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Abstract: Glufosinate-ammonium (GLA), an organophosphate herbicide, is released at high con-
centrations in the environment, leading to concerns over its potential genotoxic effects. However,
few articles are available in the literature reporting the possible cellular and nuclear effects of this
compound. We assessed, by in vitro and in vivo micronucleus assays, the genotoxicity of GLA on
cultured human lymphocytes and Lymnaea stagnalis hemocytes at six concentrations: 0.010 (the es-
tablished acceptable daily intake value), 0.020, 0.050, 0.100, 0.200, and 0.500 pg/mL. In human
lymphocytes, our results reveal a significant and concentration-dependent increase in micronuclei
frequency at concentrations from 0.100 to 0.500 pg/mL, while in L. stagnalis hemocytes, significant
differences were found at 0.200 and 0.500 pg/mL. A significant reduction in the proliferation index
was observed at all tested concentrations, with the only exception of 0.010 pg/mL, indicating that
the exposure to GLA could lead to increased cytotoxic effects. In L. stagnalis, a significant reduction
in laid eggs and body growth was also observed at all concentrations. In conclusion, we provided
evidence of the genomic and cellular damage induced by GLA on both cultured human Iympho-
cytes and a model organism’s hemocytes; in addition, we also demonstrated its effects on cell pro-
liferation and reproductive health in L. stagnalis.
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1. Introduction

Intensive agriculture practices require the massive use of pesticides to control weeds
that can affect the crop productivity and the quality of both human life and the environ-
ment. Among pesticides, herbicides are the most applied and, consequently, are found at
high concentrations in the environment, particularly in soil and aquatic ecosystems [1].
However, due to their non-specific action, these chemicals can harm non-target organisms
like pollinators and aquatic invertebrates with a consequent reduction in biodiversity and
non-negligible economic damage due to honey bee colony losses in agricultural ecosys-
tems [2,3].

Glufosinate-ammonium (GLA) is an organophosphate wide-spectrum herbicide
that, in plants, exerts its action by irreversible inhibition of the glutamine synthetase (GS)
activity, resulting in photosynthesis disruption (for a review, see Takano and Dayan,
2020) [4]. Briefly, the increase in ammonia concentration and glyoxylate derivatives, due
to GS blockade, leads to an excess of energy within the cell, which is consumed by elec-
tron transfer to molecular oxygen. Reactive oxygen species deriving from this process are
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the main drivers of GLA phytotoxicity, being able to induce lipid peroxidation, mem-
brane integrity loss [5], and chromosomal instability [6,7].

The use of GLA is significantly increasing worldwide. It is principally used to con-
trol weeds in genetically modified crops tolerant to glyphosate [8,9], but its use might
have an adverse impact also on non-target plants, such as trees, shrubs, and ornamental
crops [10], as well as on the entire biota. Indeed, due to its high solubility in water, GLA
has been found in all environmental matrices, including the soil and surface waters
[11,12].

The maximum residue limit of GLA in European drinking waters was set at a con-
centration of 0.100 ug/L [13]. However, in northern Italy, the annual average concentra-
tion of GLA in the rivers Musoncello (0.720 ug/L) and Teva (0.420 ug/L) exceeded this
upper tolerable limit for Europe [11], and, in the Italian Veneto region, the average con-
centration of GLA in drinking water reached this maximum allowable limit as well
[11,14]. Outside Europe, the situation is similar: GLA was found at concentrations rang-
ing from 2.380 ug/L to 13.150 pg/L in waters and groundwaters of ten provinces of China
[15], at concentrations ranging from 0.020 pg/L to 15.500 pg/L in three watersheds in the
Midwest of the United States [16].

This situation represents a notable risk to aquatic life. Indeed, significant toxic effects
on non-target organisms have been observed. In particular, male reproductive and de-
velopmental toxicities have been reported in mammals exposed to GLA [17]; morpho-
logical abnormalities during early development in amphibians [18]; and oxidative stress,
hormonal disturbance, and DNA damage in tadpoles. Moreover, in zebrafish, GLA was
found to cause spinal deformities, yolk sac edemas, and embryo mortality [19], whereas,
in reptiles, it induces hepatotoxicity and reproductive toxicity [20].

In humans, epidemiological studies demonstrated that the exposure to this pesticide
is associated with child neurodevelopmental defects and cognitive disorders [21,22], as
well as with respiratory and immunological diseases [23,24].

From a cellular perspective, glufosinate can often affect cell integrity and vitality.
GLA exposure was found to induce a loss of cell-cell interaction in the ependymal epi-
thelium, undermining the tissue’s integrity [25]. Furthermore, it has been found to ad-
versely affect the subcellular structure of the aquatic unicellular alga Chlorella vulgaris,
damaging chloroplast structures and reducing photosynthetic activity [26].

In tadpole erythrocytes, GLA already demonstrated its cytotoxic effects [9]. In Cae-
norhabditis elegans, exposure to GLA at environmental concentrations resulted in the in-
hibition of GS, with a consequent accumulation of glutamine and induction of pro-
grammed cell death [27]. Similarly, GLA was found to increase the incidence of apoptosis
and to affect the normal in vitro growth of preimplantation embryos, but these effects
only occur at high concentrations (15 pg/mL and 150 pg/mL, respectively) [28].

However, data about the genotoxic properties of GLA are scanty and conflicting
[29,30]. In the present paper, we evaluated, in vitro on cultured human lymphocytes and
in vivo on hemocytes of Lymnaea stagnalis, the effects of the exposure to low GLA con-
centrations. We tested GLA at a concentration of 0.010 ug/mL, corresponding to the es-
tablished acceptable daily intake (ADI) value for humans [13], and its multiples of 0.020,
0.050, 0.100, 0.200, and 0.500 pig/mL.

The genomic instability was evaluated by the micronucleus assay performed on
human lymphocytes and on hemocytes of L. stagnalis. The cytokinesis-block micronu-
cleus (CBMN) test was initially developed on human peripheral blood lymphocytes.
However, in the ecotoxicological field, this test has also been performed on freshwater
invertebrates, such as L. stagnalis [31]. The latter is an abundant and widespread inver-
tebrate species that colonizes the limnic temperate systems of the Northern Hemisphere
and North Africa. The hemolymph system represents an important membrane for path-
ogen protection and elimination; in addition, hemocytes play various other functions,
including phagocytosis and cell-to-cell communication and recognition [32]. The number
of hemocytes is correlated with immunity and is an early indicator of infection in aqua-
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culture conditions [33]. Among the target cells used in the literature to evaluate the effects
of exposure to genotoxic agents, lymphocytes represent the ideal biological dosimeters for
a variety of reasons: (a) they are cells that circulate throughout the body and, therefore, can
be considered circulating dosimeters able to detect the genotoxic insult received from the
various districts of the organism; (b) they can be obtained by a common venous sampling
and are easy cultured in vitro; (c) finally, the lymphocyte memorizes the damage, and,
therefore, if the chromosomal damage persists unrepaired in cells in the GO phase, the same
can be detected when the cell undergoes mitotic division in vitro. Therefore, an increased
frequency of MN may be the result of recent exposures, or, in some cases, of previous ex-
posures, and therefore the manifestation of a cumulative effect [34].

L. stagnalis is often used as a model organism in ecotoxicological and biological
studies, as it has different advantages: (a) It is sexually mature within only 3 months after
egg laying. (b) It is a simultaneous hermaphrodite, which means that it can both cross-
and self-mate. (c) During mating, partners regularly alternate sexual roles by the recip-
rocal exchange of sperm. These characteristics offer the possibility to study the influence
of xenobiotic compounds on life traits related to the reproductive aspects, such as the
number of laid eggs. (d) L. stagnalis can be easily maintained in the laboratory; it tolerates
a wide range of temperatures (from 0 to 2628 °C) and pHs (from pH 6 to pH 8.5). (e) This
organism does not require a particular diet, because it is omnivorous and feeds mainly on
algae and plants. (f) Finally, L. stagnalis lives mainly in ponds, where the concentration of
xenobiotics is higher than in other aquatic ecosystems. This means that they have proba-
bly evolved efficient cellular detoxification mechanisms and, therefore, the genotoxic
effect of a certain environmental xenobiotic observed on this organism could have even
worse consequences in other aquatic and terrestrial organisms living in contaminated
ecosystems [35].

The micronucleus assay represents a fast and inexpensive test able to assess the
aneugenic and/or clastogenic properties of a single xenobiotic or a mixture of different
compounds. Indeed, micronuclei (MNi) represent whole chromosomes or fragments of
them that failed to migrate to the anaphase during mitosis, resulting in visible extranu-
clear bodies in interphase nuclei. This assay can also measure another nuclear anomaly
called nuclear buds (NBUDs), which are produced by eliminating amplified DNA, DNA
repair complexes, and excess chromosomes in aneuploid cells [36]. Finally, the CBPI
represents a cytokinesis-block proliferation index and is calculated with the following
formula, [1 x N1 +[2 x N2 + 3 x (N3 + N4)]/N, where N1-N4 represent the number of cells
with 1-4 nuclei, respectively, and N is the total number of cells evaluated [37]. This index
gives an idea of the influence of a specific xenobiotic on the cell’s ability to divide: low
values of this index correspond to a lower ability of the cell to divide, and this may rep-
resent the cellular manifestation of possible damage to the cytokinetic mechanism.

Various pesticides have been reported to lead to a wide range of cellular toxicity
mechanisms, including cell cycle arrest, which represents one of the most important toxic
consequences of xenobiotics [38,39]. However, little is known about the effects of GLA on
cell division rates. For these reasons, we decided to evaluate in our analyses also the
proliferation index of lymphocytes treated with different concentrations of GLA.

2. Materials and Methods
2.1. Chemicals and Reagents

The IUPAC name of GLA (CsHi2NO4P) is ammonium (3-amino-3-carboxypropyl)
methyl phosphinate (CAS number: 77182-82-2). GLA, colchicine, Cytochalasin-B, and
Mitomycin-C (MMC), KCl, and Sorensen buffer were purchased from Merck S.p.A., Mi-
lan, Italy. Foetal calf serum, RPMI 1640 cell culture medium, phytohemagglutinin, and
antibiotics were obtained from Thermo Fiasher Scientific, (Rodano, Milano, Italy).
Methanol, Giemsa, acetic acid, and microscope slides were obtained from Carlo Erba
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Reagenti (Cornaredo, Milan, Italy). Vacutainer blood collection tubes were obtained from
Terumo Europe (Rome, Italy).

2.2. Lymphocyte Cultures and Cytokinesis-Block Micronucleus Assays

Peripheral venous blood was collected from 20 healthy Italian adults (mean age +
SD, 24.000 =+ 2.248), with no current tobacco or alcohol consumption, not under any drug
therapy, and without any recent history of exposure to mutagens. Signed informed con-
sent was obtained from all subjects. This study was approved by the Ethics Committee,
University of Turin (protocol no. 0574348, dated 18 October 2023), and performed in ac-
cordance with the ethical standards stated in the 2013 Declaration of Helsinki.

Blood sample collection, lymphocyte cultures, fixation, staining procedures, a mi-
cronuclei assay, and microscope analysis were performed as described in Santovito et al.
(2018) [40]. Lymphocyte cultures were treated with six nominal concentrations (0.010,
0.020, 0.050, 0.100, 0.200, 0.500 ug/mL) of GLA. The positive control was treatment with
Mitomycin-C (Mit.C) at 0.100 pg/mL.

The frequencies of micronuclei (MNi) and nuclear buds (NBUDs) were measured in
1000 binucleated lymphocytes with well-preserved cytoplasm per subject, per concen-
tration and per tested compound, for a total of 120,000 scored cells. Similarly, a total of
1000 lymphocytes per donor per concentration were scored to determine the cytokine-
sis-block proliferation index.

2.3. Lymnaea stagnalis Physiology and Rearing

L. stagnalis individuals are simultaneous hermaphrodites that alternate sexual roles
during mating, with the reciprocal exchange of sperm, i.e., sperm trading [41]. They be-
come sexually mature within 3 months after egg laying, have a lifespan of about 2 years,
and can be easily maintained in the laboratory due to their broad temperature tolerance
(0 to 26-28 °C) and pH (pH 6 to pH 8.5).

L. stagnalis individuals involved in this study were randomly selected from our para-
site-free laboratory culture, where rearing conditions were uniform in terms of tap water,
temperature (range between 18 and 22 °C), and feeding (salad as the primary source of
food).

The experiment was conducted using 10 L containers filled with 8 L of tap water. To
reduce evaporation, the containers were closed with a lid, but air could pass via lateral
slits on the top of the containers. The chemistry of the used tap water was pH: 7.4; dry
residue at 180 °C: 307 mg/L; calcium: 69 mg/L; magnesium: 13 mg/L; ammonium: <0.05
mg/L; chlorides: 14 mg/L; sulfates: 32 mg/L; potassium: 2 mg/L; sodium: <10 mg/L; and
arsenic: <1 pg/L. Glufosinate and other pesticides were not found [42]. A single replicate of
20 individuals per concentration was used, for a total of seven groups with 20 individuals
randomly chosen among young sexual mature adults (with a shell length >20 mm). We
tested the effects of GLA at the genomic level in terms of the variation in the frequency of
MNj, and on some physiological parameters, such as body growth and egg production. In
order to obtain the final concentrations of 0.500, 0.200, 0.100, 0.050, 0.020, and 0.010 mg/L,
we dissolved 4.0, 1.6, 0.8, 0.4, and 0.2 g of GLA in 8 L of water, respectively.

Individuals were reared at room temperature (range, 18-22 °C), under the same
light-dark regime, and fed ad libitum the same amount of food (100 g of vegetables/week
for each set of 20 individuals, mainly salad). In order to avoid using salad treated with
pesticides, we fed L. stagnalis with organic salad. During the 4-week study period, water,
food, and GLA concentrations were renewed twice a week for each group. The number of
eggs laid was recorded once a week and changes in shell growth (length in mm) were
measured at the beginning and at the end of the experiment.
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2.4. Micronuclei Assay on Hemocytes from Lymnaea Stagnalis

Twenty individuals per group were exposed for 4 weeks to increasing concentra-
tions (0.010, 0.020, 0.050, 0.100, 0.200, and 0.500 ug/mL) of GLA. The negative control was
represented by pure water without GLA. At 4 weeks of xenobiotic exposure, hemolymph
was collected by stimulating its release by prodding the animal’s foot with a micropi-
pette. Five hundred microliters of hemolymph per subject was collected and distributed
onto clear microscope slides. The cells were then fixed by adding several drops of
methanol/acetic acid solution in a 3:1 ratio. The slides were dried, and the cells were
stained for 10 min by a conventional staining method using 5% Giemsa (pH 6.8) prepared
in Sorensen buffer. Then, the slides were washed with distilled water and dried; the cells
were observed under a Leica Dialux 20 light microscope (magnification 1000x). We ana-
lyzed 1000 hemocytes with intact nuclear and cellular membranes per subject per con-
centration, and the number of MNi was scored. MNi were identified according to the
following criteria: diameter < 1/3 of the main nucleus; coloring and refractive index sim-
ilar to those of the main nucleus; and absence of direct contact between the MN and the
main nucleus.

2.5. Statistical Analyses

Data distribution and data normality were tested graphically and using the Shapiro—-
Wilk test. A one-way ANOVA was used to test for growth differences between the
groups, with a Tukey post hoc test. For MNi assays, as the data were not normally dis-
tributed (even after data transformation), the non-parametric Kruskal-Wallis test was
used to test for significant differences in terms of nuclear aberrations in both lymphocytes
and hemocytes, with a post hoc Dunn test (Bonferroni correction). Due to the
non-homogeneity of data distribution for CBPI values, a GLM with negative binomial
distribution was applied to test for significant differences. Differences in the number of
eggs laid between the groups were tested with the G-test. A principal component analysis
(PCA) was conducted with the scaled variables “Micronuclei”, “Nuclear buds”, “Binu-
cleated cells”, “Growth”, and “Number of eggs laid”. Statistical significance was indi-
cated as * p < 0.05, ** p < 0.01, and *** p < 0.001. All statistical analyses were performed
using R 4.3.2 (R core team, Vienna, Australia) with the Rstudio interface (RStudio Team,
Boston, MA, USA). Graphs were elaborated on R and GraphPad Prism 8 (GraphPad
Software, https://www.graphpad.com, accessed on 16 March 2024).

3. Results
3.1. Lymphocytes

In Figure 1 and Supplementary Materials Table S1, differences in the levels of mi-
cronuclei and nuclear buds in lymphocytes exposed to different concentrations of GLA
are highlighted. The analytical data are reported in Table S1 of the Supplementary Mate-
rial (SM). GLA was genotoxic at concentrations of 0.500, 0.200, and 0.100 pig/mL, whereas
no significant differences in terms of buds were found between different GLA concen-
trations and the negative control.
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Figure 1. Graph highlighting the differences in the levels of micronuclei and nuclear buds in lym-
phocytes exposed to different concentrations of GLA. MMC = Mitomycin C (positive control); NC =
negative control; NBUDs = nuclear buds. *** p <0.001, * p = 0.011, with respect to negative control.

In Figure 2 and Supplementary Materials Table S1, differences in the CBPI values
among lymphocytes treated with different GLA concentrations are shown. With respect
to the negative control, the CBPI value was significantly reduced at all concentrations
with the exception of 0.010 pg/mL, indicating a negative effect of GLA on the prolifera-
tion index at concentrations higher than the ADI value.
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Figure 2. Differences in the CBPI values among lymphocytes treated with different GLA concen-
trations. CBPI = cytokinesis-block proliferation index; MMC = Mitomycin C (positive control); NC =
negative control. *** p <0.001, ** p = 0.002, with respect to negative control.

3.2. Hemocytes

In Figure 3 and Supplementary Materials Table S2 the frequencies of MNi and
NBUDs in hemocytes exposed to different GLA concentrations are shown. GLA signifi-
cantly increased the frequencies of MNi and NBUDs at concentrations of 0.500 and 0.200
ug/mL (Figure 3).



Cells 2024, 13, 909 7 of 14

5 . ® Micronuclei
= NBUDs
4 _ *k%* n—

Aberrations (mean = SD) %o
T

Concentration

Figure 3. Frequencies of MNi and buds in hemocytes exposed to different GLA concentrations. NC
= negative control; NBUDs = nuclear buds. Micronuclei: *** p < 0.001; * p = 0.023, with respect to
negative control. NBUDs: *** p < 0.001, with respect to negative control.

In Figure 4 and Supplementary Materials Table S3, the variation in shell growth
between controls and individuals exposed to different GLA concentrations is shown.
After 4 weeks of treatment, GLA caused a significant reduction in the growth rate at all
tested concentrations.

200 *kk

Growth (mean + SD) mm

10.0

0.01 pg/mL  0.020 pg/mL  0.050 pg/mL  0.100 pg/mL  0.200 pg/mL  0.500 pg/mL NC

Concentration

Figure 4. Variation in growth between controls and different GLA concentrations. NC = negative
control. *** p < 0.001; significantly higher with respect to all GLA concentrations.

In Figure 5, the trend of the number of eggs laid per week, for each GLA concentra-
tion, is shown, while in Table 1, the analytical data are reported.
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Figure 5. Trend of the number of eggs laid per week, for each GLA concentration.

Table 1. Analytical data about the number of eggs laid per week per concentration after GLA
treatment at different concentrations. Number of subjects tested per concentration = 20.

Concentration I Week II Week III Week IV Week Total
NC 2875 2644 1856 2348 9723
0.500 pg/mL 1017 975 1235 1801 5028 ***
0.200 pg/mL 1934 1318 1190 1623 6065 ***
0.100 pg/mL 1838 1765 1421 2067 7091 ***
0.050 pg/mL 2423 2108 2258 2195 8984 ***
0.020 pg/mL 2542 2189 2232 2595 9558
0.010 pg/mL 2571 2449 2584 2232 9836

NC = negative control; ** p < 0.001; significantly lower with respect to NC (G-test).

With respect to the negative control, GLA induced a significant reduction in the number
of eggs laid at all tested concentrations. Interestingly, in Figure 5 we can observe a general
reduction in the number of eggs laid followed by an increase in the last week. Such a trend is
confirmed by the G-test correlation coefficient, which drastically decreases for the last week,
indicating that groups tend to have more similar egg numbers among treatments.

Our PCA (Figure 6) clearly discriminates the negative control from the high-
est-concentration groups, confirming what was previously described by the other varia-
bles.

Concentration
0.010 pg/mL
0.020 pg/mL
0.050 pg/mL
0.100 pg/mL
0.200 pg/mL
0.500 pg/mL
NC

g-

‘ i |
-25 0.0 25
Dim1 (52.9%)

Figure 6. Principal component analysis (PCA) of our genotoxicity results, including the variables
“Micronuclei”, “Nuclear buds”, “Binucleated cells”, “Growth”, and “Number of laid eggs”. The
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first two principal components account for 52.9% and 17.1% of the variance, respectively. Ellipses
represent 95% confidence regions for the concentration groups.

4. Discussion

One of the consequences of the intensive use of herbicides is the discharge of resi-
dues into the environment, which contaminates the ecosystem and impacts the food
chain with observable repercussions on the biota and on human health [21,22].

Among herbicides, GLA is one of the most used in agriculture practices, mainly to
control weeds in genetically modified crops [8,9]. Therefore, its sublethal adverse effects
and its ever-increasing use over the past decades represent a serious concern.

Few data are present in the literature about the possible association of GLA with
increased levels of genomic damage. Moreover, in most toxicology studies, the exposure
concentrations are much higher than the levels found in environmental samples
[11,18,20].

In the present paper, we filled these gaps by evaluating the ability of the GLA herb-
icide to induce, at environmentally relevant concentrations, the formation of MNi in vitro
on cultured human lymphocytes and in vivo on hemocytes of L. stagnalis.

The results of our in vitro study provided evidence of the genotoxic effects of GLA
on human lymphocytes at concentrations of 0.500 pg/mL down to 0.100 pg/mL (Figure 1
and Supplementary Materials Table S1), indicating that, at these concentrations, GLA
could pose genotoxic risk to humans, as also confirmed by other authors [29].

Although the mechanisms underlying the genotoxic potential of GLA are unknown,
oxidative stress appears to play an important role in this regard. In fact, it is known that
many pesticides are capable of inducing an increase in free radicals, whose damage at the
cellular and genomic level has been known for some time [43,44].

The genomic instability was also evaluated by the frequency of NBUDs, which rep-
resent the elimination process of amplified DNA or excess chromosomes from aneu-
ploidy cells. In this case, no significant differences were found at all tested concentrations,
indicating that, at these levels, GLA does not affect the levels of NBUDs.

A valid parameter used to determine the cytotoxic potential of xenobiotics is the
mitotic index (MI), which represents a critical index in determining the rate of cell divi-
sion. The decrease in MI indicates a slower cell progression from the S to M phase of the
cell cycle, and, therefore, represents an index of cytotoxic damage resulting from expo-
sure to xenobiotics.

In our study, contrary to what we showed for glyphosate [40], for the CBPI, we ob-
served a significant effect of GLA at all tested concentrations, with the only exception of
0.010 pg/mL. This result indicated that exposure to GLA could lead to increased cytotoxic
effects. However, at the ADI concentration, GLA did not influence the replicative capac-
ity of the cells.

Other authors observed decreased levels of the proliferation index in cell lines ex-
posed to other herbicides or insecticides, but at concentrations higher than those tested in
the present paper [45]. Moreover, a wide range of pesticides have been shown to induce
cell damage, including those related to the cell cycle and cell growth. For example, the
herbicide pendimethalin was found to induce cell cycle arrest and apoptosis in TM3 and
TM4 cells by activating the endoplasmic reticulum stress pathway and autophagy [46].
Analogously, glyphosate has been reported to induce cell arrest in the Go/G1 phase [47],
while exposure to sublethal doses (10, 20, and 40 mg L) of 2,4-dichlorophenoxyacetic
acid resulted in a significant reduction in the MI [48].

A brief overview of the GLA biochemistry in animal cells can explain the origin of
the observed genomic instability and reduced cell proliferation. As reported above,
GLA'’s structural similarity to glutamate (Figure 7) enables it to inhibit GS activity in
plant cells, resulting in ammonia overaccumulation and ROS production [1]; neverthe-
less, in animal cells, the inhibition of GS, still observed, can be partially compensated
through alternative metabolic pathways, preventing significant disruptions in ammonia
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metabolism and more severe physiological outcomes. In particular, aquatic organisms
are generally ammonotelic and are therefore able to directly excrete NHs; nitrogen fixa-
tion in uric acid or urea is another possible strategy exploited to expel it from the organ-
ism [49]. Furthermore, the glyoxylate derivatives’ overaccumulation and consequent ROS
production observable in plants derive from the relationship between GS with RuBisCO
[3]. Since the Calvin cycle does not concern animals, the generation of ROS and subse-
quent necrosis is avoided. While the biological implications of GLA exposure are re-
markably different between plant and animal cells, the basic biochemical interaction
mechanisms between GLA and GS are similar. GS blockade leads to a decrease in the in-
tracellular glutamine level, which is essential for cell growth and proliferation [50-53].
Glutamine depletion is in fact associated with reduced levels of B-TrCP (beta-transducin
repeat-containing protein), a protein involved in timely mitosis regulation through tar-
geted protein stability modulation (e.g., Emil) [54]. The absence of B-TrCP leads to
anomalies potentially connected to genomic instability and poor cell division, such as a
lengthened mitosis, incorrect chromosome segregation, centrosome overduplication, and
multipolar metaphase spindles [55,56].

a) b)

Ko} o ~ O NH4"

Figure 7. (a) L-glutamate and (b) GLA (L-phosphinothricin ammonium); the molecular structure
similarity between the two molecules allows them to take part in the same metabolic pathways. The
functional group (methylphosphonyl) that gives GLA its xenobiotic characteristic is highlighted in
red: after its phosphorylation by ATP, it binds irreversibly to GS. Common functional groups of the
two molecules that contribute to the GS binding through H-bonds are highlighted in blue and
green [4].

The potentially negative effects of GLA on aquatic organisms are largely unknown.
The great diversity of invertebrates, associated with their widespread distribution, usu-
ally exposes them to various levels of pollutants, making these organisms useful models
in ecotoxicological studies. In our work, on the aquatic invertebrate L. stagnalis, we tested
in vivo the same concentrations of GLA used for in vitro experiments. This organism has
a short life cycle and is easy to rear in the laboratory [35], making it useful and convenient
for chronic ecotoxicological studies. We found genotoxic properties of GLA at the highest
concentrations of 0.500 and 0.200 pg/mL, whereas at the ADI concentration value of 0.010
ug/mL, GLA did not show significant differences in the level of MNi and NBUDs with
respect to the negative control, confirming the 0.010 pg/mL value as a safe concentration
for this compound. Data about the genotoxic properties of GLA are conflicting. Indeed,
while some published papers evidenced the ability of GLA to induce cell death, chroma-
tin condensation, abnormalities in the neuroepithelium of mouse embryos [57], and in-
creased levels of MNi in gill cells of fish [30], others reported negative results [29].

Moreover, our results are comparable with literature data for L. stagnalis exposed to
other xenobiotics such as Benzophenone-3, for which genotoxicity was observed at con-
centrations of 0.200 and 0.100 mg/L [38], and glyphosate, for which we observed a sig-
nificant increase in MNi frequency at 0.500 and 0.250 pg/mL [58].

Finally, the greatest negative effects of GLA treatments were observed in terms of
the number of eggs laid and body growth, which was significantly reduced at all tested
concentrations. The significant reduction in body growth observed in our study agrees
with the data obtained by Zhang et al. (2017) [59], who observed that GLA at concentra-
tions of 5 and 10 pg/mL is able to inhibit the growth of Microcystis aeruginosa. The number
of eggs laid is an important physiological indicator for the evaluation of reproductive
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capacity. Our results are consistent with data reported by Ahn et al. (2001) [60], who ob-
served a significant larval and nymph death induced by GLA in Orius strigicollis and
Harmonia axyridis, as well as with those reported by Zhao et al. (2023) [1], who observed,
in Caenorhabditis elegans, significant reductions in the number of eggs and offspring in
vivo and a significant increase in apoptosis in gonadal cells induced by treatment with
different concentrations of GLA.

5. Conclusions

This study is the first one investigating the ability of GLA to induce genomic insta-
bility in cultured human lymphocytes. We tested GLA concentrations ranging from 0.010
(ADI value) to 0.500 ug/mL, which represent more realistic concentrations, likely to be
encountered in everyday life, than the higher doses evaluated in other published reports.

We provided evidence of the genomic instability induced by GLA on cultured hu-
man lymphocytes and in vivo on L. stagnalis hemocytes. Despite the limitations of an in
vitro study conducted on human lymphocytes and an in vivo study conducted on an in-
vertebrate organism, it is our opinion that the increase in cytogenetic damage observed at
GLA concentrations equal to or greater than 0.100 ug/mL needs attention, mainly in a
chronic exposure scenario. Indeed, genomic instability caused by low but chronic exposure
to genotoxic compounds can cause unexpected and serious consequences in the long run.

Moreover, it should be emphasized that most pesticides, GLA included, are used in
commercial formulations that contain inert compounds that are sometimes even more
genotoxic than the active ingredients themselves. For example, the same commercial
formulation of a GLA-based herbicide has been found to induce the formation of MNi in
Rhinella arenarum tadpoles, in contrast to the active ingredient [9]. In a “One health”
perspective, works like ours serve to highlight the dangers, both for human health and
for the biome, of the chronic use of some pesticides at concentrations considered safe.
This should lead the competent authorities to update the data relating to the acceptable
daily intake dose for humans and those considered not harmful for the entire biome. In a
future perspective, measuring cell growth could provide information on how cells re-
spond to genotoxic treatments, and assessing the number of eggs hatched after pesticide
treatment could evidence the possible effects of glufosinate across generations.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cells13110909/s1, Supplementary Material Table S1: Induc-
tion of micronuclei produced by glufosinate-ammonium in cultured human lymphocytes; Sup-
plementary Material Table S2: Induction of micronuclei produced by glufosinate-ammonium in
hemocytes of Lymnaea stagnalis; Supplementary Materials Table S3: Variation in shell growth at
different glufosinate-ammonium concentrations.

Author Contributions: Conceptualization, A.S., A.N. and D.S.; Methodology, A.S., A.N. and M.L,;
Software, A.N.; Investigation, A.S., AN., M.L,, EM. and D.S.; Resources, A.S.; Data Curation, A.N.,
M.L,, EM. and D.S.; Writing—Original Draft Preparation, A.S.; Writing—Review and Editing, A.S.,
AN, M.L, EM. and D.S; Supervision, A.S.; Funding Acquisition, A.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Italian Ministry of Scientific Research (grant: “MIUR ex
60%").

Institutional Review Board Statement: The study was carried out following the World Medical
Association Declaration of Helsinki. The Ethics Committee of The University of Turin approved the
protocol (Turin 18 October 2023, approval no. 0574348).

Informed Consent Statement: Written informed consent was obtained from all subjects involved
in the study.

Data Availability Statement: The data presented in this study are available in results and Sup-
plementary Material sections.

Acknowledgments: Authors are grateful to all volunteers who participated in the study.



Cells 2024, 13, 909 12 of 14

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Zhao, X,; Fu, K;; Xiang, K.-P.; Wang, L.-Y.; Zhang, Y.-F.; Luo, Y.-P. Comparison of the chronic and multigenerational toxicity of
racemic glufosinate and L-glufosinate to Caenorhabditis elegans at environmental concentrations. Chemosphere 2023, 316, 137863.

2. Babalola, O.0.; Van Wyk, ].H. Comparative early life stage toxicity of the african clawed frog, Xenopus laevis following exposure to
selected herbicide formulations applied to eradicate alien plants in South Africa. Arch. Environ. Contam. Toxicol. 2018, 75, 8-16.

3. Castelli L. Branchiccela, B.; Zunino, P.; Antinez, K. Insights into the effects of sublethal doses of pesticides
Glufosinate-ammonium and sulfoxaflor on honey bee health. Sci. Total Environ. 2023, 868, 161331.

4.  Takano, HK,; Dayan, F.E. Glufosinate-ammonium: A review of the current state of knowledge. Pest Manag. Sci. 2020, 76, 3911-3925.

5. Takano, HK,; Beffa, R.; Preston, C.; Westra, P.; Dayan, F.E. Reactive oxygen species trigger the fast action of glufosinate. Planta
2019, 249, 1837-1849.

6.  Limoli, C.L.; Giedzinski, E. Induction of chromosomal instability by chronic oxidative stress. Neoplasia 2003, 5, 339-346.

7. Ragu, S.; Faye, G; Iraqui, I.; Masurel-Heneman, A.; Kolodner, R.D.; Huang, M.-E. Oxygen metabolism and reactive oxygen
species cause chromosomal rearrangements and cell death. Proc. Natl. Acad. Sci. USA 2007, 104, 9747-9752.

8.  Shipitalo, M.].; Malone, R.W.; Owens, L.B. Impact of glyphosate-tolerant soybean and glufosinate-tolerant corn production on
herbicide losses in surface runoff. |. Environ. Qual. 2008, 37, 401-408.

9. Lajmanovich, R.C; Cabagna-Zenklusen, M.C.; Attademo, A.M.; Junges, C.M.; Peltzer, P.M.; Basso, A.; Lorenzatti, E. Induction
of micronuclei and nuclear abnormalities in tadpoles of the common toad (Rhinella arenarum) treated with the herbicides Lib-
erty® and Glufosinate-ammonium. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2014, 769, 7-12.

10. Devault, D.A.; Karolak, S. Wastewater-based epidemiology approach to assess population exposure to pesticides: A review of a
pesticide pharmacokinetic dataset. Environ. Sci. Pollut. Res. Int. 2020, 27, 4695-4702.

11. Masiol, M.; Prete, M.; Gianni, B. Herbicides in river water across the northeastern Italy: Occurrence and spatial patterns of
glyphosate, aminomethylphosphonic acid and Glufosinate ammonium. Environ. Sci. Pollut. Res. 2018, 25, 24368-24378.

12.  Pelosi, C.; Bertrand, C.; Bretagnolle, V.; Coeurdassier, M.; Delhomme, O.; Deschamps, M.; Gaba, S.; Millet, M.; Nélieu, S.; Fritsch,
C. Glyphosate, AMPA and glufosinate in soils and earthworms in a French arable landscape. Chemosphere 2022, 301, 134672.

13.  FAO. Pesticide Residues in Food. 2012 Report; FAO plant production and protection paper; FAO: Rome, Italy, 2012; p. 216.

14. Demonte, L.D.; Michlig, N.; Gaggiotti, M.; Adam, C.G.; Beldoménico, H.R.; Repetti, M.R. Determination of glyphosate, AMPA and
glufosinate in dairy farm water from Argentina using a simplified UHPLC-MS/MS Method. Sci. Total Environ. 2018, 645, 34—43.

15. Geng, Y,; Jiang, L.; Zhang, D.; Liu, B.; Zhang, J.; Cheng, H.; Wang, L.; Peng, Y.; Wang, Y.; Zhao, Y.; et al. Glyphosate, ami-
nomethylphosphonic acid, and Glufosinate ammonium in agricultural groundwater and surface water in China from 2017 to
2018: Occurrence, main drivers, and environmental risk assessment. Sci. Total Environ. 2021, 769, 144396.

16. Wauchope, R.D.; Estes, T.L.; Allen, R.; Baker, J.L.; Hornsby, A.G.; Jones, R.L.; Richards, R.P.; Gustafson, D.I. Predicted impact of
transgenic, herbicidetolerant corn on drinking water quality in vulnerable watersheds of the Mid-Western USA. Pest Manag. Sci.
2002, 58, 146-160.

17. Ma, X;; Wang, B,; Li, Z; Ding, X.; Wen, Y.; Shan, W.; Hu, W.; Wang, X_; Xia, Y. Effects of Glufosinate-ammonium on male re-
productive health: Focus on epigenome and transcriptome in mouse sperm. Chemosphere 2022, 287, 132395.

18. Cuzziol Boccioni, A.P.; Lener, G.; Peluso, J.; Peltzer, P.M.; Attademo, A.M.; Aronzon, C.; Simoniello, M.F.; Demonte, L.D.;
Repetti, M.R.; Lajmanovich, R.C. Comparative assessment of individual and mixture chronic toxicity of glyphosate and
glufosinate ammonium on amphibian tadpoles: A multibiomarker approach. Chemosphere 2022, 309, 136554.

19. Xiong, G.; Deng, Y.; Li, J.; Cao, Z; Liao, X.; Liu, Y.; Lu, H. Immunotoxicity and transcriptome analysis of zebrafish embryos in
response to Glufosinate-ammonium exposure. Chemosphere 2019, 236, 124423.

20. Zhang, L.; Diao, J.; Chen, L.; Wang, Z.; Zhang, W.; Li, Y.; Tian, Z.; Zhou, Z. Hepatotoxicity and reproductive disruption in male
lizards (Eremias argus) exposed to Glufosinate-ammonium contaminated soil. Environ. Pollut. 2019, 246, 190-197.

21. Sagiv, S.K.; Harris, M.H.; Gunier, R.B.; Kogut, K.R.; Harley, K.G.; Deardorff, ].; Bradman, A.; Holland, N.; Eskenazi, B. Prenatal
organophosphate pesticide exposure and traits related to autism spectrum disorders in a population living in proximity to
agriculture. Environ. Health Perspect. 2018, 126, 047012.

22. Engel, S.M,; Bradman, A.; Wolff, M.S; Rauh, V.A; Harley, K.G; Yang, ].H.; Hoepner, L.A.; Barr, D.B.; Yolton, K.; Vedar, M.G.; et
al. Prenatal organophosphorus pesticide exposure and child neurodevelopment at 24 months: An analysis of four birth cohorts.
Environ. Health Perspect. 2016, 124, 822-830.

23. Corsini, E.; Sokooti, M.; Galli, C.L.; Moretto, A.; Colosio, C. Pesticide induced immunotoxicity in humans: A comprehensive
review of the existing evidence. Toxicology 2013, 307, 123-135.

24. Amaral, AF.S. Pesticides and Asthma: Challenges for epidemiology. Front. Public Health 2014, 2, 6.

25. Feat-Vetel, J.; Larrigaldie, V.; Meyer-Dilhet, G.; Herzine, A.; Mougin, C.; Laugeray, A.; Gefflaut, T.; Richard, O.; Quesniaux, V.;
Montécot-Dubourg, C.; et al. Multiple effects of the herbicide Glufosinate-ammonium and its main metabolite on neural stem
cells from the subventricular zone of newborn mice. Neurotoxicology 2018, 69, 152-163.

26. Qian, H.; Chen, W.; Sheng, G.D.; Xu, X,; Liu, W.; Fu, Z. Effects of glufosinate on antioxidant enzymes, subcellular structure, and

gene expression in the unicellular green alga Chlorella vulgaris. Aquat. Toxicol. 2008, 88, 301-307.



Cells 2024, 13, 909 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Zhao, B.; Khare, P.; Feldman, L.; Dent, ].A. Reversal frequency in Caenorhabditis elegans represents an integrated response to the
state of the animal and its environment. J. Neurosci. 2003, 23, 5319-5328.

Fabian, D.; Bystriansky, J.; Burkus, J.; Rehdk, P.; Legath, J.; Koppel, J. The effect of herbicide BASTA 15 on the development of
mouse preimplantation embryos in vivo and in vitro. Toxicol. In Vitro 2011, 25, 73-79.

Schulte-Hermann, R.; Wogan, G.N.; Berry, C.; Brown, N.A.; Czeizel, A.; Giavini, E.; Holmes, L.B.; Kroes, R.; Nau, H.; Neubert, D.;
et al. Analysis of reproductive toxicity and classification of Glufosinate-ammonium. Regul. Toxicol. Pharmacol. 2006, 44, S1-S76.
Kanaya, N.; Tsubokawa, T.; Kanaya, N.; Tsubokawa, T. Induction of micronuclei by herbicides in medaka (Oryzias latipes) gill
cells. Hiyoshi Rev. Nat. Sci. 2007, 41, 1-14.

Amorim, J.; Abreu, I.; Rodrigues, P.; Peixoto, D.; Pinheiro, C.; Saraiva, A.; Carvalho, A.P.; Guimaraes, L.; Oliva-Teles, L. Lymnaea
stagnalis as a freshwater model invertebrate for ecotoxicological studies. Sci. Total Environ. 2019, 669, 11-28.

Qin, Z.; Sarath Babu, V.; Lin, H.; Dai, Y.; Kou, H.; Chen, L.; Li, J.; Zhao, L,; Lin, L. The immune function of prophenoloxidase
from red swamp crayfish (Procambarus clarkii) in response to bacterial infection. Fish Shellfish Immunol. 2019, 92, 83-90.

Ellis, R.P.; Parry, H.; Spicer, ].I; Hutchinson, T.H.; Pipe, R.K.; Widdicombe, S. Immunological function in marine invertebrates:
Responses to environmental perturbation. Fish Shellfish Immunol. 2011, 30, 1209-1222.

Ludovici, GM.; Cascone, M.G.; Huber, T.; Chierici, A.; Gaudio, P.; de Souza, S.O.; d’Errico, F.; Malizia, A. Cytogenetic
bio-dosimetry techniques in the detection of dicentric chromosomes induced by ionizing radiation: A review. Eur. Phys. ]. Plus
2021, 136, 482.

Santovito, A.; Pappalardo, A.; Nota, A.; Prearo, M.; Schleicherova, D. Lymnaea Stagnalis and Ophryotrocha Diadema as model
organisms for studying genotoxicological and physiological effects of benzophenone-3. Toxics 2023, 11, 827.

Fenech, M. The in vitro micronucleus technique. Mutat. Res./Fundam. Mol. Mech. Mutagen. 2000, 455, 81-95.

Surrallés, J.; Xamena, N.; Creus, A.; Catalfin, J.; Norppa, H.; Marcos, R. Induction of micronuclei by five pyrethroid insecticides
in whole-blood and isolated human lymphocyte cultures. Mutat. Res./Genet. Toxicol. 1995, 341, 169-184.

Li, X.; Schuler, M.; Berenbaum, M. Molecular mechanisms of metabolic resistance to synthetic and natural xenobiotics. Annu.
Rev. Entomol. 2007, 52, 231-253.

Zhu, Y.; Xu, Y.; Dai, Y.; Zhang, G.; Ji, C.; Zhang, Q.; Zhao, M. Comparing the enantioselective toxicity on cell cycle and apoptosis
of DL-glufosinate and L-glufosinate to SH-SY5Y cells. Sci. Total Environ. 2023, 895, 165106.

Santovito, A.; Ruberto, S.; Gendusa, C.; Cervella, P. In vitro evaluation of genomic damage induced by glyphosate on human
lymphocytes. Environ. Sci. Pollut. Res. Int. 2018, 25, 34693-34700.

Koene, J.; Maat, A. Energy budgets in the simultaneously hermaphroditic pond snail, Lymnaea stagnalis: A trade-off between
growth and reproduction during development. Belg. ]. Zool. 2004, 134, 41-45.

SMAT Turin. Quality Characteristics of the Water Supplied in the Municipality of Turin, TO 1 District (Average Values, Second
Half of 2023). Available online: https://www.smatorino.it/monitoraggio-acque/ (accessed on 10 May 2024).

Koureas, M.; Tsezou, A.; Tsakalof, A.; Orfanidou, T.; Hadjichristodoulou, C. Increased levels of oxidative DNA damage in
pesticide sprayers in Thessaly Region (Greece). Implications of Pesticide Exposure. Sci. Total Environ. 2014, 496, 358-364.
Abdollahi, M.; Ranjbar, A.; Shadnia, S.; Nikfar, S.; Rezaie, A. Pesticides and oxidative stress: A review. Med. Sci. Monit. Int. Med.
J. Exp. Clin. Res. 2004, 10, RA141-RA147.

Kocaman, A.Y.; Renciizogullar, E.; Topaktas, M. In vitro investigation of the genotoxic and cytotoxic effects of thiacloprid in
cultured human peripheral blood lymphocytes. Environ. Toxicol. 2014, 29, 631-641.

Ham, J.; Lim, W.; Song, G. Pendimethalin induces apoptosis in testicular cells via hampering ER-mitochondrial function and
autophagy. Environ. Pollut. 2021, 278, 116835.

Mareg, J.; Mulner-Lorillon, O.; Bellé, R. Glyphosate-based pesticides affect cell cycle regulation. Biol. Cell 2004, 96, 245-249.
Zafra-Lemos, L.; Cusioli, L.F.; Bergamasco, R.; Borin-Carvalho, L.A.; Portela-Castro, A.L. de B. Evaluation of the genotoxic and
cytotoxic effects of exposure to the herbicide 2,4-dichlorophenoxyacetic acid in Astyanax lacustris (Pisces, Characidae) and the po-
tential for its removal from contaminated water using a biosorbent. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2021, 865, 503335.
Prosser, C.L.; Bishop, D.W. Nitrogen excretion. In Comparative Animal Physiology; Saunders: Philadelphia, PA, USA, 1950; pp. 187-209.
Hack, R.; Ebert, E.; Ehling, G.; Leist, K. Glufosinate ammonium-some aspects of its mode of action in mammals. Food Chem.
Toxicol. 1994, 32, 461-470.

Chang, W.K,; Yang, K.D.; Shaio, M.F. Lymphocyte proliferation modulated by glutamine: Involved in the endogenous redox
reaction. Clin. Exp. Immunol. 1999, 117, 482-488.

DeMarco, V.G.; Dyess, K.; Strauss, D.; West, C.M.; Neu, J. Inhibition of glutamine synthetase decreases proliferation of cultured
rat intestinal epithelial cells. J. Nutr. 1999, 129, 57-62.

Zhao, ].-S.; Shi, S.; Qu, H.-Y.; Keckesova, Z.; Cao, Z.-].; Yang, L.-X.; Yu, X,; Feng, L.; Shi, Z.; Krakowiak, J.; et al. Glutamine
synthetase licenses APC/C-mediated mitotic progression to drive cell growth. Nat. Metab. 2022, 4, 239-253.

Margottin-Goguet, F.; Hsu, J.Y.; Loktev, A.; Hsieh, H.; Reimann, ].D.; Jackson, P. Prophase destruction of Emil by the SCF
(betaTrCP/Slimb) ubiquitin ligase activates the anaphase promoting complex to allow progression beyond prometaphase. Dev.
Cell 2003, 4, 813-826.

Guardavaccaro, D.; Kudo, Y.; Boulaire, J.; Barchi, M.; Busino, L.; Donzelli, M.; Margottin-Goguet, F.; Jackson, P.; Yamasaki, L.;
Pagano, M. Control of meiotic and mitotic progression by the F Box Protein (3-Trcp1 in vivo. Dev. Cell 2003, 4, 799-812.
Malakar, P.; Singha, D.; Choudhury, D.; Shukla, S. Glutamine regulates the cellular proliferation and cell cycle progression by
modulating the mTOR mediated protein levels of B-TrCP. Cell Cycle 2023, 22, 1937-1950.



Cells 2024, 13, 909 14 of 14

57. Watanabe, T. Apoptosis induced by Glufosinate ammonium in the neuroepithelium of developing mouse embryos in culture.
Neurosci. Lett. 1997, 222, 17-20.

58. Schleicherovd, D.; Pastorino, P.; Pappalardo, A.; Nota, A.; Gendusa, C.; Mirone, E.; Prearo, M.; Santovito, A. Genotoxicological
and physiological effects of glyphosate and its metabolite, aminomethylphosphonic acid, on the freshwater invertebrate
Lymnaea stagnalis. Aquat. Toxicol. 2024, 271, 106940.

59. Zhang, Q.; Song, Q.; Wang, C.; Zhou, C.; Lu, C.; Zhao, M. Effects of glufosinate on the growth of and microcystin production by
Microcystis aeruginosa at environmentally relevant concentrations. Sci. Total Environ. 2017, 575, 513-518.

60. Ahn, Y.J.; Kim, Y.J.; Yoo, ].K. Toxicity of the herbicide Glufosinate-ammonium to predatory insects and mites of Tetranychus
urticae (Acari: Tetranychidae) under laboratory conditions. J. Econ. Entomol. 2001, 94, 157-161.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



