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ARTICLE INFO ABSTRACT

Keywords: Cytotoxic effects of the market leading broad-spectrum, synthetic herbicide product Roundup Classic, its active
Cell Vial?ility ingredient glyphosate (in a form of its isopropylamine (IPA) salt) and its formulating surfactant polyethoxylated
Apoptosis tallowamine (POE-15) were determined on two murine cell lines, a neuroectodermal stem cell-like (NE-4C) and a
g:};cgzﬁage high alkaline phosphatase activity osteoblastic cell line (MC3T3-E1). Cytotoxicity, genotoxicity, effects on cell
Glyphosate viability and cell cycles were examined in five flow cytometry tests, the two former of which were compared by

the enzymatic-assay and the alkaline single cell gel electrophoresis (Comet) assay. All of the tests indicated the
NE-4C cells being more sensitive, than the MC3T3-E1 cell line to the treatments with the target compounds.
Higher sensitivity differences were detected in the viability test by flow cytometry (7-9-fold), than by the MTT
assay (1.5-3-fold); in the genotoxicity test by the Comet assay (3.5-403-fold), than by the DNA-damage test
(9.3-158-fold); and in the apoptosis test by the Annexin V dead cell kit (1.1-12.7-fold), than by the Caspase 3/7
kit (1-6.5-fold). Cell cycle assays indicated high count of cells (~70%) in the GO/G1 phase for MC3T3-E1 cells,
than in NE-4C cell (~40%) after 24 h. The order of the inhibitory potency of the target substances has un-

Co-formulant

equivocally been POE-15 > Roundup Classic > > glyphosate IPA salt.

1. Introduction

Glyphosate is the world market leading herbicide active ingredient.
Glyphosate-based herbicides (GBHs) introduced into the US market in
1974, became leading plant protection products (PPPs) within 5 years,
and their market has been substantially boosted by the introduction of
genetically modified (GM) glyphosate-tolerant crops [1-4]. The global
annual sales volume was estimated at 826 thousand metric tons in 2014
[4,5] expected to further grow, and the global glyphosate market is
projected to reach USD 12.54 billion by 2024 [6]. Globally, there are
more than 750 commercial GBHs on the market.

Acting on plants by blocking the biosynthesis of aromatic amino
acids (tyrosine, tryptophane, phenylalanine) though the inhibition of
the shikimic acid biosynthesis pathway [7,8], it is phytotoxic to prac-
tically all vegetal organisms with the exception of glyphosate-resistant
weeds evolved by natural selection of genetically modified
glyphosate-tolerant GM crops [9-12]. Due to its ongoing immense
application volume, currently, glyphosate exerts a substantial environ-
mental load, became a ubiquitous surface water contaminant [13-18],
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and can result in unintended exposure of humans and other non-target
organisms though its residues in environmental matrices and food [3,
4,11,19,20].

The intensive uses of pesticides and consequent human exposure
have been associated with numerous toxic effects including carcinoge-
nicity [21-24]. As a result, hazard identification and exposure estima-
tion gained importance in risk assessment of pesticides [25,26].
Glyphosate or GBHs have also been found to exert side-effects of
concern. Based on literature data cytotoxic, genotoxic and hormonal
effects in in vitro (eukaryote and prokaryote) of glyphosate and GBHs
have been analysed in numerous studies [27-30]. Studies demonstrated
that glyphosate can act as an endocrine disruptor (in vivo) and induce
reproductive damage in adulthood in rats [31-33]. Serious concerns
have been raised, particularly in relation to human pregnancy and birth
defects (via the above mentioned mechanisms) among agricultural
workers and consumers [34].

Therefore, strong criticism was expressed when the scheduled EU
registration revision of glyphosate (and Roundup) was postponed in
2012-2015 and postponed again later [35]. In 2015, the International
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Agency for Research on Cancer (IARC) classified glyphosate as probably
carcinogenic to humans (Group 2 A), based on “limited evidence” in
human experiments and “sufficient evidence” in animal-experiments
[36,37]. Nonetheless the European Food Safety Authority (EFSA) [31],
the FAO/WHO Joint Meeting on Pesticide Residues (JMPR) [38] and the
European Chemicals Agency [39] did not confirm the IARC conclusion,
and ECHA’s Committee for Risk Assessment (RAC) concluded that no
classification for carcinogenicity is warranted under the Classification,
Labelling and Packaging (CLP) Regulation, however, the harmonised
classification for serious eye damage and toxic to aquatic life should be
maintained [40]. In turn, the European Commission (EC) re-approved
the authorization of glyphosate for 5 years in 2017 [41], and estab-
lished the Assessment Group of Glyphosate (AGG), consisting of four
Member States (France, Hungary, the Netherlands, Sweden) acting
jointly for the forthcoming assessment of glyphosate beyond its current
approval until 15 December 2022.

The discrepancy between the IARC and EFSA positions originated,
among others, from two factors: the range of experimental data
considered in the evaluations was different (all peer-reviewed reports or
only accredited studies), and physiological effects of GBHs in some cases
have been erroneously attributed to glyphosate, and not to its formu-
lating agent POE-15. As a result, the two agencies interpreted the car-
cinogenicity of glyphosate in humans differently: IARC considered the
association between exposure to glyphosate and non-Hodgkin lym-
phoma as “limited evidence in humans”; while in its conclusion, EFSA
considered the evidence as “very limited”. The IARC position was
explained in detail [42], and the difference between the IARC and EFSA
statements was discussed [43] and challenged [44,45].

Due to the above, increased attention has been focused also on the
toxicity and potential side-effects of the substances used for the formu-
lation of pesticides. Glyphosate is commonly formulated with poly-
glucosides and polyethoxylated substances as adjuvants [46].
Polyethoxylated tallowamine (POE-15) is a main surfactant in herbicide
Roundup Classic, the chemical acts as a tackifier by helping its adsorp-
tion on plant surfaces and uptake by plants, and it also facilitates its
uptake to cells though disturbing membrane (cell wall) processes.
Increased toxicity of POE-15-formulated GBHs compared to glyphosate
has been documented in the scientific literature [47,48], and POE-15
and other co-formulants alone also exerts numerous side effects, for
example genotoxicity, cytotoxicity [28, 47, 49-53]. GBHs containing
POE-15 were banned in the EU in 2016 [54], and the ban was extended
to polypropoxylated tallowamines and a number of other co-formulants
in 2021 [55]. In this study the main test chemicals were related to a
group of worldwide used herbicides, the formulated herbicide prepa-
ration Roundup Classic, its active ingredient glyphosate, and its
formulation surfactant POE-15. In light of the apparent contradiction
between IARC on the one side and EFSA, ECHA and the JMPR on the
other side, cyto- and genotoxicity of glyphosate and its formulated
products are very important to be examined in in vitro toxicity assays to
provide further experimental data for a sound, evidence-based risk
assessment for licensing and regulation of both the active ingredient
alone and its formulations.

The present investigation was aimed to examined cytotoxic effects of
the target substances, glyphosate isopropylamine salt (G IPA), poly-
ethoxylated tallowamine (POE-15) and Roundup Classic (R), by several
methods on two murine cell types: an osteoblastic cell line (MC3T3-E1)
with high alkaline phosphatase activity and a neuroectodermal stem
cell-like (NE-4C) both successfully used in previous studies [51,56,57].
Thus, cell viability was determined by the MTT (3-(4,
5-dimethylthiazol-2-yl)— 2,5-diphenyltetrazolium bromide) assay and
by flow cytometry; DNA damage was assessed by the alkaline Comet
assay and by flow cytometry; cell death/apoptosis was evaluated by flow
cytometry on the basis of both annexin levels and caspase activity; and
cell cycle analysis was performed by flow cytometry upon staining with
propidium iodide (PI). Roundup Classic concentrations reported in the
current study are specified to actual dilutions (expressed as
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mass-per-volume %) of the formulated herbicide. Concentrations of
glyphosate and POE-15 are specified both in actual concentrations of the
given compound (expressed e.g, as ug/ml) and in “Roundup Classic
equivalent concentrations” (mass-per-volume % concentrations of
diluted Roundup Classic containing the corresponding concentrations of
these substances).

2. Materials and methods
2.1. Chemicals

Solid reagents for culturing media were purchased from Reanal
Laborvegyszer Kereskedelmi Kft (Hungary, Budapest). All other reagents
were purchased from Sigma-Aldrich Co. LLC (St. Louis, MO, USA), un-
less stated otherwise. Glyphosate (N-phosphonomethyl glycine, G, CAS
No: 1071-83-6) was also purchased from Sigma-Aldrich Co. LLC in the
form of its isopropyl ammonium salt (CAS No: 386411-94-0), as the
active ingredient in most glyphosate-based herbicides. Formulation
Roundup Classic (R, MON2139, Monsanto, Hungary, approval 02.5/
915/2/2010) was available as a commercial herbicide. Co-formulant
POE-15 under trade name Emulson AG GPE 3SS was obtained from
Lamberti S.p.A. (Abizzate, Italy). Cell culture media (pH 7.4) for NE-4C
and MC3T3-E1 cells were minimum essential medium (MEM) contain-
ing 4 mM glutamine, 5% fetal bovine serum (FBS) (Biowest SAS,
France), 100 U/ml penicillin and 100 mg/ml streptomycin solution, and
0.25 pg/ml amphotericin B, as well as a-modified MEM (a-MEM) sup-
plemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin solution, and 0.25 ug/ml amphotericin B,
respectively. Stock solutions of G IPA, R and POE-15 were prepared
freshly in appropriate cell culture medium and filtered through a 0.22
um filter (Merck MF-Milipore, Budapest, Hungary).

2.2. Cell cultures

The NE-4C cell line originated from primary brain cell cultures
prepared from the for- and mid-brain vesicles of 9-day-old transgenic
mouse embryos lacking functional p53 tumour suppressor protein [58,
59] was obtained from Dr. Emilia Madarasz at the Institute of Experi-
mental Medicine of the Hungarian Academy of Sciences (Budapest). The
MC3T3-E1 cell line (99072810 Sigma-Aldrich) originated from C57BL/6
mouse calvaria [60,61]. Cell lines were cultured in a humidified atmo-
sphere containing 5% CO at 37 °C. On reaching 80% confluence, cells
were passaged by using 0.05% (w/v) trypsin, 0.02% (w/v) EDTA solu-
tion. These cell lines were selected partly because their dose-dependent
physiology, surface adhesion, dynamic mass redistribution and
morphology responses to glyphosate and GBHs have been elucidated in
our earlier studies using biosensor platforms [51,56], within which the
integrin-specific cell adhesion modifying activity of glyphosate has been
demonstrated on MC3T3-E1 cells [57], and both cell lines showed high
response levels to these substances compared to other cell lines reported
in the scientific literature [4].

2.3. MTT assay

Cell viability was also assessed by an in vitro biochemical assay, the
succinate dehydrogenase activity test carried out as described previ-
ously [51,62] using 3-(4,5-dimethylthiazol-2-yl)— 2,5-diphenylte-
trazolium bromide as a substrate. During the assay, the mitochondrial
succinate dehydrogenases of viable cells transform MTT into a blue
formazan product.

NE-4C and MC3T3-E1 cells at 5 x 10* cells/ml concentration were
plated in 96-microwell plates (Thermofisher Scientific, Waltham, MA,
USA). After the preincubation phase, cells were exposed to various
concentrations of G, R or co-formulant (POE-15) for 24 h, in volumes of
200 pl/well. Optical densities were determined using a SpectraMax iD3
Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA)
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at a test wavelength of 570 nm and a reference wavelength of 620 nm.
Cell viability was calculated as relative percentage of the untreated
control [62]. In our experiments, 3 independent treatments were per-
formed at 6 concentrations in triplicates to determine cell viability.

2.4. Comet assay

Single-cell gel electrophoresis (SCGE) is a useful technique devel-
oped for studying DNA damage. The treated cells are suspended in a thin
agarose gel on a microscope slide, and after lysis and electrophoresis, the
gel is stained with a fluorescent DNA binding dye (ethidium bromide)
[63,64]. If DNA damage occurs in the cells, the migration of the chro-
mosomal DNA and its damaged fragments from the nucleus appears in a
shape of a comet [65], and the more intensive DNA damage is, usually
the larger the comet becomes. In the current study alkaline lysis version
of the Comet assay was used, followed by electrophoresis under alkaline
conditions (pH 12.1). DNA damage was assessed by the “tail moment”
parameter developed by Olive et al. [66] — a combination of two pa-
rameters already in use - tail length in micrometers and percentage of
DNA content in a damaged comet tail (tail intensity). The cells were
seeded in 6-well plates at a density of 1.5 x 10° cells/well for 24 h, and
then exposed to various concentration of G, R or POE-15 in supple-
mented MEM medium for 24 h. The negative and positive controls were
only MEM and 0.01% hydrogen peroxide plus MEM, respectively.
Following the steps of the Comet assay, the samples were finally stained
with 50 pl of a 20 pg/ml solution of ethidium bromide in the dark at
room temperature, and main assay descriptors (tail moment, percentage
of DNA in tail and percentage of DNA in the head) were measured with a
fluorescence microscope (Nikon Eclipse E600 or Olympus IX73) using
the LUCIA™ Comet Assay 3.5 software (Laboratory Imaging, s.r.o.,
Praha, the Czech Republic). The use of software in particular also pro-
vides a range of different parameters (head DNA (%), tail DNA (%),
integral intensity, head radius, tail length, tail moment, head area, tail
area) many of which relevant to determine the extent of DNA damage.
These parameters are preferred over the manual scoring method due to
the ease of interpretation of data during statistical analyses. In our ex-
periments, we used tail moment because it describes the value of the
damaged DNA complex, but the percentage of tail DNA is also a reliable
parameter [67]. In our experiments, 3 independent treatments were
performed at 4 concentrations in triplicates (50 cells in one slide
measured) to determine DNA damage.

2.5. Flow cytometry

The Muse™ Cell Analyzer (Merck Millipore, Budapest, Hungary), is a
microcapillary cytometry device equipped with a fluorescence detector
for single-cell analysis. The instrument is used with several assay kits by
the manufacturer utilising fluorescent reagents specific for given cell
characteristics, including viability, apoptosis and DNA damage, as well
as cell signalling. Cells were pre-treated for each assay type similarly.
Thus, NE-4C and MC3T3-E1 cells were seeded in 24-well plates at a
density of 5 x 10* cells/well and grown for overnight in a humidified
incubator followed with the cell treatment with different concentration
of the compounds. Floating and adherent treated cells were collected
after 24 h incubation. All the kits were applied according to the manu-
facturer’s instructions and the samples were analysed using appropriate
software module. In our experiments, treatments were performed at 6
concentrations in triplicates to determine given cell characteristics.

2.5.1. Cell viability determined by flow cytometry

After incubation with the compounds for 24 h, the cells were
collected in microcentrifuge tubes (Thermofisher Scientific, Waltham,
MA, USA) and were subjected to flow cytometry using the Muse™ Count
and Viability Kit (MCH100102, Merck Millipore, Budapest, Hungary),
detecting optical density in all treatments at 532 nm wavelength, and
calculating viable cell count (cells/ml), total cell count (cells/ml) and %
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viability of the samples by the Muse™ Count and Viability Software
Module. Results were expressed as a percentage of the negative control.

2.5.2. DNA damage determined by flow cytometry

Cells were treated with the test substances at lower concentrations
than in the Count and Viability kit to assure that viability of the cells
tested did not decrease below 60%. Cells were prepared according to the
descriptions of Muse™ Multi-colour DNA-damage kit (MCH200107,
Merck Millipore, Budapest, Hungary) instruction. This kit includes two
conjugated antibodies, ATM protein kinase and histone H2X.A to mea-
sure DNA damage in the samples tested. When DNA damage occurs, the
ATM protein kinase is phosphorylated and activates downstream gene
products e.g., histone H2X.A, the most important indicator of the level of
breaks in double-stranded DNA.

2.5.3. Apoptosis/Caspase 3/7 activity determined by flow cytometry

Apoptosis status analysis of the cells was carried out by the Muse™
Annexin V and Dead Cell and Muse™ Caspase 3/7 Assay Kits
(MCH100105 and MCH100108, Merck Millipore, Budapest, Hungary).
The overall apoptotic status of the cells treated with the test substances
was monitored by the Muse™ Annexin V and Dead Cell kit. The method
allows distinction among four cell populations: non-apoptotic (alive),
early apoptotic, late apoptotic and dead (with nuclear debris). The
Muse™ Caspase 3/7 kit detects sub-populations of the cells detected by
Muse™ Annexin V and Dead Cell kit on the basis of the activity of cas-
pase 3/7 enzymes, conserved cysteine proteases executing programmed
cell death (apoptosis) by cleaving their substrate proteins. The Muse™
Caspase 3/7 kit also provides distinction among four cell populations:
non-apoptotic (alive), apoptotic cells exhibiting caspase 3/7 activity,
late apoptotic/dead cells and necrotic cells.

2.5.4. Cell cycle determined by flow cytometry

The distribution of cells within a cell population among different
phases of the cell proliferation cycle is an informative indicator, whether
cell division of the population has been affected upon exposure to the
test substances. The proportion of cells in the beginning DNA replicating
(S), cell division (G2/M) and growth (GO/G1) phases was detected by
the Muse™ Cell Cycle Assay Kit (MCH100106, Merck Millipore, Buda-
pest, Hungary), utilising staining of the DNA content of the cells by PI,
showing a characteristic increase during DNA replication and subse-
quent decreases relative to cell size also detected, as seen in the DNA
content index and histogram, as well as cell size index determined by the
assay. Percentage of cells in GO/G1, S and G2/M phases were deter-
mined using the Muse™ Cell Cycle Software Module.

2.6. Statistical analysis

Statistical analyses were conducted using the R Statistical program
3.5.1 (R Development Core Team, 2018) and OriginLab OriginPro 7.0
data analysis and graphing software system (Origin(Pro), Version 7.0
(OriginLab Corporation, Northampton, MA, USA). Results are reported
as mean-+standard deviation (SD). Mean values were calculated as the
average of the replicates. In case of independent treatments, replicates
were considered individually i.e., mean values were determined as the
average of the replicates in all treatments (not as the average of the
averages from each treatment). When necessary, single outliers were
selected by boxplots statistics using the boxplot.stats function in the R
Statistical program. ICs( values were calculated by non-linear regression
using a logistic (5-parameter) sigmoid dose-response equation by Rod-
bard [68], with p values < 0.05 considered statistically significant.
During statistical analysis, the effects of the treatments on the cell cycle
were analysed with the use of general linear models. The normality of
the data and the applicability of the fitted model were checked in each
case with diagnostic plots (residual variances, QQ plot, Cook’s distance
plot).
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3. Results and Discussion
3.1. Cell viability

MTT assay and flow cytometry have been used to distinguish dead
and alive cells on the basis of the differential staining of the dyes applied
in the tests to intact and damaged cell membranes.

3.1.1. MTT assay

The MTT assay was carried out to measure cell viability in a
biochemical (enzyme) assay for each substance, G IPA, POE-15 and R.
Obtained data demonstrated, that all compounds studied inhibit the
viability of the cells (Fig. 1A,B). Roundup Classic markedly decreased
NE-4C cell viability at concentrations above 0.0032%. 24 h ICs( values
on NE-4C were found to be 0.652 £ 0.006%, 0.00995 =+ 0.00010%, and
0.00315 + 0.00007% for G IPA, R, and POE-15 (Fig. 1A), respectively.
Cytotoxicity appears to be approximately 200-fold higher for POE-15
than for G IPA after 24 h treatments on NE-4C cell line.

On MC3T3-E1 osteoblastic cells, 24 h ICsy values were, determined
similarly as above, were found to be 0.7256 + 0.0068%, 0.0101
+ 0.0004%, and 0.00639 + 0.00003% for G IPA, R, and POE-15,
respectively (Fig. 1B). Cytotoxicity appears to be approximately 110-
fold higher with POE-15 than with G IPA after 24 h treatments. ICsq
values determined for cytotoxicity and other biological effects deter-
mined for glyphosate, polyethoxylated tallowamine (POE-15) and
Roundup Classic are summarized in Table 1.

3.1.2. Flow cytometric cell viability assay

After 24 h of exposure to the substances tested, NE-4C cells were
collected and analysed using Muse™ Cell Analyzer. G IPA concentra-
tions were chosen to 4-fold lower than the concentration used in agri-
cultural applications (G IPA content in 2% Roundup solution), because
stem cells are more sensitive, than carcinoma cells. The concentrations
used for G IPA were calculated on the basis of literature data [51]. High
levels of cytotoxicity, approximately 500-fold higher, than that for G
IPA, was detected for POE-15 and Roundup Classic.

On NE-4C cells, 24 h IC5p values determined similarly as above
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(Fig. 1C), were found to be 0.595 + 0.009%, 0.00469 + 0.00008%, and
0.00115 + 0.00007% for G IPA, R and POE-15, respectively in Roundup
Classic equivalents. Similarly to reported values in the scientific litera-
ture [51,63,69], results observed in the present study confirmed that R
and POE-15 exerted cytotoxic effects on NE-4C cells at very high di-
lutions, substantially below anticipated agricultural exposures. The
cytotoxicity appears to be approximately 495-fold higher with POE-15
than with G IPA after 24 h treatments.

MC3T3-E1 cells were treated and analysed similarly as NE-4C cells. G
IPA caused substantially lower inhibition of cell viability than R or POE-
15. After 24 h of exposure, ICs( values on MC3T3-E1 osteoblastic cells,
determined similarly as above (Fig. 1D), were found to be 1.2495
+ 0.0024%, 0.0187 + 0.0007%, 0.00936 + 0.00085% for G IPA, R and
POE-15, respectively. These IC50 values indicate that this kit system
assesses NE-4C cells appear to be more sensitive than the MTT assay.

In our viability studies, all test substances exerted acute physiolog-
ical effects on both cell lines, NE-4C and MC3T3-E1 cells. The NE-4C cell
line was found 1.1-2-fold more sensitive to all target substances than
MC3T3-E1 in both viability tests (MUSE viability kit, MTT assay). In
agreement with previous findings, our studies also clearly demonstrated
the explicit cytotoxicity of POE-15, exerted in other studies on cellular
respiration and membrane integrity between 0.00155% and 0.0097% at
Roundup Classic equivalent concentration [47,48]. The in vitro data on
cytotoxicity of glyphosate and GBHs indicate that the most sensitive cell
lines appeared to be human hepatopoietic Epstein-Barr virus trans-
formed lymphocyte Raji cells [52], human peripheral white blood cells
[69], regenerative fin cell lines from Pond loach (Misgurnus anguilli-
caudatus) [70], human epithelial HaCaT keratinocyte cells [71] and
murine neuroectodermal stem-cell-like line NE-4C [51]. In contrast, cell
types with lower apparent sensitivity were JEG3 [28,47,49,72], murine
osteoblastic cells (MC3T3-E1) [56], human embryonic kidney cells
(HEK293) [4,28,47,49].

3.2. DNA damage

DNA damage was assessed by Comet assay and by flow cytometry.
The former method is based on electrophoretic separation and
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Table 1
Half-maximal inhibitory concentration (ICsq) for cytotoxicity and apoptosis and lowest genotoxic dose (LGD) values for genotoxicity disruption determined for
glyphosate, polyethoxylated tallowamine (POE-15) and Roundup Classic.

ICsp or LGD values® (expressed as % Roundup Classic equivalent concentration” and as mg/ml or pg/ml)

glyphosate POE-15 Roundup Classic®

(%) (ug/ml) (%) (ug/ml) (%) glyphosate (ug/ml) POE-15 (ug/ml)
Cell line NE-4C’
Cell viability
MTT (biotest) 0.652 + 0.006 3168.72 0.00315 + 0.00007 5.72 0.00995 + 0.00010 48.36 18.06
Cell Analyzer kit (Muse) 0.595 + 0.009 2891.70 0.00115 + 0.00007 2.09 0.00469 + 0.00008 22.79 8.51
DNA damage
Comet (biotest) 0.0259 125.87 0.0000089 0.043 0.00002 0.09 0.03
DNA Damage kit (Muse) 0.0376 182.55 0.000295 0.54 0.00117 5.68 212
Programmed cell death
Annexin V Dead Cell kit (Muse) 0.246 + 0.134 1195.56 0.00092 + 0.00005 1.67 0.00238 + 0.00003 11.57 4.32
Caspase 3/7 kit (Muse) 0.568 + 0.043 2760.48 0.00099 =+ 0.00002 1.80 0.00748 + 0.00012 36.35 13.58
Cell line MC3T3-E1¢
Cell viability
MTT (biotest) 0.7256 + 0.0068 3526.42 0.00639 + 0.00003 11.60 0.0101 £ 0.0004 49.09 18.33
Cell Analyzer kit (Muse) 1.2495 + 0.0024 6072.57 0.00936 + 0.00085 16.99 0.0187 £ 0.0007 90.88 33.94
DNA damage
Comet (biotest) 0.0835 405.97 0.0024125 4.38 0.00224 10.89 4.07
DNA Damage kit (Muse) 0.0375 182.15 0.0000935 0.17 0.000786 3.82 1.43
Programmed cell death
Annexin V Dead Cell kit (Muse) 0.2731 + 0.0045 1327.27 0.01169 + 0.00048 21.22 0.0167 + 0.0013 81.16 30.31
Caspase 3/7 kit (Muse) 0.6412 + 0.0339 3116.23 0.00649 + 0.00012 11.78 0.0073 £ 0.0001 35.48 13.25

@ The ICsq value refers to the concentration at which the substance studied exerts half of its maximal inhibitory effect in the cytotoxicity and apoptosis assays. The
LGD value refers to the lowest dose at which the substance studied causes a positive response in the genotoxicity assay.

b Mass-per-volume percent concentrations of diluted Roundup Classic containing the corresponding concentrations of these substances

¢ Percentage concentrations of the formulated herbicide and actual concentrations of the active ingredient and the formulant in Roundup Classic at the given mass-
per-volume concentration are indicated

4 Cell lines — NE-4C: established from the cerebral vesicles of 9-day-old mouse embryos lacking the functional p53 genes; MC3T3-E1: osteoblast precursor cell line
derived from Mus musculus (mouse) calvaria

visualisation of the fragmented DNA, while specific staining of breaks in tail DNA content and the mean distance of migration in the tail. For NE-
the double stranded DNA are detected in the latter. 4C cells, tail moment values ranged from 21.9 to 104.6 for the test
substances, while tail intensity and tail length ranged from 42.8% to

3.2.1. Comet assay 63.8% and from 43.6 to 114.1 pm, respectively. For MC3T3-E1, tail
Tail moments (the rate of DNA fragmentation) were visualised on a moment values ranged from 2.15 to 38.1 for the test substances, while
fluorescence microscope and were calculated automatically using the tail intensity and tail length ranged from 7.12% to 28.6(% and

LUCIA™ Comet Assay 3.5 software. Tail moment is the product of the 6.64-45.9 um, respectively. After 24 h of exposure on NE-4C cells,
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o 801 QE) 80+ cells or by the Muse™ Multi-colour DNA-dam-
g 60 S g0l age kit on NE-4C (C) and MC3T3-E1 (D) cells.
g g Data are shown as a mean + SD. ToC: threshold
= 404 = 404 of cytotoxicity for R and POE-15 (ToC R and
= = ToC POE-15) and G IPA (ToC G IPA). Above
20 20+ these thresholds, direct cytotoxicity exerted
0 - L 0 impeded the determination of the tail moments.
10 10° 10* 10° 107 10" 10° 10' 10 10° 10* 10° 107 10" 10° 10'
Roundup equivalent conc. (%) Roundup equivalent conc. (%)
120 C  12; D
~~ - ~ -
S 100 S 100
2 e
g)o 80 g)g 80
£ £
= 60 g 60 A
o o
< 404 < 40+
Z Z
A 20 A 20+
0 T T T T T T 1 0 - -
10¢ 10° 10* 10° 107 10" 10° 10' 10° 10° 10* 10° 102 10" 10° 10

Roundup equivalent conc. % Roundup equivalent conc. (%)

918



M. Olah et al.

determined similarly as above on Fig. 2A, the lowest genotoxic dose
(LGD) values were 0.0259%, 0.00002% and 0.0000089% for G IPA, R
and POE-15, respectively in Roundup Classic equivalents. The high
sensitivity of the Comet assay has been used for an initial screening of
potential genotoxicity of G IPA, Roundup and POE-15 [50,52]. High
level of DNA migration was detected for POE-15, approximately
2910-fold and 2247-fold higher than for G IPA and Roundup, respec-
tively. On MC3T3-E1 cells, the 24 h LGD values, determined similarly as
above and depicted on Fig. 2B, were 0.0835%, 0.00224%, 0.0024125%
for G IPA, R, POE-15, respectively in Roundup Classic equivalents. High
levels of DNA migrations were detected for POE-15, and were found to
be 34-fold higher than for G IPA, respectively. A comparison of the re-
sults obtained on DNA migrations in NE-4C and MC3T3-E1 cells in-
dicates that NE-4C cells are more sensitive to DNA damaging effects than
MC3T3-E1 cells. Thus, the 24 h LGD values of POE-15, R, and G IPA
were found to be 271-, 120- and 3.2-fold higher for MC3T3-E1 compared
to the NE-4C cells, respectively. LGD values determined for genotoxicity
and other biological effects determined for glyphosate, polyethoxylated
tallowamine (POE-15) and Roundup Classic are summarized in Table 1.

3.2.2. Flow cytometric assay for double stranded breaks

Histone H2X.A and ATM protein kinase together can describe DNA
damage (double stranded breaks). Muse™ Multi-colour DNA damage kit
can describe DNA-damage in percentage. After 24 h of exposure on NE-
4C cells were determined similarly as above on Fig. 2C, LGD value was
0.0376%, 0.00117% and 0.000295% for G IPA, R, POE-15, respectively
in Roundup Classic equivalents. High level of DNA migrations detected
for POE-15, which is 127-fold higher, than for G IPA, and 3.9-fold higher
than R. In our result, we cannot detect DNA damage above 55%, because
we have seen cell death upper than 55%. We observed DNA-damage in
negative control in absence of p53 tumour suppressor protein in the NE-
4C cell line, the effect of which having been more apparent in the results
by the DNA damage kit than in the Comet assay. For NE-4C cells Comet
assay is more sensitive, than the flow cytometry double strands breaks
kit. After 24 h exposure the LGD value on MC3T3-E1 cells were deter-
mined similarly as above were found to be 0.0375%, 0.000786% and
0.0000935% for G IPA, R, POE-15 (Fig. 2D). High level of DNA-damage
detected for POE-15, which is 401-fold higher, than for G IPA, and 8.4-
fold higher than R, in this flow cytometry Muse™ Multi-colour DNA
damage Kkit.

RC: residual cytotoxicity. Observed DNA damage in the negative
control due to the absence of the p53 tumour suppressor in the NE-4C
cell line.

Our assessment indicated marked DNA damage measured by tail
moment in cells exposed to G IPA, R, and POE-15 for 24 h, similarly to
previous reports on other cell lines [50,52,73], also correlating with the
reported teratogenic effects of GBHs in amphibians, mammals (rats) and
teratogenic birth defects in rats demonstrated to be exerted through the
retinoic acid signalling pathway [74-76]. Differences in the effects
detected by the two assay types are due to the fact that the Comet assay
detects single strand DNA breaks and like alkali-labile sites, while the
flow cytometric assay measures double stranded DNA breaks. Single
stranded DNA breaks are more frequent than double stranded ones,
which is reflected in the differences seen in LGD values between the
Comet assay and the DNA damage kit version. Nonetheless, the aim of
this study has been to demonstrate the extent of DNA damage observed,
and not to compare the two methods to each other.

3.3. Flow cytometric assays for apoptosis and caspase 3/7 activity

The rate of cell death or apoptosis was evaluated by flow cytometry
on the basis of both annexin levels and caspase activity determined in
the treated cell cultures. Programmed cell death is an important regu-
latory pathway of cell growth and proliferation. Caspases are important
regulatory elements in the programmed cell death in response to pro-
apoptotic signals, as Caspase 3 and Caspase 7 enzymes are the
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executioners of apoptosis [56,77,78].

The Muse™ Annexin V dead cell kit was used to determine the ratio
of total apoptotic cells, after 24 h of exposure. The ICs( values on NE-4C,
determined similarly as above and depicted on Fig. 3A, were found to be
0.246 + 0.0134%, 0.00238 + 0.00003% and 0.00092 + 0.00005% for
G IPA, R, POE-15, respectively in Roundup Classic equivalents. A high
level of apoptotic cells was detected for POE-15, being 273-fold and 2.6-
fold higher than for G IPA and R, respectively, using the flow cytometry
Muse™ Annexin V dead cell kit.

The Muse™ Caspase 3/7 kit was used to determine the ratio of
apoptotic and dead cells, after 24 h of exposure, determined similarly as
above and depicted on Fig. 3C, the ICsy values on NE-4C cells were
0.568 + 0.043%, 0.00748 + 0.00012% and 0.00099 + 0.00002% for G
IPA, R, POE-15, respectively, in Roundup Classic equivalents. High
levels of apoptotic and dead cells were detected for POE-15, being is
573-fold and 7.5-fold higher than for G IPA and R, respectively, using
the flow cytometry Muse™ Caspase 3/7 kit. ICsg values determined for
apoptosis disruption and other biological effects determined for glyph-
osate, polyethoxylated tallowamine (POE-15) and Roundup Classic are
summarized in Table 1.

For the Annexin V and dead cell kit, ICsg values on the MC3T3-E1 cell
line were, 0.2731 4+ 0.0045% 0.0167 + 0.0013% and 0.01169
+ 0.00048% for G IPA, R, POE-15, respectively, in Roundup Classic
equivalents. A high level of apoptotic cells was detected for POE-15,
being 24-fold and 1.4-fold higher than for G IPA and R, respectively,
using the flow cytometry Muse™ Annexin V dead cell kit. The results
show that after treatments for 24 h the number of viable cells decreased
and the ratio of dead cells increased in a dose-dependent manner. The
results also demonstrated that POE-15 induces apoptosis at lower con-
centration than in R (Fig. 3B, D).

In the Caspase 3/7 kit applied on MC3T3-E1 cells the ICsq values
expressed in Roundup Classic equivalents were calculated and resulted
in 0.6412 £ 0.0339%, 0.0073 + 0.0001% and 0.00649 + 0.00012%,
for G IPA, R, POE-15, respectively, in Roundup Classic equivalents
(Fig. 3D). High levels of apoptotic and dead cells were detected for POE-
15, being 99-fold and 1.1-fold higher than for G IPA and R, respectively,
using the flow cytometry Muse™ Caspase 3/7 kit.

These results correlated with those of the previous test kit systems;
indicating that G IPA exerts lower toxicity, than R or POE-15. A sub-
stantial difference is seen between the results of the two methods for the
assessment of apoptosis, the Annexin kit and the Caspase 3/7 kit. This is
explained by the fact that the former shows separately the level of all
apoptotic cells along with the dead cells, while the latter indicates the
combined level of only the caspase activated apoptotic cells and the
dead cells together.

The flow cytometric assays for the assessment of cell viability/
apoptosis allow differentiation of cell subpopulations: the Muse™
Annexin V dead cell kit can distinguish among non-apoptotic (live) cells,
early apoptotic cells, as well as late stage apoptotic and dead cells; while
the Muse™ Caspase 3/7 kit sets apart non-apoptotic (live) cells,
apoptotic cells, late stage apoptotic and dead cells, as well as necrotic
(dead) cells. As seen, the differentiation among the subpopulations is
somewhat different in the two assay types, moreover, the setting of the
gates to establish the quadrates of the subpopulations in the fine tuning
of the plot is to some extent arbitrary and therefore subjective. There-
fore, the cumulated fraction of apoptotic (including early and late stage
apoptosis) and dead cells appeared to be most accurate for the calcu-
lation of ICsq values.

Apoptotic levels 60-70% of NE-4C cells were detected using the flow
cytometry Muse™ Annexin V dead cell kit, for exposure to POE-15
approximately 2.15 orders of magnitude difference than for G IPA,
and 2.5-fold higher than R. In addition, higher level (80-100%) of
apoptotic and dead cells detected for POE-15, which is approximately
2.5 orders of magnitude difference, than for G IPA, and 7.5-fold higher
than R using flow cytometry Muse™ Caspase 3/7 kit. Similarly, elevated
levels were observed in both flow cytometry assays for the MC3T3-E1
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Fig. 3. Concentration-dependent effects on cell apoptosis upon 24 h of exposure to G IPA ([), R () and POE-15 (e) determined by Muse™ Annexin V and Dead cell
kit on NE-4C (A) and MC3T3-E1 (B) cells or by Muse™ Caspase 3/7 on NE-4C (C) and MC3T3-E1 (D) cells. Data are shown as a mean =+ SD.

cell line as well.

3.4. Flow cytometric assay for cell cycle analysis

Cell cycle analysis was performed by flow cytometry upon PI stain-
ing. The Muse™ Cell cycle assay kit uses a premixed reagent that

G IPA 0.41%
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Fig. 4. Concentration-dependent effects on the cell cycle of NE-4C cells after 24 h of exposure to glyphosate IPA-salt (G IPA), Roundup Classic (R) and POE-15 (P)
determined by the Muse™ Cell Cycle Assay kit. Top: control treatment after 24 h, G IPA (0.41% Roundup Classic equivalent) after 24 h. Bottom: Roundup (0.0026%)

after 24 h, POE-15 (0.013% Roundup Classic equivalent) after 24 h.
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contains PI as a nuclear DNA intercalating stain and RNAse A in a pro-
prietary formulation.

Cell cycle regulation is a very complex system based on cyclin-
dependent protein kinases. The phases of the cell cycle are not inter-
changeable, they follow each other in strict order. There are 3 check-
points where it is settled whether the cell can move from its current stage
to the next one [79]. The first of these checkpoints, called the restriction
point occurs at the end of the G1 phase, when the integrity of the DNA is
verified. The second point, the G2 checkpoint appears at the end of the
G2 phase, when DNA duplication is ensured for integrity. Finally,
checkpoint M is in the metaphase of division, when it is assessed
whether the chromosomes had been arranged in a plane and whether the
separation of the chromatids proceeded accurately. PI stains cells at
different stages of the cell cycle differently due to their differential DNA
content, therefore it allows discrimination among the phases. The
specificity of DNA staining is amplified by the presence of RNAse. NE-4C
cells and MC3T3-E1 cells were treated for 24 with G IPA, R and POE-15
(concentrations for G IPA and POE-15 expressed as Roundup Classic
equivalents), and were then analysed with Muse™ Cell Analyzer using
the Muse™ Cell Cycle Assay kit. DNA damage to NE-4C neutral stem cell
line was observed in the negative control because these p53 knockout
cells are incapable of repairing incidental mutations due to the lack of
the p53 tumour suppressor gene in them [80]. Treatment concentrations
for cell cycle analysis were chosen on the basis of our results of the
genotoxicity tests to avoid cell cycle variability due to excessive geno-
toxicity. Nonetheless, apparent toxicity to NE-4C cells up 24 h of
exposure occurred in treatments with G at 0.82 Roundup Classic
equivalent and POE-15 at 0.0026 Roundup Classic equivalent that
rendered cell cycle determination inadequate in these two cases. Fig. 4
shows the distribution of cells in different phases as a function of the cell
number and the DNA content index. Eukaryotic cell lines are diploid,
and the overall genome mass of eukaryotic cells is approximately 7 pg.
Therefore, DNA content indices in Fig. 4 are plotted in the 0-7 pg range.

B G0/G1 W S 8 G2/M A
sol O 02 029 041 082 sol 0

B G0/G1 W S 8B G2/M
7e-04 0.0013 0.0018 0.0026
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After 24 h, the negative (untreated) control of NE-4C cells indicate
that the majority (~46%) of cells in the GO/G1 phase (Fig. 4). The ratio
of these cells appear to decrease in response to treatments with G IPA, R
and POE-15 (Fig. 5). This decrease occurs to show a monotonous dose-
dependence in the case of R and POE-15 in the range of 0.0007-0.0026
Roundup Classic equivalent, while the effect of G is interestingly the
strongest at the lowest concentration applied (0.2 Roundup Classic
equivalent) and gradually approaches the control level at higher con-
centrations (0.29-0.41 Roundup Classic equivalent). The ratio of cells in
the S phase doesn’t appear to be affected by exposure to G IPA (0.2-0.41
Roundup Classic equivalent), but is decreased by treatments with R or
POE-15 (0.0007-0.0026 Roundup Classic equivalent). In contrast, the
ratio of cells in the G2/M phase increased upon the treatments, in a
concentration-dependent manner for R and POE-15, but with a highest
increase for exposure to G at the lowest concentration (0.2 Roundup
Classic equivalent) and a gradually decline at higher concentrations
(0.29-0.41 Roundup Classic equivalent) (Fig. 5). The NE-4C cells try to
grow in the GO/G1 phase until the conditions are optimal for them to
double and later mitosis. Therefore, in the case of G IPA, the proportion
(%) of cells increases with increasing dose, the cells try to wait for the
optimal condition, which is not realized, so in the GO/G1 phase they stop
the cell cycle and stay inside. Only a few cells get through the checkpoint
control in the cell cycle to the S phase and then to the G2/M phase,
which is also shown in Fig. 5 that the proportion of cells in these phases
is lower than in the control.

The negative (untreated) control of MC3T3-E1 cells after 24 h shown
an even higher count (~80%) of cells in the GO/G1 phase, than that seen
for NE-4C cells (Fig. 6). Such high relative ratio of cells in the resting
(GO) and first gap phase (G1) is a unique feature of the MC3T3-E1 cells
[81-83]. This ratio (GO/G1) appears to decrease consistently in almost
all cases with R (0.0025-0.01%) and POE-15 (0.0004-0.0016%
Roundup Classic equivalent) (Fig. 7). In contrast, the ratio of cells in the
S phase does not appear to be affected by the treatments, while that of

B Fig. 5. Concentration-dependent effects on the
cell cycle of NE-4C cells after 24 h of exposure
to glyphosate IPA-salt (G IPA) (A), Roundup
Classic (R) (B), and POE-15 (C) determined by
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wen Muse™ Cell Cycle Assay kit. Control treatment

after 24 h, G IPA (0.2-0.82% Roundup Classic
equivalent) after 24 h, Roundup
(0.0007-0.0026%)  after 24h, POE-15
(0.0007-0.013% Roundup Classic equivalent)
after 24 h. Data are shown as a mean+SD.
Statistical analyses were performed with the R
Statistical program v.4.0.0. (R Development
Core Team, 2020. Asterisks indicate levels of
significant differences from the control (*:
p < 0.05, **:p < 0.01, ***:p < 0.001). n.m. in-
dicates data not measurable due to excessive
cell mortality.
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Fig. 6. Concentration-dependent effects on the cell cycle of MC3T3-E1 osteoblastic cells after 24 h of exposure to glyphosate IPA-salt (G IPA), Roundup Classic (R)
and POE-15 (P) determined by the Muse™ Cell Cycle Assay kit. Top: control treatment after 24 h, G IPA (0.83% Roundup Classic equivalent) after 24 h. Bottom:
Roundup (0.005%) after 24 h, POE-15 (0.0004% Roundup Classic equivalent) after 24 h.
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Fig. 7. Concentration-dependent effects on the
cell cycle of MC3T3-E1 osteoblastic cells after
24 h of exposure to glyphosate IPA-salt (G IPA)
(A), Roundup Classic (R) (B), and POE-15 (C)
determined by Muse™ Cell Cycle Assay Kkit.
Control treatment after 24h, G IPA
(0.21-0.83% Roundup Classic equivalent) after
24 h, Roundup (0.0025-0.001%) after 24 h,
POE-15 (0.0004-0.0016% Roundup Classic
equivalent) after 24 h. Data are shown as a
mean+SD. Statistical analyses were performed
with the R Statistical program v.4.0.0. (R
Development Core Team, 2020. Asterisks indi-
cate levels of significant differences from the
control  (*:p < 0.05, **:p < 0.01, rEE
p < 0.001).
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cells in the G2/M phase consistently increase after 24 h of exposure.

3.5. Comparative assessment of the genotoxicity of glyphosate with
common genotoxic food contaminants

As seen from the above toxicity assessment, the formulant POE-15
was found to be more toxic than glyphosate in all toxicity tests carried
out. In each test, the lowest toxic effect can be attributed to glyphosate
and the highest to POE-15, while the lower toxicity of glyphosate
seemingly milder the effect of POE-15 in the formulated product R.
Curiously, however, the toxicity ratio between glyphosate and POE-15
was the lowest in the genotoxicty tests on MC3T3-E1l osteoblastic
cells: here POE-15 was found to be “only” 13- and 73-fold more toxic
than glyphosate. To assess the significance of this finding, we compared
these genotoxicity values (determined by the Comet assay and the
Muse™ DNA Damage kit) with corresponding values of known geno-
toxic agents used as additives in the food industry and reported as food
contaminants. To assess genotoxicity, lowest genotoxic doses (LGDs),
commonly applied genotoxicity [84] were used as the basis of the
comparisons. The LGD values determined for glyphosate in the Comet
assay in the present study was 3.2 times lower for the NE-4C cell line
than that for the MC3T3-E1 cell line. This indicates that the NE-4C cell
line is more sensitive to glyphosate than MC3T3-E1 cells for genotoxic
effects (similarly to the other test types applied). Such genotoxicity
values found in this study and reported in the scientific literature,
including this study, are listed in Table 2.

The IARC monograph on glyphosate [37] contains all relevant
toxicity studies regarding DNA damage, as well as effects on cell pro-
liferation and apoptosis. Glyphosate-induced DNA alterations have been
demonstrated in the scientific literature on various cell lines e.g., DNA
strand breaks in human epithelial Hep-2 cells and induced chromosome
aberrations in lymphocytes [50,73], as well as on GM38 fibroblasts and
HT 1080 fibrosarcoma cells [90]. Our genotoxicity indices indicate that
glyphosate appears to be more genotoxic on NE-4C cells than boric acid
or only slightly less genotoxic than acrylamide on HepG2 cells, all
detected in the Comet-assay. Nonetheless, benzoic acid, a commonly
used preservative in foods such as fruit juices, jams, and pickles, is
three-fold more genotoxic than glyphosate on the NE-4C cells. Glypho-
sate is slightly more genotoxic than benzoic acid on MC3T3-E1 cells.

Table 2
Comparison of genotoxic effects of glyphosate and given food additives and
contaminants, determined in the Comet assay.

Substance Cell line” LGD” (mM) Reference
bleomycin HCM 0.0000706 [85]
deoxynivalenol Caco-2 0.0005°¢ [86]
brilliant blue HSP 0.252 [87]
sunset yellow HSP 0.442 [87]
citric acid HSP 0.521 [87]
glyphosate NE-4C 0.552¢ this study
benzoic acid HSP 1.637 [87]
glyphosate MC3T3-E1 1.779 this study
acrylamide HepG2 2.5 [88]
boric acid HepG2 24 [89]

2 Cell lines reported — HCM: human colonic mucosa cells; HSP: Human sperm
cells; Caco-2: immortalized cell line of human colorectal adenocarcinoma cells;
NE-4C: established from the cerebral vesicles of 9-day-old mouse embryos
lacking the functional p53 genes; MC3T3-E1: osteoblast precursor cell line
derived from Mus musculus (mouse) calvaria; HepG2: human liver cancer cell
line.

> The lowest genotoxic dose (LGD) value refers to the lowest dose at which the
substance studied causes a positive response in the genotoxicity assay.

¢ ICy reported value

4 Substantial DNA damage was observed also in the negative control as the
P53 tumour suppressor gene is silenced in the NE-4 C cell line, therefore the cells
cannot repair apparent DNA breaks

¢ Genotoxicity level was measured at level of cytotoxicity (ICs)
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Glyphosate appears to be of similar genotoxicity on NE-4C cells as citric
acid on human sperm cells. In this view, it seems ambiguous that citric
acid is a food additive with no MRL set for food commodities, while
glyphosate is classified by the IARC as Category 2 A. Acrylamide was
found 4.5- and 1.5-fold more genotoxic than glyphosate on the NE-4C
and MC3T3-E1 cell lines, respectively, while acrylamide is classified in
the same IARC carcinogenicity category as glyphosate.

4. Conclusions

Several ascertainments can be concluded from the study presented.
Firstly, we demonstrated that R and POE-15 are more toxic, than G IPA
alone on both of the murine cell lines studied. Secondly, the two cell
lines showed characteristic differences in all our experiments, as the NE-
4C cells proved to be at least 2.5-fold more sensitive to the test sub-
stances. The ICsy values determined indicated that the order of the
inhibitory potency of the target compounds has unequivocally been
POE-15 > Roundup Classic > > glyphosate IPA salt for both cell lines,
and the neuroectodermal NE-4C cell line is more sensitive to G IPA, R
and POE-15 than the osteoblastic MC3T3-E1 cell line. This in line with
previous findings in the scientific literature. In cell proliferation test
(MTT assay) glyphosate inhibited cell growth in eight human cell lines,
but not in two immortalized normal prostate cell lines [91]. Several
studies reported impacts of glyphosate-based formulations on apoptotic
cell death in HepG2 cells, while glyphosate alone generally remained
without effect or showed effects only at considerably higher concen-
trations. This demonstrates that the apoptotic effect of the formulations
is higher than glyphosate alone [28,48].

In genotoxicity studies we measured the lowest effects on MC3T3-E1
cell for G IPA, compared other test substances, ICs, value in Comet as-
says the differences between R and G IPA is 5.5-fold, and for DNA
Damage kit is 9-fold. For the other measurements ICsg value (viability,
apoptosis) are more than 25-fold between R and G IPA. In agreement
with previous findings, our studies also clearly demonstrated the explicit
cytotoxicity of POE-15, exerted in other studies on cellular respiration
and membrane integrity between 0.00155% and 0.0097% at Roundup
Classic equivalent concentration. Our assessment indicated marked DNA
damage measured by tail moment is cells exposed to G IPA, R, and POE-
15 for 24 h, similarly to previous reports on other cell lines. Our results
represent an additional genotoxic risk for human health and the
ecosystem. The results observed in the present study clearly established
that enhanced cytogenotoxic effects are exerted by Roundup Classic and
POE-15. Our results also demonstrated the highest genotoxic effect by
POE-15 both by the Muse DNA damage kit and by the Comet assay. The
lowest ICs( values were measured for the POE-15 in genotoxicity studies
on NE-4C cell line, which also proves the high DNA-damaging effect of
POE-15.

Finally, our assessment resulted in findings of effects of the target
substances on the cell cycle distribution in the cell lines studied similar
to those reported in the scientific literature. Our experiments in cell
cycle assay on both neuroectodermal NE-4C and osteoblastic MC3T3-E1
cells indicated a high proportion of cells in the GO/G1 phase (compared
to control) due to the adverse effects of the test substances, which
inhibited cell progression to the S phase, so there are fewer cells is in the
S phase. Beyond extending our knowledge on the cytotoxicity of the
target substances, the results of this study can have further significance
in the currently on-going re-registration of glyphosate in the European
Union.

Funding

The present work was supported by projects NVKP_16-1-2016-0049
(Aquafluosense), ERC_ HU_15 117755, and KKP_19 129936 by the
Hungarian National Research, Development and Innovation Office, and
by the Lendiilet (Momentum) Program of the Hungarian Academy of
Sciences.



M. Olah et al.

CRediT authorship contribution statement

Marianna Olah: Investigation, Data curation, Formal analysis,
Writing — original draft. Eniko Farkas: Data curation, Validation. Inna
Székacs: Conceptualization, Formal analysis, Visualization, Writing —
review & editing. Robert Horvath: Writing — review & editing, Super-
vision, Funding acquisition. Andras Székacs: Conceptualization,
Writing — review & editing, Supervision, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The Authors thank Dr. Emilia Madarasz at the Institute of Experi-
mental Medicine of the Hungarian Academy of Sciences (Budapest) for
her kind provision of the NE-4C cell line and Dr. Szandra Klatyik at the
Agro-Environmental Research Centre, Institute of Environmental Sci-
ences, Hungarian University of Agriculture and Life Sciences, Budapest,
Hungary, for her expert assistance in statistical analyses.

References

[1]

(2]

[31

[4]

[5]

[6

[}

71

[8]

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

J.E. Franz, M.K. Mao, J.A. Sikorski, Glyphosate: a unique global herbicide, in: ACS
Monograph, 189, American Chemical Society, Washington, DC, USA, 1997. ISBN
978-0841234581.

B.G. Young, Changes in herbicide use patterns and production practices resulting
from glyphosate-resistant crops, Weed Technol. 20 (2) (2006) 301-307, https://
doi.org/10.1614/WT-04-189.1.

T. Bghn, E. Millstone, The introduction of thousands of tonnes of glyphosate in the
food chain—an evaluation of glyphosate tolerant soybeans, Foods 8 (2019) 669,
https://doi.org/10.3390/foods8120669.

A. Székacs, B. Darvas, Re-registration challenges of glyphosate in the European
Union, Front. Environ. Sci. 6 (2018) 1-35, https://doi.org/10.3389/
fenvs.2018.00078.

Transparency Market Research, 2016. Global glyphosate market to reach US$ 8.79
bn by 2019 propelled by increasing adoption of genetically modified crops.
Transparency Market Research Pvt. Ltd., Albany USA 2016. (http://www.
transparencymarketresearch.com/pressrelease/glyphosate-market.htm).

Mordor Intelligence Ltd, Glyphosate Herbicide Market (2020) Hyderabad, India
(https://www.mordorintelligence.com/industry-reports/glyphosate-herbicide-mar
ket).

D.R. Geiger, S.W. Kapitan, M. Tucci, Glyphosate inhibits photosynthesis and
allocation of carbon to starch in sugar beet leaves, Plant Physiol. 82 (2) (1986)
468-472, https://doi.org/10.1104/pp.82.2.468.

A.L. Williams, R.E. Watson, J.M. DeSesso, Developmental and reproductive
outcomes in humans and animals after glyphosate exposure: a critical analysis,

J. Toxicol. Environ. Health B 15 (2012) 39-96, https://doi.org/10.1080/
10937404.2012.632361.

A.D. Baylis, Why glyphosate is a global herbicide: strengths, weaknesses and
prospects, Pest Manag. Sci. 56 (2000) 299-308, http://doi.org/10.1002/(SICI)
1526-4998(200004)56:4<299::AID-PS144>3.0.CO;2-K.

G.M. Dill, R.D. Sammons, P.C.C. Feng, F. Kohn, K. Kretzmer, A. Mehrsheikh,

M. Bleeke, J.I. Honegger, D. Farmer, D. Wright, E.A. Haupfear, Glyphosate:
discovery, development, applications, and properties Chapter 1. Glyphosate
Resistance in Crops and Weeds: History, Development, and Management, Wiley,
Hoboken, NJ, USA, 2010, pp. 1-33, https://doi.org/10.1385/1-59259-675-4:203.
A. Székacs, B. Darvas, Forty years with glyphosate, in: M.N.A.E.-G. Hasaneen (Ed.),
Herbicides — Properties, Synthesis and Control of Weeds, Intech, Rijeka, Croatia,
2012, pp. 247-284, https://doi.org/10.5772/32491.

C.M. Benbrook, Trends in glyphosate herbicide use in the United States and
globally, Environ. Sci. Eur. 28 (2016) 3, https://doi.org/10.1186/512302-016-
0070-0.

A. Villeneuve, S. Larroudé, J.F. Humbert, Herbicide contamination of freshwater
ecosystems: impact on microbial communities, in: M. Stoycheva (Ed.), Pesticides
Formulations, Effects, Fate, InTech, Rijeka, Croatia, 2011, pp. 285-312.

M. Mortl, G. Németh, J. Juracsek, B. Darvas, L. Kamp, F. Rubio, A. Székdcs,
Determination of glyphosate residues in Hungarian water samples by
immunoassay, Microchem. J. 107 (2013) 143-151, https://doi.org/10.1016/j.
microc.2012.05.021.

A. Székéacs, M. Mortl, B. Darvas, Monitoring pesticide residues in surface and
ground water in hungary: surveys in 1990-2015, J. Chem. 2015 (2015), 717948,
https://doi.org/10.1155/2015/717948.

T.M.M. Loughlin, M.L. Peluso, V.C. Aparicio, D.J.G. Marino, Contribution of
soluble and particulate-matter fractions to the total glyphosate and AMPA load in

924

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Toxicology Reports 9 (2022) 914-926

water bodies associated with horticulture, Sci. Total Environ. 703 (2020), 134717,
https://doi.org/10.1016/j.scitotenv.2019.134717.

V.F. Lutri, E. Matteoda, M. Blarasin, V. Aparicio, D. Giacobone, L. Maldonado,

F. Becher Quinodoz, A. Cabrera, J. Giuliano Albo, Hydrogeological features
affecting spatial distribution of glyphosate and AMPA in groundwater and surface
water in an agroecosystem. Cérdoba, Argentina, Sci. Total Environ. 711 (2020),
134557, https://doi.org/10.1016/j.scitotenv.2019.134557.

F. Maggi, L.D. Cecilia, F.H.M. Tang, A. McBratney, The global environmental
hazard of glyphosate use, Sci. Total Environ. 717 (2020), 137167, https://doi.org/
10.1016/j.scitotenv.2020.137167.

AH.C. Van Bruggen, M.M. He, K. Shin, V. Mai, K.C. Jeong, M.R. Finckh, J.

G. Morris Jr., Environmental and health effects of the herbicide glyphosate, Sci.
Total Environ. 616-617 (2018) 255-268, https://doi.org/10.1016/j.
scitotenv.2017.10.309.

K.R. Solomon, Estimated exposure to glyphosate in humans via environmental,
occupational, and dietary pathways: an updated review of the scientific literature,
Pest Manag. Sci. 76 (9) (2020) 2878-2885, https://doi.org/10.1002/ps.5717.

R. Krieger, Hayes of referencing Handbook of Pesticide Toxicology, Third Edition,
Vols. 1-2, (2010) San Diego, CA, USA.

M.C.R. Alavanja, M.K. Ross, M.R. Bonner, Increased cancer burden among
pesticide applicators and other due to pesticide exposure, Cancer J. Clin. 63 (2013)
120-142, https://doi.org/10.3322/caac.21170.

S. Tabrez, M. Priyadarshini, S. Priyamvada, M. Shahnawaz Khan, A. Na, S.K. Zaidi,
Gene-environment interactions in heavy metal and pesticide carcinogenesis, Mutat.
Res. Genet. Toxicol. Environ. Mutagen. 760 (2014) 1-9, https://doi.org/10.1016/j.
mrgenotox.2013.11.002.

L.P. Agostini, R.S. Dettogni, R.S. dos Reis, E. Stur, E.-V.W. dos Santos, D.

P. Ventorim, F.M. Garcia, R.C. Cardoso, J.B. Graceli, L.D. Louro, Effects of
glyphosate exposure on human health: Insights from epidemiological and in vitro
studies, Sci. Total Environ. 705 (2020), 135808, https://doi.org/10.1016/j.
scitotenv.2019.135808.

R.C. Gilden, K. Huffling, B. Sattler, Pesticides and health risks, J. Obstet. Gynecol.
Neonatal Nurs. 39 (2010) 103-110, https://doi.org/10.1111/j.1552-
6909.2009.01092.x.

Y.M. Tan, J. Sobus, D. Chang, R. Tornero-Velez, M. Goldsmith, J. Pleil, C. Dary,
Reconstructing human exposures using biomarkers and other “clues”, J. Toxicol.
Environ. Health B 15 (1) (2012) 22-38, https://doi.org/10.1080/
10937404.2012.632360.

J. Rank, A.-G. Jensen, B. Skov, L.H. Pedersen, K. Jensen, Genotoxicity testing of the
herbicide Roundup and its active ingredient glyphosate isopropylamine using the
mouse bone marrow micronucleus test, Salmonella mutagenicity test, and Allium
anaphase-telophase test, Mutat. Res. 300 (1) (1993) 29-36, https://doi.org/
10.1016/0165-1218(93)90136-2.

C. Gasnier, C. Dumont, N. Benachour, E. Clair, M.-C. Chagnon, G.-E. Seralini,
Glyphosate-based herbicides are toxic and endocrine disruptors in human cell
lines, Toxicology 262 (2009) 184-191, https://doi.org/10.1016/j.
t0x.2009.06.006.

L. Rueda-Ruzafa, F. Cruz, P. Roman, D. Cardona, Gut microbiota and neurological
effects of glyphosate, NeuroToxicology 75 (2019) 1-8, https://doi.org/10.1016/j.
neuro.2019.08.006.

G. Téth, J. Hahn, J. Radd, A.D. Szalai, B. Kriszt, S. Szoboszlay, Cytotoxicity and
hormonal activity of glyphosate-based herbicides, Environ. Pollut. 265B (2020),
115027, https://doi.org/10.1016/j.envpol.2020.115027.

EFSA (European Food Safety Authority), Peer review of the pesticide risk
assessment of the potential endocrine disrupting properties of glyphosate, EFSA J.
15 (9) (2017) 4979, https://doi.org/10.2903/j.efsa.2017.4979.

N. Defarge, J. Spiroux de Vendomois, G., E. Séralini, Toxicity of formulants and
heavy metals in glyphosate-based herbicides and other pesticides, Toxicol. Rep. 5
(2019) (2018) 156-163, https://doi.org/10.1016/j.toxrep.2017.12.025.

J.L. Teleken, E.C.Z. Gomes, C. Marmentini, M.B. Moi, R.A. Ribeiro, S.L. Balbo, E.M.
P. Amorim, M.L. Bonfleur, Glyphosate-based herbicide exposure during pregnancy
and lactation malprograms the male reproductive morphofunction in F1 offspring,
J. Dev. Orig. Health Dis. 11 (2) (2020) 1-8, https://doi.org/10.1017/
52040174419000382.

J.F. Acquavella, B.H. Alexander, J.S. Mandel, C. Gustin, B. Baker, P. Chapman,
M. Bleeke, Glyphosate biomonitoring for farmers and their families: results from
the farm family exposure study, Environ. Health Pers. 112 (3) (2004) 321-326,
https://doi.org/10.1289/ehp.6667.

T. Rabesandratana, Europe stalls weed killer renewal, again, Science 352 (6288)
(2016), https://doi.org/10.1126/science.aag0553.

IARC (International Agency for Research on Cancer), Some organophosphate
insecticides and herbicides IARC monographs on the evaluation of carcinogenic
risks to humans, IARC. Lyon,, France, 2015, pp. 1-92. (http://monographs.iarc.fr
/ENG/Monographs/vol112/mono112-10.pdf).

IARC (International Agency for Research on Cancer), Some organophosphate
insecticides and herbicides IARC monographs on the evaluation of carcinogenic
risks to humans, in: Glyphosate, 112, , IARC, Lyon, France, 2017, pp. 321-412. (htt
p://monographs.iarc.fr/ENG/Monographs/vol112/mono112.pdf).

FAO (Food and Agriculture Organization of the United Nations), WHO (World
Health Organization of the United Nations), Joint FAO/WHO Meeting on Pesticide
Residues, (2016) Geneva, Switzerland, (https://www.who.int/foodsafety/jm
prsummary2016).pdf.

ECHA (European Chemicals Agency) Glyphosate not classified as a carcinogen by
ECHA. ECHA/PR/17/06 (2017) Helsinki, Finland, (https://echa.europa.eu/-/gl
yphosate-not-classified-as-a-carcinogen-by-echahttps://echa.europa.eu/-/glypho
sate-not-classified-as-a-carcinogen-by-echa).


http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref1
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref1
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref1
https://doi.org/10.1614/WT-04-189.1
https://doi.org/10.1614/WT-04-189.1
https://doi.org/10.3390/foods8120669
https://doi.org/10.3389/fenvs.2018.00078
https://doi.org/10.3389/fenvs.2018.00078
https://www.mordorintelligence.com/industry-reports/glyphosate-herbicide-market
https://www.mordorintelligence.com/industry-reports/glyphosate-herbicide-market
https://doi.org/10.1104/pp.82.2.468
https://doi.org/10.1080/10937404.2012.632361
https://doi.org/10.1080/10937404.2012.632361
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref7
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref7
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref7
https://doi.org/10.1385/1-59259-675-4:203
https://doi.org/10.5772/32491
https://doi.org/10.1186/s12302-016-0070-0
https://doi.org/10.1186/s12302-016-0070-0
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref11
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref11
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref11
https://doi.org/10.1016/j.microc.2012.05.021
https://doi.org/10.1016/j.microc.2012.05.021
https://doi.org/10.1155/2015/717948
https://doi.org/10.1016/j.scitotenv.2019.134717
https://doi.org/10.1016/j.scitotenv.2019.134557
https://doi.org/10.1016/j.scitotenv.2020.137167
https://doi.org/10.1016/j.scitotenv.2020.137167
https://doi.org/10.1016/j.scitotenv.2017.10.309
https://doi.org/10.1016/j.scitotenv.2017.10.309
https://doi.org/10.1002/ps.5717
https://doi.org/10.3322/caac.21170
https://doi.org/10.1016/j.mrgenotox.2013.11.002
https://doi.org/10.1016/j.mrgenotox.2013.11.002
https://doi.org/10.1016/j.scitotenv.2019.135808
https://doi.org/10.1016/j.scitotenv.2019.135808
https://doi.org/10.1111/j.1552-6909.2009.01092.x
https://doi.org/10.1111/j.1552-6909.2009.01092.x
https://doi.org/10.1080/10937404.2012.632360
https://doi.org/10.1080/10937404.2012.632360
https://doi.org/10.1016/0165-1218(93)90136-2
https://doi.org/10.1016/0165-1218(93)90136-2
https://doi.org/10.1016/j.tox.2009.06.006
https://doi.org/10.1016/j.tox.2009.06.006
https://doi.org/10.1016/j.neuro.2019.08.006
https://doi.org/10.1016/j.neuro.2019.08.006
https://doi.org/10.1016/j.envpol.2020.115027
https://doi.org/10.2903/j.efsa.2017.4979
https://doi.org/10.1016/j.toxrep.2017.12.025
https://doi.org/10.1017/s2040174419000382
https://doi.org/10.1017/s2040174419000382
https://doi.org/10.1289/ehp.6667
https://doi.org/10.1126/science.aag0553
http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-10.pdf
http://monographs.iarc.fr/ENG/Monographs/vol112/mono112-10.pdf
http://monographs.iarc.fr/ENG/Monographs/vol112/mono112.pdf
http://monographs.iarc.fr/ENG/Monographs/vol112/mono112.pdf
https://www.who.int/foodsafety/jmprsummary2016
https://www.who.int/foodsafety/jmprsummary2016
https://echa.europa.eu/-/glyphosate-not-classified-as-a-carcinogen-by-echahttps://echa.europa.eu/-/glyphosate-not-classified-as-a-carcinogen-by-echa
https://echa.europa.eu/-/glyphosate-not-classified-as-a-carcinogen-by-echahttps://echa.europa.eu/-/glyphosate-not-classified-as-a-carcinogen-by-echa
https://echa.europa.eu/-/glyphosate-not-classified-as-a-carcinogen-by-echahttps://echa.europa.eu/-/glyphosate-not-classified-as-a-carcinogen-by-echa

M. Olah et al.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

H. Burtscher, P. Clausing, C. Robinson, Global 2000’s report on glyphosate (2017)
ECHA, Helsinki, 1-17, (https://echa.europa.eu/documents/10162,/0/global 2000_
glyphosate_echa_response_final en.pdf/92487f17-ea44-0Obae-56d4-a7616862c65a
https://echa.europa.eu/documents/10162/0/global_2000_glyphosate_echa_respo
nse_final_en.pdf/92487f17-ea44-0bae-56d4-a7616862c65a).

EC (European Commission), Commission Implementing Regulation (EU) 2017/
2324 of 12 December 2017 renewing the approval of the active substance
glyphosate in accordance with Regulation (EC) No 1107/2009 of the European
Parliament and of the Council concerning the placing of plant protection products
on the market, and amending the Annex to Commission Implementing Regulation
(EU) No 540/2011, J. Eur. Union 333 (2017) 10-16. (https://eur-lex.europa.eu/l
egal-content/EN/TXT/PDF/?uri=CELEX:32017R2324&from=EN).

C.J. Portier, B.K. Armstrong, B.C. Baguley, X. Baur, I. Belyaev, R. Bellé, F. Belpoggi,
A. Biggeri, M.C. Bosland, P. Bruzzi, L.T. Budnik, M.D. Bugge, K. Burns, G.M. Calaf,
D.O. Carpenter, H.M. Carpenter, L. Lopez-Carrillo, R. Clapp, P. Cocco, D. Consonni,
P. Comba, E. Craft, M.A. Dalvie, D. Davis, P.A. Demers, A.J. De Roos, J. DeWitt,
F. Forastiere, J.H. Freedman, L. Fritschi, C. Gaus, J.M. Gohlke, M. Goldberg,

E. Greiser, J. Hansen, L. Hardell, M. Hauptmann, W. Huang, J. Huff, M.O. James, C.
W. Jameson, A. Kortenkamp, A. Kopp-Schneider, H. Kromhout, M.L. Larramendy,
P.J. Landrigan, L.H. Lash, D. Leszczynski, C.F. Lynch, C. Magnani, D. Mandrioli, F.
L. Martin, E. Merler, P. Michelozzi, L. Miligi, A.B. Miller, D. Mirabelli, F.E. Mirer,
S. Naidoo, M.J. Perry, M.G. Petronio, R. Pirastu, R.J. Portier, K.S. Ramos, L.

W. Robertson, T. Rodriguez, M. R66sli, M.K. Ross, D. Roy, I. Rusyn, P. Saldiva,
J. Sass, K. Savolainen, P.T.J. Scheepers, C. Sergi, E.K. Silbergeld, M.T. Smith, B.
W. Stewart, P. Sutton, F. Tateo, B. Terracini, H.W. Thielmann, D.B. Thomas,

H. Vainio, J.E. Vena, P. Vineis, E. Weiderpass, D.D. Weisenburger, T.J. Woodruff,
T. Yorifuji, I.J. Yu, P. Zambon, H. Zeeb, S.-F. Zhou, Differences in the carcinogenic
evaluation of glyphosate between the International Agency for Research on Cancer
(IARC) and the European Food Safety Authority (EFSA), J. Epidemiol. Commun.
Health 70 (8) (2016) 741-745, https://doi.org/10.1136/jech-2015-207005.

J.V. Tarazona, D. Court-Marques, M. Tiramani, H. Reich, R. Pfeil, F. Istace,

F. Crivellente, Glyphosate toxicity and carcinogenicity: a review of the scientific
basis of the European Union assessment and its differences with IARC, Arch.
Toxicol. 91 (8) (2017) 2723-2743, https://doi.org/10.1007/500204-017-1962-5.
C.J. Portier, P. Clausing, Re Tarazona, et al., Glyphosate toxicity and
carcinogenicity: a review of the scientific basis of the European Union assessment
and its differences with IARC, Arch. Toxicol. 91 (2017) (2017) 3195-3197, https://
doi.org/10.1007/5s00204-017-2009-7.

J.V. Tarazona, D. Court-Marques, M. Tiramani, H. Reich, R. Pfeil, F. Istace,

F. Crivellente, Glyphosate toxicity and carcinogenicity: a review of the scientific
basis of the European Union assessment and its differences with IARC”, Arch.
Toxicol. 91 (9) (2017) 3199-3203, https://doi.org/10.1007/s00204-017-2032-8.
R. Mesnage, C. Benbrook, M.N. Antoniou, Insight into the confusion over surfactant
co-formulants in glyphosate-based herbicides, Food Chem. Toxicol. 128 (2019)
137-145, https://doi.org/10.1016/j.fct.2019.03.053.

N. Benachour, G.-E. Séralini, Glyphosate formulations induce apoptosis and
necrosis in human umbilical, embryonic, and placental cells, Chem. Res. Toxicol.
22 (1) (2009) 97-105, https://doi.org/10.1021/tx800218n.

R. Mesnage, B. Bernay, G.E. Séralini, Ethoxylated adjuvants of glyphosate-based
herbicides are active principles of human cell toxicity, Toxicology 313 (2013)
122-128, https://doi.org/10.1016/j.tox.2012.09.006.

N. Benachour, H. Sipahutar, S. Moslemi, C. Gasnier, C. Travert, G.E. Séralini, Time-
and dose-dependent effects of Roundup on human embryonic and placental cells,
Arch. Environ. Contam. Toxicol. 53 (2007) 126-133, https://doi.org/10.1007/
500244-006-0154-8.

M. Mladinic, S. Berend, A.L. Vrdoljak, N. Kopjar, B. Radic, D. Zeljezic, Evaluation
of genome damage and its relation to oxidative stress induced by glyphosate in
human lymphocytes in vitro, Environ. Mol. Mutagen. 50 (2009) 800-807, https://
doi.org/10.1002/em.20495.

I. Székacs, A. Fejes, S. Klatyik, E. Takdcs, D. Patkd, J. Pométhy, M. Mortl,

R. Horvath, E. Madarasz, B. Darvas, A. Székacs, Environmental and toxicological
impacts of glyphosate with its formulating adjuvant, Int. J. Biol. Agric. Biosyst.
Eng. 8 (3) (2014) 219-224 (Available online at), (https://publications.waset.or
€/9997659/environmental-and-toxicological-impacts-of-glyphosate-with-its-for
mulating-adjuvant).

M. Townsend, C. Peck, W. Meng, M. Heaton, R. Robinson, K. O’Neil, Evaluation of
various glyphosate concentrations on DNA damage in human Raji cells and its
impact on cytotoxicity, Regul. Toxicol. Pharmacol. 85 (2017) 79-85, https://doi.
0rg/10.1016/j.yrtph.2017.02.002.

R. Mesnage, M. Ibragim, D. Mandrioli, L. Falcioni, E. Tibaldi, F. Belpoggi,

1. Brandsma, E. Bourne, E. Savage, C.A. Mein, M.N. Antoniou, Comparative
toxicogenomics of glyphosate and Roundup herbicides by mammalian stem cell-
based genotoxicity assays and molecular profiling in Sprague-Dawley rats, Toxicol.
Sci. 186 (1) (2022) 83-101, https://doi.org/10.1093/toxsci/kfab143.

EC (European Commission), Commission Implementing Regulation (EU) 2016/
1313 of 1 August 2016 amending Implementation Regulation (EU) No 540/2011 as
regards the conditions of approval of the active substance glyphosate, Off. J. Eur.
Union L 208 (2016) 1-3, (https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?
uri=CELEX:32016R1313&from=EN).

EC (European Commission), Commission Regulation (EU) 2021/383 of 3 March
2021 amending Annex III to Regulation (EC) No 1107/2009 of the European
Parliament and of the Council listing co-formulants which are not accepted for
inclusion in plant protection products, J. Eur. Union L 74 (2021) 7-26. (https://eur
-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0383&from=E
N).

925

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Toxicology Reports 9 (2022) 914-926

E. Farkas, A. Szekacs, B. Kovacs, M. Olah, R. Horvath, I. Szekacs, Label-free optical
biosensor for real-time monitoring the cytotoxicity of xenobiotics: a proof of
principle study on glyphosate, J. Hazard Mater. 351 (2018) 80-89, https://doi.
org/10.1016/j.jhazmat.2018.02.045.

1. Szekacs, E. Farkas, B.L. Gemes, E. Takacs, A. Szekacs, R. Horvath, Integrin
targeting of glyphosate and its cell adhesion modulation effects on osteoblastic
MC3T3-E1 cells revealed by label-free optical biosensing, Sci. Rep. 8 (1) (2018)
17401, https://doi.org/10.1038/541598-018-36081-0.

E.Madarasz Schlett, Retinoic acid induced neural differentiation in a
neuroectodermal cell line immortalized by P53 deficiency, J. Neurosci. Res. 47
(1997) 405-415, https://doi.org/10.1002/(SICI)1097-4547(19970215)47:
4<405::AID-JNR6>3.0.CO;2-1.

ATCC (American Type Culture Collection), NE-4C, CRL-2925 (2022). Manassas, VA
USA, https://www.atcc.org/products/crl-2925.

DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) MC3T3-E1
ACC 210 (2022) DSMZ, Braunschweig, Germany, (https://www.dsmz.de/collect
ion/catalogue/details/culture/ACC-210).

SIB (Swiss Institute of Bioinformatics), Cellosaurus MC3T3-E1 (CVCL_0409),
(2022) SIB, Lausanne, Switzerland, (https://web.expasy.org/cellosaurus/CVCL_
0409).

N. Horiuchi, K. Nakagava, Y. Sasaki, K. Minato, Y. Fujiwara, K. Nezu, Y. Ohe,

N. Sajio, In vitro antitumor activity of mitomycin C derivative (RM-49) and new
anticancer antibiotics (FK973) against lung cancer cell lines determined by
tetrazolium dye (MTT) assay, Cancer Chemother. Pharm. 22 (3) (1988) 246-250,
https://doi.org/10.1007/BF0027341910.1007/BF00273419.

V.J. Koller, M. Fiirhacker, A. Nersesyan, M. Misik, M. Eisenbauer, S. Knasmueller,
Cytotoxic and DNA-damaging properties of glyphosate and Roundup in human-
derived buccal epithelial cells, Arch. Toxicol. 86 (2012) 805-813, https://doi.org/
10.1007/s00204-012-0804-8.

G. Speit, A. Hartmann, The comet assay (Single-cell gel test), in: D.S. Henderson
(Ed.), DNA Repair Protocols. Methods in Molecular Biology, 113, Humana Press,
Totowa, NJ, USA, 1999, pp. 203-212, https://doi.org/10.1385/1-59259-675-4:
203.

N.P. Singh, M.T. McCoy, R.R. Tice, E.L. Schneider, A simple technique for
quantitation of low levels of DNA damage in individual cells, Exp. Cell Res. 175
(1988) 184-191, https://doi.org/10.1016/0014-4827(88)90265-0.

P.L. Olive, J.P. Banath, R.E. Durand, Heterogeneity in radiation-induced DNA
damage and repair in tumour and normal cells measured using the “Comet” assay,
Radia Res. 122 (1990) 86-94, https://doi.org/10.2307/3577587.

A. D’Costa, M.K. Praveen Kumar, S.K. Shyama, Genotoxicity assays, Adv. Biol. Sci.
Res. (2019) 291-301, https://doi.org/10.1016/b978-0-12-817497-5.00018-5.

D. Rodbard, Mathematics and statistics of ligand assays: an illustrated guide, in:
J. Langan, J.J. Clapp (Eds.), Ligand Assay: Analysis of International Developments
on Isotopic and Nonisotopic Immunoassay, Masson Publishing, New York, 1981,
pp. 45-99.

K. Nagy, R. Argaw Tessema, I. Szasz, T. Smeirat, A. Al Rajo, B. Addm, Micronucleus
formation induced by glyphosate and glyphosate-based herbicides in human
peripheral white blood cells, Front. Public Health 9 (2021), 639143, https://doi.
org/10.3389/fpubh.2021.639143.

Y. Qin, X. Li, Y. Xiang, D. Wu, L. Bai, Z. Li, Y. Liang, Toxic effects of glyphosate on
diploid and triploid fin cell lines from Misgurnus anguillicaudatus, Chemosphere 180
(2017) 356-364, https://doi.org/10.1016/j.chemosphere.2017.03.098.

C. Heu, A. Berquand, C. Elie-Caille, L. Nicod, Glyphosate-induced stiffening of
HaCaT keratinocytes, a Peak Force Tapping study on living cells, J. Struct. Biol.
178 (1) (2012) 1-7, https://doi.org/10.1016/].jsb.2012.02.007.

R.M. Romano, M.A. Romano, M.M. Bernardi, P.V. Furtado, C.A. Oliveira,
Prepubertal exposure to commercial formulation of the herbicide glyphosate alters
testosterone levels and testicular morphology, Arch. Toxicol. 84 (2010) 309-317,
https://doi.org/10.1007/500204-009-0494-z.

F. Manas, L. Peralta, J. Raviolo, H.G. Ovando, A. Weyers, L. Ugnia, M.G. Cid,

L. Larripa, I. Gorla, Genotoxicity of glyphosate assessed by the comet assay and
cytogenetic tests, Environ. Toxicol. Pharmacol. 28 (2009) 37-41, https://doi.org/
10.1016/j.etap.2009.02.001.

A. Paganelli, V. Gnazzo, H. Acosta, S.L. Lopez, A.L. Carrasco, Glyphosate-based
herbicides produce teratogenic effects on vertebrates by impairing retinoic acid
signalling, Chem. Res. Toxicol. 23 (2010) 1586-1595, https://doi.org/10.1021/
tx1001749.

M.A. Romano, R.M. Romano, L.D. Santos, P. Wisniewski, D.A. Campos, P.B. De
Souza, P. Viau, M.M. Bernardi, M.T. Nunes, C.A. de Oliveira, Glyphosate impairs
male offspring reproductive development by disrupting gonadotropin expression,
Arch. Toxicol. 86 (2012) 663-673, https://doi.org/10.1007/500204-011-0788-9.
M. Guerrero Schimpf, M.M. Milesi, P.I. Ingaramo, E.H. Luque, J. Varayoud,
Neonatal exposure to a glyphosate based herbicide alters the development of the
rat uterus, Toxicology 376 (2017) 2-14, https://doi.org/10.1016/j.
t0x.2016.06.004.

LN. Lavrik, A. Golks, P.H. Krammer, Caspases: pharmacological manipulation of
cell death, J. Clin. Investig. 115 (10) (2005) 2665-2672, https://doi.org/10.1172/
JCI26252.

D.W. Nicholson, N.A. Thornberry, Caspases: killer proteases, Trend Biochem. Sci.
22 (8) (1997) 299-306, https://doi.org/10.1016/50968-0004(97)01085-2.

A.J. Merritt, T.D. Allen, C.S. Potten, J.A. Hickman, Apoptosis in small intestinal
epithelia from p53-null mice: evidence for a delayed, p53-indepdendent G2/M-
associated cell death after y-irradiation, Oncogene 14 (1997) 2759-2766, https://
doi.org/10.1038/sj.onc.1201126.

A.Gy Jady, M.A. Nagy, T. Kohidi, Sz Ferenczi, L. Tretter, E. Madarasz,
Differentiation-dependent energy production and metabolite utilization: a


https://echa.europa.eu/documents/10162/0/global_2000_glyphosate_echa_response_final_en.pdf/92487f17-ea44-0bae-56d4-a7616862c65ahttps://echa.europa.eu/documents/10162/0/global_2000_glyphosate_echa_response_final_en.pdf/92487f17-ea44-0bae-56d4-a7616862c65a
https://echa.europa.eu/documents/10162/0/global_2000_glyphosate_echa_response_final_en.pdf/92487f17-ea44-0bae-56d4-a7616862c65ahttps://echa.europa.eu/documents/10162/0/global_2000_glyphosate_echa_response_final_en.pdf/92487f17-ea44-0bae-56d4-a7616862c65a
https://echa.europa.eu/documents/10162/0/global_2000_glyphosate_echa_response_final_en.pdf/92487f17-ea44-0bae-56d4-a7616862c65ahttps://echa.europa.eu/documents/10162/0/global_2000_glyphosate_echa_response_final_en.pdf/92487f17-ea44-0bae-56d4-a7616862c65a
https://echa.europa.eu/documents/10162/0/global_2000_glyphosate_echa_response_final_en.pdf/92487f17-ea44-0bae-56d4-a7616862c65ahttps://echa.europa.eu/documents/10162/0/global_2000_glyphosate_echa_response_final_en.pdf/92487f17-ea44-0bae-56d4-a7616862c65a
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R2324&amp;from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R2324&amp;from=EN
https://doi.org/10.1136/jech-2015-207005
https://doi.org/10.1007/s00204-017-1962-5
https://doi.org/10.1007/s00204-017-2009-7
https://doi.org/10.1007/s00204-017-2009-7
https://doi.org/10.1007/s00204-017-2032-8
https://doi.org/10.1016/j.fct.2019.03.053
https://doi.org/10.1021/tx800218n
https://doi.org/10.1016/j.tox.2012.09.006
https://doi.org/10.1007/s00244-006-0154-8
https://doi.org/10.1007/s00244-006-0154-8
https://doi.org/10.1002/em.20495
https://doi.org/10.1002/em.20495
https://publications.waset.org/9997659/environmental-and-toxicological-impacts-of-glyphosate-with-its-formulating-adjuvant
https://publications.waset.org/9997659/environmental-and-toxicological-impacts-of-glyphosate-with-its-formulating-adjuvant
https://publications.waset.org/9997659/environmental-and-toxicological-impacts-of-glyphosate-with-its-formulating-adjuvant
https://doi.org/10.1016/j.yrtph.2017.02.002
https://doi.org/10.1016/j.yrtph.2017.02.002
https://doi.org/10.1093/toxsci/kfab143
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016R1313&amp;from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016R1313&amp;from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0383&amp;from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0383&amp;from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0383&amp;from=EN
https://doi.org/10.1016/j.jhazmat.2018.02.045
https://doi.org/10.1016/j.jhazmat.2018.02.045
https://doi.org/10.1038/s41598-018-36081-0
https://doi.org/10.1002/(SICI)1097-4547(19970215)47:4<405::AID-JNR6>3.0.CO;2-I
https://doi.org/10.1002/(SICI)1097-4547(19970215)47:4<405::AID-JNR6>3.0.CO;2-I
https://www.dsmz.de/collection/catalogue/details/culture/ACC-210
https://www.dsmz.de/collection/catalogue/details/culture/ACC-210
https://doi.org/10.1007/BF0027341910.1007/BF00273419
https://doi.org/10.1007/s00204-012-0804-8
https://doi.org/10.1007/s00204-012-0804-8
https://doi.org/10.1385/1-59259-675-4:203
https://doi.org/10.1385/1-59259-675-4:203
https://doi.org/10.1016/0014-4827(88)90265-0
https://doi.org/10.2307/3577587
https://doi.org/10.1016/b978-0-12-817497-5.00018-5
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref58
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref58
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref58
http://refhub.elsevier.com/S2214-7500(22)00097-X/sbref58
https://doi.org/10.3389/fpubh.2021.639143
https://doi.org/10.3389/fpubh.2021.639143
https://doi.org/10.1016/j.chemosphere.2017.03.098
https://doi.org/10.1016/j.jsb.2012.02.007
https://doi.org/10.1007/s00204-009-0494-z
https://doi.org/10.1016/j.etap.2009.02.001
https://doi.org/10.1016/j.etap.2009.02.001
https://doi.org/10.1021/tx1001749
https://doi.org/10.1021/tx1001749
https://doi.org/10.1007/s00204-011-0788-9
https://doi.org/10.1016/j.tox.2016.06.004
https://doi.org/10.1016/j.tox.2016.06.004
https://doi.org/10.1172/JCI26252
https://doi.org/10.1172/JCI26252
https://doi.org/10.1016/S0968-0004(97)01085-2
https://doi.org/10.1038/sj.onc.1201126
https://doi.org/10.1038/sj.onc.1201126

M. Olah et al.

[81]

[82]

[83]

[84]

[85]

comparative study on neural stem cells, neurons, and astrocytes, Stem Cells Dev.
25 (13) (2016) 995-1005, https://doi.org/10.1089/scd.2015.0388.

H. Kuo-Chin, H. Tsan-Wen, C. Po-Yao, Y. Tien-Yu, C. Shun-Fu, Zoledronate induces
cell cycle arrest and differentiation by upregulating p21 in mouse MC3T3-E1
preosteoblasts, Int. J. Med. Sci. 16 (5) (2019) 751-756, https://doi.org/10.7150/
ijms.32612.

H. Li, W. Qian, X. Weng, Z. Wu, H. Li, Q. Zhuang, B. Feng, Y. Bian, C.G. Maki,
Glucocorticoid receptor and sequential p53 activation by dexamethasone mediates
apoptosis and cell cycle arrest of osteoblastic MC3T3-E1 cells, PLoS One 7 (6)
(2012), e37030, https://doi.org/10.1371/journal.pone.0037030.

M. Liu, F. Fan, P. Shi, M. Tu, C. Yu, C. Yu, M. Du, Lactoferrin promotes MC3T3-E1
osteoblast cells proliferation via MAPK signaling pathways, Int. J. Biol. Macromol.
107 (2018) 137-143, https://doi.org/10.1016/j.ijbiomac.2017.08.151.

S. Kawaguchi, T. Nakamura, A. Yamamoto, G. Honda, Y.F. Sasaki, Is the comet
assay a sensitive procedure for detecting genotoxicity?, Article ID 541050, J. Nucl.
Acids 2010 (2010) 1-8, https://doi.org/10.4061/2010/541050.

K. Wozniak, M. Arabski, E. Matecka-Panas, J. Drzewoski, J. Btasiak, DNA damage
in human colonic mucosa cells induced by bleomycin and the protective action of
vitamin E, Cell Mol. Biol. Lett. 9 (1) (2004) 31-45. (http://www.cmbl.org.pl/pdf/
Vol9_p031.pdf).

926

[86]

[87]

[88]

[89]

[90]

[91]

Toxicology Reports 9 (2022) 914-926

S. Bony, M. Carcelen, L. Olivier, A. Devaux, Genotoxicity assessment of
deoxynivalenol in the Caco-2 cell line model using the Comet assay, Toxicol. Lett.
166 (1) (2006) 67-76, https://doi.org/10.1016/j.toxlet.2006.04.010.

D. Pandir, DNA damage in human germ cell exposed to the some food additives in
vitro, Cytotechnology 68 (2014) 725-733, https://doi.org/10.1007/s10616-014-
9824-y.

L. Jiang, J. Cao, Y. An, C. Geng, S. Qu, L. Jiang, L. Zhong, Genotoxicity of
acrylamide in human hepatoma G2 (HepG2) cells, Toxicol. Vitro 21 (8) (2007)
1486-1492, https://doi.org/10.1016/].tiv.2007.06.011.

A. Tombuloglu, H. Copoglu, Y. Aydin-Son, N.T. Guray, In vitro effects of boric acid
on human liver hepatoma cell line (HepG2) at the half-maximal inhibitory
concentration, J. Trace Elem. Med. Biol. J. 62 (2020), 126573, https://doi.org/
10.1016/j.jtemb.2020.126573.

C.M. Monroy, A.C. Cortés, D.M. Sicard, H.G. Restrepo, Cytotoxicity and
genotoxicity of human cells exposed in vitro to glyphosate, Biomédica 25 (2005)
335-345, https://doi.org/10.7705/biomedica.v25i3.1358.

Q. Li, M.J. Lambrechts, Q. Zhang, S. Liu, D. Ge, R. Yin, M. Xi, Z. You, Glyphosate
and AMPA inhibit cancer cell growth through inhibiting intracellular glycine
synthesis, Drug Des. Dev. Ther. 7 (2013) 635-643, https://doi.org/10.2147/
DDDT.S49197.


https://doi.org/10.1089/scd.2015.0388
https://doi.org/10.7150/ijms.32612
https://doi.org/10.7150/ijms.32612
https://doi.org/10.1371/journal.pone.0037030
https://doi.org/10.1016/j.ijbiomac.2017.08.151
https://doi.org/10.4061/2010/541050
http://www.cmbl.org.pl/pdf/Vol9_p031.pdf
http://www.cmbl.org.pl/pdf/Vol9_p031.pdf
https://doi.org/10.1016/j.toxlet.2006.04.010
https://doi.org/10.1007/s10616-014-9824-y
https://doi.org/10.1007/s10616-014-9824-y
https://doi.org/10.1016/j.tiv.2007.06.011
https://doi.org/10.1016/j.jtemb.2020.126573
https://doi.org/10.1016/j.jtemb.2020.126573
https://doi.org/10.7705/biomedica.v25i3.1358
https://doi.org/10.2147/DDDT.S49197
https://doi.org/10.2147/DDDT.S49197

	Cytotoxic effects of Roundup Classic and its components on NE-4C and MC3T3-E1 cell lines determined by biochemical and flow ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Cell cultures
	2.3 MTT assay
	2.4 Comet assay
	2.5 Flow cytometry
	2.5.1 Cell viability determined by flow cytometry
	2.5.2 DNA damage determined by flow cytometry
	2.5.3 Apoptosis/Caspase 3/7 activity determined by flow cytometry
	2.5.4 Cell cycle determined by flow cytometry

	2.6 Statistical analysis

	3 Results and Discussion
	3.1 Cell viability
	3.1.1 MTT assay
	3.1.2 Flow cytometric cell viability assay

	3.2 DNA damage
	3.2.1 Comet assay
	3.2.2 Flow cytometric assay for double stranded breaks

	3.3 Flow cytometric assays for apoptosis and caspase 3/7 activity
	3.4 Flow cytometric assay for cell cycle analysis
	3.5 Comparative assessment of the genotoxicity of glyphosate with common genotoxic food contaminants

	4 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


