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Abstract
Glyphosate-based herbicides (GBH) are the most widely used herbicide for treatment of crops in the world. The
digestive tract is one of the �rst systems exposed to pesticides, and damage to this system can affect the general
health of individuals. The aim of this study was to evaluate the effects of subchronic inhalation and oral exposure to
GBH on the digestive tract in rats. Six groups of Wistar rats (male and female) were exposed to nebulization with three
concentrations of GBH [3.71 x 10− 3 grams of active ingredient per hectare (g.a.i./ha), 6.19 x 10− 3 g.a.i./ha, and 9.28 x
10− 3 g.a.i./ha] administered orally or by inhalation for 75 days. Bone marrow cells, smears of the tongue and
fragments of the tongue, oesophagus, stomach and intestine were collected for histopathological analysis.
Congestion, in�ammation, an increase in the number of mast cells and nucleoli-organizing regions were detected in
the tongue in the groups exposed to GBH. Females had a higher number of mast cells in the tongue than males.
Animals in the groups exposed to higher concentrations of GBH showed dysplasia in the oesophagus and small and
large intestine regardless of sex. Gastric changes were not observed. Animals exposed to GBH showed increased
micronucleus formation. Our data indicate that GBH causes oral allergies and dysplastic lesions in the oesophagus
and small and large intestine and has genotoxic potential.

Introduction
The herbicide glyphosate [N-(phosphonomethyl)glycine (C3H8NO5P)] has high e�ciency in combating weeds,
perennials, monocots and dicots and is one of the most commonly used herbicides in the world, corresponding to 60%
of the use of herbicides of its class (Benbrook 2016; Conrad et al. 2017). Glyphosate is among the best-selling active
ingredients for domestic and nonprofessional use (Conrad et al. 2017).

The results of a large study evaluating the occurrence of glyphosate in the environment in the United States indicated
that glyphosate and aminomethylphosphonic acid (AMPA), its main metabolite, are widely present in the environment,
and its residues are found both in agricultural and domestic areas (Battaglin et al. 2014). In other studies, it has been
shown that glyphosate and AMPA residues are present in both glyphosate-resistant and nonresistant plants, especially
in glyphosate-resistant soybeans. Therefore, residues of glyphosate and AMPA and their adjuvants can be found in
foods and diets made from plants treated with GBH (Mertens et al. 2018). Glyphosate and AMPA residues are
frequently detected in wheat, canola, barley, beans and many other crops (Vandenberg et al. 2017), in addition to
processed foods (Myers et al. 2016). Glyphosate and AMPA not only contaminate soil and food but also affect aquatic
systems, even groundwater (Sanchis et al. 2012), and can also be detected in surface water (Battaglin et al. 2014).
Non-occupational human exposure is increasing, not only due to the widespread use of this herbicide in crops but also
because the half-life of glyphosate in water and soil is longer than previously thought (Myers et al. 2016), favouring
non-occupational contamination by the oral route. Glyphosate residues have been found in the urine of humans,
especially in consumers of predominantly nonorganic foods (Krüger et al. 2014)

The risks of damage caused by pesticides affect workers and directly affect consumers, who may suffer the
consequences of daily consumption of food contaminated by pesticides (EPA 1993). Glyphosate residues can be
detected in food, drinking water, and human blood and urine (Qiu et al. 2020). Therefore, the European Food Safety
Authority (EFSA) has determined that the acceptable daily intake of glyphosate is 0.5 mg/kg/day and that the limit for
drinking water is 0.1 µg glyphosate/L (EFSA 2015).

Glyphosate is the most commonly used herbicide worldwide, in part due to the assumption of the general population
that it affects only plants but not animals (Chlopecka et al. 2014; Myers et al. 2016). Although studies carried out by
industry, and the initial studies carried out by U.S. Environmental Protection Agency, suggested that glyphosate is
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slightly toxic to nontarget species (such as birds, �sh, and aquatic invertebrates), and recent studies of glyphosate
have highlighted the harmful toxic effects and raised concerns regarding the safety of glyphosate for other species
(Battaglin et al, 2014). Glyphosate causes various morphological, physiological, and biochemical changes in cells,
including mammalian cells (Chlopecka et al. 2014), such as oxidative stress, and consequently damages organs and
promotes of the onset of cancer (Landrigan and Belpoggi. 2018).

The glyphosate active ingredient is not pure but instead is combined with other substances (adjuvants) to enhance its
action (Mertens et al. 2018). Therefore, glyphosate-based herbicides (GBHs) are formulations that mix adjuvants and
glyphosate (the active ingredient) (Mesnage et al. 2013). There are more than 750 different GBHs that also contain
other substances, most of which are classi�ed as inert by regulatory agencies (Hanlon et al. 2013; Nagy et al. 2019).
The most widely used GBH in agriculture is Roundup (a common name for a large number of GBHs), which has been
produced since 1974 (Grube et al. 2011; Battaglin et al. 2014). Additionally, Roundup is the second most commonly
used pesticide in an urban setting (Battaglin et al. 2014).

The mixture of glyphosate with various other ingredients that are considered inert is intended to change the
physicochemical properties of glyphosate and increase its action. There are ingredients that are used to increase
glyphosate adhesion to plants, such as polyglycosides, and others facilitate penetration into plant cells and tissues,
such as ethoxylated tallow amines. However, the formulation of GBHs is a trade secret, so the composition of GBHs is
unknown, which limits the available data on the dangers presented by different formulations. These formulations can
have more potent effects than the effects of the ingredients alone (Zoeller et al. 2012). Studies have shown that GBHs
are more toxic than glyphosate alone (Mesnage et al. 2013; Defarge et al. 2016).

Studies on exposure to GBHs in laboratory animals have shown altered reproductive development in male rats and in
male and female �sh, craniofacial and brain malformations in �sh, hepatorrenal damage and cardiovascular damage,
eye damage, oxidative stress induction, and genotoxicity in vitro and in vivo (Vandenberg et al. 2017). Studies with rats
and swine have shown effects on the gastric mucosa, liver, kidney, and cardiovascular system as well as reproductive
changes (Gill et al. 2018). There are few epidemiological studies evaluating the impact of glyphosate on human
diseases (Vandenberg et al. 2017). In humans, glyphosate is considered a potent endocrine disruptor (Gill et al. 2018)
and can cause lung, liver, and kidney damage in acute exposures (Sribanditmongkol and Jutavijittum 2012), and
chronic nephropathy in chronic simultaneous exposure to heavy metals (Jayasumana et al. 2015). The International
Agency for Research on Cancer (IARC) concluded in March 2015 that glyphosate is “probably carcinogenic to
humans”, and epidemiological studies have shown an association of exposure to glyphosate and non-Hodgkin
lymphoma, but evidence for this association in humans is still limited (IARC 2015).

Given that glyphosate can be detected in our food and in our water, the digestive system is one of the organ systems
affected by exposure to pesticides. The digestive tract can be affected both by occupational exposure through contact
with mist microdroplets that can be swallowed, and by ingesting water and food contaminated by pesticides. Some
studies have shown that gastritis and other gastrointestinal problems occur in the majority of the population exposed
to pesticides (Myers et al. 2016; Landrigan and Belpoggi 2018).

Some studies have described the effects of exposure to glyphosate and GBH on parts of the digestive system, such as
oesophageal corrosion on acute exposure in humans (Chen et al. 2013), alteration of intestinal motor activity on in
vitro exposure (Chlopecka et al. 2014), changes in the rat gut microbiome (Lozano et al. 2018), and changes in
intestinal morphology, antioxidant capacity and barrier function in weaned piglets (Qiu et al. 2020).

The toxicity assessment of GBHs is performed for each substance separately, which leads to the failure to notice
possible combined effects of these substances, resulting in inconsistent data on the toxic effects of glyphosate and
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GBHs on human cells and tissue (Nagy et al. 2019). Further evaluations of commercially used formulations of GBHs
are still needed as herbicide formulations are likely to have effects that are due not only to exposure to glyphosate
(Vandenberg et al. 2017).

GBH is the most widely used pesticide in the world for agricultural production, but there are few studies that have been
carried out on exposure to glyphosate in the diet and evaluated the digestive tract, in the usual exposure
concentrations that are used in crops. Reports of oral lesions caused by glyphosate are even scarcer.

The aim of this work was to evaluate the effects on the digestive tract in male and female rats of subchronic oral and
inhalational exposure to a GBH formulation that is commonly used in our country as an herbicide in an agricultural
and urban environment, using concentrations recommended by the manufacturer for use in crops. For this, we
evaluated the cyto- and histopathological changes associated with tissue exposure to chemical agents. In addition, we
chose the micronucleus test to assess genotoxicity, as it is a widely used tool for research and assessment of the
safety of numerous substances, thus providing our results with strong statistical support (Fenech et al. 1999).

Materials And Methods

Animals, maintenance and exposure
The experiments were performed in 88 adult, 90 days old male and female albino Wistar rats weighing 200–250 g
housed in plastic cages (2 for cage) separated by sex in a vivarium at an average temperature of 22 ± 2°C and relative
humidity of 50 ± 15% with 12-hour light and dark cycle (National Research Council 2011). The animals went through 1
week of habituation to the vivarium before the beginning of the experiment.

Exposure to the glyphosate was performed using a glyphosate-based herbicide (GBH) (Roundup® Original DI,
Monsanto do Brasil, São Paulo, Brazil) with the following formulation: diammonium salt of N-
(phosphonomethyl)glycine (GLYPHOSATE): 445 g/L (44.5% m/v); N-(phosphonomethyl) glycine (GLYPHOSATE) acid
equivalent: 370 g/L (37.0% m/v); other ingredients: 751 g/L (75.1% m/v).

After a one-week adaptation period, oral and inhalation exposure was performed for 75 days. In the control groups,
nebulization was performed using a sodium chloride solution (NaCl); in groups exposed to a low concentration,
nebulization was performed using 3.71 x 10− 3 grams of active ingredient per hectare (g.a.i./ha) of GBH diluted in 10
mL of sodium chloride [corresponding to 27.05 parts per million (ppm)]; in groups exposed to a medium concentration,
nebulization was performed with 6.19 x 10− 3 g.a.i./ha of GBH diluted in 10 mL of sodium chloride (corresponding to
45.27 ppm); and in groups exposed to a high concentration, nebulization was performed with 9.28 x 10− 3 g.a.i./ha
diluted of GBH in 10 mL of sodium chloride (corresponding to 67.54 ppm).

Various concentrations of the GBH corresponded to the concentrations that are used and described in the product
insert of Roundup®. Each concentration was adjusted for the box area to simulate environmental exposure
(occupational and food residue).

The animals were randomly distributed into eight groups (males: n = 5/group; females: n = 5/group): IC - inhalation
control group; OC - oral control group; IL - low inhalation concentration group; OL - low oral concentration group; IM -
medium inhalation concentration group; OM - medium oral concentration group; IH - high inhalation concentration
group; OH - high oral concentration group.
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In the inhalational exposure groups, all animals of the same group were exposed to nebulized GBH simultaneously,
and in the orally exposed groups, the feed was exposed to nebulized GBH and then provided to the animals to simulate
food contamination in crops.

For nebulization, two boxes (32x24x32 cm) were connected to an ultrasonic nebulizer (Pulmosonic Star®, Soniclear
Ind. Com. Imp. and Exp. Ltda., São Paulo, Brazil) (Mello et al. 2018), which produces smaller and more uniform
droplets, allowing the formation of mist simulating what occurs during the spraying of crops. The time required to
nebulize the entire solution was 15 minutes for both the inhalational and oral exposure groups.

Animals exposed by inhalation were nebulized for �ve consecutive days per week to simulate occupational exposure.
The feed of the animals exposed orally was changed every two days throughout the experiment, and nebulization was
performed one day before the feed was offered to the animals. Six hundred grams of feed per box was offered, and
the uneaten feed was weighed at each change. The uneaten feed was subtracted from the total feed offered (600 g) to
establish consumption per box. Then, consumption per box was divided by two, since in each box, there were two
animals to assess consumption per animal.

A ninth group was established as a positive control group for the bone marrow micronucleus test: PC - positive control
group (males: n = 8): cyclophosphamide at a single subcutaneous dose (50 mg/kg) on the �rst day of the experiment
(MacGregor 1987).

Anaesthesia was performed with sodium thiopental (Syntec, USA) at a dose of 100 mg/kg body weight administered
in the peritoneal cavity. Indicators of death included the absence of respiratory movements and heartbeat and loss of
re�exes (National Research Council 2011).

Cytopathological analysis
After euthanasia, the material was collected with a cytological brush (Cytobrush; Medical Burs, Indústria e Comércio de
Produtos Abrasivos Ltda, Cotia, São Paulo Brazil) from the dorsum of the tongue. After harvesting, the material was
spread on glass slides and �xed by air drying, and the slides were stained with Giemsa stain (Merck KGaA, Darmstadt,
Germany) (MacGregor 1987). The analysis was performed using a standard optical microscope (NIKON Labophot,
Japan) at 400x magni�cation. The following nuclear changes were quanti�ed in 100 epithelial cells: micronuclei
[according to the criteria established by Tolbert et al. (1992)], karyomegaly and binucleation.

Histopathological analysis
Subsequently, the tongue, oesophagus, stomach and small and large intestine of each animal were harvested. The
fragments were �xed in 10% buffered formaldehyde (Cinética Indústria Química, São Paulo, Brazil) for 24 hours and
subjected to usual histological processing, including para�n embedding (Dynamic Analytical Reagents, São Paulo,
Brazil). Serial 5 µm slices were obtained by a LEICA RM2265 microtome (Leica Biosystems Nussoch GmbH, Germany)
and stained using the haematoxylin-eosin (HE) method (Dolles, São Paulo, Brazil).

Additional sections of the tongue were stained with toluidine blue (Merck, Darmstadt, Germany) to identify mast cells.
Depara�nized sections of the tongue were also stained by silver impregnation according to Ploton et al. (1986) for the
evaluation of NORs (nucleoli-organizing regions).

Histopathological analysis was performed in blinded fashion by a single experienced observer using a standard
optical microscope (NIKON Labophot, Japan). The general parameters evaluated in the tongue, oesophagus, stomach
and small and large intestine with their respective scores were as follows: interstitial in�ammatory in�ltrate (absent,
mild, moderate or intense) and type of in�ammatory cells present (polymorphonuclear and/or mononuclear); tissue
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congestion (absent, mild, moderate or severe); tissue necrosis (absent, present and focal or present and diffuse);
vascular necrosis (absent or present); non-neoplastic changes in the mucosa (atrophy and hyper- and metaplasia:
absent or present); dysplastic lesions (absent, mild dysplasia, moderate dysplasia or severe dysplasia); and presence
of neoplastic lesions (absent, benign or malignant) (Pegoraro et al. 2018).

The following parameters were also speci�cally analysed: tongue: presence of hyperkeratosis, de�ned as thickening of
the stratum corneum (absent, mild, moderate or marked), and presence of parakeratosis, de�ned as an abnormal
process of epithelial cell maturation with retention of the nuclei in the corneal layer (absent, focal or diffuse) (Martelli
et al. 2014); oesophagus: presence of hyperkeratosis (absent, mild, moderate or marked) and presence of
parakeratosis (absent, focal or diffuse) (Nai et al. 2015); intestine: lymphoid hyperplasia (absent or present) (Pegoraro
et al. 2018).

Histomorphometric analysis of the tongue
The following histomorphometric analyses were performed on the tongue: measurements of the thickness of the
tongue epithelium were performed in two areas of the dorsal region and in two areas of the ventral surface (Martelli et
al. 2014); mast cell count in 10 high-magni�cation �elds (HPF), corresponding to approximately 1 mm2 (Parizi et al.
2010); NORs were counted in 10 cells/HPF, totalling 100 cells per animal and area (dorsum and ventral surface)
(Ploton et al. 1986).

The measurements of the thickness of the tongue epithelium were performed using the ImageJ software from the
National Institutes of Health (NIH) of the United States, freely available on the internet (http:/rsbweb.nih.gov/ij/).

Micronucleus test on bone marrow cells
The bone marrow of one of the femurs was used for the micronucleus test. Bone marrow cells were collected from the
femur in 3 ml of saline. After resuspension, the material was centrifuged for 5 minutes at 1,000 rpm. The supernatant
was discarded, and the precipitate was resuspended in 0.5 ml of saline. Smears were performed by extending drops of
this suspension on a slide. The smears were air-dried and stained with Giemsa stain (Merck KGaA, Darmstadt,
Germany). Two slides with smears were prepared per animal (MacGregor 1987).

Two thousand polychromatic erythrocytes per animal were counted at 400x magni�cation to determine the number of
micronuclei (MacGregor 1987). Structures that had a surrounding halo suggestive of a membrane smaller than one-
third of the diameter of the associated nucleus with intensity of staining similar to that of the nucleus and located in
the same focal plane according to microscopy were considered micronuclei (Tolbert et al. 1992).

Statistical analysis
Variables expressed as scores were considered nonparametric. Continuous variables were evaluated by the Shapiro-
Wilk test to validate the assumption of normality of the data. Homogeneity of variance was assessed by the Levene
test. Nonparametric variables were compared between sexes using the Mann-Whitney test and between groups using
the Kruskal-Wallis test with Dunn's test for multiple comparisons. The variables weight and feed intake showed
homogeneity of variances (Levene's test, p > 0.05) and were analyzed with an Analysis of Variance. For comparisons
between Inhalation x Oral, the t-test (when the data showed normality and homogeneity of variance) or the Mann-
Whitney test was used. For the qualitative variables, the likelihood ratio test was used. All analyses were performed in
R at 5% level of signi�cance (R Development Core Team 2019). The effect size was also evaluated by Cohen's d, where
values < 0.19 are considered insigni�cant, between 0.20–0.49 are considered small, between 0.50–0.79 medium,
between 0.80–1.29 large and > 1.30 very large (Espírito-Santo and Daniel, 2015).
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Results

Mortality, animal weight and feed intake
One female of the oral control group died during the study due to ear canal infection.

The mean initial weight of the unexposed animals was 332.65 ± 71.3 grams, and that of the animals exposed to GBH
was 311.55 ± 60.78 grams, while the mean �nal weight of the unexposed animals was 340.45 ± 81.76 grams and that
of the exposed animals was 331 ± 67.09 grams (ANOVA F = 0.096; p = 0.29) (Table 1). With a Cohen’s d of 0.318495,
exposed animals showed a small difference from those not exposed in their initial weight. With a Cohen’s d of
0.126361, exposed animals showed an insigni�cant difference from those not exposed in their �nal weight.

Table 1
Mean (± standard deviation) of the animals' initial and �nal weight and feed consumption every two days during the

experiment according to the study group, regardless of the sex of the animals (n = 79).
Groups Initial weight* Final weight* Average feed consumption#

IC 338.2 (± 78.19)Aa 345 (± 76.18)Aa 388.1 (± 56.92)a

OC 327.1 (± 68.64)Aa 335.9 (± 90.90)Aa 372.8 (± 63.91)a

IL 298.5 (± 70.55)Aa 334.9 (± 77.72)Aa 418.0 (± 44.12)a

OL 289.5 (± 42.30)Aa 320.8 (± 63.69)Aa 378.4 (± 48.58)a

IM 325.6 (± 67.74)Aa 339.6 (± 75.19)Aa 389.6 (± 58.23)a

OM 309.8 (± 65.96)Aa 324.9 (± 76.57)Aa 383.9 (± 55.54)a

IH 328.7 (± 68.05)Aa 333.5 (± 63.83)Aa 435.3 (± 25.08)a

OH 317.2 (± 50.67)Aa 332.3 (± 59.62)Aa 385.1 (± 59.20)a

Groups: IC: Inhalation control; OC: Oral control; IL: Low inhaled glyphosate concentration; OL: Low oral glyphosate
concentration; MI: Medium inhaled glyphosate concentration; OM: Medium oral glyphosate concentration; IH: High
inhaled glyphosate concentration; OH: High oral concentration of glyphosate. Capital letters compare the initial
and �nal weight of the same group. Lower case letters compare groups at the same time and in the same column.
Different letters mean p < 0.05. *: ANOVA (F = 0.096; p = 0.29). #: ANOVA (F = 0.66; p = 0.703).

The average feed intake of the unexposed groups was 380.5 ± 48.04 grams, and that of the groups exposed to GBH
was 398.4 ± 35.88 grams (ANOVA F = 0.66; p = 0.703) (Table 1). With a Cohen’s d of 0.422188, exposed animals
showed a small difference in food intake from those not exposed.

Tongue

Cytopathological analysis
No micronucleated cells were detected in the oral smears of the tested animals. A female of the group orally exposed
to the medium concentration of GBH presented binucleated cells (Fig. 1).

Karyomegaly was the predominant nuclear alteration in females exposed to GBH (p < 0.05) (Fig. 1). Differences were
detected between the medium oral concentration group x low and high oral concentration groups (Kruskal-Wallis chi-
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squared = 6.1923, df = 3, p = 0.0080) and between the low inhalation concentration group x the other groups exposed
by inhalation (Kruskal-Wallis chi-squared = 13.29, df = 3, p = 0.0009).

Histopathological analysis
No hyperkeratosis, parakeratosis, dysplastic or benign or malignant neoplastic lesions were observed in the tongue
epithelium.

The congestion was mild in animals that had congestion of the tongue. There were no sex-dependent differences
between the animals (Kruskal-Wallis chi-squared = 10.95, df = 7, p = 0.070). There were differences between the
inhalation control group x high inhalation concentration group (p = 0.016) and the medium inhalation concentration
group x low and high inhalation concentration groups (p = 0.0174) (Kruskal-Wallis chi-squared = 12.0761, df = 3, p < 
0.05). There were no signi�cant differences between the groups exposed orally (Figs. 2 and 3A, Table 2). 
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Table 2
Incidence of congestion, in�ammation, mean (± standard deviation) of the number of mast cells (per mm2), mean (± 

standard deviation) of the epithelial thickness of the dorsum and ventral surface (in pixels) and mean (± standard
deviation) of the number of nucleoli-organizing regions (NORs) in the epithelium of the dorsum and ventral surface of

the tongue by study group and sex of the animals (n = 79).
Groups Sex Congestion* In�ammation** Number

of mast
cells***

Epithelial thickness Number of NORs

Dorsum# Ventral
surface##

Dorsum¥ Ventral
surface¥

¥

IC F 2/5 (40%)a 2/5 (40%)a 83 (± 
12.5)a

782,872 (± 
106,593.2)a

452,782 (± 
134,450.7)a

1019.8
(± 10.3)a

936.4
(± 
12.3)a

M 2/5 (40%)a 1/5 (20%)b 52 (± 
20.8)b

811,455 (± 
86947.4)a

355,753 (± 
128,840.6)a

1016.2
(± 25.2)a

927.4
(± 
13.8)a

OC F 3/4 (60%)b 3/4 (75%)c 77.75
(± 7.5)c

759,484 (± 
118895.5)a

326,013 (± 
64,597.1)a

1000 (± 
22.8)a

628.5
(± 6.4)b

M 1/5 (20%)c 1/5 (20%)b 73.2 (± 
6.5)c

741,412 (± 
36659.0)a

465,813 (± 
246,620.9)a

986.6 (± 
39.1)a

644.4
(± 
10.9)b

IL F 2/5 (40%)a 0/5 (0%)b 78.6 (± 
13.7)c

830,608 (± 
122804.0)a

444,614 (± 
207,505.1)a

1052.6
(± 23.3)b

559.2
(± 8.0)c

M 4/5 (80%)d 2/5 (40%)a 88 (± 
22.5)a

860,094 (± 
135072.0)a

470,993 (± 
209,165.0)a

1080.6
(± 34.8)b

575.4
(± 
18.1)c

OL F 0/5 (0%)a 0/5 (0%)b 90.6 (± 
17.4)d

790,624 (± 
67276.3)a

498,444 (± 
209,085.5)a

1196.8
(± 18.0)e

890.2
(± 
20.4)d

M 4/5 (80%)d 5/5 (100%)d 76 (± 
17.8)c

748,912 (± 
94825.0)a

384,022 (± 
241,066.8)a

1220 (± 
39.0)e

910.2
(± 
12.5)d

IM F 1/5 (20%)c 1/5 (20%)a 68.8 (± 
5.3)b

903,616 (± 
132181.4)a

525,357 (± 
219,384.4)a

1193.8
(± 10.1)c

982.2
(± 
15.4)e

M 0/5 (0%)c 0/5 (0%)a 69.4 (± 
15.1)b

847,813 (± 
83764.0)a

335,943 (± 
190,173.8)a

1201.2
(± 16.4)c

984 (± 
20.3)e

OM F 0/5 (0%)c 1/5 (20%)a 90.6 (± 
10.3)d

835,018 (± 
120063.9)a

383,011 (± 
176,085.6)a

1176.4
(± 40.1)f

991.6
(± 
13.4)e

Groups: CI: Inhalation control; OC: Oral control; IL: Low inhaled glyphosate concentration; OL: Low oral glyphosate
concentration; MI: Medium inhaled glyphosate concentration; OM: Medium oral glyphosate concentration; IH: High
inhaled glyphosate concentration; OH: High oral concentration of glyphosate. F: female; M: male. Lower case
letters compare groups at the same time and in the same column. Different letters mean p < 0.05, where a ≠ b c, d,
e, f, g; b ≠ a, c, d, e, f ,g; c ≠ a, b, d, e, f, g; d ≠ a, b, c, e ,f, g; e ≠ a, b, c, d, f, g; f ≠ a, b, c, d, e, g; g ≠ a, b, c, d, e, f. *:
Kruskal-Wallis (chi-squared = 12.0761, p < 0.05); **: Kruskal-Wallis (chi-squared = 36.5464, p = 0.0115); ***: ANOVA
(F = 2.706, p = 0.0152); #: ANOVA (F = -1.809, p = 0.0988); ##: ANOVA (F = 0.44, p = 0.874). ¥: ANOVA (F = 268.1, p = 
0.001). ¥¥: ANOVA (F = 770.9, p = 0.001).
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M 3/5 (60%)b 3/5 (60%)c 82.8 (± 
8.7)a

864,612 (± 
160403.7)a

602,216 (± 
281,851,3)a

1160.4
(± 29.8)f

998.2
(± 
23.5)e

IH F 4/5 (80%)d 1/5 (20%)b 75 (± 
6.3)c

673,417 (± 
148963.0)a

534,312 (± 
241,039.0)a

1096.4
(± 31.5)d

606.6
(± 
29.5)b

M 4/5 (80%)d 1/5 (20%)b 82.8 (± 
14.2)a

818,213 (± 
84808.0)a

449,270 (± 
169,014.0)a

1122.2
(± 26.0)d

623.8
(± 
51.1)b

OH F 3/5 (60%)b 1/5 (20%)b 84.4 (± 
18.6)a

862,977 (± 
112124.3)a

516,606 (± 
196,061.8)a

775.8 (± 
18.5)g

547 (± 
23.0)f

M 3/5 (60%)b 2/5 (40%)a 78.2 (± 
7,9)c

724,104 (± 
121568.3)a

517,036 (± 
144,451.9)a

788.6 (± 
15.0)g

571 (± 
25.2)f

Groups: CI: Inhalation control; OC: Oral control; IL: Low inhaled glyphosate concentration; OL: Low oral glyphosate
concentration; MI: Medium inhaled glyphosate concentration; OM: Medium oral glyphosate concentration; IH: High
inhaled glyphosate concentration; OH: High oral concentration of glyphosate. F: female; M: male. Lower case
letters compare groups at the same time and in the same column. Different letters mean p < 0.05, where a ≠ b c, d,
e, f, g; b ≠ a, c, d, e, f ,g; c ≠ a, b, d, e, f, g; d ≠ a, b, c, e ,f, g; e ≠ a, b, c, d, f, g; f ≠ a, b, c, d, e, g; g ≠ a, b, c, d, e, f. *:
Kruskal-Wallis (chi-squared = 12.0761, p < 0.05); **: Kruskal-Wallis (chi-squared = 36.5464, p = 0.0115); ***: ANOVA
(F = 2.706, p = 0.0152); #: ANOVA (F = -1.809, p = 0.0988); ##: ANOVA (F = 0.44, p = 0.874). ¥: ANOVA (F = 268.1, p = 
0.001). ¥¥: ANOVA (F = 770.9, p = 0.001).

The females of the groups exposed to low GBH concentrations and the males of the IM group did not present
in�ammation. In other groups, in�ammation was mild and consisted of mononuclear cells (lymphocytes), and there
were no differences between sexes (t-test t = 0.80179, df = 7.7859, p = 0.4463). The inhalation control group differed
from the groups exposed by inhalation to GBH, and the high oral concentration group differed from the other groups
exposed orally (Kruskal-Wallis chi-squared = 36.5464, df = 7, p = 0.0115) (Figs. 2 and 3B, Table 2).

The average number of mast cells of the unexposed groups was 71 ± 17.45, and that of the groups exposed to GBH
was 78.5 ± 15.69 (ANOVA F = 2.706, df = 7, p = 0.0152). With a Cohen’s d of 0.451988, exposed animals showed a
small difference from those not exposed in the mast cell count. The number of mast cells differed between sexes and
was higher in females (t-test t = 2.8886, df = 5.5363, p = 0.02511). The groups exposed by the oral route had a higher
number of mast cells than did animals exposed by the inhalational route (t-test t = 1.314, df = 3, p = 0.016) (Fig. 4,
Table 2). The average number of mast cells in the oral GBH group was 82.9 ± 4.01, and that in the inhalation GBH
group was 73.23 ± 8.76. With a Cohen’s d of 1.41947, animals exposed orally showed a very large difference from
those exposed by inhalation in the mast cell count.

Measurement of the thickness of the tongue epithelium
The average epithelial thickness of the dorsum in the unexposed groups was 773,806 ± 36217.6 pixels, and that of the
groups exposed to GBH was 813,334 ± 27996.1 pixels. The average epithelial thickness of the dorsum in the ventral
surface of the unexposed groups was 400,090 ± 75,623 pixels, and that of the groups exposed to GBH was 471,819 ± 
36678.2 pixels. There were no signi�cant differences in epithelial thickness between the groups exposed or not
exposed to GBH or between sexes on the dorsum (ANOVA F = -1.809, df = 7, p = 0.0988) or on the ventral surface
(ANOVA F = 0.44, df = 7, p = 0.874) (Table 2). With a Cohen’s d of 0.012212 for the epithelial thickness of the dorsum
and with a Cohen’s d of 0.002766 for the epithelial thickness of the ventral surface, exposed animals showed an
insigni�cant difference from those not exposed to GBH for epithelial thickness.

Number of nucleoli-organizing regions (NORs) on the tongue
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Exposure to GBH caused an increase in NORs on the dorsum of the tongue, and the numbers differed between
inhalation control group x the groups exposed by inhalation to GBH, between oral control group x the groups exposed
orally to GBH, between low inhalation concentration group x medium and high inhalation concentration groups,
between medium inhalation concentration group x high inhalation concentration group, between high oral
concentration group x low and medium oral concentration groups, between low inhalation concentration group x low
oral concentration group and between high inhalation concentration group x high oral concentration group (ANOVA F 
= 268.1, df = 7, p = 0.001) (Fig. 6, Table 2).

The average number of NORs in the dorsum of the unexposed groups was 1005.65 ± 11.78, and that of the groups
exposed to GBH was 1088.73 ± 9.89. With a Cohen’s d of 7.639021, exposed animals showed a large difference from
those not exposed to GBH in their NOR count in the dorsum.

Numbers of NORs on the ventral surface of the tongue differed between inhalation control group x the groups exposed
by inhalation to GBH, between low inhalation concentration group x medium and high inhalation concentration groups,
between medium inhalation concentration group x high inhalation concentration group, between oral control group x
the groups exposed orally to GBH, between low oral concentration group x medium and high oral concentration
groups, and between medium inhalation concentration group x high inhalation concentration group (ANOVA F = 770.9,
df = 7, p = 0.001) (Fig. 6, Table 2).

The average number of NORs on the ventral surface of the unexposed groups was 784.18 ± 3.19, and that of the
groups exposed to GBH was 769.95 ± 11.03. With a Cohen’s d of 1.257674, exposed animals showed a large difference
from those not exposed to GBH in their NOR count on the ventral surface.

However, there were no signi�cant differences between sexes in the numbers of NORs on the dorsum (t-test t = 
0.29564, df = 5.3079, p = 0.778) and on the ventral surface of the tongue (t-test t = 1.0896, df = 7.8888, p = 0.308)
(Table 2).

Correlation between measurement of epithelial thickness and the numbers of nucleoli-organizing regions (NORs) on
the tongue

There were no correlations between epithelial thickness and the numbers of NORs on the dorsum (ρ = -0.229; p = 
0.523) and on the ventral surface of the tongue (ρ = -0.018; p = 0.959) in all tested groups.

Oesophagus
No congestion, in�ammation, hyperkeratosis, parakeratosis or malignant or benign neoplastic lesions were observed in
the oesophagus. All animals exposed to GBH by inhalation had mild dysplasia, and all animals orally exposed to GBH
had moderate epithelial dysplasia (Kruskal-Wallis chi-squared = 73.6921, df = 7, p = 0.00001), regardless of sex (t-test t 
= 0.80225, df = 5.6232, p = 0.371) (Fig. 7). The animals of the control groups did not present dysplastic lesions of the
epithelium.

Stomach
No gastric changes were observed in the tested animals.

Small intestine
Animals of all groups showed mild congestion of the small intestinal mucosa. No benign or malignant neoplastic
changes were observed in the tested animals. All animals exposed to GBH had a lymphocytic in�ammatory process in
the mucosa. Moderate in�ammation was observed in 60% of the animals in the IL and OL groups. Other animals
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presented mild in�ammation (Kruskal-Wallis chi-squared = 60.156, df = 7, p = 0.0001). There were no differences in the
in�ammation parameter between sexes (t-test t = -0.79856, df = 6.6208, p = 0.600) (Table 3, Fig. 8). Most animals
exposed to GBH, regardless of the route of exposure, presented lymphoid hyperplasia (Kruskal-Wallis chi-squared = 
25.305, df = 7, p = 0.00067) with no differences between sexes (t-test t = -1.4953, df = 6.9976, p = 0.1785) (Table 3).

Table 3
Incidence of in�ammation, lymphoid hyperplasia and dysplasia in the epithelium of the small intestine, according to

the study group and sex of the animals (n = 79).
Groups Sex In�ammation* Lymphoid hyperplasia** Dysplasia***

Mild Moderate Mild Moderate

IC F 0/5 (0%)a 0/5 (0%)a 1/5 (20%)a 0/5 (0%)a 0/5 (0%)a

M 0/5 (0%)a 0/5 (0%)a 3/5 (60%)b 0/5 (0%)a 0/5 (0%)a

OC F 0/4 (0%)a 0/4 (0%)a 2/4 (50%)a 0/4 (0%)a 0/4 (0%)a

M 0/5 (0%)a 0/5 (0%)a 1/5 (20%)a 0/5 (0%)a 0/5 (0%)a

IL F 0/5 (0%)a 4/5 (80%)b 4/5 (80%)b 0/5 (0%)a 0/5 (0%)a

M 3/5 (60%)b 2/5 (40%)c 5/5 (100%)b 0/5 (0%)a 0/5 (0%)a

OL F 3/5 (60%)b 2/5 (40%)c 4/5 (80%)b 0/5 (0%)a 0/5 (0%)a

M 1/5 (20%)a 4/5 (80%)b 5/5 (100%)b 0/5 (0%)a 0/5 (0%)a

IM F 5/5 (100%)c 0/5 (0%)a 3/5 (60%)b 1/5 (20%)a 0/5 (0%)a

M 5/5 (100%)c 0/5 (0%)a 4/5 (80%)b 4/5 (80%)b 0/5 (0%)a

OM F 5/5 (100%)c 0/5 (0%)a 5/5 (100%)b 5/5 (100%)b 0/5 (0%)a

M 5/5 (100%)c 0/5 (0%)a 5/5 (100%)b 5/5 (100%)b 0/5 (0%)a

IH F 5/5 (100%)c 0/5 (0%)a 4/5 (80%)b 4/5 (80%)b 0/5 (0%)a

M 5/5 (100%)c 0/5 (0%)a 5/5 (100%)b 5/5 (100%)b 0/5 (0%)a

OH F 5/5 (100%)c 0/5 (0%)a 5/5 (100%)b 0/5 (0%)a 5/5 (100%)b

M 5/5 (100%)c 0/5 (0%)a 5/5 (100%)b 0/5 (0%)a 5/5 (100%)b

Groups: IC: Inhalation control; OC: Oral control; IL: Low inhaled glyphosate concentration; OL: Low oral glyphosate
concentration; MI: Medium inhaled glyphosate concentration; OM: Medium oral glyphosate concentration; IH: High
inhaled glyphosate concentration; OH: High oral concentration of glyphosate. F: female; M: male. Lower case
letters compare groups at the same time and in the same column. Different letters mean p < 0.05, where a ≠ b, c; b 
≠ a, c; c ≠ a, b. *: Kruskal-Wallis (chi-squared = 60.156, p = 0.0001). **: Kruskal-Wallis (chi-squared = 25.305, p = 
0.00067).***: Kruskal-Wallis (chi-squared = 65.831, p = 0.00001).

There were no differences in mucosal dysplasia between sexes (t-test t = -0.86035, df = 6.6522, p = 0.4195). Only the
animals in the groups exposed to the medium and high concentrations of GBH had dysplasia, and all animals in the
high oral concentration group had moderate dysplasia; other animals had mild dysplasia (Kruskal-Wallis chi-squared = 
65.831, df = 7, p = 0.001). The medium inhalation concentration group had the lowest frequency of dysplasia among
the groups that presented this alteration (Table 3, Figs. 7 and 8).
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Large intestine
Animals in all groups showed mild congestion of the large intestinal mucosa. Only one female in the low oral
concentration group, one female in the medium inhalation concentration group and three males had lymphoid
hyperplasia. No benign or malignant neoplastic changes were observed in the animals.

The in�ammation presented by the animals was mild and characterized by lymphocytic in�ltration (Fig. 11). There
were signi�cant differences in the presence of in�ammation between the inhalation control group x medium and high
inhalation concentration groups, between low inhalation concentration group x medium and high inhalation
concentration groups, between oral control group x medium and high oral concentration groups and between low oral
concentration group x medium and high oral concentration group (Kruskal-Wallis chi-squared = 14.229, df = 7, p = 
0.04726); however, there were no differences between sexes (t-test t = -1.4115, df = 7.7235, p = 0.423) (Table 4).
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Table 4
Incidence of in�ammation and dysplasia in the epithelium of the large intestine, according to the study group and sex

of the animals (n = 79).
Groups Sex In�ammation* Dysplasia**

Mild Moderate

IC F 0/5 (0%)a 0/5 (0%)a 0/5 (0%)a

M 0/5 (0%)a 0/5 (0%)a 0/5 (0%)a

OC F 0/4 (0%)a 0/4 (0%)a 0/4 (0%)a

M 0/5 (0%)a 0/5 (0%)a 0/5 (0%)a

IL F 0/5 (0%)a 0/5 (0%)a 0/5 (0%)a

M 0/5 (0%)a 0/5 (0%)a 0/5 (0%)a

OL F 1/5 (20%)a 0/5 (0%)a 0/5 (0%)a

M 0/5 (0%)a 0/5 (0%)a 0/5 (0%)a

IM F 5/5 (100%)b 4/5 (80%)b 0/5 (0%)a

M 5/5 (100%)b 4/5 (80%)b 0/5 (0%)a

OM F 5/5 (100%)b 4/5 (80%)b 0/5 (0%)a

M 5/5 (100%)b 5/5 (100%)b 0/5 (0%)a

IH F 5/5 (100%)b 4/5 (80%)b 0/5 (0%)a

M 5/5 (100%)b 4/5 (80%)b 1/5 (20%)a

OH F 5/5 (100%)b 0/5 (0%)a 5/5 (100%)b

M 5/5 (100%)b 0/5 (0%)a 5/5 (100%)b

Groups: IC: Inhalation control; OC: Oral control; IL: Low inhaled glyphosate concentration; OL: Low oral glyphosate
concentration; MI: Medium inhaled glyphosate concentration; OM: Medium oral glyphosate concentration; IH: High
inhaled glyphosate concentration; OH: High oral concentration of glyphosate. F: female; M: male. Lower case
letters compare groups at the same time and in the same column. Different letters mean p < 0.05, where a ≠ b. *:
Kruskal-Wallis (chi-squared = 14.229, p = 0.04726). **: Kruskal-Wallis (chi-squared = 65.482, p = 0.001).

All animals exposed by inhalation and orally to medium and high concentration of GBH showed dysplasia, with
moderate dysplasia in one animal of the high inhalation concentration group and in all animals of the high oral
concentration group (Kruskal-Wallis chi-squared = 65.482, df = 7, p = 0.001) (Figs. 9 and 10). There were no differences
for dysplasia between sexes (t-test t = -1.8284, df = 5.5068, p = 0.502) (Table 4).

Micronucleus test on bone marrow cells
The median number of micronuclei in the control groups was 0; in the low and medium inhalation concentration
groups, it was 2; in the low and medium oral concentration groups, it was 2.5; in the groups exposed to high GBH
concentrations, it was 3; and in the positive control group, it was 9 (p < 0.05). There were differences between sexes; a
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greater number of micronuclei was detected in females exposed to the low oral concentration, and the number was
higher in males exposed to the high inhalation concentration (t-test t = -5, df = 8, p = 0.001053) (Figs. 11 and 12).

Discussion
In this study, we observed tissue congestion, in�ammation, an increase in the number of nucleoli-organizing regions
(NORs) not associated with increased thickness of the epithelium in the tongue mucosa, and dysplasia of the
oesophageal epithelium and small and large intestine in animals exposed to GBH. With the exception of an increase in
the number of mast cells in the tongue and the number of micronuclei in polychromatic erythrocytes in the bone
marrow, no parameters were in�uenced by the sex of the animals. The gastric mucosa did not suffer damage upon
exposure to GBH.

The kidney and gastrointestinal tract have been identi�ed as the target organs of glyphosate in ruminants. In the case
of the digestive tract, mucosal irritation was detected by histopathological examination (EFSA 2015). Thus, in this
study, we investigated the digestive tract and possible impact of inhalation exposure (more common in occupational
exposure) and oral exposure to food contaminated by GBH (more common in paraoccupational exposure) on this
organ system.

Burning, erosion, ulceration and haemorrhage of the oral mucosa have been reported in cases of incidental acute
exposure to glyphosate (Mui 1993; Sribanditmongkol et al. 2012; Deo and Shetty 2012). Our study detected
karyomegaly in cytological smears, which can be a reaction to tissue damage or even to a chronic in�ammatory
process. However, the group exposed to low concentration by inhalation had the highest number of cases with
karyomegaly, highest intensity of congestion and lowest number of cases of in�ammation. This result demonstrates
direct damage caused by the effects of GBH on the epithelium; however, probably due to the low dosage of exposure,
an in�ammatory process was not detected. However, a greater number of cases with congestion and low in�ammation
were observed in animals exposed to high concentration of GBH (regardless of the route of exposure). Tissue
congestion is the initial change in the in�ammatory process in the tissue (Punchard 2004). High concentration of GBH
can provoke a reaction in the tissue that stimulates more profound vascular alteration than that resulting from
recruitment of in�ammatory cells. A greater number of cases of in�ammation were detected among animals exposed
to low and medium oral concentrations, showing that the oral route and lower concentrations provide direct contact of
GBH with the mucosa and can cause a local in�ammatory response.

Mast cells reside in normal connective tissue and are associated with various pathological processes, such as
allergies, tissue angiogenesis (formation of new vessels), and the in�ammatory process (Parizi et al. 2010). We
observed a greater number of mast cells in the oral mucosa in females and in groups exposed orally. These data show
that GBH can stimulate an oral allergic reaction, especially after direct contact and in females. Studies evaluating
other herbicides demonstrated that herbicides may be systemic allergens (Cushman and Street 1982; Yasunaga et al.
2015) and are allergenic to the skin, respiratory tract (Fukuyama et al, 2009) and oral cavity (Parizi et al. 2020).

NORs are markers of cell proliferation (Parizi et al. 2020). An increase in the number of NORs in the mucosa of the
tongue observed in the groups exposed to GBH indicates toxicity to the oral epithelium that stimulated cell
proliferation to repair possible cell destruction caused by GBH. However, in the group exposed to high oral
concentration, the number of NORs was decreased compared to that in the control group. This decrease may be due to
severe damage to the epithelium caused by a high oral concentration that prevents the stimulation of regenerative cell
proliferation. We observed an increase in NORs in most groups exposed to GBH; however, this increase was insu�cient
to increase the thickness of the tongue epithelium. These data con�rm that GBH causes a high level of cell destruction
and that cell proliferation does not increase the thickness of the epithelium at this level of damage.
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Case reports in humans described bleeding from the gastric mucosa after deliberate ingestion of glyphosate
(Sribanditmongkol et al. 2012; Deo and Shetty 2012); however, another study showed ulceration of the oesophageal
mucosa without gastric lesions in two cases of incidental ingestion of glyphosate (Chen et al. 2013). The authors
speculated that the absence of gastric lesions in these cases may be due to the type of epithelium, presence of acid or
mucus or other local factors and suggested that glyphosate may be considered a caustic agent of medium intensity
(Chen et al. 2013). In our study, lesions of the gastric epithelium were not detected, possibly because even oral
concentrations used in the present study were considerably lower, and GBH was inhaled or ingested along with feed
rather than ingested alone in large quantities, as described in other studies. This consideration may also explain the
absence of oesophageal lesions, such as erosions, ulcerations and in�ammation, in the exposed animals.

An in vitro study with muscle �bres of the jejunum of rats detected a decrease in the motor activity even if glyphosate
was applied at very low concentrations (Chlopecka et al. 2014). Dilation of the small intestine was observed after
incidental ingestion of glyphosate in humans (Sribanditmongkol et al. 2012; Deo and Shetty 2012). In another study in
weaned piglets, no change in intestinal morphology was detected after ingesting water containing glyphosate added in
various concentrations (Qiu et al. 2020). A study in Sprague-Dawley rats demonstrated that long-term exposure to
glyphosate in tap water was toxic to the intestinal microbiome, and dysbiosis was manifested only in treated females
(Lozano et al. 2018). Dysbiosis of the intestinal microbiota is associated with a number of clinical conditions, such as
in�ammatory bowel disease or colorectal cancer (Cho and Blaser 2012). Induction of intestinal dysbiosis by
glyphosate may explain the in�ammation in the intestinal mucosa detected in exposed animals in the present study;
however, we did not observe differences between sexes in this parameter reported in other studies. Greater intensity of
in�ammation and higher incidence of animals with lymphoid hyperplasia in the small intestine may be explained by
higher concentrations of glyphosate detected in the small intestine after oral exposure (Chlopecka et al. 2014); a
similar phenomenon may occur in inhalation exposure, since we did not detect differences between routes of
exposure.

The carcinogenicity of glyphosate is a matter of controversy in the literature. IARC of World Health Organization (WHO)
considers glyphosate to be "probably carcinogenic to human" (category 2A) (IARC 2015), and some studies in rodents
have detected benign and malignant neoplasms in the thyroid, liver, kidney, pancreas, testis and pituitary gland (Greim
et al. 2015); however, reviews of the toxicological pro�le of this herbicide in other studies suggested a lack of
carcinogenic risk for glyphosate (Willians et al. 2016; Tarazona et al. 2017). EFSA considered that human studies were
too limited to associate glyphosate with neoplasms (Portier et al. 2016). The grade of precancerous lesions in
epithelial dysplasia is associated with a lower likelihood (mild dysplasia) or greater likelihood (moderate and severe
dysplasia) of progression to carcinoma. Our study is the �rst to demonstrate that GBH has carcinogenic potential in
the oesophagus and small and large intestine, especially at higher concentrations, and that the oral exposure route can
lead to moderate dysplasia, which corresponds to a higher risk of progression to carcinoma.

The oesophageal epithelium is similar to the oral cavity epithelium, i.e., strati�ed squamous epithelium; however,
dysplasia was detected only in the oesophagus. This phenomenon may be due to mechanical washing of the oral
cavity by saliva, which reduces the time of exposure to glyphosate in the mouth.

Similar to carcinogenicity, the genotoxicity of glyphosate is also a matter of controversy according to the literature.
Some studies have shown that glyphosate does not present a signi�cant genotoxic risk under normal conditions of
human or environmental exposure (Heydens 2008; Kier and Kirkland 2013). Other studies have shown that products
containing glyphosate can be genotoxic in reptiles and mammals (Prasad et al. 2009; Lopez Gonzalez et al. 2013),
increase DNA damage scores in the comet test in the erythrocytes and gill cells of �sh (Moreno et al. 2014) and induce
DNA strand breaks (also observed in the comet assay) in the gills and liver cells of eels exposed to glyphosate in water
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(Guilherme et al. 2011). Additionally, an increase in the incidence rate of chromosomal aberrations and induction of
micronuclei depended on the concentration and time of exposure (1 to 3 days) to glyphosate in mammals (Prasad et
al. 2009). This variability in the results may be due to differences in the purity of the active agent and the nature of the
tested inert components, which can increase the toxicity of the herbicide (Prasad et al. 2009). Our study used the most
common commercial worldwide brand and not the pure herbicide because it is not used in pure form to spray crops.
Thus, comparison with the control groups in the present study detected an increase in the micronuclei in the groups
exposed to GBH regardless of the route of exposure. This �nding is in agreement with detection of dysplasia in the
oesophagus and small and large intestine, indicating that GBH has genotoxic and carcinogenic potential at
concentrations relevant to human exposures.

Gender can interact with exposure to xenobiotic agents and in�uence the toxicokinetics, toxicodynamics and results of
the exposure. Sex-speci�c differences in response to xenobiotics can result from the differences in behaviour,
exposure, anatomy, physiology, biochemistry and genetics, which can in�uence the responses to environmental
chemicals and adverse reactions to drugs (Gochfeld 2017). Our study detected differences in some parameters
between the sexes, including a higher incidence of cells with karyomegaly and mast cells in the oral cavity of females.
These data show that females are more reactive and have a greater risk of oral allergic reaction upon exposure to
GBH. Men and women were shown to differ in susceptibility to the development of immunological and allergy
disorders and in the ability to �ght infections. Women are more susceptible to the development of allergies and
autoimmune diseases for multiple reasons, possibly associated with sex hormones and X chromosome factors
(Laffont and Guéry 2019). These considerations may explain the higher cellular reactivity and greater number of mast
cells in females exposed to GBH detected in the present study. We also observed that females had a higher number of
micronuclei upon exposure to low oral GBH concentration, as micronuclei were not detected in males under these
conditions; however, exposure to high concentrations by inhalation resulted in an increase in micronucleus formation
in males. This result suggests that low concentrations are su�cient to cause DNA damage in females but not in males
and that high concentrations can lead to cell destruction, explaining that the formation of micronuclei in females has
not been detected. Other genotoxicity tests should be performed to provide a better explanation of various sex-
dependent effects of various concentrations of GBH.

It is necessary to consider that pesticide formulations are mixtures of adjuvants and active ingredients (which in our
case is glyphosate), and adjuvants may be as or more toxic than the active ingredient itself, or may potentiate the
damage caused by the active ingredient (Mesnage et al. 2013). There is no description of the inert ingredients
(adjuvants) added to the formulation in the package insert of the product that we use, so we cannot exclude the action
of these products on the tissue damage observed in our study.

Further studies that evaluate the internal dose of glyphosate for each animal associated with the evaluation of the
glyphosate concentration in the feed, as well as different concentrations of environmental exposure may provide a
better understanding of the effects on the digestive tract, in addition to a better de�nition of the dose response.

Conclusions
The data in our study are based on the standard conditions and time of exposure indicate that GBH stimulates the
in�ammatory process in the digestive tract, can cause oral allergies (mainly in females) and dysplastic lesions in the
oesophagus and small and large intestine, and has genotoxic potential, characterized by an increase in the
micronuclei in exposed animals. In general, the oral route causes more pronounced changes in the digestive tract than
the inhalation route. The stomach is not damaged by prolonged exposure to the concentrations corresponding to
environmental GBH exposures.
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Figure 1
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Cytological smears of the tongue mucosa. Left panel: A - Normal squamous cells (female animal of the inhalation
control group). Middle panel: B - Binucleated cell (female animal of the medium oral concentration group).Right panel:
C - Cells with karyomegaly (female animal of the medium oral concentration group). Giemsa stain, 400x magni�cation
– scale bar: 50 µm.

Figure 2

Percentage of cases that presented congestion and in�ammation in the tongue according to the study groups
regardless of sex of the animals (p = 79). Congestion - Kruskal-Wallis chi-squared = 12.0761, p <0.05: IC x IH; IM x (IL,
IH). In�ammation - Kruskal-Wallis chi-squared = 36.5464, p = 0.0115: IC x (IL, IM, IH); OH x (OC, OL, OM) (t-test). IC:
Inhalation control; OC: Oral control; IL: Low inhaled glyphosate concentration; OL: Low oral glyphosate concentration;
MI: Medium inhaled glyphosate concentration; OM: Medium oral glyphosate concentration; IH: High inhaled
glyphosate concentration; OH: High oral concentration of glyphosate.
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Figure 3

Photomicroscopy of the tongue mucosa.Left panel: A - Ventral surface with moderate tissue congestion. Note dilated
and blood-�lled capillary (male animal of the low inhalation concentration group). Right panel: B - Dorsal surface with
a focus of in�ammation of the submucosa, characterized by lymphocyte in�ltrate (male animal of the low oral
concentration group). Haematoxylin-eosin, 100x magni�cation – scale bar: 200 µm.
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Figure 4

Mean number (± standard error) of mast cells (per mm2) per study group regardless of sex of the animals (p = 79).
Inhalation vs. oral exposure (t-test t = 1.314, p = 0.016). IC: Inhalation control; OC: Oral control; IL: Low inhaled
glyphosate concentration; OL: Low oral glyphosate concentration; MI: Medium inhaled glyphosate concentration; OM:
Medium oral glyphosate concentration; IH: High inhaled glyphosate concentration; OH: High oral concentration of
glyphosate.
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Figure 5

Mean number (± standard error) of nucleoli-organizing regions (NORs) (per mm2) in the epithelium of the dorsum and
ventral surface of the tongue according to the study groups independent of animal sex (n = 79). Dorsum - ANOVA F =
268.1, p = 0.001: IC x (IL, IM, IH); OC x (OL, OM, OH), IL x (IM and IH); IM x IH; OH x (OL, OM); IL x OL; IH x OH. Ventral
surface - ANOVA F = 770.9, p = 0.001: IC x (IL, IM, IH); IL x (IM, IH); IM x IH; OC x (OL, OM, OH); OL x (OM, OH); OM x
OH.CIC: Inhalation control; OC: Oral control; IL: Low inhaled glyphosate concentration; OL: Low oral glyphosate
concentration; MI: Medium inhaled glyphosate concentration; OM: Medium oral glyphosate concentration; IH: High
inhaled glyphosate concentration; OH: High oral concentration of glyphosate.

Figure 6
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Photomicroscopy of the oesophagus. Left panel: A - Normal oesophageal epithelium (male animal of the inhalation
control group). Middle panel: B - Mild oesophageal dysplasia. There is a slight increase in the thickness of the
epithelium, bulky nuclei with evident nucleoli and atypical mitosis �gures (arrow) (male animal of the high inhalation
concentration group). Right panel: C - Moderate oesophageal dysplasia. Note a marked increase in epithelial thickness,
bulky nuclei with evident nucleoli and atypical mitosis �gures (arrow) (male animal of the high oral concentration
group). Haematoxylin-eosin, 200x magni�cation - scale bar: 100 µm.

Figure 7

Percentage of cases with mild and moderate dysplasia in the small intestine by study group (n = 79). Kruskal-Wallis
chi-squared = 65.831, p = 0.001: (IC, IL) x (IM, IH); (OC, OL) x (OM, OH); OM x OH; IH x OH. IC: Inhalation control; OC:
Oral control; IL: Low inhaled glyphosate concentration; OL: Low oral glyphosate concentration; MI: Medium inhaled
glyphosate concentration; OM: Medium oral glyphosate concentration; IH: High inhaled glyphosate concentration; OH:
High oral concentration of glyphosate.
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Figure 8

Photomicroscopy of the small intestine. Top left column: A - Normal intestinal mucosa (male animal of the inhalation
control group) (haematoxylin-eosin, 200x magni�cation – scale bar: 100 µm). Middle left column: B - Intestinal
mucosa with moderate in�ammation (arrow) (male animal of the low inhalation concentration group) (haematoxylin-
eosin, 100x magni�cation – scale bar: 200 µm). Bottom left column: C - Lymphoid hyperplasia (arrow) (male animal of
the high inhalation concentration group) (haematoxylin-eosin, 100x magni�cation – scale bar: 200 µm). Top right
column: D - Mild mucosal dysplasia. Note hyperchromatic nuclei and mitosis �gures (arrows) (male animal of the
medium inhalation concentration group) (haematoxylin-eosin, 400x magni�cation – scale bar: 50 µm). Bottom right
column: E - Moderate mucosal dysplasia. Note a decrease in the number of goblet cells, nonpolarized and vesicular
nuclei with nucleoli and atypical mitosis �gures (arrow) (male animal of the high oral concentration group)
(haematoxylin-eosin, 400x magni�cation – scale bar: 50 µm).
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Figure 9

Percentage of cases with mild and moderate dysplasia in the large intestine by study group (n = 79). Kruskal-Wallis
chi-squared = 65.482, p = 0.001: (IC, IL) x (IM, IH); (OC, OL) x (OM, OH); OM x OH; IH x OH. IC: Inhalation control; OC:
Oral control; IL: Low inhaled glyphosate concentration; OL: Low oral glyphosate concentration; MI: Medium inhaled
glyphosate concentration; OM: Medium oral glyphosate concentration; IH: High inhaled glyphosate concentration; OH:
High oral concentration of glyphosate.
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Figure 10

Photomicroscopy of the large intestine. Top left column: A - Normal intestinal mucosa (male animal of the oral control
group) (haematoxylin-eosin, 200x magni�cation – scale bar: 100 µm). Middle left column: B - Intestinal mucosa with
mild in�ammatory in�ltration (arrow) (male animal of the medium inhalation concentration group) (haematoxylin-
eosin, 100x magni�cation – scale bar: 200 µm). Bottom left column: C - Lymphoid hyperplasia (arrow) (male animal of
the high inhalation concentration group) (haematoxylin-eosin, 200x magni�cation – scale bar: 100 µm). Top right
column: D - Mild dysplasia. Note nuclei with loss of polarity, irregular chromatin and evident nucleoli and mitosis
�gures (arrow) (male animal of the medium oral concentration group) (haematoxylin-eosin, 400x magni�cation –
scale bar: 50 µm). Bottom right column:E - Moderate dysplasia. Note a marked decrease in goblet cells, cells with
vesicular nuclei with irregular chromatin and evident nucleoli and various mitosis �gures (arrows) (female animal from
the high oral concentration group) (haematoxylin-eosin, 400x magni�cation – scale bar: 50 µm).
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Figure 11

Median number (± standard error) of micronuclei in the bone marrow by study group and sex of the animals (n = 79). t-
test t = -5, p = 0.001053: OL females vs. OL males; IH females vs. IH males. IC: Inhalation control; OC: Oral control; IL:
Low inhaled glyphosate concentration; OL: Low oral glyphosate concentration; MI: Medium inhaled glyphosate
concentration; OM: Medium oral glyphosate concentration; IH: High inhaled glyphosate concentration; OH: High oral
concentration of glyphosate.
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Figure 12

Polychromatic erythrocyte with micronucleus (arrow) (female animal of the low oral concentration group). Giemsa
stain, 400x magni�cation – scale bar: 50 µm.


