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ARTICLE INFO ABSTRACT

Glyphosate is used for cereal, vegetable and fruit crops for reducing or inhibiting the growth of weeds as well as a
desiccant for various grain crops. That is why, glyphosate has been shown to be accumulated in humans and
animals through ingestion of food of both plant and animal origin.

The study aimed to assessed the effect of glyphosate, its metabolites: aminomethylphosphonic acid (AMPA),
methylphosphonic acid and its impurities: PMIDA, N-methylglyphosate, hydroxymethylphosphonic acid and bis
(phosphonomethyl)amine on apoptosis induction in human peripheral blood mononuclear cells (PBMCs). PBMCs
were exposed to the compounds studied at the concentrations ranging from 0.01 to 5mM for 4 h.

We have observed an increase in reactive oxygen species (including hydroxyl radical) and cytosolic calcium
ions levels as well as reduction of transmembrane mitochondrial potential (AWm) in PBMCs exposed to the
compounds examined. All substances studied changed PBMCs membrane permeability, activated caspase-8, -9,
-3 and caused chromatin condensation, which showed that they were capable of inducing apoptosis both via
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extrinsic and particularly intrinsic pathway.
Generally the study demonstrated that there were no differences between apoptotic changes induced by
glyphosate, its metabolites or impurities, and observed changes were provoked by high concentrations of in-

vestigated compounds.

1. Introduction

Since 2001 glyphosate (N-(phosphonomethyl)glycine) has been
constantly on the top of the list of the most commonly used active in-
gredients in pesticide preparations (Grube et al., 2011). It is contained
in over 750 herbicidal preparations all over the world (Guyton et al.,
2015).

This substance exhibits an unique mode of action via a biochemical
pathway that only exists in a small number of organisms utilizing the
shikimic acid pathway (inhibits the synthesis of enzyme 5-enolpyruvyl-
shikimate-3-phosphate synthase) (Bai and Ogbourne, 2016). Glypho-
sate is used for cereal, vegetable and fruit crops for reducing or in-
hibiting the growth of weeds as well as a desiccant for various grain
crops (Xu et al., 2019).

The widespread use of glyphosate contributes to the occurrence of
this compound in the environment, both in water (0.1-0.7 mg/de),
sediments, and soil (0.5-5 mg kg_l) (Peruzzo et al., 2008), as well as in
genetically modified soya beans (mean content of 3.3 mgkg ') (Béhn
et al., 2014).

Glyphosate has been shown to accumulate in humans and animals
through ingestion of food of both plant and animal origin (Torretta
et al., 2018). In addition, genetically-modified crops (GMO) may con-
tain high amounts of glyphosate residues (Xu et al., 2019).

Glyphosate (from 0.03mgkg™' to 1.08 mgkg™!) and their meta-
bolite AMPA (from 0.02mgkg ' to 0.17 mgkg ™ ') were determined in
soy-based infant formula (Brazil). The child population-consuming
cereal-based foods is heavily exposed to pesticides because of their
developmental phase and higher food consumption per kilogram of
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body weight in comparison to adults (Rodrigues and de Souza, 2018).

Glyphosate can also be absorbed through inhalation and dermal
contact. It mainly concerns farmers spraying fields and habitants of
sprayed areas (Torretta et al., 2018).

Due to good water solubility of glyphosate and its main metabolite
AMPA, these substances occur in the aquatic environments and their
subsequent penetration into ground and surface water may be the
source of their presence in human and animal organisms (Xu et al.,
2019). In general, all habitats, which are located near the sprayed
fields, are exposed to glyphosate (Torretta et al., 2018).

Glyphosate is commonly found in human urine, which is associated
with occupational or residential exposure and food intake. Moreover,
the available data shows that mean urinary concentrations of glypho-
sates varies between geographical regions, with higher values found in
United States (US) than in Europe, which is due to the differences in
agricultural use of glyphosate-based herbicides and the popularity of
glyphosate-resistant, genetically modified crops in US (Niemann et al.,
2015).

Although glyphosate is not expected to bioaccumulate in living or-
ganisms due to its low log Kow value, (—4.59 to —1.70) (Wang et al.,
1994), its potential for bioaccumulation has been observed in in-
vertebrates like terrestrial snails (Helix aspersa) fed a diet contaminated
with glyphosate (Druart et al., 2011), water hyacinth (Eichhornia cras-
sipes) exposed to pure glyphosate, and fish, i.e. carp (Cyprinus carpio)
and tilapia (Oreochromis mossambicus) that were exposed to en-
vironmentally relevant concentrations of this substance (Wang et al.,
1994).

Aminomethylphosphonic acid (AMPA) is a primary metabolite of
glyphosate and amino-polyphosphonate (Daouk et al., 2013). Massive
use of glyphosate leads to the ubiquity of AMPA in ecosystems, and
particularly in aquatic environments (Grandcoin et al., 2017). AMPA
has also been found in 45% of the soil samples originating from eleven
countries and six crop systems, with the highest concentration of
2mgkg ! (Silva et al., 2018).

Glyphosate transforms to AMPA under the influence of enzymes. For
this reason, this transformation occurs rapidly in soil (a significant
amount of microorganisms), and for the same reason only in a minimal
extent in water (a small amount of microorganisms) (Rueppel et al.,
1977). In water, the half-life of glyphosate and AMPA varies from a few
to 91 days, and from 76 to 240 days, respectively (Torretta et al., 2018).
The half-lives of glyphosate and AMPA in soil are from 0.7 to 151 days
and from 10 to 98 days, respectively, and depends mostly on soil type,
pH value, clay and organic carbon content (Bai and Ogbourne, 2016).

Both in vivo and in vitro studies have demonstrated toxic potential of
AMPA. It has been shown that AMPA altered cellular and biochemical
parameters of the mussels Mytilus galloprovincialis (Matozzo et al., 2018)
and caused damage to gills and liver of fish Poecilia reticulate (Antunes
et al., 2017). Recent study of Martinez and Al-Ahmad (2019) revealed
that AMPA affected the blood-brain barrier integrity and changed brain
microvascular endothelial cells glucose uptake and neurons metabolic
activity.

Human exposure to glyphosate calls for increased control over the
use of this compound, and for in-depth studies on the effects of gly-
phosate and glyphosate-containing products. That is particularly im-
portant in the context of multiple reports of toxic effects of glyphosate,
associated with its xenoestrogenic and cancerogenic potential (Druart
et al.,, 2017; Zhang et al., 2019). Controversies associated with gly-
phosate as the world most commonly used herbicide are not weakening.
The European Commission did not agree with the statement of the In-
ternational Agency for Research on Cancer (IARC) on qualification of
glyphosate to the 2A group, and decided to extend its usage until the
end of 2022. The US Environmental Protection Agency (US EPA) is of
the same opinion. In 2019, Zhang and co-workers in their meta-analysis
of epidemiological data involving the most recent data of 2018 de-
monstrated a correlation between increased incidence of Non-Hodgkin
Lymphoma (NHL) in humans and the use of glyphosate-based products.
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Contact with glyphosate-containing products significantly increased the
risk of NHL by 41% (meta-RR = 1.41, 95% CI, confidence interval:
1.13-1.75). To support their results indicating the increased risk of NHL
in individuals exposed to glyphosate-based products, the authors re-
viewed available studies on animals and studies on the mechanism of
action of this herbicide. Additionally, Zhang et al. confirmed these
findings based on studies indicating development of Non-Hodgkin
Lymphoma in mice exposed to pure glyphosate as well as research
works showing association between exposure of those animals to gly-
phosate and immunosuppressive, endocrine and genotoxic effects.

That is why, any data confirming or denying toxic effect of gly-
phosate (including those that may account for determination of the
molecular mode of action of this herbicide) is very important. It is also
necessary to assess toxic effects of metabolites and production-asso-
ciated impurities of pesticides including glyphosate, considering the
Regulation of the European Parliament and the Council (EC) No. 1107/
2009 of 21 October 2009. Pursuant to EU requirements, studies of that
kind are very necessary, for example, due to the fact that some con-
taminations may exhibit stronger toxicity than the active substance it-
self.

Apoptosis is programmed cells death that is responsible for the re-
moval of aged or damaged cells from the body without inflammatory
responses. During apoptosis, biochemical and morphological changes
occurs, which leads to cell phagocytosis by macrophages or neighboring
cells (Elmore, 2007). It has been shown that apoptosis of blood cells can
be enhanced by xenobiotics, which may result in accelerated elimina-
tion of these cells from circulation, and finally lead to development of
various disorders (Lang and Lang, 2015).

In this study, for the first time, we have investigated apoptotic po-
tential of glyphosate, its metabolites: aminomethylphosphonic acid
(AMPA), methylphosphonic acid and its impurities: PMIDA, N-me-
thylglyphosate, hydroxymethylphosphonic acid and bis(phosphono-
methyl)amine (Scheme 1) (described by Kwiatkowska et al., 2014,
2016) and underlying molecular mechanisms of action of these sub-
stances in human peripheral blood mononuclear cells (PBMCs). We
have used low concentrations (0.01 mM) as well as high concentrations
of these substances that may penetrate into the human organism only as
a result of glyphosate formulation poisoning (> 0.5 mM).

2. Materials and methods
2.1. Chemicals

The investigated compounds i.e., aminomethylphosphonic acid
(AMPA) (purity 98%), methylphosphonic acid (purity 98%), N-(phos-
phonomethyl)iminodiacetic acid (PMIDA) (purity 98%), N-methylgly-
phosate, hydroxymethylphosphonic acid (purity 98%) and bis-(phos-
phonomethyl)amine (purity 97%) were synthetized by the Institute of
Industrial Organic Chemistry, Warsaw, Poland. Glyphosate [N-(phos-
phonomethyl)glycine] (purity 95%) in acid form was bought from
Sigma-Aldrich, USA. The investigated compounds were dissolved in
phosphate-buffered saline (pH 7.4). Other chemicals were purchased
from POCh (Poland) and Roth (Germany) and were of analytical grade.
Different concentrations of glyphosate have been selected in this study:

e 0.0l mM (low concentration) that is quite similar to the con-
centration determined in blood of humans who were not directly
exposed to this herbicide (0.435 = 0.167 uM, Aris and Leblanc,
2011),

® 0.05mM to 0.5 mM (moderate to high concentration) that cor-

responds to the concentration that may penetrate into human blood

as a result of glyphosate formulation poisoning (medium con-
centrations determined in blood of patients - 0.45mM, Zouaoui

et al., 2013),

5mM to 10 mM (very high concentration) that corresponds to the

concentration detected in humans after acute poisoning with
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Scheme 1. Chemical structure of glyphosate, its metabolites: aminomethylphosphonic acid (AMPA), methylphosphonic acid and impurities: N-(phosphonomethyl)
iminodiacetic acid (PMIDA), N-methylglyphosate, hydroxymethylphosphonic acid and bis-(phosphonomethyl)amine.

glyphosate formulation (the range of the concentrations from 4.1 to
44.2mM, determined in blood of patients after a suicide attempt,
Zouaoui et al., 2013).

2.2. Cells isolation

PBMCs were isolated from leucocyte-buffy coat obtained from blood
collected in Blood Bank in Lodz, Poland. Blood was taken from healthy,
non-smoking volunteers who showed no signs of infection disease
symptoms at the time the blood samples were collected. The study was
approved by the Bioethics Committee of the University of Lodz No.
KBBN-UL/1/3/2013. PBMCs were diluted with PBS (phosphate-buffered
saline (NaCl 137 mmoL/L; KCl 2.7 mmoL/L; Na,HPO, 10 mmoL/L;
KH,PO,4 1.8 mmoL/L; pH 7.4) (1:4) and isolated using Lymphocyte
Separation Medium (LSM), a mixture of Ficoll® and sodium diatrizoate
(Hypaque) (density 1.077 g/ml) by centrifugation at 600g for 30 min at
20°C. PBMCs were collected, suspended in erythrocyte lysis buffer
(150 mM NH,Cl, 10 mM NaHCOs3, 1 mM EDTA, pH 7.4) and incubated
for 5 min at 20 °C. Then, PBS was added immediately, and the cells were
centrifuged at 200 g for 15 min at 20 °C. The supernatant was decanted,
and the cells were washed twice with RPMI with L-glutamine and 10%
fetal bovine serum (FBS) at 300g for 15min. The cells were re-
suspended in RPMI medium with L-glutamine, 10% FBS and penicylin-
streptomycin (0.5%) and counted in haemocytometer. The final PBMCs
density used in the experiments (after addition of glyphosate, its me-
tabolites or impurities) was 2x10° per 1 mL. The viability of the cells
was over 95% as determined by flow cytometry.

2.3. Quantitative determination of apoptosis (YO-PRO-1/PI staining)

Apoptosis is characterized by changes in cell membrane perme-
ability. Apoptotic cells that have altered membrane permeability
(membrane integrity is maintained) are permeable for a marker YO-
PRO-1 (carbocyanine nucleic acid stain), which exhibits green fluor-
escence, whereas they are not permeable for the dye propidium iodide
(PI) that shows red fluorescence (Idziorek et al., 1995).

The cells were treated with glyphosate, its metabolites and im-
purities in the final concentrations ranging from 0.01 to 10 mM and
incubated for 4 h at 37 °C in total darkness. Apoptosis was induced with
10 uM of camptothecin. After the incubation, the samples were cen-
trifuged at 300 g for 5minat 4 °C, the supernatant was removed, and
the cells were supplemented with RPMI with L-glutamine and 10% FBS.
Then, the mixture of YO-PRO-1 and PI (0.1 uM each) was added to the

samples, which were incubated for 20 min on ice in total darkness. The
samples were analysed by flow cytometry (LSR II, Becton Dickinson)
with excitation maximum at 488 nm to visualize the YO-PRO-1 green
fluorescence (520/30 bandpass filter) and PI red fluorescence (610/20
bandpass filter). FMC gate on PBMCs has been established for data
acquisition and the data were recorded for a total of 10,000 events per
sample.

2.4. Determination of biochemical and morphological hallmarks of
apoptosis

2.4.1. Cytosolic calcium ion level

Calcium ion accumulated in mitochondria and endoplasmatic re-
ticulum is an important secondary messenger in controlling apoptotic
cell death (Pinton et al., 2008). The level of cytosolic calcium ions was
analysed by flow cytometry (LSR II, Becton Dickinson) using a fluor-
escent probe Fluo-3/AM according to manufacturer's protocol. Fluo-3/
AM passes through membrane of living cells, in which it is cleavaged by
intracellular esterases to Fluo-3. Inside the cell, Fluo-3 exhibits green
fluorescence after complexation with calcium ions. PBMCs treated with
glyphosate, its metabolites or impurities in the final concentrations
ranging from 0.01 to 10 mM were incubated for 4hat 37 °C in total
darkness. Next, the cells were centrifuged at 300 g for 5Smin at 4 °C,
suspended in Fluo-3/AM (1 uM) solution and incubated at 37 °C for
20 min in total darkness. Then, Hanks' Balanced Salt Solution (HBSS),
composed of inorganic salts and supplemented with glucose (with 1%
of BSA) was added to the cells suspension, and PBMCs were incubated
for 40 min at 37 °C in total darkness. The cells were centrifuged at 300 g
for 5minat 4°C and washed twice with HEPES buffer. After cen-
trifugation, PBMCs were suspended in HEPES buffer and incubated for
10 min at 37 °C in total darkness. The samples were analysed using flow
cytometer (LSR II, Becton Dickinson) with excitation at 490/500 nm to
visualize the Fluo-3 fluorescence. FMC gate on PBMCs has been es-
tablished for data acquisition and the data was recorded for a total of
10,000 events per sample.

2.5. Mitochondrial transmembrane potential (A%¥Ym)

Mitochondrial dysfunction leading to collapse of transmembrane
mitochondrial potential has been shown to participate in the induction
of apoptosis (Ly et al., 2003). Transmembrane mitochondrial potential
was shown as red fluorescence intensity of MitoTracker Red CMXRos
(excitation/emission maxima - 579/599nm). This probe is cell
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permeable and contains mildly thiol-reactive chloromethyl moiety for
mitochondrial labeling. Nigericin and valinomycin (1 uM) were used to
increase and decrease AWm, respectively. PBMCs were exposed to gly-
phosate, its metabolites or impurities for 4 h at 37 °C in total darkness.
Then, the samples were centrifuged at 300 g for 5minat 4 °C, the su-
pernatant was decanted, and the cells were suspended in PBS. The cells
were stained with MitoTracker CMXRos in the final concentration of
1 puM for 15 min at 37 °C in total darkness, and then analysed in 96-well
plates using a microplate reader (Cary Eclipse, Varian).

2.6. Caspase-8, -9 and -3 activity

Caspases are critical enzymes of apoptosis. The caspases are able to
break down peptide bonds via cysteine residues in various substrates,
and therefore they catalyze the apoptotic cell death irreversibly in
mammals including human beings (Nicholson et al., 1995). Analysis of
caspase-8 and -3 was executed according to the manufacturers proto-
cols. The assays were based on the hydrolysis of the peptide substrates
such as acetyl-Ile-Glu-Thr-Asp-7-amino-4-methylcoumarin (Ac-IETD-
AMC) by caspase-8 and acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcou-
marin (Ac-DEVD-AMC) by caspase-3, which resulted in the release of
the fluorescent 7-amino-4-methylcoumarin (AMC). The excitation and
emission wavelengths of AMC were 360 nm and 460 nm, respectively.
Caspase-9 colorimetric assay was based on hydrolysis of the substrate
acetyl-Leu-Glu-His-Asp-p-nitroaniline (Ac-LEHD-pNA), which led to the
release of p-nitroaniline (pNA) that absorbance was determined at
405 nm. Camptothecin (10 pM) was used to induce apoptosis. Detection
of caspase-3 and -8 activities was executed using fluorescent microplate
reader (Fluoroskan Ascent FL, Labsystem) and determination of cas-
pase-9 activity was performed using absorbance microplate reader
(BioTek ELx808, Bio-Tek).

2.7. Hoechst 33342/PI staining

Chromatin condensation paralleled by DNA fragmentation is one of
the most important criteria, which are used to identify apoptotic cells
(Toné et al., 2007). Morphological changes of chromatin in PBMCs were
assessed by double staining with Hoechst 33342 and PI. The cells were
exposed to glyphosate, its metabolites or impurities for 4 h at 37 °C in
total darkness. After incubation, PBMCs were centrifuged at 200 g for
3minat 4°C. The supernatant was removed, and the cells were sus-
pended in PBS (0.5 ml). Then the mixture of 1 ul of Hoechst 33342 and
1 pl of PI (1 mg/ml each) was added. After 1 min incubation at 37 °C in
total darkness, the cells were analysed by fluorescence microscope
(Olympus IX70, Japan) at 400x magnification. PMBCs were classified
on the basis of their morphological staining characteristics: viable (blue
fluorescence), early apoptotic (intensive bright blue fluorescence), late
apoptotic (blue-violet fluorescence) and necrotic (red fluorescence)
(Gasiorowski et al., 2001).

2.8. Determination of reactive oxygen species level

2.8.1. Oxidation of 6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate
ROS play a central role in regulation of the main pathways of
apoptosis mediated by mitochondria, death receptors and the en-
doplasmic reticulum (ER) (Redza-Dutordoir and Averill-Bates, 2003).
The rate of 6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate
(H,DCF-DA) oxidation was assessed by flow cytometry. 6-Carboxy-
H,DCF-DA is a compound widely used for the detection of intracellular
oxidants production. The probe diffuses across cellular membrane
where it is hydrolyzed by intracellular esterases to 6-carboxy-2’,7'di-
chlorodihydrofluorescein (6-carboxy-H,DCF) that after oxidation,
yields highly fluorescent 6-carboxy-2’,7’-dichlorofluorescein (DCF)
(Bartosz, 2006). The cells were treated with glyphosate, its metabolites
or impurities for 4 h at 37 °C in total darkness. Next, fluorescent marker
was added to PBMCs, which were stained for 15minat 37 °C in the
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dark. The final concentration of the fluorescent probe was 10 uM. Po-
sitive control consisted of hydrogen peroxide (2mM). FMC gate on
PBMCs has been established for data acquisition, and fluorescence was
measured with the excitation and emission maxima of 488 and 530 nm,
respectively. The data was recorded for a total 10,000 events per
sample.

2.9. Oxidation of hydroxyphenyl fluorosceine

Highly reactive oxygen species (mainly hydroxyl radical) were as-
sessed using flow cytometer (Becton Dickinson, LSR II) and 3-(p-hy-
droxyphenyl)-fluorescein (HPF). HPF is nonfluorescent until it reacts
with hydroxyl radical. As a result of oxidation, the probe exhibits bright
green fluorescence (excitation/emission maxima - 490/515nm)
(Setsukinai et al., 2003). Formation of hydroxyl radical was provoked
by the addition of the mixture of ferrous perchlorate(II) (0.1 mM) and
hydrogen peroxide (1 mM) to PBMCs suspension. Finally, the cells were
treated with HPF in the final concentration of 2 uM and incubated for
15 min at 37 °C in total darkness. The data was recorded for a total of
10,000 events per sample.

2.10. Statistical analysis

The statistical analysis was performed with STATISTICA 8 data
analysis software (2000 StatSoft, Inc., Tulsa, OK, USA). In this study,
one-way analysis of variance (ANOVA) (p and F added to the descrip-
tion of the results) with post hoc multiple comparisons procedure
(Tukey test) was used to assess statistical differences in case of normal
distribution (significance marked on the charts). The difference was
considered to be significant for P < 0.05. The individual analysis was
performed on blood from 4 to 5 donors, while each experiment was
repeated trice.

3. Results
3.1. Apoptotic changes

After 4h incubation, all compounds studied caused an increase in
the number of apoptotic cells. Apoptotic changes were observed in
PBMCs treated with 0.5mM and 5mM of glyphosate (Fg;3 = 20.42,
P < 0.001), PMIDA (Fge =14.32, P < 0.001) and hydro-
xymethylphosphonic acid (Fe;g0 = 25.33, P < 0.001). Two glyphosate
metabolites: AMPA (Fgg3 = 9.09, P < 0.001) and methylphosphonic
acid (Fg;g2 = 4.36, P < 0.001) as well as two glyphosate impurities: N-
methylglyphosate (Fg.60 = 9.14, P < 0.001) and bis-(phosphono-
methyl)amine (F4g, = 13.15; P < 0.001) caused apoptotic changes
only at their highest concentration of 5mM (Fig. 1).

3.2. Morphological changes of chromatin

Cell staining with Hoechst 33342 and PI allowed for the observation
of early apoptotic cells (blue color), late apoptotic cells (blue-violet
color) and necrotic cells (red color) in the population of PBMCs exposed
to the compounds examined for 4 h. Selected photographs showing the
presence of individual types of apoptotic and necrotic PMBCs are pre-
sented below (Fig. 9).

3.3. Cytosolic calcium ion level

A statistically significant increase in cytosolic calcium ion level was
observed after incubation of PBMCs with glyphosate and other com-
pounds studied (except for PMIDA) (F33, =1.01, P > 0.05).
Statistically significant changes were observed for the highest con-
centration (5mM) of glyphosate (F33; = 3.16, P < 0.05), AMPA
(F3;32 = 3.41, P < 0.05) and N-methylglyphosate (F3;3, = 20.16,
P < 0.001). Glyphosate metabolite - methylphosphonic acid
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Fig. 1. Changes in the number of apoptotic PBMCs (expressed in per cent) after 4 h incubation with glyphosate, its metabolites and impurities. (*) Statistically
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Fig. 2. Changes in cytosolic calcium ion level in control PBMCs and PBMCs incubated with glyphosate, its metabolites and impurities in the concentrations ranging
from 0.25 to 5 mM for 4 h (*) Statistically significant changes compared to control (P < 0.05).

(F3;32 = 9.95, P < 0.001) and glyphosate impurity - bis(phosphono-
methyl)amine from the concentration of 0.5mM (Fs32 = 7.62,
P < 0.001) caused an increase in cytosolic calcium ion level, while
hydroxymethylphosphonic acid induced changes in the parameter stu-
died from the concentration of 0.25mM (F3;3, = 7.09, P < 0.001)
(Fig. 2).

3.4. Transmembrane mitochondrial potential (A¥Ym)

Most of the compounds studied caused a decrease in transmembrane
mitochondrial potential, while hydroxymethylphosphonic acid (at
0.25 mM) caused statistically significant increase in the parameter ex-
amined (F46s5 = 4.13, P < 0.001). Glyphosate (F465 = 11.70,
P < 0.001) and one of its production impurities: bis(phosphono-
methyl)amine (F465 = 10.36, P < 0.001) (from the concentration of
0.05mM) decreased AWm. Other glyphosate metabolites: AMPA
(F4,65 = 10.75, P < 0.001) and methylphosphonic acid (F465 = 8.39,
P < 0.001), and two glyphosate impurities: PMIDA (F465 = 16.63,
P < 0.001) and N-methylglyphosate (F465 = 14.06, P < 0.001) de-
creased the parameter studied from the concentration of 0.1 mM
(Fig. 3).

3.5. Caspase-8 and -9 activity

Glyphosate, AMPA, PMIDA and bis-(phosphonomethyl)amine in-
creased in caspase-8 activity. The changes were observed in PBMCs
treated with 0.5mM of glyphosate (Fy, o4 = 20.49, P < 0.001) and
AMPA (F2; 24 = 19.88, P < 0.001) and with the highest concentration
(5mM) of PMIDA (Fy 24 =6.00, P < 0.02) and bis-(phosphono-
methyl)amine (Fy, 24 = 3.52, P < 0.05). Other compounds studied
such as methylphosphonic acid (Fy, 24 = 1.27, P > 0.05), N-methyl-
glyphosate (Fy; 24 = 1.49, P > 0.05) and hydroxymethylphosphonic
acid (Fy; 24 = 0.64, P > 0.05) did not cause statistically significant
changes in caspase-8 activity (Fig. 4).

Glyphosate, its metabolites and impurities caused a substantial in-
crease in caspase-9 activity. Changes in the enzyme activity were ob-
served for the highest concentration (5mM) of glyphosate (Fy;
24 = 19.96, P < 0.001), its two metabolites: AMPA (Fy, 24 = 9.84,
P < 0.001) and methylphosphonic acid (Fy; 24 = 17.54, P < 0.001)
and all glyphosate impurities: PMIDA (Fy; o4 = 12.29, P < 0.001), N-
methylglyphosate (Fy, 24 = 16.20, P < 0.001), hydroxymethylpho-
sphonic acid (Fy; 24 = 35.95, P < 0.001) and bis(phosphonomethyl)
amine (Fy; 24 = 76.29, P < 0.001) (Fig. 5).
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Fig. 3. Changes in transmembrane mitochondrial potential in control PBMCs and PBMCs incubated for 4 h with glyphosate, its metabolites and impurities in the
concentrations ranging from 0.01 to 0.25 mM (*) Statistically significant changes compared to control (P < 0.05).

3.6. Caspase-3 activity

An increase in caspase-3 activity was noted in PBMCs treated with
0.25mM of glyphosate (Fs44 =31.94, P < 0.001) and PMIDA
(F3;44 = 10.77, P < 0.001) and with 0.5mM of AMPA (Fs;44 = 6.56,

P < 0.001), hydroxymethylphosphonic acid (F3,44 = 10.14,
P < 0.001) and bis-(phosphonomethyl)amine (F3.44 = 8.86,
P < 0.001). Other compounds tested: N-methylglyphosate

(F3,44 = 3.63, P < 0.05) and methylphosphonic acid (Fs44 = 5.18,
P < 0.02) only at the highest concentration of 5mM caused an in-
crease in caspase-3 activity (Fig. 6).

3.7. ROS level

It was observed that glyphosate, its metabolites and impurities in-
duced a statistically significant increase in H,DCFDA oxidation in
PBMCs. Changes in ROS level were observed after 4 h of exposure of
PBMCs to 0.25mM of glyphosate (F4;55 = 22.31, P < 0.001), methyl-
phosphonic acid (F4;55 = 10.17, P < 0.001), PMIDA (F455 = 13.27;
P < 0.001), N-methylglyphosate (F455 = 8.27; P < 0.001) and hy-
droxymethylphosphonic acid (F4s5 = 10.74; P < 0.001). Other com-
pounds studied like AMPA (F4;55 = 24.29, P < 0.001) and bis-(phos-
phonomethyl)amine (F455 = 17.03, P < 0.001) from the
concentration of 0.5 mM caused an increase in the H,DCFDA oxidation
(Fig. 7).
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3.8. Hydroxyl radical level

Glyphosate, its metabolites and impurities increased highly reactive
oxygen species level, including hydroxyl radicals in PMBCs. Statistically
significant changes were observed for most of the compounds studied
from the concentration of 5mM. An increase in HPF fluorescence was
noted in cells treated for 4 h with the highest concentration (5 mM) of
glyphosate (F470 = 14.02, P < 0.001), its impurities: N-methylgly-
phosate (F470 = 39.12; P < 0.001), hydroxymethylphosphonic acid
(F4;70 = 11.67; P < 0.001) and bis-(phosphonomethyl)amine (Fy,
70 = 88.75, P < 0.001) and metabolites: AMPA (F4;0 = 11.67;
P < 0.001) and methylphosphonic acid F47¢ = 63.93; P < 0.001).
The strongest changes in HPF oxidation were caused by PMIDA, which
changed this parameter from the concentration of 0.5mM
(F4;70 = 125.08; P < 0.001) (Fig. 8).

4. Discussion

Cell death - a final consequence of cellular injury, may be a result of
various processes. The best known of them are necrosis and apoptosis,
which have distinct roles in development of various diseases (Paduch
et al., 2015). Apoptosis participates in maintenance of homeostasis of
blood cells and plays a crucial role in the development and function of
the immune system, erythropoiesis and maturation of T cells (Bas et al.,
2004).

Apoptotic potential of glyphosate has been evaluated in various cell

hulonhosnhoni bis-(phosph hyl)

Fig. 4. Changes in caspase-8 activity in PBMCs after 4 h incubation with glyphosate, its metabolites and impurities. (*) Statistically significant changes compared to

control (P < 0.05).
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Fig. 5. Changes in caspase-9 activity in PBMCs after 4 h incubation with glyphosate, its metabolites and impurities. (*) Statistically significant changes compared to

control (P < 0.05).

types; however the effect of glyphosate, its metabolites (including
AMPA and methylphosphonic acid) and its impurities on apoptotic
changes in human leucocytes has not been assessed.

This study has described apoptotic potential of glyphosate, its me-
tabolites and impurities in human PBMCs. Besides a quantitative de-
termination of apoptotic cells (staining with YO-PRO-1/PI fluorescent
probes) the analysis concerned evaluation of the mechanism of action
of these substances by measurement of a variety of parameters involved
in the programmed cell death. The activities of caspases, of both in-
itiator caspase-8 and -9, as well as executor caspase-3 were determined.
Alterations in cytosolic calcium ion and ROS levels were also analysed.
Moreover, changes in transmembrane mitochondrial potential and
chromatin condensation were assessed. PBMCs were exposed to tested
compounds for 4h, the time necessary to observe apoptotic changes
(Michatowicz and Siciriska, 2009).

Flow cytometry analysis has demonstrated a statistically significant
increase in the number of apoptotic cells exposed to all compounds
studied. Apoptotic changes induced by glyphosate, PMIDA and hydro-
xymethylphosphonic acid were observed from the concentration of
0.5mM, while those induced by AMPA, methylphosphonic acid, N-
methylglyphosate and bis(phosphonomethyl)amine from the con-
centration of 5 mM.

A slight increase in the number of apoptotic cells (5.76%) treated
with glyphosate was observed, compared to the control (1.22%). In
another study, Martini et al. (2012) analysed induction of apoptosis by
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glyphosate preparation in 3T3-L1 cell line (fibroblasts) using annexin-V
and PI. The authors found that a commercial product containing gly-
phosate at the concentration of 1.55mM caused an increase in the
number (percentage) of apoptotic cells up to 11%, compared to the
control (1.6%). Kim et al. (2013) demonstrated a comparable increase
in the number (11.3%) of apoptotic rat cells (line H9C2) treated with a
mixture of glyphosate (10 uM) and the POEA surfactant (5 uM). Those
results were obtained with much lower glyphosate concentrations
compared to those of pure glyphosate (as used in our study), which
indicated induction of apoptosis by glyphosate combined with a sur-
factant (POEA in that case). Luo et al. (2017) also assessed cytotoxicity
of the glyphosate-based Roundup preparation on hepatocytes (line L-
02) and showed pro-apoptotic potential of that product. The authors
analysed ROS level, the activity of superoxide dismutase, permeability
of the mitochondrial membrane, release of the apoptosis-inducing
factor (AIF), and cytosolic Ca" level, demonstrating that Roundup
reduced the activity of the antioxidative system, caused damage to
mitochondria and DNA and impaired the integrity of the cellular
membrane, which led to apoptosis of the cells studied.

Other researchers have also analysed this issue. Zhao et al. (2013)
studied the effect of pure glyphosate on apoptosis induction of murine
Sertoli cells. Sertoli cells were exposed to different concentrations of
glyphosate (60-180mg/L) for 24h. The authors observed that gly-
phosate inhibited cell proliferation and induced apoptosis of Sertoli
cells.
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Fig. 6. Changes in caspase-3 activity in PBMCs after 4 h incubation with glyphosate, its metabolites and impurities. (*) Statistically significant changes compared to

control (P < 0.05).



M. Kwiatkowska, et al.

350

O control 00.01 mM 00.05 mM

*

00.1 mM

300

250

200

150

100

50

DCF fluorescence [% of control]

0

@0.25 mM

Food and Chemical Toxicology 135 (2020) 110888

H0.5mM H5mM

Glyphosate AMPA MPA

*
* ¥
* % *
N. hylelvoh
ylg!

dd

Hydr honic Bis-(phoph hyl)amine
acid

PMIDA

Fig. 7. Changes in total ROS level in PMBCs incubated with glyphosate, its metabolites and impurities for 4 h (*) Statistically significant changes compared to the

control (P < 0.05).

Many research works have shown that the process of apoptosis is
closely associated with changes in the cytosolic calcium ion level.

Calcium has been shown to be an important regulator of apoptosis
at all its stages, from initiation to final phagocytosis of apoptotic bodies.
An increase in cytosolic calcium ion level has been shown to trigger
apoptosis via different pathways. It has been proven that excessive
amount of Ca®>* in cytosol stimulates an increase of mitochondrial
calcium uptake, which results in opening of mitochondrial permeability
transition pore (MPTP) and finally causes apoptotic cell death. Calcium
ions may also activate calpains, which cleave several members of BCL-2
family, including anti-apoptotic BCL-2 and BCL-2-like protein 1 (Artem
Kondratskyi et al., 2015).

It was observed that methylphosphonic acid at lower concentration
(0.25mM) (in comparison to other analysed compounds) caused a
statistically significant increase of cytosolic calcium ion level in PBMCs.
Other compounds such as methylphosphonic acid and bis(phosphono-
methyl)amine induced apoptosis from the concentration of 0.5mM,
while glyphosate, AMPA and N-methylglyphosate from 5mM. It was
also observed that aminomethylphosphonic acid did not cause any
statistically significant increase in this parameter.

Similar results were obtained by Cavalli et al. (2013) who demon-
strated a statistically significant increase of Ca®" level in testis and
Sertoli cells (isolated from Wistar rats) exposed to glyphosate. They
demonstrated a statistically significant increase of this parameter in
Sertoli cells treated with glyphosate (36 pg/ml) and indicated that this
compound increased cytosolic calcium ion level by opening calcium
channels.

It has been shown that uptake and accumulation of Ca®* in mi-
tochondria results in ROS production and subsequent reduction of
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transmembrane mitochondrial potential (4¥m) (Kaufman et al., 2002).
Mitochondrial dysfunction has been shown to participate in the in-
duction of apoptosis in a number of different cell types including
PBMCs and has been suggested to be central to the apoptotic pathway
(Ly et al., 2003).

Our study demonstrated that all compounds analysed caused re-
duction of transmembrane mitochondrial potential. Glyphosate and its
impurity - bis(phosphonomethyl)amine, from the concentration of
0.05mM, caused reduction of AWm, while other compounds analysed
induced the same changes from the concentration of 0.1 mM (except for
hydroxymethylphosphonic acid, that caused reduction of the discussed
parameter at the concentration of 0.25 mM).

Glyphosate-induced reduction of AWYm was observed by Astiz et al.
(2009). The authors demonstrated that administration of pesticides,
including pure glyphosate (IP 1/250 LDs, 3-times a week for 5 weeks)
to Wistar rats led to a reduction of AYm and cardiolipin content in cells
of the dark matter of the brain, with simultaneous increase of lipid
peroxidation.

In 2005 Peixoto studied the effect of glyphosate and its commercial
preparation Roundup on mitochondria isolated from rat liver. The
findings of that study are opposite to the results obtained in this work
because they demonstrated that glyphosate even at the concentration of
15 mM caused no reduction of AWm, whereas Roundup reduced this
parameter in a concentration-dependent manner, (with the maximum
effect at 10 mM). The most probably, the differences in methodology of
the analysis could account for discrepancy of those results. Peixoto
measured AWm using a TPP + electrode, while our study used the
fluorimetric method with the MitoTracker Red CMXRos stain.

Also Kim et al. (2013), similarly to Peixoto (2005), showed that

PMIDA N-methylglypt Hydr ic Bis-(ohonh
acid

Fig. 8. The level of highly reactive oxygen species (mainly hydroxyl radical) in human PMBCs incubated with glyphosate, its metabolites and impurities for 4 h (*)

Statistically significant changes compared to the control (P < 0.05).
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Photo 1. The representative photomicrographs of Hoechst 33324/PI-stained PBMCs pretreated with PBS (control) and with 5mM of glyphosate, AMPA, methyl-
phosphonic acid, PMIDA, N-methylglyphosate, hydroxymethylphosphonic acid and bis-(phosphonomethyl)amine. Viable cells (blue fluorescence), early apoptotic
cells (intensive bright blue fluorescence), late apoptotic cells (blue-violet fluorescence) and necrotic cells (red fluorescence).
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increased activity of caspases and reduction of AWm occurred only
when the cells were exposed to a mixture of the TN-20 surfactant and
glyphosate (while separately both compounds caused no changes). The
authors suggested that in this process TN-20 interfered with the in-
tegrity of the cellular membrane, allowing glyphosate entering the cell.
Therefore, it may be stated that the TN-20 surfactant intermediates
toxicity of glyphosate.

Decreased mitochondrial potential and opening of mitochondrial
mega-channels causes a release of various pro-apoptotic factors in-
cluding cytochrome c, apoptosis inducing factor (AIF), smac/DIABLO or
procaspase-9 from intermembrane space into the cytosol (Ferri and
Kroemer, 2001; Giorgi et al., 2012). Initiatory caspase-9, similarly to
caspase-8 can activate executory caspase-3, which is crucial in apop-
totic cell death induction.

It was found that glyphosate and PMIDA from the concentration of
0.25mM caused an increase in caspase-3 activity, while AMPA, hy-
droxymethylphosphonic acid and bis(phosphonomethyl)amine induced
changes in this parameter from the concentration of 0.5mM. Other
analysed compounds such as N-methylglyphosate and methylpho-
sphonic acid only from high concentration of 5 mM increased caspase-3
activity.

Benachour and Séralini (2009) showed that glyphosate and gly-
phosate-based herbicides may cause activation of executor caspase-3
and -7 in human embryonic kidney 293, placental JEG3 and umbilical
(HUVEQ) cell lines. Umbilical cells were 60-160 times more susceptible
to glyphosate compared to the embryonic 293 line and placental JEG3
line. The authors demonstrated that glyphosate and Roundup increased
the activity of caspases in umbilical cells even at the concentration of
50 pg/ml. Interestingly, glyphosate induced apoptosis of umbilical cell
line even at the concentrations of 500-1000 times lower than those
used in agriculture. Our observations are also consistent with the study
of Martini et al. (2012) who showed a substantial increase in caspase-3
activity following cell treatment with glyphosate.

Also Clair et al. (2012) studied the effect of pure glyphosate and its
commercial mixture (at concentrations found in the environment: from
1 to 10000 pg/ml) on the course of apoptosis or necrosis in mammalian
reproductive cells, particularly testicular cells. Glyphosate in high
concentration of 5000 pg/ml caused an increase of caspase activity in
embryonic cells and Leydig cells following a 48-h incubation, but in
Sertoli cells it caused no increase of caspases activity. It was once again
shown that the commercial product Roundup was more toxic than its
active substance alone, causing an increase in caspase-3 and -7 activ-
ities in all analysed cell types, contrary to pure glyphosate.

In opposite to the studies mentioned above, Chaufan et al. (2014)
did not observe any changes in caspases activities following exposure of
HepG-2 cell line to pure glyphosate and AMPA. The authors also as-
sessed the effect of Roundup UltraMax preparation (74.7% glypho-
sate + 25.3% adjuvants) and found a significant increase in caspase-3
and -7 activity in HepG-2 line cells. Similarly, Kim et al. (2013) did not
observe changes in caspase-3, -7 and -9 activities in rat H9c2 cells
treated with pure glyphosate (up to 10 uM). The authors found that
only a mixture of 5uM of glyphosate and 2.5 uM of POEA caused a
significant increase in the activity of all analysed enzymes.

In order to determine the pathway on which apoptosis is induced in
PBMCs, the activities of caspase-8 and -9 were assayed. Moreover,
changes in the total ROS and of highly reactive oxygen species (mostly
hydroxyl radical) levels were assessed. Activation of caspase-8 is asso-
ciated with the induction of extrinsic apoptotic pathway by cellular
receptors, while caspase-9 is involved in the activation of the intrinsic
(mitochondrial) pathway.

It was found that glyphosate, AMPA (from the concentration of
0.5mM) as well as PMIDA and bis(phosphonomethyl)amine (from the
concentration of 5mM) caused an increase in caspase-8 activity. It was
also noted that other examined compounds did not increase the activity
of the enzyme studied. Contrary to changes in caspase-8 activity, it was
demonstrated that all analysed compounds (from the concentration of
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5 mM) substantially increased the activity of caspase-9, which showed
that mainly mitochondrial pathway was involved in apoptosis of human
PBMCs.

At higher concentrations, ROS such as H>O, have been shown to
play a central role in the main pathways of apoptosis mediated by
mitochondria, death receptors and the endoplasmic reticulum (ER). For
instance ROS can activate caspase-8, -9 and -3 and change expression of
p53, the protein playing a crucial role in apoptotic cell death (Redza-
Dutordoir and Averill-Bates, 2003).

An increased ROS production was observed in PBMCs exposed with
all analysed compounds. The obtained results are consistent with data
published by Wozniak et al. (2018) who observed ROS formation in
human PBMCs treated with glyphosate, AMPA and particularly gly-
phosate preparation - Roundup 360 PLUS.

Similarly, Lioi et al. (1998) suggested that glyphosate (17-170 pM)
induced changes in metabolism of bovine lymphocytes, most probably
by generating ROS. The authors observed a reduction of intracellular
glutathione level and activation of glucose-6-phosphate dehydrogenase
in those cells. In another study, Chaufan et al. (2014) using the same
analytical method (oxidation of the H,DCF probe) did not observe any
increase in ROS levels in HepG2 cell line treated with glyphosate and its
metabolite AMPA (900 mg/1), while they observed that the glyphosate-
based preparation caused an increase in ROS level up to 140% com-
pared to the control. The Authors of this study also determined a high
level of nitrotyrosine - a substance known of its ability to alter proteins
structure and function.

Hydroxyl radical is the most reactive free radical possessing a low
substrate specificity (Gutowicz, 2011). It has been shown that the in-
crease in ROS level, and hydroxyl radical in particular may contribute
to DNA damage, and thus apoptotic cell death (Schuessel et al., 2005).
For that reason, the formation of highly reactive oxygen species (in-
cluding hydroxyl radical) was assessed in PBMCs treated with glypho-
sate, its metabolites and impurities. It has been noted that glyphosate,
its impurities: N-methylglyphosate, hydroxymethylphosphonic acid and
bis(phosphonomethyl)amine as well as its metabolites: AMPA and
methylphosphonic acid at the concentration of 5 mM caused an increase
in hydroxyl radical level. The highest increase in this parameter was
noted in PBMCs exposed to PMIDA (from 0.5 mM).

Similar results were obtained by Wozniak et al. (2018). These re-
searches observed an increase in total ROS level, and the level of highly
reactive oxygen species in human PBMCs exposed to glyphosate at
1 mM, while they did not observe the formation of hydroxyl radical
under influence of AMPA (up to 1 mM). Similarly, our study showed
that AMPA at lower concentration did not induce hydroxyl radical
formation, and the increase in discussing parameter was noted only at
its highest level of 5 mM.

The proteolytic activity of caspases involves cleavage of their sub-
strates at aspartate residues. There are at least 1000 substrates of ef-
fector caspases such as caspase-3, which are located in the cytosol,
cytoskeleton and nucleus. Caspases play also a key role in the apoptotic
nuclear disassembly leading to chromatin condensation (Toné et al.,
2007). It has been shown in animal cells that DNA laddering and sub-
sequent chromatin condensation is associated with irreversible pro-
teolytic degradation of the nuclear lamins that are believed to play a
role in nuclear envelope integrity and the organization of interphase
chromatin (Lazebnik et al., 1995).

In this study we have observed that glyphosate, its metabolites and
impurities caused chromatin condensation in human PBMCs.

Based on our own research, and also on studies of other authors it
may be suggested that glyphosate, its metabolites and impurities induce
apoptosis both via the intrinsic pathway (evidenced by the observed
increase in total ROS and hydroxyl radical levels, a decrease in trans-
membrane mitochondrial potential and an increase in caspase-9 ac-
tivity), and - to a lesser extent - via the extrinsic pathway (evidenced by
changes in caspase-8 activity) (except for methylphosphonic acid, N-
methylglyphosate and hydroxymethylphosphonic acid).
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5. Conclusions: toxicity of pure glyphosate versus its metabolites
and impurities

The results obtained in this study do not indicate an essential role of
metabolites and production impurities of glyphosate in toxic (pro-
apoptotic) action of glyphosate and possibly glyphosate-based pre-
parations. Research presented in this paper indicated that both AMPA
and MPA exerted a smaller effect on ROS and hydroxyl radical forma-
tion than glyphosate. For other analysed parameters, no significant
differences have been demonstrated between glyphosate and its meta-
bolites activities. Studies on toxicity of glyphosate metabolite - MPA -
are even more limited, while our results clearly demonstrated a rela-
tively low toxicity of this compound. The study also revealed that some
of glyphosate impurities were characterized by a slightly stronger pro-
apoptotic potential than the parent compound. They constitute, how-
ever, a minor impurities of glyphosate and should not significantly in-
crease toxicity of N-(phosphonomethyl)glycine-based products (con-
trary to surfactants).

Obtained results clearly indicate low proapoptotic properties of all
analysed compounds. Initial clear apoptotic effects are associated with
their highest analysed concentrations, which correspond to the con-
centrations to which a human organism could be exposed only as a
result of acute or subacute poisoning with glyphosate.
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