the p53 tumour 
suppressor response pathway (Winkler, 2010). Oxidative stress is eval
uated with Srxn1 (Sulfiredoxin 1) reflecting an Nrf2 antioxidant 
response and Blvrb (Biliverdin Reductase B) reflecting an Nrf2 inde
pendent response. Protein damage or endoplasmic reticulum (ER) stress 
is evaluated as the unfolded protein response by measuring Ddit3 (DNA 
damage-inducible transcript 3) expression (Cao et al., 2019). 

Cytotoxicity of RangerPro and its ingredients glyphosate and POE-15 
in normal mouse embryonic stem cells varied markedly (Supplementary 
Data). POE-15 was the most cytotoxic substance. The formulation 
RangerPro was also cytotoxic while glyphosate caused no cytotoxicity 
even at a concentration tested of 5 mM in either the absence or presence 
of the metabolising S9 liver extract (Supplementary Data). We then 
tested POE-15 and RangerPro in the ToxTracker assay (Fig. 5). Cyto
toxicity and genotoxicity profiles for glyphosate have already been re
ported (Mesnage et al., 2021a) and are reproduced here for comparative 
purposes in accordance with the publisher’s (Elsevier’s) data reuse 
policy. At the maximum tested concentration in the absence of a 
metabolising system more than 50% cytotoxicity was observed for 
RangerPro and POE-15. None the three compounds activated the two 
reporters for genotoxicity, nor the reporter for p53 activation. Activa
tion of the oxidative stress reporter Srxn1-GFP was observed for 

RangerPro in the presence of S9 extract (Fig. 5H). In the presence of S9 
extract, POE-15 activated the Srxn1-GFP reporter 1.98-fold (Fig. 5I). The 
Ddit3-GFP reporter for the unfolded protein response was activated 
upon exposure to RangerPro in the absence (Fig. 5B) and presence 
(Fig. 5H) of S9 extract. For POE-15, an activation of Ddit3-GFP in 
absence of S9 extract was observed (Fig. 5C) whilst the induction levels 
in the presence of S9 extract (Fig. 5I) did not pass the 2-fold threshold for 
a positive ToxTracker response. 

In conclusion, our results demonstrate that RangerPro contains POE- 
15 tallow amine at a concentration at which it could exert necrotic ef
fects and activate the unfolded protein response in mammalian cells. 
Since the unfolded protein response is a known consequence of alter
ations in the function of the ER (Hetz, 2012), and given the known 
membrane damaging potential of POE-15 (Mesnage et al., 2013), our 
results suggest that POE-15 caused ER stress. In addition, to these 
mechanisms, glyphosate and RangerPro but not POE-15 caused oxida
tive stress in HepG2 cells. Our results suggesting that glyphosate alone 
caused oxidative stress in HepG2 cells are supported by a large number 
of other studies in a variety of models systems (Mesnage et al., 2015) 
including a recent study on the small intestine (Tang et al., 2020). The 
toxicity resulting from RangerPro exposure is thus multifactorial 
involving ER stress caused by the surfactant with oxidative stress caused 
by glyphosate. 

Future studies would also need to take into account that the effects of 
glyphosate are multifactorial, and that co-formulants included in GBH 
formulations could contribute to carcinogenesis. Altogether, our results 
reinforce the need to test co-formulants when comparing formulations 
and active ingredients in order to not only provide a mechanistic un
derstanding of toxic effects but also to inform the enactment of regula
tion for more appropriate and thus better public and environmental 
protection from these substances. 

CRediT author statement 

Robin Mesnage: Conceptualization, Writing- Original draft prepara
tion, Visualization, Supervision. Scarlett Ferguson: Investigation, 
Formal analysis, Writing- Reviewing and Editing. Inger Brandsma: 
Formal analysis, Writing- Reviewing and Editing. Nynke Moelijker: 
Resources, Investigation. Gaonan Zhang: Resources, Investigation. 
Francesca Mazzacuva: Investigation, Methodology, Writing- Reviewing 
and Editing. Anna Caldwell: Writing- Reviewing and Editing. John 

Fig. 4. Oxidative stress measured by hydrogen peroxide production. Caco-2 (A) or HepG2 (B) cells were treated for 6 h at respective LC50, LC99 and LC99/5 thresholds 
with glyphosate, RangerPro and POE-15. Treatment with 50 μ M menadione acted as a positive control (PC) treatment. Production of hydrogen peroxide was the oxidative 
stress marker detected by the ROS-Glo luciferase reporter system. The assay was performed in triplicate and data is expressed as mean ± SD (standard deviation) of 3 in
dependent replicates. 

R. Mesnage et al.                                                                                                                                                                                                                                



Food and Chemical Toxicology 168 (2022) 113380

7

Halket: Writing- Reviewing and Editing. Michael N Antoniou: Project 
administration, Supervision, Writing- Reviewing and Editing, Funding 
acquisition. 

Declaration of competing interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
Robin Mesnage is supported by a grant to Michael Antoniou from the 
Sustainable Food Alliance (USA). Inger Brandsma, Nynke Moelijker and 
Gaonan Zhang are employees of Toxys. Robin Mesnage acts in an expert 

consulting or advisory capacity with a law firm involved in litigation in 
the US over glyphosate/Roundup health effects. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This work was funded by the Sustainable Food Alliance (USA) whose 
support is gratefully acknowledged. 

Fig. 5. Activation of mechanisms known to be key characteristics of carcinogens by glyphosate, RangerPro or POE-15 employing the ToxTracker assay 
system. The six mES reporter cell lines that constitute the ToxTracker assay system were used to detect readouts of oxidative stress (Srxn1 and Blvrb), protein 
damage and an unfolded protein response (Ddit3), the activation of a DNA damage response (Bscl2 and Rtkn) and p53-mediated cellular stress (Btg2). Panels A to C: 
induction of reporter gene expression in absence of S9 metabolising liver extract and associated changes in cell survival (panels D to F). Panels G to I: induction of 
reporter gene expression in the presence of S9 liver extract and cell survival (panels J to L). Grey box covers measurements with less than 25% cell survival and were 
not taken into consideration due to too high cytotoxicity. Note: the data pertaining to glyphosate exposure (panels A, D, G, J) have been reported previously (Mesnage 
et al., 2021a) and are reproduced here for comparative purposes in accordance with the publisher’s (Elsevier’s) data reuse policy. 
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