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Exposure to the herbicide
glyphosate leads to inappropriate
threat responses and alters gut
microbial composition
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Background: Exposure to the herbicide glyphosate may contribute to anxiety-
related disorders. The mechanisms by which this occurs may involve effects on
brain regions or alterations of gut microbiota implicated in emotions. Pre-clinical
studies use unusually high doses to which humans may not normally be exposed.
The effects of glyphosate on anxiety at doses considered safe are largely
unexplored.

Methods: Adult male rats were administered glyphosate at a dose considered safe
for 16 weeks. After 4 and 10 weeks, anxiety-like behaviors were tested in the open
field and elevated plus maze, respectively. After 14 weeks, rats interacted with a
novel neutral object, followed by a naive rat of the same age and sex as a
conspecific. Lastly, after 16 weeks, rats underwent fear conditioning, and freezing
was quantified. Upon completion of the experiments, cellular activity was
assessed using immunohistochemistry in brain regions implicated in anxiety
and fear. Fecal pellets were collected to extract DNA and perform 16S rRNA
community analyses.

Results: Glyphosate increases anxiety in the elevated plus maze after 10 weeks.
Moreover, glyphosate decreases interaction to a novel object, but not to the
conspecific, after 14 weeks. Furthermore, freezing increases to a novel neutral
tone, but not a conditioned tone, after 16 weeks. Behavioral changes correspond
to increases in cellular activity in the bed nucleus of the stria terminalis.
Furthermore, we observed that glyphosate induces changes in the gut
microbiota leading to a decrease in Lactobacillus species.

Conclusion: Glyphosate increases threat interpretation and alters cellular activity
in brain regions implicated in promoting anxiety. Also, glyphosate induces gut
dysbiosis and reduces the abundance of Lactobacillus, bacteria that play a role in
the production of serotonin, which may further exacerbate the anxiogenic effect
of glyphosate.

KEYWORDS

mental health disorders, classical conditioning, bed nucleus of stria terminalis, learning
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Introduction

Anxiety and fear disorders can develop across the lifespan and
are characterized by hypervigilance in situations that do not warrant
it (Ohi et al., 2025). Exposure to environmental contaminants may
contribute to the development of hypervigilance. A contaminant
that has received attention due to its effect on health is the herbicide
glyphosate (Gandhi et al., 2021; Costas-Ferreira et al., 2022; Ojelade
et al., 2022).

Glyphosate herbicides
(ie., Roundup®) because it was thought to be innocuous to

revolutionized commercial
humans, as it targets an enzyme not found in mammals.
However, clinical reports demonstrate that glyphosate-based
herbicides can cross the blood brain barrier and affect the brain
(Eriguchi et al., 2019; Planche et al., 2019). Furthermore, Seneff and
colleagues (2015) suggested a correlation between the use of
glyphosate-based herbicides and the diagnosis of anxiety and
fear-related disorders. Similarly, preclinical work in rodents
demonstrates that glyphosate increases anxiety-like behaviors (Ait
Bali et al., 2017; 2018; 2022). Remarkably, these studies utilized
unusually high doses of up to 500 mg/kg/day to which humans are
unlikely to be exposed (Ait Bali et al., 2017; 2018; 2022). In fact, the
Environmental Protection Agency (EPA) established a chronic
reference dose of 2.0 mg/kg/day for prolonged periods as safe for
humans (EPA, 2017). The effects of glyphosate at doses considered
safe on anxiety-like and fear-related behaviors are largely
unexplored.

Glyphosate has been shown to increase cellular activity in brain
regions that promote the expression of anxiety-like behaviors (Ait
Bali et al, 2022). The basolateral amygdala (BLA) creates
associations between neutral stimuli and aversive outcomes,
which initiates threat responses (LeDoux, 2014). Activity in
bidirectional projections between the BLA and the medial
prefrontal cortex (mPFC) enhances the expression of anxiety and
fear (Kredlow et al, 2022). The infralimbic (IL) subregion of the
mPFC increases the expression of anxiety-like behaviors (Bi et al.,
2013) likely via connections with the bed nucleus of the stria
terminalis (BNST), whereas the prelimbic (PL) subregion drives
the expression of conditioned fear (Sierra-Mercado et al., 2011). The
serotonergic system regulates anxiety-like and fear-related behaviors
by modulating activity in PFC and BNST (Albert et al, 2014;
Almada et al., 2015; Garcia-Garcia et al., 2018; Yamashita et al,,
2019). Interestingly, alterations in gut microbiota composition affect
anxiety and fear (Hoban et al., 2018; Chu et al.,, 2019; Geary et al,,
2021). Specifically, bacterial genera such as Lactobacillus affect
emotional behaviors by modulating levels of serotonin (Bravo
et al, 2011; Cowan et al, 2019). Indeed, glyphosate has been
shown to impact gut microbiome (Lozano et al.,, 2018; Mao et al,,
2018; Tang et al., 2020b), and this may be a mechanism through
which it affects anxiety-like and fear-related behaviors (Ait Bali et al.,
2018; Lozano et al., 2018; Dechartres et al., 2019).

We hypothesized that prolonged exposure to glyphosate at a
dose considered safe (EPA, 2017) would increase anxiety-like and
fear-related behaviors, as well as increase cellular activity in
respective regions of the brain, given the overlapping
mechanisms of anxiety and fear. We also hypothesized that
glyphosate would reduce abundance of gut bacteria implicated in
the production of serotonin. The results help in understanding how
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environmental contaminants could influence mental

health disorders.

Materials and methods
Animals

A total of 29 adult male Sprague-Dawley rats (Envigo+, IN,
United States, ~325-350 g upon arrival) were individually housed on
a12:12 light/dark cycle. Of the 29 rats, 25 rats were used for all behavioral
tests, whereas four rats were used as conspecifics in a Social Exploration
Test. These four conspecific rats were not used in any other experiment
in the study. Behavioral experiments were run between 9a.m. and 1p.m.
Rats were randomly assigned to their study group. Rats were handled for
7 days to acclimate them to the experimenter. All procedures were
approved by the Institutional Animal Care and Use Committee of the
University of Puerto Rico Medical Sciences Campus, which is accredited
by the Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC). Thus,
parameters, such as light intensity, background noise, temperature,
and humidity are constantly monitored and maintained to the
highest standards
Experiments were performed by investigators blinded to the groups.

environmental

for animal welfare throughout the study.

Bar-press training

Rats were food-restricted to 18g/day. They were then trained to
press a lever for sucrose pellets in an operant chamber on a variable
interval schedule of reinforcement, receiving one pellet every 60 s
regardless of the number of presses (VI-60). Rats achieved a
criterion of ~10 presses per minute. Food restriction was
discontinued, and food was given ad libitum. Lever pressing
maintains the rat active so that freezing can be measured with
confidence during fear conditioning (Sierra-Mercado et al,
2006; 2011).

Glyphosate solution and exposure protocol

Glyphosate solution was prepared weekly to ensure stability, even
though the half-life of glyphosate in water is greater than 60 days
(Bonnet et al.,, 2007). Rats were given access ad libitum to either
glyphosate-containing water or filtered water for controls for
16 weeks. Baseline water consumption was measured for 3 weeks
to determine average water intake. Average concentrations of
glyphosate (PESTANAL®, Sigma-Aldrich, MO, United States) per
rat were calculated to provide an average daily dose of 2.0 mg/kg. Body
weight and water intake were measured at the end of each week, and if
needed, the concentration of glyphosate was adjusted accordingly to
ensure an average dose of 2.0 mg/kg/day was obtained.

Anxiety-like behaviors

We assessed behaviors at different time points to determine the
time-dependent effects of glyphosate on anxiety. Anxiety-like
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FIGURE 1

Experimental design and timeline. Experimental rats were exposed to glyphosate 2.0 mg/kg/day for 16 weeks, whereas controls were given filtered
water. Behavioral tests were assessed at specific time points throughout the exposure period: Open Field Test (week 4), Elevated Plus Maze (week 10),
Social Exploration Test (Week 14) and Fear Conditioning (week 16). Fecal pellets were collected on week 16 of exposure to assess for changes in gut
microbiome. All rats were trained to press a lever for sucrose pellets necessary for the fear conditioning experiment prior to any manipulations.
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FIGURE 2

(A) Glyphosate after 4 weeks does not affect anxiety-like

behaviors in an open field test. (A) Average heat maps showing
position of the animals. (B) Time spent in the center (CTRL: n = 12;
GLY: n =13) *p < 0.05 in a Student’s t-test (unpaired, two-tailed).

behaviors were assessed in two paradigms. The open field test (1 m x
1 m x 35 cm) was used after 4 weeks of glyphosate exposure (Figures
1, 2). A light was placed on the ceiling to illuminate the center more
than the periphery. Lighting parameters were consistent throughout
the study ensuring that control rats and experimental rats were
handled and treated identically. Rats were placed in the center and
left to freely behave for 5 minutes. The elevated plus maze (EPM;
(La-Vu et al,, 2020)) was used after 10 weeks of exposure (Figures 1,
3). The EPM consists of two sets of arms arranged perpendicular to
each other raised 79 cm from the floor. Two of the arms are open
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FIGURE 3
Glyphosate after 10 weeks increases anxiety-like behaviors in an

elevated plus maze. (A) Average heat maps showing position of the
animals. (B) Glyphosate decreases the time spent in the open arms.
(CTRL: n = 12; GLY: n = 13) *p < 0.05 in a Student’s t-test
(unpaired, two-tailed).

(50 x 10 cm x 3.8 cm; transparent, short walls) permitting visual
input of the height and proprioception to activate aversion to the
open spaces (Martinez et al., 2002), and two closed arms (50 x 10 x
48 cm; opaque tall walls), with a central neutral area (10 x 10 cm)
connecting the arms. Rats were placed in the center facing an open
arm and left to freely behave for 5 minutes.

The Social Exploration Test was used after 14 weeks of exposure
(Figures 1, 4) (Bravo-Rivera et al., 2021). Rats were acclimated to the
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Effects of glyphosate on exploration of a novel object and conspecific after 14 weeks. (A) Average heat maps showing position of the animals during
exploration of a novel object. (B) Glyphosate decreases the time interacting with a novel object but not a conspecific. (CTRL: n = 12; GLY: n = 13) *p <

0.05 in a Student's t-test (unpaired, two-tailed).
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FIGURE 5

Effects of glyphosate on freezing to a novel vs. conditioned tone
after 16 weeks. Glyphosate increases threat response (freezing) to (A) a
novel neutral tone, (B) but not to a conditioned tone. (CTRL: n = 12;
GLY: n = 13) *p < 0.05 in a 2-way ANOVA (group X time
interaction).

open field for 5 minutes. Next, a novel neutral object (rubber toy)
was placed in the center of the open field within a mesh cage (25 cm
in diameter and 28 cm tall). Rats were placed in the field and
behaved freely for 3 minutes. The area surrounding the mesh cage
(diameter: 12.5 cm) was defined as the exploration zone, which
occupied 1,473 cm® (15% of the area). The novel neutral object was
then replaced with an unfamiliar naive rat of the same age and sex as
a conspecific. A total of four naive rats were used as conspecifics.
Each naive rat was used for a maximum of seven sessions. The naive
rats were not used in any other experiment in the study. Time spent
in the exploration zone was measured across 3 minutes.
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Fear conditioning and extinction

After 16 weeks of exposure (Figures 1, 5), conditioning occurred
in the chamber where rats learned to press a lever. Rats were
presented with five repetitions of a novel neutral tone (4 kHz,
75 dB, 30 s, 3 min ITI) followed by seven repetitions of the same
tone that co-terminated with a mild foot shock (0.6 mA, 0.5 s).
Freezing is defined as a lack of movement save for breathing
(Blanchard and Blanchard, 1969). For extinction, 20 repetitions
of the tone per day without shock were given for 3 days. Freezing was
measured during the tone (Figure 6A) and the first 60-s of each post
tone interval (Figure 6B). Conditioning data were analyzed as single
tones, whereas extinction data were analyzed as average blocks of
four tones. The apparatus was cleaned with paper towel embedded
with 25% alcohol after each session.

Immunohistochemistry and c-Fos
quantification

One-hour after the last auditory tone in extinction, rats were
anesthetized with sodium pentobarbital (i.p., 450 mg/kg) and
euthanized according to the American Veterinary Medical
Association (AVMA) guidelines (Leary et al, 2020). Rats were
transcardially perfused with 0.9% saline followed by buffered
formalin. Brains were extracted, fixed in formalin and transferred
to 30% sucrose in 0.1 M PBS for cryoprotection. Coronal sections
(40 um) of regions of interest [Figure 7; mPFC, (AP: +3.00 to +3.70);
BNST, (AP: 0.00 to —0.50); and BLA, (AP: 3.00 to —2.00)] were cut
using a cryostat (Leica, CM 1850).
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Effects of glyphosate on extinction to a conditioned tone after 16 weeks. (A) Glyphosate does not affect extinction of a conditioned threat response.
(B) Glyphosate decreases extinction in the post-tone period. (CTRL: n = 12; GLY: n = 13) * p < 0.05 in a 2-way ANOVA (group x time interaction) with

Bonferroni's multiple comparisons test.

Only brains with good representative sections of all regions of
interest were used. Brains that displayed damage to any brain
region of interest during extraction, or that were incompletely
perfused, were not included in the analysis. A total of 11 brains
were included (CTRL: n = 5, GLY: n = 6). Anti-c-Fos serum raised
in rabbit (Cell Signaling, MA, United States; 1:1,000) was the
primary antibody. Next, brain sections were washed to clear any
unbound antibody. Sections were incubated with a secondary goat
anti-rabbit antibody (Vector Labs; 1:500 for 1 h), followed by
treatment with a Vectastain kit (Vector) for 30 min, and developed
with a 3,3'-diaminobenzidine (DAB; Vector). Water stopped the
development of the DAB reaction. Sections were mounted on a
MA, United States).
Automatic counting for c-Fos positive cells was performed from

slide and cover-slipped (Invitrogen,

images taken of at least one hemisphere for at least two slices (NIS

Frontiers in Toxicology

05

Elements, Nikon, NY, United States). Total cell count was divided
by the area of the region of interest to obtain a density of
positive cells.

DNA extraction from fecal boli and 16S rRNA
sequence analyses

Fecal pellets were collected, and 200 mg were used for gDNA
extraction using the DNeasy PowerSoil Pro Kit (QIAGEN,
Germantown, MD, United States) according to instructions of
the manufacturer. The 16S rRNA gene was amplified with
universal 16S V3-V4 as per the earth microbiome project
protocol  (https://earthmicrobiome.org/protocols-and-standards/

16s/) and further sequenced using Illumina MiSeq. Raw fastq
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FIGURE 7

Effects of glyphosate on cellular activity. (A) Glyphosate does not affect c-Fos density in PL or IL of mPFC. (B) Glyphosate increases c-Fos density in

BNST. (C) Glyphosate does not affect c-Fos density in BLA or CeA of the amygdala. (CTRL: n =5; GLY: n = 6) * p < 0.05 in a Student's t-test (unpaired, two-
tailed). X10 magnification.
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files were uploaded to Qiita project ID 14486 (Gonzélez et al., 2018).
Quality control of amplicon sequences was performed in QIITA and
to identify unclassified mitochondria and chloroplasts sequenced
compared against the SILVA database (Quast et al, 2013).
Taxonomy assignments were done with Greengenes two classifier
(McDonald et al, 2024), and the Amplicon Sequence Variant
(ASVs) from DEBLUR table were downloaded for downstream
analyses. We only analyzed the microbiota at 16 weeks of
glyphosate exposure using a rarefaction level of 6,200 reads
per sample.

Statistical analysis of microbial diversity

Beta diversity was assessed using Principal Coordinates Analysis
(PCoA) with Bray-Curtis dissimilarity, and statistical significance
was evaluated using Permutational Multivariate Analysis of
Variance (PERMANOVA) and Analysis of Similarities
(ANOSIM) (Anderson, 2001) in Qiime2 (Bolyen et al, 2019).
Alpha diversity was calculated for Chaol (Kuczynski et al., 2012)
and Shannon (Caporaso et al, 2010) indices, with statistical
differences across multiple groups assessed using the
Kruskal-Wallis test in Qiime2. Plots for alpha and beta diversity
were generated in RStudio (R Core Team, 2025) to visualize the
results. To identify potential biomarkers, microbial features were
ranked based on their ability to distinguish between the control
group and the glyphosate-exposed group at 16 weeks using Random
Forest analysis (Breiman, 2001). This was conducted through
Microbiome Analyst (Dhariwal et al., 2017), which employs
Mean Decrease Accuracy as the ranking metric. Additionally, the
Firmicutes/Bacteroidetes (F/B) ratio was calculated using relative
abundances of these two phyla across sample groups and visualized
using bar plots in RStudio to characterize the microbiome

composition.

Data collection and analysis

Behavioral sessions were recorded with digital cameras.
The open field test was used to measure distance traveled as
an index of locomotor activity, and the percent of time spent in
the center of the field as an index of anxiety. The elevated plus
maze (EPM) was used to measure distance traveled, and time in
the open arms as an index of anxiety. Distance traveled, time
spent in areas of interest, and freezing were quantified from
video recordings using the commercially available software
ANY-maze (Stoelting, Wood Dale, IL). The normal
distributions of primary behavioral data were verified using
the Shapiro-Wilk Test. Data collected from the open field test
and EPM were analyzed with a Student’s t-test. The time spent
freezing was expressed as a percentage. Conditioning data were
analyzed as single tones, whereas extinction data were analyzed
as average blocks of four tones. Freezing data were analyzed
with repeated-measures analysis of variance (ANOVA),
followed by Tukey’s post hoc comparisons (GraphPad, La
Jolla, CA). Gut microbiome data were analyzed with non-
parametric tests Analysis of similarities (ANOSISM) and
Kruskal-Wallis test.
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Results

Glyphosate does not affect bodyweight,
food consumption or water intake

Bodyweight, food consumption and water intake were measured
weekly. There was no difference in bodyweight throughout the
exposure period (CTRL: 492.3 g, GLY: 485.6 g; t,3 = 0.5956, p =
0.5956; Supplementary Figure SIA). Similarly, there was no
difference in food consumption (CTRL: 21.00 g, GLY: 20.38 g;
ty; = 09378, p = 0.358; Supplementary Figure SI1B), or water
intake (CTRL: 23.7 mL, GLY: 21.4 mL; t,3 = 1.466, p = 0.1562;
Supplementary Figure S1C). Ergo, glyphosate does not affect
bodyweight, and any potential changes were not masked by
altered food consumption or water intake.

Glyphosate does not affect anxiety-like
behaviors after 4 weeks but increases them
after 10 weeks

Rats were placed in an OFT to assess the effect of glyphosate on
anxiety-like behaviors after 4 weeks (Figure 2). A Student’s t-tests
showed that glyphosate did not affect the time spent in the center
(CTRL: 49.01 s, GLY: 4042 s; ty3 = 1.155, p = 0.2601). Next, after a
total of 10 weeks, rats were placed in an Elevated Plus Maze (EPM) to
further test anxiety (Figure 3). A Student’s t-test showed that
glyphosate decreased the time spent in the open arms (CTRL:
103.7 s, GLY: 51.35 s; tp; = 2731, p = 0.0119; Figure 3B).
Glyphosate did not influence locomotion (Supplementary Figure S2).

Glyphosate decreases exploration of a novel
neutral object but not a social rat
after 14 weeks

Rats underwent a Social Exploration Test after 14 weeks
(Figure 4). A Student’s t-test showed that glyphosate decreased
the time spent exploring the novel neutral object (CTRL: 89.69 s,
GLY: 45.35 s; to3 = 2.221, p = 0.0365). Interestingly, glyphosate did
not influence the time with a social rat (CTRL: 94.03 s, GLY: 79.02 s;
ty3 = 0.6880, p > 0.05, Figure 4B). Next, we assessed for immobility
and time spent in the periphery, given that decreased exploration
could be due to decreased desire to explore or increased anxiety-like
behaviors. Interestingly, glyphosate increased the amount of time
spent immobile (CTRL: 45.66 s, GLY: 98.83 s; t,3 = 2.468, p = 0.0215,
Supplementary Figure S3A), and increased the time spent in the
periphery (CTRL: 64.85 s, GLY: 118.0 s; tp; = 2.121, p = 0.0449,
Supplementary Figure S3B).

Glyphosate increases fear to a novel neutral
tone but not a conditioned tone
after 16 weeks

Animals underwent fear conditioning and extinction after

16 weeks (Figure 5). First, animals were presented with five
repetitions of a novel neutral tone. A two-way ANOVA showed
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that glyphosate increased time freezing to presentation of the novel
neutral tones prior to fear conditioning (F; »3) = 4.385; p = 0.0475).
Next, the neutral tone was paired with a mild foot shock for fear
conditioning (Figure 5). No difference was seen between groups
(Fa,23) = 1.361; p = 0.2553) or interaction of factors group x time
(Fe.138) = 1.608; p = 0.1493).

Finally, animals underwent fear extinction training (Figure 6).
Two-way ANOVA showed no difference in freezing to the tone
between groups or interaction of factors group x time on neither
Days 1-3 (p > 0.05; Figure 6A). To gain further insight into anxiety,
we measured time freezing in the 60-s post-tone interval during
extinction (Figure 6B). A Two-way ANOVA revealed a significant
difference in interaction of factors group x time (F(40,) = 2.540.; p =
0.0451) during the first day of extinction. Bonferroni’s-corrected
post hoc test revealed that freezing was significantly increased at tone
block 3 (adjusted p = 0.0417). Conversely, this difference was not
seen during days 2 and 3 of extinction.

Glyphosate increases cellular activity in
BNST, but does not affect cellular activity in
PL, IL, BLA or CeA

To assess the effect of glyphosate on the brain circuitry of anxiety
and fear, we performed c-Fos immunohistochemistry, to measure
cellular activity, on brain slices containing the prelimbic (PL) and
infralimbic (IL) cortices of the medial prefrontal cortex, the bed
nucleus of the stria terminalis (BNST), and the basolateral (BLA)
and central (CeA) amygdala. Glyphosate did not affect cellular
activity in PL (CTRL: 286.9 counts/cm’, GLY: 234.5 counts/cm?;
to = 1.427, p = 0.1874) or IL (CTRL: 252.3 counts/cm? GLY:
215.1 counts/cm?; ty = 0.9192, p = 0.3819) as seen in Figure 7A,
respectively. On the other hand, glyphosate increased cellular
activity in BNST (CTRL: 166.5 counts/cm? GLY: 220.2 counts/
cm?; to = 2.380, p = 0.0412, Student’s T-Test) as seen in Figure 7B.
Glyphosate did not affect cellular activity in BLA, (Figure 7C. CTRL:
98.66 counts/cm?, GLY: 84.21 counts/cm?; ty = 0.4751, p = 0.6460),
or CeA (Figure 7C. CTRL: 197.4 counts/cm? GLY: 158.1 counts/
em?; ty = 1.079, p = 0.3087).

Glyphosate causes microbiota taxonomic
changes with a decrease of lactobacillus
genus after 16 weeks

After completion of all behavioral experiments, 25 fecal samples
(12 control and 13 glyphosate-exposed rats at 16 weeks) were
analyzed to gain insight into potential changes of gut microbiota.
An average of 9,586 + 675 sequencing reads and 1,324 + 81 amplicon
sequence variants (ASVs) per sample were yielded. No significant
differences in beta diversity were observed between control and
glyphosate-treated groups at week 16 (ANOSIM p > 0.05,
PERMANOVA p > 0.05 Tables S1-S3;
Figure  8A). Also, alpha diversity indices, including
Chaol richness (p = 0.913) and Shannon diversity (p = 0.253),
showed no significant variation between treatments (Supplementary

Supplementary

Table; Figure 8B). Despite not showing clear diversity differences, we
found specific taxonomic changes in the microbiota of rats treated
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with glyphosate, which included lower Lactobacillus abundance
compared to controls (Figure 8C). In addition, the Firmicutes-to-
Bacteroidetes (F/B) ratio differed significantly between control and
glyphosate groups (Kruskal-Wallis p = 0.034; Figure 8D), with a
reduction in Bacteroidetes with a concomitant dysbiosis associated
to the glyphosate treatment.

Discussion

We exposed rats to a dose of glyphosate considered safe by the
Environmental Protection Agency (EPA, 2017). Glyphosate
threat
Consistent  with

increased anxiety-like behavior and enhanced

interpretation of novel neutral stimuli.
changes in behavior, we observed increased cellular activity in
the anxiety-promoting region, BNST. Lastly, we demonstrate that
glyphosate induces a reduction in Lactobacillus of the gut
microbiota. In sum, our results support the idea that
glyphosate should be reevaluated for safety (Vandenberg et al.,
2017), and considerations could be given to evaluate its capacity

to affect mental health.

General toxicity of dose used in rats

Rat metabolism is about 6-10 times higher than that of
humans (Agoston, 2017). Considering allometric scaling, a dose
of 2.0 mg/kg/day in the rat corresponds to 0.2-0.3 mg/kg/day in
the human, which is considered safe since it is lower than the
maximum level permitted by the EPA. Of note, glyphosate had a
significant effect on anxiety-like and fear-related behaviors at
this low dose.

Glyphosate induces anxiety-like behaviors in
a time-dependent manner

Glyphosate increased anxiety-like behaviors as exposure period
increased. We did not see increased anxiety-like behaviors in the
OFT after 4 weeks, contradictory to previous reports (Ait Bali et al.,
2017; Ait Bali et al., 2018; Ait Bali et al., 2022; Baier et al., 2017). This
may be due to a difference in doses, since after six more weeks of
exposure, glyphosate decreased time spent in the open arms of an
EPM. Like the OFT, the EPM is a classic assay for anxiety (La-Vu
et al,, 2020). Accordingly, a minimum exposure period is likely
necessary for low doses of glyphosate to accumulate in the body to
increase anxiety. This could be tested in separate cohorts of rats at
different time points.

Glyphosate is excreted via the kidneys and is nephrotoxic at
low doses (Mesnage et al., 2015). Hence, prolonged exposure
may lead to decreased excretion and accumulation of
glyphosate. Accumulation could lead to detrimental effects
on the central nervous system. Interestingly, studies in
rodents have shown that glyphosate crosses the blood-brain
barrier (Martinez and Al-Ahmad, 2019; Winstone et al., 2022).
A logical next step would be to evaluate if exposure to
glyphosate at a dose of 2.0 mg/kg leads to detection of
glyphosate and metabolites in the brain.
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Glyphosate increases threat response to
neutral, but not emotionally-relevant stimuli

Increased anxiety creates a conflict between the drive to explore
and avoid potential threats (Ennaceur and Chazot, 2016).
Considering this, we assessed the animals’ response to novel
stimuli in two ways. First, animals were presented with a neutral
inanimate object. Here, animals exposed to glyphosate displayed
reduced time interacting (Figure 4), as well as increased immobility
and thigmotaxis (Supplementary Figure S3). On the other hand,
when the animals interacted with a conspecific (positive valence), no
difference was seen in time spent exploring (Figure 4). Second, when
presented with a neutral auditory stimulus, glyphosate increased
freezing (Figure 5A). In contrast, when the tone was associated to a
foot-shock (negative valence), there was no difference in freezing
(Figure 5B). These results imply that glyphosate causes the animals
to process neutral stimuli as possible threats, but does not affect their
response to emotionally-relevant stimuli. This is translationally-
relevant since an increase in avoidance behaviors is characteristic of
trauma-related and anxiety disorders (DSM-V, 2013).

Frontiers in Toxicology

Glyphosate induces a sustained threat
response, which is overcome with
continued extinction

We did not observe differences in freezing during the tone
throughout extinction. One possibility is that extinction to the
conditioned tone recruits brain regions that are not sensitive to
glyphosate. Consistent with this, we saw no difference in cellular
activity in neither subregions of the medial prefrontal cortex nor the
amygdala. Given the importance of fear responses to survival, it is
expected that the fear circuitry would show significant resilience to
disruption in cellular activity, particularly at the low dose of
glyphosate used in this study.

Glyphosate impairs the cognitive flexibility required to identify
absence of a learned threat, as observed by a sustained threat
response following the termination of each presentation to the
auditory stimulus (post-tone, Figure 6B). This is characteristic of
trauma- and stress-related disorders, raising the question of the
effect of environmental contaminants on the response to traumatic
events. This impairment was overcome with continued extinction.
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Glyphosate alters neural activity in the
neurocircuitry of anxiety

We observed increased cellular activity in the bed nucleus of the
stria terminalis (BNST) which is implicated in the promotion of
anxiety (Goode et al, 2020). Given the role of BNST in threat
interpretation, we suggest that glyphosate increases anxiety in the
elevated plus maze and threat response to novel, neutral stimuli by
altering cellular activity in anxiety promoting regions. Furthermore,
we suggest that the increased freezing during the post-tone period
represents a state of hypervigilance sustained by the BNST, since
BNST has been shown to play a minor role in fear learning to
contextual, but not auditory, cues (Goode et al., 2019; 2020). A
consideration about the present study is that the timing of increased
cellular activity in BNST most closely corresponded to the
behavioral time point at the end of fear extinction (Figure 1).
Future work could assess the effect of glyphosate over time on
activity in BNST in separate cohorts of animals.

Glyphosate induces gut dysbiosis with a
reduction in Lactobacillus

Glyphosate targets the shikimate pathway, which is absent in
mammals but present in bacteria (Williams et al., 2000; Mir et al.,
2013). Previous studies have shown that glyphosate alters gut
microbial composition as well as the Firmicutes/Bacteroidetes (F/
B) ratio, an indicator of gut dysbiosis (Ait Bali et al., 2018; Mao et al.,
2018; Dechartres et al., 2019; Tang et al., 2020b). Similarly, in the
present study, glyphosate at 2.0 mg/kg daily altered the F/B ratio
despite differences in dosage, formulations, and age (Tamburini
et al., 2016; Yassour et al., 2016; Lozano et al, 2018; Wang
et al., 2020).

Gut microbiota are necessary to produce the essential amino
acid tryptophan (Paley, 2019). Tryptophan is the precursor in the
production of the neurotransmitter serotonin, which is critical for
modulating anxiety and fear behaviors (Ravenelle et al., 2025). The
Lactobacillus genus has been implicated in the production of
serotonin from tryptophan (Gao et al., 2020; Yong et al., 2020),
and alterations in its abundance influence anxiety (Bravo et al., 2011;
Cowan et al., 2019; Barros-Santos et al., 2020; Tette et al., 2022). In
the present study, glyphosate decreased Lactobacillus abundance, a
marker of eubiosis in the gut, like previous work (Ait Bali et al., 2018;
Lozano et al., 2018; Mao et al, 2018; Tang et al,, 2020b). This
highlights a susceptibility of Lactobacillus to glyphosate. A possible
explanation for this is the chelating effect of glyphosate on
manganese (Mn) (Bernards et al, 2005; Cakmak et al, 2009;
Mertens et al., 2018). Species from the Lactobacillus require more
Mn than other species (Archibald and Fridovich, 1981; Peacock and
Hassan, 2021), since they utilize Mn for protection against oxidation
damage. Thus, decreased availability of Mn because of glyphosate
exposure may leave Lactobacillus vulnerable to oxidative stress. To
our knowledge, only one study evaluated the effect of glyphosate on
plasma Mn concentration in vertebrates. Dechartres and colleagues
(2019) revealed that low dose glyphosate did not alter Mn levels in
plasma. Unfortunately, Mn levels in the gut were not evaluated.
Further research into the effect of glyphosate on Lactobacillus and
manganese levels in the gut are needed.
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Importantly, our work evaluated the effect of glyphosate on
microbiota composition at one time point, which was after the
total 16 weeks of exposure. Moreover, our data analysis
represented populations of bacteria obtained from fecal pellets,
but not gut tissue. This is important because the mucosal lining of
the gut contains copious amounts of bacteria that are not
necessarily present in the fecal pellet (Tang et al., 2020a).
Consequently, it is possible that the alterations we observed
do not entirely explain our behavioral findings. To address
these issues, more work is needed to evaluate the progressive
changes in gut microbial composition caused by glyphosate
through time.

Recent metabolomic work demonstrated that glyphosate
decreases levels of tryptophan in feces albeit only at higher
doses (Hsiao et al., 2024). The lack of effect at lower doses
reported by Hsiao and colleagues may be due to higher
metabolic rates in mice versus rats. Moreover, previous work
shows decreased serotonin content in the brain of rodents
exposed to glyphosate (Ait Bali et al, 2017; Martinez et al,
2018), the
lactobacillus with serotonin in the brain.

emphasizing relationship  between decreased

There is a set of literature demonstrating sex differences in
behavioral outputs from fear paradigms and gut microbiome
analysis. Specifically, female rats tend to display less freezing and
more “darting” than male rats in fear conditioning (Colom-Lapetina
et al, 2019). For this reason, combining both sexes in a fear
conditioning experiment may mask any potential differences.
Furthermore, evidence suggests that the response of the gut
microbiome to glyphosate is different in males versus females
(Lozano et al., 2018). For these well-established reasons of sex
differences, we focused on male rats in the current set of
experiments. Therefore, outcomes observed in the current study
may not necessarily extrapolate to females. Indeed, future work can
focus on the influence of glyphosate on behavior and microbiome in
female rats.

Putting it all together

Figure 9 proposes a mechanism by which glyphosate
increases anxiety. Previous work has shown that glyphosate
decreases activity in serotonergic neurons in the dorsal raphe
nucleus (Ait Balietal., 2017). It is possible that loss of inhibitory
serotonergic projections to BNST leads to the increased activity
in this brain region, ultimately promoting anxiety-like
behaviors and avoidance. We propose that the loss of
serotonergic activity seen with glyphosate may be due to
the
bacteria, resulting in decreased production and absorption of

glyphosate decreasing abundance of Lactobacillus
tryptophan and subsequent serotonin.

Gut microbiota influences the brain directly. Specifically, the
vagus nerve is the main afferent pathway from the gut to the brain
(Schneider et al.,, 2024). Treatment with Lactobacillus probiotics
alters emotional behaviors, and this effect is absent in vagotomized
animals (Bravo et al., 2011; Pérez-Burgos et al., 2013; Liu et al,
2021). Hence, it is possible that the effects seen in this study are due
to disruptions in Lactobacillus abundance and subsequent changes

in brain activity via the vagus nerve.
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Proposed mechanism of how glyphosate increases anxiety.
Glyphosate decreases the abundance of Lactobacillus bacteria. This
results in decreased production and absorption of serotonin.
Decreased serotonin in the dorsal raphe nucleus leads to a loss of
modulation of cellular activity in the bed nucleus of the stria terminalis
(BNST). The increased activity in BNST causes increased anxiety-like
behavior and avoidance.
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SUPPLEMENTARY FIGURE S1

Glyphosate does not affect: (A) average body weight (p = 0.5956), (B) average
daily food consumption (p = 0.358), nor (C) average daily water intake (p =
0.1562). (CTRL: n = 12; GLY: n = 13). All data were analyzed with Student's
t-test (unpaired, two-tailed).

SUPPLEMENTARY FIGURE S2

Effects of glyphosate on exploration of a novel object after 14 weeks. In the
presence of a novel object, glyphosate increases (A) time immobile and (B)
time in the periphery. (CTRL: n = 12; GLY: n = 13) *p < 0.05 in a Student’s
t-test (unpaired, two-tailed).

SUPPLEMENTARY FIGURE S3
Glyphosate did not influence locomotion, as indicated by no change in
distance traveled in either the (A). Open Field Test, or (B). Elevated Plus Maze

References

Agoston, D. V. (2017). How to translate time? The temporal aspect of human and
rodent biology. Front. Neurol. 8-2017, 92. doi:10.3389/fneur.2017.00092

Ait Bali, Y., Ba-Mhamed, S., and Bennis, M. (2017). Behavioral and
immunohistochemical study of the effects of subchronic and chronic exposure to
glyphosate in mice. Front. Behav. Neurosci. 11, 146-2017. doi:10.3389/fnbeh.2017.
00146

Ait Bali, Y., Ba-M’hamed, S., Elhidar, N., Nafis, A., Soraa, N., and Bennis, M.
(2018). Glyphosate based-herbicide exposure affects gut microbiota, anxiety and
depression-like behaviors in mice. Neurotoxicol Teratol. 67, 44-49. doi:10.1016/j.ntt.
2018.04.002

Ait Bali, Y., Kaikai, N. E., Ba-M’hamed, S., Sasso¢-Pognetto, M., Giustetto, M., and
Bennis, M. (2022). Anxiety and gene expression enhancement in mice exposed to
glyphosate-based herbicide. Toxics 10, 226. doi:10.3390/toxics10050226

Albert, P. R., Vahid-Ansari, F., and Luckhart, C. (2014). Serotonin-prefrontal cortical
circuitry in anxiety and depression phenotypes: pivotal role of pre- and post-synaptic 5-
HT1A receptor expression. Front. Behav. Neurosci. 8 (Article 199), 199-13. doi:10.3389/
fnbeh.2014.00199

Almada, R. C,, Coimbra, N. C,, and Brandao, M. L. (2015). Medial prefrontal cortex
serotonergic and GABAergic mechanisms modulate the expression of contextual fear:
intratelencephalic pathways and differential involvement of cortical subregions.
Neuroscience 284, 988-997. doi:l0.1016/j.neuroscience.2014.114001

Anderson, M. J. (2001). Permutation tests for univariate or multivariate analysis of
variance and regression. Can. J. Fish. Aquatic Sci. 58, 626-639. doi:10.1139/f01-004

Archibald, F. S., and Fridovich, . (1981). Manganese and defenses against oxygen
toxicity in Lactobacillus plantarum. J. Bacteriol. 145, 442-451. doi:10.1128/jb.145.1.442-
451.1981

Baier, C. J., Gallegos, C. E., Raisman-Vozari, R, and Minetti, A. (2017). Behavioral
impairments following repeated intranasal glyphosate-based herbicide administration
in mice. Neurotoxicol Teratol. 64, 63-72. doi:10.1016/j.ntt.2017.10.004

Barros-Santos, T, Silva, K. S. O., Libarino-Santos, M., Cata-Preta, E. G, Reis, H. S.,
Tamura, E. K, et al. (2020). Effects of chronic treatment with new strains of
Lactobacillus plantarum on cognitive, anxiety- and depressive-like behaviors in Male
mice. PLoS One 15, €0234037. doi:10.1371/journal.pone.0234037

Bernards, M. L., Thelen, K. D., Penner, D., Muthukumaran, R. B., and McCracken,
J. L. (2005). Glyphosate interaction with manganese in tank mixtures and its effect on
glyphosate absorption and translocation. Weed Sci. 53, 787-794. doi:10.1614/ws-05-
043r.1

Bi, L. L., Wang, J., Luo, Z. Y., Chen, S. P., Geng, F., Chen, Y. H., et al. (2013). Enhanced
excitability in the infralimbic cortex produces anxiety-like behaviors.
Neuropharmacology 72, 148-156. doi:10.1016/j.neuropharm.2013.04.048

Blanchard, R. J., and Blanchard, D. C. (1969). Crouching as an index of fear. J.Comp
Physiol. Psychol. 67, 370-375. doi:10.1037/h0026779

Bolyen, E., Rideout, J. R,, Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G.
A, et al. (2019). Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat. Biotechnol. 37, 852-857. doi:10.1038/s41587-019-0209-9

Bonnet, J. L., Bonnemoy, F., Dusser, M., and Bohatier, J. (2007). Assessment of the
potential toxicity of herbicides and their degradation products to nontarget cells using
two microorganisms, the bacteria Vibrio fischeri and the ciliate Tetrahymena
pyriformis. Environ. Toxicol. 22, 78-91. doi:10.1002/tox.20237

Bravo, J. A, Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. G,
et al. (2011). Ingestion of lactobacillus strain regulates emotional behavior and central
GABA receptor expression in a mouse via the vagus nerve. Proc. Natl. Acad. Sci. U. S. A.
108, 16050-16055. doi:10.1073/pnas.1102999108

Bravo-Rivera, H., Rubio-Arzola, P., Cabdn-Murillo, A., Vélez-Avilés, A. N., Ayala-
Rosario, S. N., and Quirk, G. J. (2021). Characterizing different strategies for resolving

Frontiers in Toxicology

12

10.3389/ftox.2025.1704231

(CTRL: n = 12; GLY: n = 13) *p > 0.05 in a Student's t-test (unpaired,
two-tailed).

SUPPLEMENTARY TABLE S1
Summary of counts, average and standard deviation for reads and ASVs
across treatments, timepoint 16W, fear index and extinction index.

SUPPLEMENTARY TABLE S2

Beta diversity comparisons showed no significant differences in overall
community structure between control and glyphosate-treated groups
at week 16.

SUPPLEMENTARY TABLE S3
Alpha diversity metrics did not differ between the two treatment groups
at week 16.

approach-avoidance conflict. Front. Neurosci. 15, 608922. doi:10.3389/fnins.2021.
608922

Breiman, L. (2001). Random forests. Mach. Learn 45, 5-32. doi:10.1023/A:
1010933404324

Cakmak, I, Yazici, A., Tutus, Y., and Ozturk, L. (2009). Glyphosate reduced seed and
leaf concentrations of calcium, manganese, magnesium, and iron in non-glyphosate
resistant soybean. Eur. J. Agron. 31, 114-119. doi:10.1016/j.€ja.2009.07.001

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello,
E. K, et al. (2010). QIIME allows analysis of high-throughput community sequencing
data. Nat. Methods 7, 335-336. doi:10.1038/nmeth.£.303

Chu, C,, Murdock, M. H,, Jing, D., Won, T. H., Chung, H., Kressel, A. M, et al. (2019).
The microbiota regulate neuronal function and fear extinction learning. Nature 574,
543-548. doi:10.1038/s41586-019-1644-y

Colom-Lapetina, J., Li, A. J., Pelegrina-Pérez, T. C., and Shansky, R. M. (2019).
Behavioral diversity across classic rodent models is sex-dependent. Front. Behav.
Neurosci. 13, 45. doi:10.3389/fnbeh.2019.00045

Costas-Ferreira, C., Durdn, R, and Faro, L. R. F. (2022). Toxic effects of glyphosate on
the nervous system: a systematic review. Int. J. Mol. Sci. 23, 4605. doi:10.3390/
ijms23094605

Cowan, C. S. M., Stylianakis, A. A., and Richardson, R. (2019). Early-life stress,
microbiota, and brain development: probiotics reverse the effects of maternal separation
on neural circuits underpinning fear expression and extinction in infant rats. Dev. Cogn.
Neurosci. 37, 100627. doi:10.1016/j.dcn.2019.100627

Dechartres, J., Pawluski, J. L., Gueguen, M. M., Jablaoui, A., Maguin, E., Rhimi, M.,
et al. (2019). Glyphosate and glyphosate-based herbicide exposure during the
peripartum period affects maternal brain plasticity, maternal behaviour and
microbiome. J. Neuroendocrinol. 31, e12731. doi:10.1111/jne.12731

Dhariwal, A., Chong, J., Habib, S., King, I. L., Agellon, L. B., and Xia, J. (2017).
MicmbiomeAnalyst: a web-based tool for comprehensive statistical, visual and meta-
analysis of microbiome data. Nucleic Acids Res. 45, W180-W188. doi:10.1093/nar/
gkx295

DSM-V (2013). Diagnostic and statistical manual of mental disorders (DSM). 5th
Edition. doi:10.1176/appi.books.9780890425596.893619

Ennaceur, A., and Chazot, P. L. (2016). Preclinical animal anxiety research - flaws and
prejudices. Pharmacol. Res. Perspect. 4, €00223. doi:10.1002/prp2.223

EPA (2017). United States environmental protection agency office of chemical safety
and pollution prevention.

Eriguchi, M., Iida, K., Ikeda, S., Osoegawa, M., Nishioka, K., Hattori, N, et al. (2019).
Parkinsonism relating to intoxication with glyphosate. Intern. Med. 58, 1935-1938.
doi:10.2169/internalmedicine.2028-18

Gandhi, K., Khan, S., Patrikar, M., Markad, A., Kumar, N., Choudhari, A., et al.
(2021). Exposure risk and environmental impacts of glyphosate: highlights on the
toxicity of herbicide co-formulants. Environ. Challenges 4, 100149. doi:10.1016/j.envc.
2021.100149

Gao, K., Mu, C. L, Farzi, A, and Zhu, W. Y. (2020). Tryptophan metabolism: a link
between the gut microbiota and brain. Adv. Nutr. 11, 709-723. doi:10.1093/advances/
nmz127

Garcfa-Garcfa, A. L., Canetta, S., Stujenske, J. M., Burghardt, N. S., Ansorge, M. S.,
Dranovsky, A., et al. (2018). Serotonin inputs to the dorsal BNST modulate anxiety in a
5-HT1A receptor-dependent manner. Mol. Psychiatry 23, 1990-1997. doi:10.1038/mp.
2017.165

Geary, C. G., Wilk, V. C,, Barton, K. L., Jefferson, P. O., Binder, T., Bhutani, V., et al.
(2021). Sex differences in gut microbiota modulation of aversive conditioning, open
field activity, and basolateral amygdala dendritic spine density. J. Neurosci. Res. 99,
1780-1801. doi:10.1002/jnr.24848

frontiersin.org


https://doi.org/10.3389/fneur.2017.00092
https://doi.org/10.3389/fnbeh.2017.00146
https://doi.org/10.3389/fnbeh.2017.00146
https://doi.org/10.1016/j.ntt.2018.04.002
https://doi.org/10.1016/j.ntt.2018.04.002
https://doi.org/10.3390/toxics10050226
https://doi.org/10.3389/fnbeh.2014.00199
https://doi.org/10.3389/fnbeh.2014.00199
https://doi.org/10.1016/j.neuroscience.2014.11.001
https://doi.org/10.1139/f01-004
https://doi.org/10.1128/jb.145.1.442-451.1981
https://doi.org/10.1128/jb.145.1.442-451.1981
https://doi.org/10.1016/j.ntt.2017.10.004
https://doi.org/10.1371/journal.pone.0234037
https://doi.org/10.1614/ws-05-043r.1
https://doi.org/10.1614/ws-05-043r.1
https://doi.org/10.1016/j.neuropharm.2013.04.048
https://doi.org/10.1037/h0026779
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1002/tox.20237
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.3389/fnins.2021.608922
https://doi.org/10.3389/fnins.2021.608922
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1023/A:1010933404324
https://doi.org/10.1016/j.eja.2009.07.001
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/s41586-019-1644-y
https://doi.org/10.3389/fnbeh.2019.00045
https://doi.org/10.3390/ijms23094605
https://doi.org/10.3390/ijms23094605
https://doi.org/10.1016/j.dcn.2019.100627
https://doi.org/10.1111/jne.12731
https://doi.org/10.1093/nar/gkx295
https://doi.org/10.1093/nar/gkx295
https://doi.org/10.1176/appi.books.9780890425596.893619
https://doi.org/10.1002/prp2.223
https://doi.org/10.2169/internalmedicine.2028-18
https://doi.org/10.1016/j.envc.2021.100149
https://doi.org/10.1016/j.envc.2021.100149
https://doi.org/10.1093/advances/nmz127
https://doi.org/10.1093/advances/nmz127
https://doi.org/10.1038/mp.2017.165
https://doi.org/10.1038/mp.2017.165
https://doi.org/10.1002/jnr.24848
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2025.1704231

Caceres-Chacon et al.

Gonzilez, A., Navas-Molina, J. A., Kosciolek, T., McDonald, D., Vazquez-Baeza, Y.,
Ackermann, G., et al. (2018). Qiita: rapid, web-enabled microbiome meta-analysis. Nat.
Methods 15, 796-798. doi:10.1038/s41592-018-0141-9

Goode, T. D., Ressler, R. L., Acca, G. M., Miles, O. W., and Maren, S. (2019). Bed
nucleus of the stria terminalis regulates fear to unpredictable threat signals. Elife 8,
e46525. doi:10.7554/eLife.46525

Goode, T. D., Acca, G. M., and Maren, S. (2020). Threat imminence dictates the role
of the bed nucleus of the stria terminalis in contextual fear. Neurobiol. Learn Mem. 167,
107116. doi:10.1016/j.nlm.2019.107116

Hoban, A. E,, Stilling, R. M., Moloney, G., Shanahan, F., Dinan, T. G., Clarke, G., et al.
(2018). The microbiome regulates amygdala-dependent fear recall. Mol. Psychiatry 23,
1134-1144. doi:10.1038/mp.2017.100

Hsiao, Y. C,, Johnson, G., Yang, Y., Liu, C. W., Feng, J., Zhao, H., et al. (2024).
Evaluation of neurological behavior alterations and metabolic changes in mice under
chronic glyphosate exposure. Arch. Toxicol. 98, 277-288. doi:10.1007/s00204-023-
03622-0

Kredlow, A. M., Fenster, R. ., Laurent, E. S., Ressler, K. J., and Phelps, E. A. (2022).
Prefrontal cortex, amygdala, and threat processing: implications for PTSD.
Neuropsychopharmacology 47, 247-259. doi:10.1038/s41386-021-01155-7

Kuczynski, J., Stombaugh, J., Walters, W. A., Gonzalez, A., Caporaso, J. G., and
Knight, R. (2012). Using QIIME to analyze 16s rRNA gene sequences from
microbial communities. Curr. Protoc. Microbiol. doi:10.1002/9780471729259.
mc01e05s27

La-Vu, M., Tobias, B. C., Schuette, P. J., and Adhikari, A. (2020). To approach or
avoid: an introductory overview of the study of anxiety using rodent assays. Front.
Behav. Neurosci. 14, 145. doi:10.3389/fnbeh.2020.00145

Leary, S., Underwood, W., Anthony, R., Cartner, S., Grandin, T., Greenacre, C., et al.
(2020). AVMA guidelines for the euthanasia of animals: 2020 edition* members of the
panel on euthanasia AVMA staff consultants.

LeDousx, J. E. (2014). Coming to terms with fear. Proc. Natl. Acad. Sci. U. S. A. 111,
2871-2878. doi:10.1073/pnas.1400335111

Liu, Y., Sanderson, D., Mian, M. F., McVey Neufeld, K. A, and Forsythe, P. (2021).
Loss of vagal integrity disrupts immune components of the microbiota-gut-brain axis
and inhibits the effect of Lactobacillus rhamnosus on behavior and the corticosterone
stress response. Neuropharmacology 195, 108682. doi:10.1016/j.neuropharm.2021.
108682

Lozano, V. L., Defarge, N., Rocque, L. M., Mesnage, R., Hennequin, D., Cassier, R.,
etal. (2018). Sex-dependent impact of roundup on the rat gut microbiome. Toxicol. Rep.
5, 96-107. doi:10.1016/j.toxrep.2017.12.005

Mao, Q., Manservisi, F., Panzacchi, S., Mandrioli, D., Menghetti, L., Vornoli, A., et al.
(2018). The ramazzini institute 13-week pilot study on glyphosate and roundup
administered at human-equivalent dose to sprague dawley rats: effects on the
microbiome. Environ. Health 17, 50. doi:10.1186/s12940-018-0394-x

Martinez, A., and Al-Ahmad, A. J. (2019). Effects of glyphosate and
aminomethylphosphonic acid on an isogeneic model of the human blood-brain
barrier. Toxicol. Lett. 304, 39-49. doi:10.1016/j.toxlet.2018.12.013

Martinez, J. C., Cardenas, F., Lamprea, M., and Morato, S. (2002). The role of vision
and proprioception in the aversion of rats to the open arms of an elevated plus-maze.
Behav. Process. 60, 15-26. doi:10.1016/S0376-6357(02)00102-X

Martinez, M. A., Ares, I, Rodriguez, J. L., Martinez, M., Martinez-Larrafiaga, M. R.,
and Anadén, A. (2018). Neurotransmitter changes in rat brain regions following
glyphosate exposure. Environ. Res. 161, 212-219. doi:10.1016/j.envres.2017.10.051

McDonald, D., Jiang, Y., Balaban, M., Cantrell, K., Zhu, Q., Gonzalez, A., et al. (2024).
Greengenes2 unifies microbial data in a single reference tree. Nat. Biotechnol. 42,
715-718. doi:10.1038/s41587-023-01845-1

Mertens, M., Hoss, S., Neumann, G., Afzal, J., and Reichenbecher, W. (2018).
Glyphosate, a chelating Agent—Relevant for ecological risk assessment? Environ.
Sci. Pollut. Res. 25, 5298-5317. d0i:10.1007/s11356-017-1080-1

Mesnage, R., Arno, M., Costanzo, M., Malatesta, M., Séralini, G.-E., and Antoniou, M.
N. (2015). Transcriptome profile analysis reflects rat liver and kidney damage following
chronic ultra-low dose roundup exposure. Environ. Health 14, 70. doi:10.1186/s12940-
015-0056-1

Mir, R,, Jallu, S., and Singh, T. P. (2013). The shikimate pathway: review of amino acid
sequence, function and three-dimensional structures of the enzymes. Crit. Rev.
Microbiol. 41, 172-189. doi:10.3109/1040841X.2013.813901

Ohi, K., Fujikane, D., Takai, K., Kuramitsu, A., Muto, Y., Sugiyama, S., et al. (2025).
Clinical features and genetic mechanisms of anxiety, fear, and avoidance: a
comprehensive review of five anxiety disorders. Mol. Psychiatry 30, 4928-4936.
doi:10.1038/s41380-025-03155-1

Ojelade, B. S., Durowoju, O. S., Adesoye, P. O., Gibb, S. W., and Ekosse, G. 1. (2022).
Review of glyphosate-based herbicide and aminomethylphosphonic acid (AMPA):
environmental and health impacts. Appl. Sci. Switz. 12, 8789. doi:10.3390/app12178789

Frontiers in Toxicology

10.3389/ftox.2025.1704231

Paley, E. L. (2019). Diet-related metabolic perturbations of gut microbial shikimate
Pathway-Tryptamine-tRNA aminoacylation-protein synthesis in human health and
disease. Int. . Tryptophan Res. 12, 1178646919834550. doi:10.1177/1178646919834550

Peacock, T., and Hassan, H. M. (2021). Role of the Mn-Catalase in aerobic growth of
Lactobacillus plantarum ATCC 14431. Appl. Microbiol. 1, 615-625. doi:10.3390/
applmicrobiol1030040

Pérez-Burgos, A., Wang, B., Mao, Y. K., Mistry, B., Neufeld, K. A. M. V., Bienenstock,
J., et al. (2013). Psychoactive bacteria Lactobacillus rhamnosus (JB-1) elicits rapid
frequency facilitation in vagal afferents. Am. J. Physiol. Gastrointest. Liver Physiol. 304,
G211-G220. doi:10.1152/ajpgi.00128.2012

Planche, V., Vergnet, S., Auzou, N., Bonnet, M., Tourdias, T., and Tison, F. (2019).
Acute toxic limbic encephalopathy following glyphosate intoxication. Neurology 92,
534-536. doi:10.1212/WNL.0000000000007115

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 41, D590-D596. doi:10.1093/nar/gks1219

R Core Team (2025). R core team (2025). _R: a language and environment for
statistical computing . Vienna, Austria: R Foundation for Statistical Computing.

Ravenelle, R, Lee, J., Fernandes-Henriques, C., Liu, J., Friedman, A. K,, Likhtik, E.,
etal. (2025). Serotonergic modulation of the BNST-ceA pathway reveals sex differences
in fear learning. Nat. Neurosci. 28, 1897-1909. doi:10.1038/s41593-025-02025-x

Schneider, E., O'Riordan, K. J., Clarke, G., and Cryan, J. F. (2024). Feeding gut
microbes to nourish the brain: unravelling the diet-microbiota—gut-brain axis. Nat.
Metab. 6, 1454-1478. doi:10.1038/s42255-024-01108-6

Seneff, S., Swanson, N., and Li, C. (2015). Aluminum and glyphosate can
synergistically induce pineal gland pathology: connection to gut dysbiosis and
neurological disease. Agric. Sci. 06, 42-70. doi:10.4236/as.2015.61005

Sierra-Mercado, D., Corcoran, K. A., Lebron-Milad, K., and Quirk, G. J. (2006).
Inactivation of the ventromedial prefrontal cortex reduces expression of conditioned
fear and impairs subsequent recall of extinction. Eur. J. Neurosci. 24, 1751-1758. doi:10.
1111/j.1460-9568.2006.05014.x

Sierra-Mercado, D., Padilla-Coreano, N., and Quirk, G. J. (2011). Dissociable roles of
prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in
the expression and extinction of conditioned fear. Neuropsychopharmacology 36,
529-538. doi:10.1038/npp.2010.184

Tamburini, S., Shen, N., Wu, H. C., and Clemente, J. C. (2016). The microbiome in
early life: implications for health outcomes. Nat. Med. 22, 713-722. doi:10.1038/nm.
4142

Tang, Q. Jin, G, Wang, G,, Liu, T., Liu, X., Wang, B., et al. (2020a). Current sampling
methods for gut microbiota: a call for more precise devices. Front. Cell Infect. Microbiol.
10, 151. doi:10.3389/fcimb.2020.00151

Tang, Q., Tang, J., Ren, X,, and Li, C. (2020b). Glyphosate exposure induces
inflammatory responses in the small intestine and alters gut microbial composition
in rats. Environ. Pollut. 261, 114129. doi:10.1016/j.envpol.2020.114129

Tette, F.-M., Kwofie, S. K., and Wilson, M. D. (2022). Therapeutic anti-depressant
potential of microbial GABA produced by Lactobacillus rhamnosus strains for
GABAergic signaling restoration and inhibition of addiction-induced HPA axis
hyperactivity. Issues Mol. Biol. 2022, 1434-1451. doi:10.3390/cimb44040096

Vandenberg, L. N., Blumberg, B., Antoniou, M. N., Benbrook, C. M., Carroll, L., Colborn,
T, etal. (2017). Is it time to reassess current safety standards for glyphosate-based herbicides?
J. Epidemiol. Community Health 71, 613-618. doi:10.1136/jech-2016-208463

Wang, S., Ishima, T., Zhang, J., Qu, Y., Chang, L., Pu, Y., et al. (2020). Ingestion of
Lactobacillus intestinalis and Lactobacillus reuteri causes depression- and anhedonia-
like phenotypes in antibiotic-treated mice via the vagus nerve. J. Neuroinflammation 17,
241. doi:10.1186/s12974-020-01916-z

Williams, G. M., Kroes, R., and Munro, I. C. (2000). Safety evaluation and risk
assessment of the herbicide roundup and its active ingredient, glyphosate, for humans.
Regul. Toxicol. Pharmacol. 31, 117-165. doi:10.1006/rtph.1999.1371

Winstone, J. K., Pathak, K. V., Winslow, W., Piras, 1. S., White, J., Sharma, R., et al.
(2022). Glyphosate infiltrates the brain and increases pro-inflammatory cytokine TNFa:
implications for neurodegenerative disorders. J. Neuroinflammation 19, 193. doi:10.
1186/512974-022-02544-5

Yamashita, P. S. M., Rosa, D. S., Lowry, C. A., and Zangrossi, H. (2019). Serotonin
actions within the prelimbic cortex induce anxiolysis mediated by serotonin 1la
receptors. J. Psychopharmacol. 33, 3-11. doi:10.1177/0269881118817384

Yassour, M., Vatanen, T., Siljander, H., Himaldinen, A. M., Hirkonen, T., Ryhdnen, S.
J., et al. (2016). Natural history of the infant gut microbiome and impact of antibiotic
treatment on bacterial strain diversity and stability. Sci. Transl. Med. 8, 343ra81. doi:10.
1126/scitranslmed.aad0917

Yong, S.]., Tong, T., Chew, J., and Lim, W. L. (2020). Antidepressive mechanisms of
probiotics and their therapeutic potential. Front. Neurosci. 13, 1361. doi:10.3389/fnins.
2019.01361

frontiersin.org


https://doi.org/10.1038/s41592-018-0141-9
https://doi.org/10.7554/eLife.46525
https://doi.org/10.1016/j.nlm.2019.107116
https://doi.org/10.1038/mp.2017.100
https://doi.org/10.1007/s00204-023-03622-0
https://doi.org/10.1007/s00204-023-03622-0
https://doi.org/10.1038/s41386-021-01155-7
https://doi.org/10.1002/9780471729259.mc01e05s27
https://doi.org/10.1002/9780471729259.mc01e05s27
https://doi.org/10.3389/fnbeh.2020.00145
https://doi.org/10.1073/pnas.1400335111
https://doi.org/10.1016/j.neuropharm.2021.108682
https://doi.org/10.1016/j.neuropharm.2021.108682
https://doi.org/10.1016/j.toxrep.2017.12.005
https://doi.org/10.1186/s12940-018-0394-x
https://doi.org/10.1016/j.toxlet.2018.12.013
https://doi.org/10.1016/S0376-6357(02)00102-X
https://doi.org/10.1016/j.envres.2017.10.051
https://doi.org/10.1038/s41587-023-01845-1
https://doi.org/10.1007/s11356-017-1080-1
https://doi.org/10.1186/s12940-015-0056-1
https://doi.org/10.1186/s12940-015-0056-1
https://doi.org/10.3109/1040841X.2013.813901
https://doi.org/10.1038/s41380-025-03155-1
https://doi.org/10.3390/app12178789
https://doi.org/10.1177/1178646919834550
https://doi.org/10.3390/applmicrobiol1030040
https://doi.org/10.3390/applmicrobiol1030040
https://doi.org/10.1152/ajpgi.00128.2012
https://doi.org/10.1212/WNL.0000000000007115
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/s41593-025-02025-x
https://doi.org/10.1038/s42255-024-01108-6
https://doi.org/10.4236/as.2015.61005
https://doi.org/10.1111/j.1460-9568.2006.05014.x
https://doi.org/10.1111/j.1460-9568.2006.05014.x
https://doi.org/10.1038/npp.2010.184
https://doi.org/10.1038/nm.4142
https://doi.org/10.1038/nm.4142
https://doi.org/10.3389/fcimb.2020.00151
https://doi.org/10.1016/j.envpol.2020.114129
https://doi.org/10.3390/cimb44040096
https://doi.org/10.1136/jech-2016-208463
https://doi.org/10.1186/s12974-020-01916-z
https://doi.org/10.1006/rtph.1999.1371
https://doi.org/10.1186/s12974-022-02544-5
https://doi.org/10.1186/s12974-022-02544-5
https://doi.org/10.1177/0269881118817384
https://doi.org/10.1126/scitranslmed.aad0917
https://doi.org/10.1126/scitranslmed.aad0917
https://doi.org/10.3389/fnins.2019.01361
https://doi.org/10.3389/fnins.2019.01361
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2025.1704231

	Exposure to the herbicide glyphosate leads to inappropriate threat responses and alters gut microbial composition
	Introduction
	Materials and methods
	Animals
	Bar-press training
	Glyphosate solution and exposure protocol
	Anxiety-like behaviors
	Fear conditioning and extinction
	Immunohistochemistry and c-Fos quantification
	DNA extraction from fecal boli and 16S rRNA sequence analyses
	Statistical analysis of microbial diversity
	Data collection and analysis

	Results
	Glyphosate does not affect bodyweight, food consumption or water intake
	Glyphosate does not affect anxiety-like behaviors after 4 weeks but increases them after 10 weeks
	Glyphosate decreases exploration of a novel neutral object but not a social rat after 14 weeks
	Glyphosate increases fear to a novel neutral tone but not a conditioned tone after 16 weeks
	Glyphosate increases cellular activity in BNST, but does not affect cellular activity in PL, IL, BLA or CeA
	Glyphosate causes microbiota taxonomic changes with a decrease of lactobacillus genus after 16 weeks

	Discussion
	General toxicity of dose used in rats
	Glyphosate induces anxiety-like behaviors in a time-dependent manner
	Glyphosate increases threat response to neutral, but not emotionally-relevant stimuli
	Glyphosate induces a sustained threat response, which is overcome with continued extinction
	Glyphosate alters neural activity in the neurocircuitry of anxiety
	Glyphosate induces gut dysbiosis with a reduction in Lactobacillus
	Putting it all together

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


