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Effects of low doses of glyphosate on DNA damage,
cell proliferation and oxidative stress in the HepG2 cell line
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Abstract We studied the toxic effects of glyphosate in vitro
on HepG2 cells exposed for 4 and 24 h to low glyphosate
concentrations likely to be encountered in occupational and
residential exposures [the acceptable daily intake (ADI;
0.5 μg/mL), residential exposure level (REL; 2.91 μg/mL)
and occupational exposure level (OEL; 3.5 μg/mL)]. The as-
sessments were performed using biomarkers of oxidative
stress, CCK-8 colorimetric assay for cell proliferation, alka-
line comet assay and cytokinesis-block micronucleus
(CBMN) cytome assay. The results obtained indicated effects
on cell proliferation, both at 4 and 24 h. The levels of primary
DNA damage after 4-h exposure were lower in treated vs.
control samples, but were not significantly changed after
24 h. Using the CBMN assay, we found a significantly higher
number ofMN and nuclear buds at ADI and REL after 4 h and

a lower number of MN after 24 h. The obtained results re-
vealed significant oxidative damage. Four-hour exposure re-
sulted in significant decrease at ADI [lipid peroxidation and
glutathione peroxidase (GSH-Px)] and OEL [lipid peroxida-
tion and level of total antioxidant capacity (TAC)], and 24-h
exposure in significant decrease at OEL (TAC and GSH-Px).
No significant effects were observed for the level of reactive
oxygen species (ROS) and glutathione (GSH) for both treat-
ment, and for 24 h for lipid peroxidation. Taken together, the
elevated levels of cytogenetic damage found by the CBMN
assay and the mechanisms of primary DNA damage should be
further clarified, considering that the comet assay results indi-
cate possible cross-linking or DNA adduct formation.
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Introduction

Glyphosate [N-(phosphonomethyl)glycine] is a non-
selective broad spectrum systemic organophosphorus her-
bicide that effectively acts to control all plant types such as
grasses, perennials, vines, corn, soy, shrubs and trees (Dill
et al. 2010). Its main mechanism of action is inhibition of
the 5-enolpyruvylshikimate-3-phosphate-synthase in-
volved in shikimate pathway. It interferes with the produc-
tion of the aromatic amino acids phenylalanine, tyrosine
and tryptophan essential for plant growth.

Since shikimate pathway exists only in plants and micro-
organisms, glyphosate has long been considered safe for
humans (de María et al. 1996). The widespread and constant
intense use of glyphosate in the last decades has also raised
questions about weed resistance, the need for higher doses due
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to adaptive/resistance response (Duke and Powless 2009) and
increasing amounts of the herbicide in soil, undergroundwater
and rivers (IFEN 2006).

There are evidences that connect glyphosate with pregnancy
outcomes, miscarriages, children developmental malformations
(Benítez-Leite et al. 2009; Carrasco 2013), increasing number
of chronic kidney disease in agricultural workers (Jayasumana
et al. 2014, 2015), metabolic disorders (celiac disease and glu-
ten intolerance) (Samsel and Seneff 2013a) and with increased
incidence of rare tumour disease such as non-Hodgkin lympho-
ma, B cell lymphoma and one subtype of non-Hodgkin lym-
phoma (hairy cell leukaemia) in case-control studies (McDuffie
et al. 2001; Hardell et al. 2002; De Roos et al. 2003, 2005;
Eriksson et al. 2008; Schinasi and Leon 2014). These findings
and the results of other studies dealing with glyphosate and
estimation of risk for different cancer types were mentioned
in the World Health Organization (WHO) and International
Agency for Research on Cancer (IARC) report on glyphosate
in 2015 (WHO 2015). They also raised the question of
whether glyphosate itself is safe and if it has other mech-
anisms of action that were not detected when it gained
approval for use, due to a possible inadequacy of animal
and in vitro models and the time period for gaining results
(Antoniou et al. 2012). As an endocrine disruptor, glyph-
osate can exhibit an inverted dose-response relationship,
with more acute effects from very low doses than from
higher doses (Gasnier et al. 2009). Recently, WHO and
IARC changed its classification to probably carcinogenic
(Group 2A) (WHO 2015). This change has raised the ques-
tion about the safety of low-dose exposures.

The aim of this study was to examine the effects of acute
exposure (4 and 24 h) to glyphosate active compound on the
human hepatoma HepG2 cell model. Four-hour treatment is a
common period for short-term in vitro treatments (3 to 6 h)
and 24 h for long-term in vitro treatment (1.5–2 cell cycle)
according to the OECD guidelines for chemical testing (for
example, OECD Guideline No. 487). Glyphosate was applied
at low concentrations as encountered in everyday life. To ob-
tain more information on the possible mechanism(s) of action
of glyphosate active compound on the level of primary DNA
damage, cell proliferation and oxidative stress, a battery of
biochemical and molecular biomarkers was selected and eval-
uated simultaneously.

Materials and methods

Chemicals

All of the chemicals were of analytical grade and purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA),
unless otherwise specified.

Cell line

HepG2 cell line (ATCC® HB8065™) was purchased from
the American Type Culture Collection (Rockville, MD,
USA), cultivated in Eagle’s minimum essential medium
(EMEM) supplemented with 10% foetal bovine serum
(FBS) and 1% penicillin-streptomycin (10,000 U/mL)
and maintained in a humidified atmosphere (95% relative
humidity) with 5% CO2 at 37 °C. Experiment was per-
formed when the duplication time has been established
constant, and the passage step was more than 3 but less
than 10 cell passages.

Treatment conditions

Glyphosate (CASNo. 1071-83-6) was purchased as analytical
standard purity grade (≤100%) as Pestanal®, a registered
trademark of Sigma-Aldrich Laborchemikalien GmbH
(Germany). The stock solution was prepared in phosphate-
buffered solution (PBS). The tested concentrations were de-
rived from toxicological reference values obtained by regula-
tory calculations as those encountered in everyday life.
Concentrations were chosen corresponding to the values of
acceptable daily intake (ADI) (Annex I, EU Directive 91/
414/EEC), residential exposure level (REL) (US EPA 2002,
2004) and occupational exposure level (OEL) (US EPA 2002,
2004). They corresponded to OEL 3.5 μg/mL, ADI 0.5 μg/
mL and REL 2.91 μg/mL. The calculation of tested concen-
trations was based on average male human with 60 kg of body
weight and total volume of 36 L of extracellular liquids, sim-
ulating submersion of cultured cells in the culture medium
with the exact glyphosate concentration. Extrapolation was
made according to the Guyton and Hall (1996).

HepG2 cells were grown until 80% confluence, trypsinized
and transferred in cell culture flasks (filter-top flasks, 25 cm2,
TPP) for the micronucleus and comet assay, and in 96 wells
for studying cell proliferation and markers of oxidative stress.
Prior to treatment, the whole cultivation medium was re-
moved, cells were washed with PBS and fresh complete me-
dium with different glyphosate concentration was added.
Cells were treated for 4 or 24 h at 37 °C in a humidified
atmosphere (95% relative humidity) with 5% CO2. Negative
and positive controls were studied in parallel.

Cell proliferation assay

Proliferation of HepG2 cells after the 4 and 24-h treatment
with glyphosate was studied by means of CCK-8 colorimetric
assay, based on the use of Cell Counting Kit-8 (Sigma-
Aldrich, 96992). This kit uses 2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt (WST-8) that is bioreduced by cellular de-
hydrogenases to an orange formazan product, soluble in tissue
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culture medium in the presence of an electron carrier, 1-
methoxy PMS. The amount of formazan produced is directly
proportional to the number of living cells.

Briefly, 100 μL of cell suspension (105 cells/mL) was
added to each well in 96-well plates and seeded in EMEM
medium, low concentration of glucose, supplemented with
10% FBS, 20 IU/mL penicillin and 20 mg/mL streptomycin
in order to get 104 cells in each well. After overnight incuba-
tion at 37 °C in a CO2 incubator, cells were treated 4 and 24 h
with different concentrations of glyphosate. Negative (EMEM
medium plus 10 μL of the PBS since glyphosate was diluted
in the PBS) cell samples were studied in parallel. At the end of
the treatment, cells were washed with PBS and 10 μL of
WST-8 solution was added to each well. After 4 and 24 h
of incubation at 37 °C in a CO2 incubator, the optical den-
sity at 450 nm was determined for each well using a
Victor3™ Multilabel Plate Reader (PerkinElmer, MA,
USA). Data were expressed as a percentage absorbance
compared to relevant negative controls. Positive control
was 10% DMSO in the complete nutrient medium. The
experiment was done twice independently with four re-
peated measurements in each.

Alkaline comet assay

After 4 or 24 h of treatment, cells were washed twice with
PBS, detached by trypsinization (trypsin 0.25% EDTA), cen-
trifuged at 90×g for 8 min and resuspended in complete
EMEM. To prepare agarose microgels, 7 μL of single cell
suspension (104 cells/mL) was mixed with 100 μL of 0.5%
low melting point (LMP) agarose and layered on slides pre-
coated with 0.6% normal melting point (NMP) agarose. Gels
were kept on 4 °C for 10 min until solidification. Afterwards,
another 100 μL of 0.5% LMP agarose was layered and kept
on 4 °C for 10 min until solidification. Duplicate slides were
prepared for each time period and concentration, together with
negative and positive controls. Hydrogen peroxide was used
(cells embedded in agarose were treated with 50 μMH2O2 for
10 min at 4 °C) as positive control. All the cells were proc-
essed, and the slides were prepared within 1 h after the treat-
ment has finished, including trypsinization, centrifugation,
mixing with agarosis layers and solidification. Slides were
not exposed to sunlight in any moment, only to artificial light.
Following preparation of all microgels, they were immersed
into fresh cold lysis solution (2.5 M NaCl, 100 mM
Na2EDTA, 10 mM Tris-HCl, 1% Na lauroyl sarcosinate, 1%
Triton X-100 and 10% dimethyl sulfoxide, pH 10) for 24 h at
4 °C. Afterwards, slides were washed with bidistilled water to
remove lysis debris and denatured in freshly prepared cold
denaturation/electrophoresis buffer (300 mM NaOH, 1 mM
Na2EDTA, pH 13.0). After 20 min at 4 °C, cells were placed
in the electrophoretic chamber and subjected to electrophore-
sis for 20 min at 0.9 V/cm. Slides were neutralized in three

changes of buffer (0.4 mol/L Tris-HCl, pH 7.5) at 5-min in-
tervals and dehydrated using 70 and 96% EtOH for 10 min
each. After drying, the slides were kept in a dry and dark
chamber until scoring. Before scoring, the slides were stained
with ethidium bromide (20 μg/mL). The slides were analysed
with fluorescent microscope Olympus BX51 (×200 magnifi-
cation) using the Comet Assay IV software for image anal-
ysis (Perceptive Instruments, UK). A total of 100 nucleoids
(50 per slide) were measured per each experimental point.
The level of DNA damage was estimated based on tail
intensity (TI), which points to the %DNA in the comet tail.
The experiment was performed once with two replicates
that were compared, and if no difference (statistically sig-
nificant) was found, they were combined together.
Throughout comet measurements, nucleoids doubled in
size, and apoptotic and necrotic nucleoids were also seen,
but were not scored.

Cytochalasine B-blocked micronucleus cytome assay

Cells were seeded at concentration of 104 cells/mL in com-
plete EMEMmedium. After 4 or 24 h of treatment with glyph-
osate, cells were washed twice with PBS and fresh complete
medium was added. At the 44th hour, cytochalasin B (3 μg/
mL) was added, and the cell cultures were harvested for 24 h
thereafter. Positive control was incubated simultaneously (cy-
clophosphamide at a final concentration of 0.28 mg/mL).
After harvesting, the medium was discarded, and cells were
washed twice with PBS, detached by trypsinization (trypsin
0.25% EDTA), rinsed and resuspended in complete EMEM
medium. Cell suspensions in complete EMEM were trans-
ferred to tubes and centrifuged at 45×g for 5 min. The pellet
was resuspended in PBS and centrifuged, and Carnoy’s fixa-
tive (methanol/glacial acetic acid, 3:1) with two drops of form-
aldehyde was added to the pellet. After centrifugation, cells
were washed two times with only Carnoy’s fixative. Slides
were prepared by dropping and air drying. Afterwards, the
slides were stained with 2% Giemsa stain (Merck) solution
for 8 min and air-dried. The experiment had been performed
once with two replicates.

Micronuclei (MNi), nucleoplasmic bridges (NPBs), nucle-
ar buds (NBUDs) and apoptotic and necrotic cells were scored
in binucleated (BN) cells according to the criteria of Fenech
et al. (2003) and Fenech (2007). A total of 2000 BN cells per
each experimental point were scored to determine parameters
of CBMN Cyt assay. Furthermore, by scoring 1000 cells with
one to four nuclei, nuclear division index (NDI) was also
calculated, using the following formula: NDI = [M1 +
(2 × M2) + (3 × M3) + (4 × M4)] / N, where M1, M2, M3
and M4 represent the number of cells with one, two, three or
four nuclei, and N is the total number of cells scored
(Eastmond and Tucker 1989).
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Measurement of oxidative stress parameters

Lipid peroxidation

The end products of lipid peroxidation, e.g. malondialdehyde,
were measured using thiobarbituric acid reactive substance
(TBARS) assay with some modification (Ohkawa et al.
1979; Pareek et al. 2013; Mateos et al. 2004). Briefly,
0.5 mL of sample was added to 0.5 mL of thiobarbituric-
trichloroacetic acid (TBA-TCA) reagent and heated at 90 °C
for 30 min. Then, it was immediately cooled in an ice bath and
centrifuged at 90×g for 8 min. Absorbances were measured
with a microplate spectrophotometric system (Victor3™
Multilabel Plate Reader) at 530 nm. Two independent exper-
iments were performed, and each sample was measured in
duplicate. TBARS concentration in unknown samples was
calculated using a standard curve constructed with 1,1,3,3-
tetrametoxypropane (0.3–6.07 μM) and expressed as μmol/L.

Total antioxidant capacity

Total antioxidant capacity (TAC) was investigated using
ferric-reducing ability of plasma (FRAP) assay, based upon
reduction of Fe3+-TPTZ complex under acidic conditions
(Benzie and Strain 1996). The FRAP assay used in this study
was slightly modified on the basis of previous reports (Kozics
et al. 2013). Briefly, 100 μL of cell suspension (104 cells in
total) was added to 1.0 mL of FRAP reagent. Absorbance
was measured after 4 min of incubation at 593 nm on spec-
trophotometer Cecil 9000 (Cecil Instruments Limited,
Cambridge, UK) using FRAP working solution as blank.
Two independent experiments were performed, and each
sample was measured in duplicate. The results were calcu-
lated on a basis of a standard curve obtained using Fe2SO4·
7H2O (0.05–4.0 mM).

ROS detection

The amount of intercellular reactive oxygen species (ROS)
was measured using 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA). DCFH-DA is deacetylated by cellular
esterases in a non-fluorescent compound which is then in
the presence of hydroxyl, peroxyl and other ROS oxidized
to the fluorescent 2′,7′-dichlorodihydrofluorescein (DCF)
(Griffiths et al. 2011).

All of the measurements were performed in quadruplicate
in dark-sided 96-well microplates in which each well was
added 100 μL of cell suspension meaning that every well
comprised 104 cells. Cells were grown in the same medium
and conditions as for cell proliferation assay and treated with
the same concentrations of glyphosate for 4 and 24 h as for
cell proliferation assay. After the treatment, the cells were
washed with PBS and 100 μL of 50 μM DCFH-DA dye

diluted in PBS was added and kept on cells for 30 min at
37 °C in a CO2 incubator. Control for dye autofluorescence
was prepared without addition of dye. Negative (non-treated)
cell controls (in EMEM) were included in each experiment.
Positive control was 100 mM H2O2.

The results after the cell treatment and DCFH-DA dyeing
were analysed using a Victor3™Multilabel Plate Reader at an
excitation wavelength of 485 nm and an emission wavelength
of 535 nm. Data were expressed as fluorescence arbitrary units
(AUs) and later transformed into percentages compared to
control values.

Quantification of glutathione

Fluorogenic bimane probe, monochlorobimane (MBCl), re-
acts specifically with glutathione (GSH) and forms a fluores-
cent product equal to the amount of GSH. Analysis of GSH
level was performed using an adduct that can be measured
fluorometrically (Kamencic et al. 2000).

Briefly, cell cultures in 96-well plates were prepared such
that each well of 100 μL of cell suspension comprised of 104

cells, and each well was treated with the same amount of
glyphosate for 4 and 24 h. After washing with PBS, cells were
incubated with 100 μL of 50 μMMBCl in PBS for 20 min at
37 °C in a CO2 incubator. The amount of GSH in the cell
samples was analysed using a Victor3™ Multilabel Plate
Reader at an excitationwavelength of 355 nm and an emission
wavelength of 460 nm. Negative (non-treated) cell controls
were included in each experiment. Data were expressed as
fluorescence AUs and later transformed into percentages com-
pared to control values. All of the measurements were per-
formed in quadruplicate.

Glutathione peroxidase activity

The glutathione peroxidase (GSH-Px) activity in HepG2 cells
was measured by the European standardized method (Belsten
andWright 1995). In order to increase assay sensitivity for the
measurement of GSH-Px, samples were prediluted 60 times
instead of a recommended 110-fold dilution used for blood
samples.The amount of glutathione oxidized by t-butyl hy-
droperoxide was determined by following the decrease in
the β-NADPH concentration, and the decrease in absor-
bance at 340 nm was measured by spectrophotometry
(Cary 50 UV-Vis, Varian Inc., CA, USA). Two independent
experiments were performed, and each sample was mea-
sured in duplicates. One unit of GSH-Px was expressed
as the amount of enzyme that oxidizes 1 μmol β-
NADPH/min at 37 °C. Activity of GSH-Px was expressed
per gramme of total protein (U/g) and was determined by
the Bradford method (1976).
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Protein determination

Protein concentration of cell lysates was measured by
Bradford method (1976) using Total Protein Kit, Micro
(Sigma-Aldrich). Samples, standards and blanks were done
in triplicate, and absorbance was measured in 96-well plates
at 570 nm (1420Multilabel Counter Victor3™, PerkinElmer).

Statistical analysis

Statistical analysis was performed using StatSoft Dell
(StatSoft Dell; Tulsa, USA) Statistica 13 package program.
Descriptive statistics was used to determine the basic statisti-
cal parameters (mean, standard error and deviation, median
and minimum and maximum values). Data gathered using
Comet Assay IV software were logarithmically transformed
prior to statistical evaluation, with the aim of normalizing
distribution and equalizing variances. The intragroup and in-
tergroup comparisons between samples were performed using
one-way analysis of variance (ANOVA) with post hoc
Scheffé’s test. Comparisons between values obtained for
CBMN Cyt assay values and HepG2 proliferation kinetics
measured with CBMN were made by Pearson’s χ2 test for
two-by-two contingency tables. For the biochemical assays
and cell proliferation measured as CCK-8 assay data analysis,
we used descriptive statistics and t test for comparisons be-
tween independent samples. The level of statistical signifi-
cance was set at p < 0.05.

Results

Cell proliferation measured by CCK-8 assay

In glyphosate-treated HepG2 cells, we observed a slight in-
crease of cell proliferation after 4-h treatment; it was about 9%
higher as compared to control at ADI, and almost 8% higher at
REL (Fig. 1), but without statistical significance. The values
recorded for OEL-treated cells did not differ from control.

After 24 h of treatment, glyphosate-treated HepG2 cells
showed higher, but not statistically significant, cell prolifera-
tion. At REL, it was 3%, and at OEL 1% higher than in the
control. Proliferation of ADI-treated cells did not differ from
control (Fig. 1).

Primary DNA damage measured by the alkaline comet
assay

The results of the alkaline comet assay are reported in Table 1.
After 4 h of exposure, the values of TI at all of the tested

concentrations were lower compared to controls, and these
differences were statistically significant.

After 24 h of exposure, TI values for ADI, OEL and REL
did not significantly differ from the control values.

Throughout comet measurements, apoptotic and necrotic
nucleoids were also counted, but as there were no significant
deviations in their number from the control, these data are not
shown.

Cytogenetic damagemeasured using CBMN cytome assay

As demonstrated in Table 2, after 4 h of exposure, HepG2
cells treated with glyphosate at all three concentrations had
significantly more MN than control, with the increase of the
concentration of glyphosate. In HepG2 cells treated with
glyphosate at ADI and REL, we observed a significantly in-
creased NBUD frequency, as compared to control (for ADI,
χ2 was 10.42, df = 1, p = 0.0012; for REL, χ2was 7.34, df = 1,
p = 0.0067). Furthermore, ADI had a significantly higher
NBUD number than OEL (86 vs. 60; χ2 = 4.71, df = 1,
p = 0.03). As for NPB, their incidence was again the highest
in cells treated with glyphosate at ADI (6 per 2000 BN cells).
Considering apoptotic and necrotic cells scored in the CBMN
cytome assay, only 2 apoptotic cells per 2000 cells were found
in the sample treated with glyphosate at OEL.

The values of NDI in glyphosate-treated cells differed from
the control sample. In the OEL-treated sample, there were
marked changes in the distribution of M1–M4 cells as com-
pared to control (χ2 = 8.377, df = 1, p = 0.0388), and OEL
treatment resulted with more cells in the M2 phase. The same
was observed when ADI-treated and OEL-treated samples
were compared (χ2 = 9.491, df = 1, p = 0.0234), as well as
when REL-treated and OEL-treated samples were compared
(χ2 = 8.781, df = 1, p = 0.0324) (see Supplementary Table 1).

As shown in Table 2, after 24 h of exposure, a lower num-
ber of micronucleated BN cells was found at all three of the
tested glyphosate concentrations when compared to control.
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Fig. 1 Cell proliferation in HepG2 cells after 4 and 24-h treatments with
glyphosate. Results are expressed as means ± SD; p < 0.05. *Significantly
different vs. negative control. C control (EMEM plus 10 μL PBS), ADI
acceptable daily intake, REL residential exposure level, OEL
occupational exposure limit, PC positive control (10% DMSO in the
complete EMEM)
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Statistically significant differences were the following: REL-
treated sample vs. control (χ2 = 4.33, df = 1, p = 0.0374),
OEL-treated sample vs. control (χ2 = 14.69, df = 1,
p = 0.0001) and OEL-treated vs. ADI-treated samples
(χ2 = 9.83, df = 1, p = 0.0017).

NBUD frequency was significantly lower in all treated
samples: ADI (there was in total 51 nuclear buds;
χ2 = 14.07, df = 1, p = 0.0002), OEL (χ2 = 64.25, df = 1,
p < 0.0001) and REL (χ2 = 70.92, df = 1, p < 0.0001). Also,

the NBUD frequency at ADI was significantly higher than at
REL (χ2 = 27.84, df = 1, p < 0.0001) and at OEL (χ2 = 22.79,
df = 1, p < 0.0001).

Control and glyphosate-treated cells did not significantly
differ in the number of NPBs. When considering apoptotic
and necrotic cells, at ADI we found 7 and at REL 5 apoptotic
cells per 2000 BN cells.

NDI values did not differ between glyphosate-treated sam-
ples and control. We found only slightly changed incidences

Table 2 Results of CBMN cytome assay on HepG2 cells treated for 4 and 24 h with glyphosate applied at three concentrations

Parameter Total MN BN MN Distribution of BN cells according to No. of MN BN MN‰ ± SD BN NPBs‰ ± SD BN NBUDs‰ ± SD

Treatment 0 1 2 3

4 h

C 13 13 1987 13 – – 6.5 ± 2.12 2.0 ± 1.41 20.0 ± 1.41

ADI 20a 20 1980 20 – – 10.0 ± 2.83 3.0 ± 0 36.5 ± 2.12a

REL 21a 20 1980 19 1 – 10.0 ± 2.83 2.5 ± 0.71 37.5 ± 7.78a

OEL 28a 25 1975 22 3 – 12.5 ± 2.12 2.5 ± 0.71 27.0 ± 11.31b

PC 58a 49 1951 42 5 2 24.5 ± 3.54a 3.5 ± 0.71 16.5 ± 3.54

24 h

C 34 34 1966 34 – – 17.0 ± 1.41 0 39.0 ± 0

ADI 28 26 1974 24 2 – 13.0 ± 4.24b 1.0 ± 0 21.5 ± 6.36a

REL 19a 16 1984 13 3 – 8.0 ± 2.83 1.0 ± 0 4.5 ± 2.1ab

OEL 9ab 9 1991 9 – – 4.5 ± 2.12 1.0 ± 0 6.0 ± 1.41ab

PC 51a 46 1954 41 5 – 23.0 ± 2.83a 9.5 ± 2.12 28.0 ± 4.24a

Negative and positive controls were studied in parallel. All data are presented as mean ± SD of two analyses (one experiment, two replicates that were
analysed separately, and if no difference was found, were merged and analysed together). A total of 2000 cells were scored per concentration for the MN
and other nuclear anomalies in binuclear cells, p < 0.05

C negative control (EMEM), PC positive control (0.28 mg/mL cyclophosphamide), MN micronucleus, BNMN total number of binucleated cells with
MN, BNNPB binucleated cells with nucleoplasmic bridge, BNNBUD binucleated cells with nuclear bud, ADI acceptable daily intake, REL residential
exposure level, OEL occupational exposure limit
a Significantly different from negative control
b Significantly different from ADI

Table 1 Results of the alkaline comet assay TI parameter on HepG2 cells treated for 4 and 24 h with glyphosate applied at three concentrations

C ADI REL OEL PC

4 h (TI)

1.45 ± 2.43 (0.24) 0.16 ± 0.27 (0.03)a 0.20 ± 0.33 (0.03)a 0.16 ± 0.26 (0.03)a 16.96 ± 13.49 (1.35)a

0.56 0.03 0.06 0.04 13.72

0–18.47 0.00–1.12 0.00–1.61 0.00–1.36 0.18–47.59

24 h (TI)

0.06 ± 0.10 (0.01) 0.06 ± 0.10 (0.01) 0.11 ± 0.16 (0.02) 0.05 ± 0.09 (0.01) 54.49 ± 22.05 (2.20)

0.02 0.00 0.02 0.01 61.46

0.00–0.51 0.00–0.46 0.00–0.62 0.00–0.43 2.32–84.68

Negative and positive controls were studied in parallel. Data are reported as mean ± SD (SE) (first row), median (second row) and range (third row);
p < 0.05

C control (EMEM),PC positive control (50μMH2O2),ADI acceptable daily intake,REL residential exposure level,OEL occupational exposure limit, TI
tail intensity (parameter of comet assay; %DNA in comet tail)
a Significantly different than control
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of M2 and M3 cells in treated samples as compared to control
(see Supplementary Table 1).

Lipid peroxidation

After 4 h of exposure, TBARS concentrations in samples
treated with glyphosate at ADI and OEL were significantly
lower than control values (Fig. 2). Twenty-four-hour treatment
of HepG2 cells with glyphosate resulted in lower TBARS
concentrations at REL, but the difference was not significant
as compared to control. Different values were observed for
samples treated with glyphosate at OEL and ADI at 4 and
24-h treatment for which a similar TBARS concentration
was measured after 4 or 24 h (Fig. 2).

Total antioxidant capacity

After the shorter period of treatment (4 h), the TAC value in
samples treated with OEL was significantly lower when com-
pared to controls (Fig. 3). ADI had similar values to OEL, but
due to slightly higher standard deviation, no significant differ-
ence from control values was found. Twenty-four-hour treat-
ment of HepG2 cells with glyphosate generally resulted in
lower TAC values, with OEL treatment significantly dif-
ferent than control values. Interestingly, after 24 h of ex-
posure, FRAP values for all of the treated samples dimin-
ished by 2-fold.

ROS level

The level of ROS did not change significantly after 4 and 24-h
treatments, whereas only values measured in the OEL-treated
sample at 24 h were lower than control values (Fig. 4), but
none of the values observed was statistically significantly dif-
ferent than control values.

GSH level

The level of GSH did not significantly differ from negative
control for all concentrations and exposure time. After 4-h
treatment, the ADI-treated sample had a 4% higher level of
GSH than control, and REL-treated and OEL-treated cells had
a value of GSH similar to negative control values. The 24-h
ADI-treated sample had the lowest GSH concentration, which
showed for 5% lower values than control samples, and again,
REL-treated and OEL-treated cells had a value of GSH similar
to negative control values (Fig. 5).

GSH-Px activity

The 4-h exposure to glyphosate at its ADI concentration sig-
nificantly decreased GSH-Px activity in HepG2 cells com-
pared to control. After 24 h of treatment, a statistically signif-
icant decrease in the GSH-Px activity was observed in the
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Fig. 2 Effects of 4 and 24-h treatment with glyphosate on the extent of
lipid peroxidation in HepG2 cells. Lipid peroxidation was determined by
level of thiobarbituric reactive substances (TBARS). Results are
expressed as means ± SD of two independent measurements; p < 0.05.
*Significantly different vs. negative control. C control (EMEM), ADI
acceptable daily intake, REL residential exposure level, OEL
occupational exposure limit

Fig. 3 Effects of 4 and 24-h treatment with glyphosate on the total
antioxidant capacity in HepG2 cells. Results are expressed as
means ± SD of two independent measurements; p < 0.05. *Significantly
different vs. negative control. C control (EMEM), ADI acceptable daily
intake, REL residential exposure level, OEL occupational exposure limit
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Fig. 4 Percentage of ROS after exposure to 4 and 24-h treatment with
glyphosate in HepG2 cells. Results are expressed as means ± SD. C
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sample treated with the OEL concentration of glyphosate
when compared to the control sample (Fig. 6).

Discussion

New evidence on glyphosate carcinogenicity and a lack of
knowledge regarding the mechanisms of its toxicity at cell
level prompted us to study the effects of exposure to low
concentrations of the compound, likely to be encountered in
everyday life. We decided to focus on Brealistic^ concentra-
tions, such as ADI (0.5 μg/mL), OEL (3.5 μg/mL) and REL
(2.91 μg/mL), calculated according to the Annex I, EU
Directive 91/414/EEC and US EPA level from 2002 and
2004, having in mind that many environmental hazards and
adverse effects due to high concentrations of glyphosate are
already known or have been documented in a plethora of
scientific papers, as well as in evaluation reports and/or offi-
cial papers issued by international regulatory or government
bodies. On the other hand, the effects of such low

concentrations are poorly or not even described at all in the
existing literature. To the best of our knowledge, until now, no
study of glyphosate toxicity at cell level has employed the
same comprehensive array of biomarkers. Thus, the present
study evaluated how low-dose exposure for 4 and 24 h affect-
ed cytotoxic, genotoxic and biochemical parameters in the
human hepatoma cell line HepG2. We have selected this cell
type as a suitable model considering that most xenobiotics are
commonly metabolized in the liver, and these cells retain
many of the genotypic and phenotypic features of liver cells,
including an intrinsic metabolism (Knasmüller et al. 1998).

To prove whether after exposure to low concentrations of
glyphosate there are any signs of increased cell proliferation,
which is a prerequisite for carcinogenicity (Columbano et al.
1981, 1987; Wood et al. 2015), our first goal was to establish
whether there are changes in cell proliferation using the CCK-
8 cell proliferation assay. The results obtained indicate that, at
the tested concentrations, glyphosate stimulated HepG2 cell
proliferation at both exposure times. However, the effect was
more pronounced after 4 h of exposure (8–9% as compared to
control), than after 24-h exposure (3% as compared to con-
trol). Although this was not a statistically significant increase,
our results are quite comparable with findings by Mesnage
et al. (2014), who discovered similar values at the same con-
centration range. Thus, our results are a confirmation of their
study on the HepG2 cell line. It seems that stimulation of cell
proliferation by glyphosate is not an exclusive phenomenon
for only one cell type, since the same authors have also shown
the same effect on other human cell lines: embryonic
(HEK293) and placental (JEG3) cells. Considering that in
our study, glyphosate was tested at low concentrations, and
its concentrations in a previous study byMesnage et al. (2014)
were even lower (up to the solubility limits), it is important to
stress that the active ingredient alone caused the same amount
of cell proliferation in all three cell types. The same authors
also demonstrated that after 24 h of exposure, cell proliferation
starts to decrease only after 1 ppm (1 mg/L) of the treatment
with an active compound and that can explain why studies
using higher concentrations did not demonstrate proliferative
effect. Our results are also in agreement with other investiga-
tors who have already shown that glyphosate can induce cell
proliferation in non-tumorigenic HaCaTcell line in concentra-
tions 0.01–0.1 mM after exposure during 24, 48 and 72 h,
where only after 72-h exposure, proliferation at 0.1 mM was
significantly different than control values (George and Shukla
2013). It is worth mentioning here that our concentrations
were 0.002957 mM (ADI), 0.0172 mM (REL) and
0.0207 mM (OEL). Two of them, REL and OEL, were within
a range similar as used in the HaCaT cell line experiment.
Interestingly, at ADI, which was lower than the concentrations
tested in the above mentioned study, we observed the highest
increase of HepG2 cell proliferation (9%). It seems that really
low concentrations effectively stimulate cell proliferation,

Fig. 6 Effects of 4 and 24-h treatment with glyphosate on the activity of
glutathione peroxidase (GSH-Px) in HepG2 cells. Results are expressed
as means ± SD; p < 0.05. *Significantly different vs. negative control. C
negative control (EMEM), ADI acceptable daily intake, REL residential
exposure level, OEL occupational exposure limit
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especially in already unstable and cell proliferation keen cells
such as tumour cells. A similar finding was shown in a study
by Thongprakaisang et al. (2013), where glyphosate increased
proliferation of human breast cancer cell T47D in vitro for 15–
30% when presented even in parts per trillion (10−6–1 μM). It
is worth mentioning that T47D cells are hormone-dependent
and the influence was seen when endogenous oestrogen in cell
culture medium was diminished. Glyphosate did not change
the proliferation rate in hormone-independent breast cancer
cell line MDA-MB231 (Thongprakaisang et al. 2013).

In our experiment, during comet assay analysis, it was con-
sistently observed that HepG2 cells differed in the amount of
DNA contained in their nuclei, which also indicate the influ-
ence of glyphosate on cell proliferation. We found a clear
distinction between cells with normal ploidy (as compared
to control samples) and those with doubled nucleoid size.
Such a finding indicates that glyphosate-treated cells were
not synchronous as in the negative control sample, but a frac-
tion of them prepared for division. Keeping in mind that cells
differ in the ploidy, scoring of comets was performed only by
selecting normal-sized nucleoids.

The comet assay results we obtained shed new light on the
primary damage levels in glyphosate-treated HepG2 cells.
Existing literature reports contradictory results regarding
glyphosate genotoxicity, both in vivo and in vitro. Dermal or
inhalative exposure to glyphosate formulations led to in-
creased DNA damage in peripheral lymphocytes of exposed
workers (Paz-y-Miño et al. 2007). From environmental stud-
ies conducted so far, it could be concluded that various organ-
isms are differently sensitive and that several mechanisms are
responsible for DNA damage. For instance, in the fish species
Anguilla anguilla, short-term exposure to the glyphosate
commercial formulation Roundup at 58 and 116 μg/L result-
ed in oxidative DNA damage as measured by comet assay in
hepatic cells. DNA damage levels normalized on the first day
after cessation of exposure (Marques et al. 2014). Exposure
of the same fish species to glyphosate main metabolite
aminomethylphosphonic acid (AMPA) in environmentally re-
alistic concentrations of 11.8 and 23.6 μg/L for 1 and 3 days
also resulted in genotoxicity (Guilherme et al. 2014).

The genotoxic effects of glyphosate at cell level were re-
ported in several comet assay studies: on TR146 buccal cell
line (20 mg/L or higher, 20 min; Koller et al. 2012), HT1080
fibrosarcoma cell line (0.9–3 mM; Monroy et al. 2005),
GM38 fibroblast cells (5.2–8.5 mM; Monroy et al. 2005),
human lymphocytes (20 h, 0.0007–0.7 mM; Alvarez-Moya
et al. 2014) (3.5–580 μg/mL 4 h with S9 metabolic activation;
Mladinic et al. 2009a) and HepG2 cell line (3–7 mM; Mañas
et al. 2009a). The genotoxicity of its main metabolite AMPA
was found in HepG2 after 4-h treatment in concentrations of
2.5–7.5 mM (Mañas et al. 2009b), while the genotoxicity of
its formulation was observed in the TR146 buccal cell line
(Koller et al. 2012). In spite of these previous observations,

the results of our study did not confirm DNA-damaging ef-
fects of glyphosate when tested as a pure active compound.
We found that the values for comet parameter measured in
ADI-treated, REL-treated and OEL-treated HepG2 cells were
significantly lower than control values. Our previous study on
glyphosate-treated human lymphocytes (Mladinic et al.
2009a) showed genotoxic effects only at 580 μg/mL without
metabolic activation, and in the range of 3.5, 92.8 and 580 μg/
mL at activation with S9. Using the hOGG1 comet assay, a
significant increase in tail intensity was observed at 2.91 μg/
mL with S9 and 580 μg/mL without S9. Koller et al. (2012)
also demonstrated that buccal cell line TR146 treated with
glyphosate and its formulation Roundup for 20 min showed
higher levels for comet assay only at doses of 20 mg/L and
above. Using the same HepG2 model, Gasnier et al. (2010)
demonstrated significant DNA damage only after exposure to
5 ppm (5 mg/L) of glyphosate, which was a concentration far
above ours. Monroy et al. (2005) showed genotoxic effects in
GM38 cells only at concentrations of 4–6.5 mM glyphosate
and in HT1080 cells at concentrations of 4.75–5.75 mM.

It is possible that the two exposure times selected for our
study were too short for a reliable estimation of glyphosate
genotoxicity. Benachour et al. (2007) observed a time-
amplifying effect: the differential toxicity between the active
ingredient glyphosate and its formulation Roundup increased
by five times over 72 h of exposure. Mesnage et al. (2014)
made the hypothesis that using short exposures, the direct
toxicity of the tested compounds could be significantly
underestimated in comparison with long-term exposures.
Furthermore, it is also important to know whether the tests
were performed using complete or serum-free media, consid-
ering that the serum in media can mask the damage that would
occur in serum-free media, with a delay of 1 or 2 days
(Richard et al. 2005).

In our study, cell proliferation was also measured with
CBMN cytome assay, and the deviations from control were
seen only for the 4-h treatment, where OEL-treated cells had
more M2-phase cells than other concentrations and control.
However, the overall values of NDI obtained for these sam-
ples did not significantly differ.

The other possible explanation of outstanding low
genotoxicity as observed by the comet assay in our study is
related to mechanisms of DNA damage infliction. As known,
some compounds generate covalent adducts in DNA leading
to interstrand cross-linking. This formation can cause a DNA
structure distortion that includes unwinding and bending. The
formation of DNA adducts causes distortion and later obstruc-
tion in DNA replication, enhanced cell death in the form of
apoptosis and cell cycle arrest in G2 phase. Significantly low-
er DNA damage can be a sign of possible adduct formation.
There is evidence about adduct formation of glyphosate in
mouse liver following in vivo exposure (Bolognesi et al.
1997) and dose-dependent adduct formation in kidney and
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liver of mice with glyphosate formulation Roundup
(Peluso et al. 1998).

Glyphosate genotoxicity was also investigated using the
micronucleus assay both in vivo and in vitro. Bolognesi
et al. (2009) found increased micronucleus frequency in lym-
phocytes of occupationally exposed workers on days 5 and 15
following the spraying in three out of five examined
Columbian territories. Two previous studies evaluated
glyphosate toxicity using in vitro CBMN assay. Koller et al.
(2012) found elevated levels of micronuclei and nuclear buds
in human buccal epithelial cell line TR146 after 20 min of
exposure to glyphosate and its formulation (10–20 mg/L).
Mladinic et al. (2009a) found that micronuclei, nuclear buds
and nucleoplasmic bridge frequency in human lymphocytes
treated without S9 increased at 3.5 μg/mL and higher and that
S9 significantly elevated the frequency of nuclear instabilities
only at 580 μg/mL.

The results of this study onHepG2 cells have demonstrated
that 4-h exposure to glyphosate led to slightly increased cyto-
genetic damage in terms of MN, which was statistically sig-
nificant only at OEL. Despite the non-significant increase in
MN frequencies at ADI and REL, we found significant in-
creases in nuclear bud frequency. Since nuclear budding rep-
resents a mechanism of MN formation, our results indicate
even a low dose of glyphosate as ADI influences the level of
DNA damage and cell stability. At 24 h of exposure, all of the
treated cells had lower values than control samples consider-
ing the frequency of all parameters as micronuclei, nuclear
buds and nucleoplasmic bridges. The results we obtained
speak in favour of previous observations (Richard et al.
2005; Benachour and Seralini 2009) that glyphosate exerts
the highest DNA-damaging potential after 48 or even 72 h
since the beginning of treatment. Considering that in our
study, shorter exposure lasted only 4 h, while total cell culture
lasted for 72 h before harvesting, we had an opportunity to
better examine the effects of low-dose exposure onDNA dam-
age. On the contrary, in the case of longer exposure—24 h—it
seems that this effect only started to be slightly visible (based
on lower concentrations such as ADI that had significantly
higher DNA damage). Richard et al. (2005) demonstrated
under in vitro conditions that long exposure times allowed
low concentrations to present toxic effects, and since the time
of exposure especially to low doses of pollutants in vivo con-
ditions may be longer, observing the effects 48 or 72 h from
exposure could finally show what is the exact effect of expo-
sure to low doses.

If glyphosate really induced cross-linking, as indicated by
comet assay results, the repair of such complex DNA damage
needs more time than available to cells following 24-h treat-
ment. It also has to be taken into account that the presence of
serum can also delay (buffer) the toxic effect as already dem-
onstrated by George and Shukla (2013) and Richard et al.
(2005). Further evidence which supports such conclusions

are findings from our previous study on lymphocytes where
no concentration-related increase of centromere (C+) and
DAPI signals (DAPI+) for glyphosate treatment was found
(Mladinic et al. 2009b).

Glyphosate induces cell death through autophagy path-
ways in addition to activating apoptotic pathways (Gui et al.
2012). It does not influence the level of apoptosis through
membrane disruption by the release of intracellular adenylate
kinase in HepG2, HEK293 and JEG3 (Mesnage et al. 2014).
The same authors demonstrated that all three cell lines did not
differ from control values in percentage of apoptotic cells
measured by the level of caspase-3/7. Koller et al. (2012)
found that Roundup induced acute cytotoxic effects in the
buccal epithelial cell line (TR146) at concentrations >40 mg/
L, which were due to membrane damage and impairment of
mitochondrial functions, while glyphosate induced increase in
extracellular lactate dehydrogenase at doses >80 mg/L.
Gasnier et al. (2010) demonstrated that after exposure of the
HepG2 cell line to glyphosate, the cytotoxic effect starts from
10 ppm (10 mg/L) as measured with the alamarBlue Assay
(the most sensitive), although they also used other assays such
as MTT, which is similar to ours. Monroy et al. (2005) dem-
onstrated that GM38 cells showed cytotoxic effects after ex-
posure to 4.0–7.0 mM glyphosate and HT1080 cells to 4.5–
5.8 mM glyphosate. Apoptosis and necrosis effect were not
seen in this experiment.

According to Johansson et al. (2006), exposure to pesti-
cides at levels as low as those found in nature usually does
not cause mortality. In the present study, we evaluated fre-
quencies of apoptotic and necrotic cells both by comet assay
and CBMN cytome assay. Considering that apoptotic and
cytotoxic influence was not observed, it seems that glyph-
osate applied at such low doses affects cells with some
other mechanisms.

Since most of the pesticides produce oxidative damage that
can influence the level of DNA damage, the logical step was
to examine the most usual parameters measured in cells for
oxidative damage estimation. The results we obtained were
again interesting. There was no increase in ROS levels after
4 and 24-h exposure. Probably, the amount of ROS created
during 4 and 24-h exposure was efficiently removed by an
antioxidant system that has been also confirmed by lower
values of TAC-FRAP (and their double lower values after
24 h) and slightly lower GSH levels. Lower levels of GSH
can be explained by earlier reports of Gasnier et al. (2010)
who found that treatment of human hepatic cell line with
glyphosate and its four formulations caused the lowering of
glutathione transferase levels and at the same time an increase
in levels of CYP3A4 and CYP1A2. Kwiatkowska et al.
(2014) obtained similar results in erythrocytes exposed to
glyphosate and its metabolites at concentrations of 0.01–
5 mM for 1, 4 and 24 h. They found a very small percentage
of haemolysis and haemoglobin oxidation even after 24 h,
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with induced reactive oxygen compounds only after
0.25 mM concentrations.

The significantly lower values of GSH-Px activity ob-
served only after 4-h treatment with ADI concentration also
show that possible oxidative damage does not include
peroxydes and again does not include lipids. After 24 h of
exposure, significantly lower values of GSH-Px activity were
observed only at OEL concentration compared to control, al-
though a decrease in GSH-Px was also observed at ADI and
REL concentrations. With regard to time of treatment, the
results for 24-h treatment were almost twice as high as for
the 4-h treatment for C, ADI and REL. Elevated GSH-Px
enzyme activities after exposure to glyphosate have been as-
sociated with tolerance of non-target species to deleterious
effects caused by different insecticides and herbicides.
Slaninova et al. (2009) demonstrated that tissue GSH levels
are often depleted after a short period of oxidative stress, but
elevated after long-term oxidant exposures, and that GSH
levels after exposure to glyphosate could be dependent on
the administration dose as well as on the extent of the
exposure to herbicide. Lioi et al. (1998) demonstrated altered
cell metabolism in bovine lymphocyte cultures exposed to
glyphosate (17–170 μM) through generating reactive oxygen
intermediates, and with observed depletion of intracellular-
reduced GSH level, there was subsequent activation of
glucose-6-phosphate dehydrogenase in these cells.

Lipid peroxidation is probably the best predictor of system-
ic level of damage induced by ROS and is therefore through
this mechanism also involved in the toxicity of pesticides.
Previous studies focussed on exposure to glyphosate, and its
formulations indicate significant increase in lipid peroxidation
in amphibians exposed to concentrations below legal limits
(Dornelles and Oliveira 2016). Other authors have reported a
dose-dependent increase in TBARS after 1-h exposure of
erythrocytes to glyphosate and its formulation Roundup
(Pieniazek et al. 2004) and also a significant increase in preg-
nant rat livers and foetus livers after 21-day glyphosate oral
administration (Beuret et al. 2005).

Lipid peroxidation measured as TBARS is a measure of
oxidative damage on lipids and not necessarily of oxidative
stress in cells per se. In our previous study (Mladinic et al.
2009a), elevated TBARS and FRAP values were found only
at 580 μg/mL. Mañas et al. (2009a) demonstrated that at
higher concentrations of glyphosate, such as 400 mg/kg in
mice, there were elevated levels of TBARS, superoxide dis-
mutase (SOD) and catalase (CAT) activities in mouse organs.
Slaninova et al. (2009) also did not find marked modifications
in lipid peroxidation levels in rats exposed to glyphosate
through drinking water, while the production of TBARS
tended to be lower. Since there was no cell disruption or cell
killing, that could be one explanation, the other could be that
glyphosate created special groups of oxidative radicals that
did not attack lipids. An interesting study from Pieniazek

et al. (2004) on human erythrocytes treated with glyphosate
and its formulation for 1, 4 and 24 h showed that 1-h exposure
to glyphosate increased levels of lipid peroxidation only at
1000 ppm (1000 mg/L), with haemolysis at the highest dose
of 1500 ppm (1500 mg/L) and exposure time of 24 h. In that
study, glyphosate formulation and glyphosate did not
statistically change GSH levels, but have increased CAT
activity. Larsen et al. (2012) in Wistar rats treated for 30 or
90 days with dietary water with the highest concentration of
glyphosate allowed in water for human consumption (US EPA
1993, 2011; 0.7 mg/L) and a 10-fold higher concentration
(7 mg/L) showed that TBARS production did not change or
was even lower compared to controls not exposed to glypho-
sate. It seems that increased levels of reduced GSH and en-
hanced GSH-Px activities can act as a protective mecha-
nism that acts as an adaptive response during moderate
oxidative stress (Slaninova et al. 2009; Larsen et al.
2012) and during deleterious effects caused by different
insecticides and herbicides.

Therefore, the results of our experiments still do not answer
the question: what does actually happen when glyphosate en-
ters the cell? There is evidence that it affects proliferation in
small doses. There is also evidence that it influences cell mem-
brane channels and sulphate levels (George and Shukla 2013;
Samsel and Seneff 2013b). Although glyphosate, if we con-
sider its structure, should not pass through a cell membrane
easily, after dissociation in solution, it becomes anionic and
then it can pass the lipid barrier and enter into a cell
(Kwiatkowska et al. 2013). On the other hand, due to its ami-
no acid-like structure (glycine analogue, Samsel and Seneff
2016) glyphosate can be also actively taken up bymammalian
cells (nasal and cells of gastrointestinal epithelium Caco-2 cell
line) along L-type amino acid transporters such as
LAT1/LAT2 (Xu et al. 2016), with ATP and Na+-independent
uptake (Xu et al. 2016). Although glyphosate is a glycine
analogue, transporters for the glycine uptake pathway are
Na+-dependent and therefore not responsible for the glypho-
sate uptake (Xu et al. 2016). Vasiluk et al. (2005) demonstrat-
ed on the human Caco-2 cell line that glyphosate in concen-
trations of 10 mg/mL has led to a significant increase in
paracellular permeability.

It has been shown that glyphosate induces imbalance and
oxidative stress, increasing the level of ROS involved in the
elevation of calcium ions which in turn are a crucial element in
the progression of glyphosate-induced cell proliferation.
There are studies that demonstrated that glyphosate promotes
proliferation via modulation of Ca2+ levels. The lowering of
calcium with glyphosate treatment suppressed the activation
of caspases and Bax/Bcl-2 ratio and thereby possibly
prevented apoptosis (George and Shukla 2013). The imbal-
ance between Ca2+ homeostasis and cellular oxidative stress is
mainly responsible for glyphosate-induced hyperproliferation
of HaCaT cells (George and Shukla 2013). Gniadecki and
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Gajkowska (2003) showed that emptying of intracellular Ca2+

stores in keratinocytes facilitated basal cell carcinomas or
squamous cell carcinoma development. Cattani et al. (2014)
demonstrated that glyphosate can activate N-methyl-D-aspar-
tate (NMDA) receptors in rat hippocampal cells and through
this activation influence the voltage-dependent Ca2+ channels
and calcium levels inside the cell. Since HepG2 have also
NMDA receptors, a similar example can be also transferred
into this model. Changes in the calcium uptake can induce
mitogen-activated protein kinases/extracellular-regulated ki-
nase [mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinases (ERKs)] signalling expression,
which, in turn, induces cell proliferation as demonstrated by
Zhang and Liu (2002) and White and Sacks (2010). L-Type
calcium channels and MAPK/ERK signal are essential for
mast cell activation (Suzuki et al. 2010) and L929 fibroblast
proliferation (Sazonova et al. 2007), and calcium ions are the
best regulator of the voltage-dependent calcium channels and
on their intracellular stores (White and Sacks 2010). Changes
in calcium are associated in the progression of the cell cycle
and in the activation of ERK and AKT signalling pathways,
and Zhang et al. (2013) demonstrated that those steps are
crucial in the proliferation, transformation and collagen
synthesis in fibroblast and then in the development and
progression of pulmonary fibrosis. Cattani et al. (2014) dem-
onstrated that 30-min acute exposure to glyphosate formu-
lation Roundup® can change the calcium ion influx by
activating NMDA receptors, ERK and voltage-dependent
calcium channels, leading to oxidative stress and neural
cell death.

Furthermore, Wright et al. (2008) demonstrated that acti-
vated MAPK has a downstream target Nf2, and Nf2 after
transfer into the nucleus upregulates antioxidant proteins,
and therefore can reduce the oxidative damage to lipids, as
observed in our experiments. Also, as a glycine analogue,
glyphosate can be a substitute for glycine and therefore disrupt
protein function during protein synthesis. Kelch-like ECH-
associated protein 1 (KEAP1) is a protein that regulates Nrf2
activity. Nrf2 is a transcription factor that regulates important
antioxidant and phase II detoxification genes, and it depends
on a conserved glycine to prevent Nrf2 migration into the
nucleus to activate multiple genes. Glyphosate substitution
for glycine in KEAP1 would interfere with KEAP1’s ability
to suppress the overexpression of Nrf2 (Samsel and Seneff
2016). This would result in a hyperphosphorylated state,
which could explain both the increased proliferation
(MAPK/ERK phosphorylation signalling cascade) and the re-
duced oxidative damage (through hyperphosphorylation of
Nrf2) observed in our experiments. Samsel and Seneff
(2016) have also proposed that the combination of phospha-
tase inhibition and enhanced kinase activity can cause exces-
sive phosphorylation systemically, and systemic phosphoryla-
tion can have an impact on elevated risk to both Alzheimer’s

disease and cancer. Furthermore, glycine substitution can en-
hance the level of DNA damage, as measured in our experi-
ment with comet assay. Although there is a possibility that
exposure to white light (from the sun) can cause a higher level
of DNA damage in alkaline comet assay, it should not be the
case in our study, since the samples were all prepared within
1 h from sampling and were exposed only to the light of the
lamp while preparing the slides. Samsel and Seneff (2016) in
their review mentioned that glyphosate exposure for 12 or
24 h can cause achromatic lesions (gaps) in chromatids, in
both in vitro and in vivo experiments. Those gaps are caused
by the endonuclease activity which is a part of the DNA repair
pathway (Harvey et al. 1997). If those gaps are unrepaired,
they are a measure of unrejoined DNA double-strand breaks
and lesions that usually include pyrimidine bases and oxida-
tive lesions in DNA (Collins 2004). As we already mentioned,
serum in the cell culture can mask the development of
DNA damage observed in micronucleus assay results; this
can be the explanation why the standard time period used
in this experiment did not demonstrate a similar effect as in
the case of comet assay where primary DNA damage dem-
onstrated higher damage levels. It would be also interesting
to see whether the prolonged cell culture would also dem-
onstrate similar effect if we count in this prolonged period
the time necessary for discovering damage that was
masked due to the serum level in the cell medium for cell
cultivation.

Conclusion

Taken together, the results of all cytogenetic, molecular and
biochemical methods used in this study indicate that glypho-
sate applied at low concentrations, likely to be encountered in
everyday life, possess toxic potential towards HepG2 cells,
which has to be further explained. It seems that the theory of
different effects of low-dose vs. high-dose exposure, and more
deleterious effects at low doses, is true.

Although at ADI, REL and OEL, we did not measure
drastically different levels of oxidative damage, the elevat-
ed level of permanent DNA damage found with micronu-
cleus assay call for concern, especially if it led to adduct
formation, as shown by comet assay results. Based on the
obtained results, we cannot say without doubt whether
glyphosate acts as an aneugen or a clastogen (Li et al.
1983), but there are indications from previous studies that
the aneugenic effect plays an important role in the forma-
tion of micronuclei. This study did not evaluate the effects
on cytoskeleton and proteins, but this would be a direction
for future evaluations of glyphosate toxicity, together with
the clarification of its effects on cell membrane level, espe-
cially in different phases of the cell cycle.
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