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A B S T R A C T

Glyphosate, the most commonly used pesticide worldwide, blocks aromatic amino acid biosynthetic pathways and
inhibits growth in plants. Although the specific mode of action of glyphosate in animals remains unclear, adverse
effects during embryonic development have been reported, including epiboly delays, morphological alterations,
and changes in central nervous system development and cardiogenesis. In this study, we suggest a possible
toxicity mechanism for this herbicide related to changes in microtubule stability, which could alter the distri-
bution and dynamics of cytoskeleton components. Using zebrafish embryos to evaluate in vivo effects of glyph-
osate exposure (5, 10, and 50 μg/ml), we found significant reductions in the levels of acetylated α-tubulin (50 μg/
ml) and in the polymeric tubulin percentage in zebrafish embryos that had been exposed to 10 and 50 μg/ml
glyphosate, without any changes in either the expression patterns of α-tubulin or the stability of actin filaments.
These results indicate that high concentrations of glyphosate were associated with reduced levels of acetylated
α-tubulin and altered microtubule stability, which may explain some of the neurotoxic and cardiotoxic effects that
have been attributed to this herbicide.
1. Introduction

Microtubules are polymeric structures composed of α,β-tubulin het-
erodimers, which are essential components of the cytoskeleton. They
play important roles in numerous processes, including cell shape main-
tenance, intracellular transport, cell motility, and cell division. Micro-
tubules undergo constant assembly and disassembly, the dynamics of
which are highly regulated by several cellular factors that interact with
these structures and affect their stability [1]. Microtubule-associated
proteins (MAPs), such as MAP2, MAP4, and Tau, are key factors that
regulate microtubule stability [2]. These proteins are activated and
regulated by various serine/threonine kinases, such as
calcium/calmodulin-dependent protein kinase II (CaMKII) [3], which
plays a key role in the activation of calmodulin, a calcium-binding pro-
tein implicated in rapid microtubule disassembly by a
calcium-calmodulin-induced mechanism [4]. Another key factor in
microtubule stabilization is Wnt signaling, which has been implicated in
cell migration, cell polarization, and neurite outgrowth. Wnt signaling
directly regulates microtubule stability [5] by the activation or inhibition
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of Gsk3, a serine/threonine protein kinase that is involved in the phos-
phorylation of Tau and other MAPs, which can result in tauopathy and
microtubule depolymerization [6].

Glyphosate (N-phosphomethyl glycine) is a broad-spectrum herbicide
that specifically inhibits 5-enol-pyruvilshikimato-3-phosphatosintase
(EPSP), a key enzyme required for the production of aromatic amino
acids in photosynthetic organisms [7, 8]. Despite the lack of glyphosate
targets in metazoans and the low acute toxicity of glyphosate [9], mul-
tiple studies have suggested that this compound and its several com-
mercial preparations produce toxic effects [9, 10], including modifying
the endocrine system, altering the antioxidant defense system, inducing
morphological defects, altering cardiac development, and structurally
and functionally modifying the central nervous system during develop-
ment [11, 12, 13].

The ability of glyphosate to modify calcium dynamics within cells
[14, 15, 16] has been linked to changes in cellular architecture and the
distribution of cytoskeleton components as well as to variations in cell
adhesion, cell morphology, and the organization and distribution of
microtubules and MAPs. For instance, in oocytes, exposure to glyphosate
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at less than 100 μM has been found to alter the configuration of the
achromatic spindle, whereas concentrations above 100 μM have been
found to result in a notable loss of microtubules from the mitotic spindle,
suggesting that components of the cytoskeleton and microtubule orga-
nization centers are being affected [17]. Likewise, exposure to glyphosate
has also been found to affect the regulatory mechanisms of neuronal
cytoskeleton stability, which has been associated with changes in the
expression patterns of CaMKIIA, CaMKIIB, Wnt3a, Wnt5a, and tubulin
beta class III (TUBB3) [14,18]. Moreover, exposure to glyphosate-based
herbicides (GBH) has been found to alter the levels of proteins associ-
ated with microtubule stability like the MAP protein S100B, which has
been implicated in the Ca2þ-dependent regulation of microtubule disas-
sembly [19]. Despite evidence of cytoskeleton changes, the mechanisms
of the glyphosate interactions that affect the distribution and dynamics of
cytoskeleton components remain unclear.

Currently, zebrafish are considered to be powerful vertebrate models
to study the effects of xenobiotics on embryonic development. Previous
reports have evaluated the effects of glyphosate exposure in zebrafish
embryo development, finding that early exposure to this herbicide can
generate neurotoxicity, cardiotoxicity, and morphological abnormalities
during development [11, 12, 20]. In embryonic zebrafish, microtubule
dynamics are vital to many developmental processes. In addition to their
well-known role in mitosis, microtubules are required for epiboly, furrow
formation, the cohesion of post-cytokinesis blastomeres, and nervous
system development [21, 22, 23]. We suggest a possible toxicity mech-
anism of this herbicide regarding modifications in microtubule stability
during embryonic development. This was achieved by isolating the
microtubule-enriched fraction from zebrafish embryos and assessing
modifications in the composition and stability of the microtubules using
specific antibodies.

2. Materials and methods

2.1. Fish maintenance and embryo production

Wild-type adult zebrafish (Danio rerio) were obtained from a com-
mercial pet store andmaintained in compliance with the guidelines of the
Zebrafish Book [24]. Zebrafish embryos were generated by massive
mating, and the embryos that reached the 16-cell stage were placed in
petri dishes that contained medium for zebrafish embryo (EM buffer; 15
mM NaCl, 0.5 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 0.15 mM KH2PO4,
0.05 mM Na2HPO4, and 0.7 mM NaHCO3 at pH 7 � 0.2) and used in
subsequent experiments. All procedures were approved and met the
ethical standards of the Institutional Animal Care and Use Committee of
CIAD (Centro de Investigaci�on en Alimentaci�on y Desarrollo, A.C.).

2.2. Glyphosate exposure

Zebrafish embryos were loaded into 6-well plates (10 embryos per
well) and exposed to glyphosate (CAS Number 1071-83-6; Sigma-
Aldrich, St. Louis, USA) resuspended in EM buffer at one of three con-
centrations: 5, 10, or 50 μg/ml. In each treatment, 5 ml of the solution
was added to each well, and the plates were incubated at 28.5 �C. An EM
buffer without glyphosate was used in the control treatment. The expo-
sure period began at the 50% epiboly stage and ended 96 h post-
fertilization (hpf). Survival and hatching were evaluated every 24 h
until 96 hpf. Each treatment was carried out in quadruplicate.

2.3. Isolation of the microtubule-enriched fraction (P)

The extraction of the microtubule-enriched fraction (P) was carried
out following the methodology of Bershadsky et al. [25] and G�omez de
Le�on et al. [26]. Briefly, zebrafish embryos at 96 hpf were anesthetized
using tricaine (Sigma-Aldrich Co) and washed with phosphate-buffered
saline (PBS). The embryos were lysed with Triton X-100 (Sigma-Aldrich)
in PHEM buffer (100 mM HEPES pH 6.9, 10 mM EGTA pH 7.0, 1 mM
2

MgCl2, and 0.5% Triton X-100 supplemented with a protease inhibitor
cocktail) and centrifuged at 30,000 x g for 45 min at 4 �C. The pellet,
corresponding to the insoluble microtubule enriched fraction (P), was
washed with PHEM solution without Triton X-100 and then centrifuged
at 15,000 x g for 10 min. The soluble proteins from the non-polymer
fraction (SN) were precipitated with isopropanol at -20 �C overnight
and centrifuged at 15,000 x g for 15 min. Both fractions were suspended
in lysis buffer (2% β mercaptoethanol, 1% SDS, 20 mM EGTA, and 2 mM
Tris HCl at pH 7.5 and supplemented with a protease inhibitor cocktail)
and frozen until use. To prepare whole embryo extracts, the embryos
were homogenized in the presence of lysis buffer. The lysate was
centrifuged at 6000 x g for 10 min at 4 �C, and the supernatant was
recovered. The total protein concentration was estimated using Bradford
reagent (Bio-Rad Laboratories Inc., CA, USA).

2.4. Western blot

The protein samples (50 μg per lane) were separated under reducing
conditions with sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE; 10% gels) and transferred to PVDF membranes. The
membranes were blocked with 6% milk and incubated with the corre-
sponding primary antibody, after which they were incubated with a
secondary antibody conjugated to horseradish peroxidase (HRP).
Detection was performed by chemiluminescence in a ChemiDoc XRS
system (Bio-Rad Laboratories Inc., CA, USA) using Image Lab Software
(BIO-RAD). Data analyses were carried out with R v. 3.6.3 [27]. A
one-way analysis of variance (ANOVA) and a post-hoc Tukey multiple
comparison test were used to evaluate significant differences in protein
levels between the glyphosate treatments and those of the control.
P-values� 0.05 were considered to be statistically significant. The results
were plotted using the means and standard deviations.

2.5. Antibodies

The primary antibody against actin (SC-8432) was obtained from
Santa Cruz Biotechnology (Santa Cruz, USA). The anti-alpha (α) tubulin
antibody (T6199) was obtained from Sigma-Aldrich, while the anti-
GAPDH antibody (MA5-15738) and the anti-acetyl-alpha (α) Tubulin
(Lys40) antibody (32–2700) were obtained from Thermo Fisher Scien-
tific (San Jose, USA). The secondary antibodies conjugated to HRP and
goat-anti-rabbit IgG (NB7160) were obtained from Novus Biologicals
(Littleton, USA), while Goat anti-mouse IgG (A-10677) was obtained
from Thermo Fisher Scientific.

3. Results

3.1. Glyphosate exposure reduces α-tubulin acetylation in zebrafish
embryos

The analysis of whole zebrafish embryo extracts indicated that
exposure to glyphosate induced a reduction in acetylated α-tubulin
levels, and a significant difference was observed between the 50 μg/ml
treatment and the control (Figure 1A; p < 0.05). Glyphosate exposure of
up to 50 μg/ml was not able to induce changes in the patterns of total
α-tubulin levels (Figure 1B).

3.2. Glyphosate exposure induced microtubule instability

To determine the effect of glyphosate exposure on microtubule sta-
bility, we carried out an in vivo microtubule sedimentation assay and
analyzed the distribution of α-tubulin via Western blot. An analysis of the
polymer to soluble tubulin ratio in the zebrafish embryos exposed to
glyphosate (Figure 2A) indicated a reduction in α-tubulin levels in the
polymer fraction (P) and significant differences in α-tubulin levels were
observed between that of the control and those of the 10 and 50 μg/ml
treatments (p < 0.05). This change in the polymeric tubulin percentage



Figure 1. Glyphosate exposure reduces α-tubulin
acetylation in zebrafish embryos. (A) Immuno-
blot of zebrafish embryo whole protein extract
probed with antibody against Acetylated
α-tubulin. A quantification analysis of the ratio
α-Tub AC/total α-Tub shows that the level of
acetylated α-tubulin in embryos exposed to
glyphosate (50 μg/ml) was significantly lower
than that of the control group. (B) Immunoblot of
embryo whole protein extract probed with anti-
body against α-Tub. The quantification analysis
relative to that of the control shows that the
expression level of the α-tubulin protein in the
whole embryo extracts did not change signifi-
cantly in any of the treatments after glyphosate
exposure. Original images of the western blots
were provided as supplementary material: (A)
Fig_S1A_alphaTubAC.jpg and Fig_S1A_alpha-
Tub.jpg; (B) Fig_S1B_alphaTub.jpg and
Fig_S1B_GAPDH.jpg.

Figure 2. Glyphosate induced changes in
microtubule stability between the microtubule-
enriched fraction (P) and the non-polymer frac-
tion (SN). (A) Western blot analysis against
α-tubulin antibody. The quantification of the
percentage of polymeric and non-polymeric
tubulin with regard to total tubulin (polymer þ
soluble dimer) indicated that the percentage of
polymeric tubulin in the embryos exposed to
glyphosate at either 10 or 50 μg/ml was signifi-
cantly lower than that of the control group (p <

0.05). (B) Western blot analysis against acety-
lated α-tubulin antibody. The quantification
analysis indicated that the percentage of acety-
lated α-tubulin in the polymeric fraction (P) from
the embryos exposed to glyphosate at 50 μg/ml
was significantly lower than that of the control
group (p < 0.05). Original images of the western
blots were provided as supplementary material:
(A) Fig_S2A_alphaTub.jpg; (B)
Fig_S2B_alphaTubAC.jpg.
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was accompanied by an increase in the level of α-tubulin in the non-
polymer fraction (SN), and significant differences in α-tubulin levels
were observed between the control and the 10 and 50 μg/ml treatments
(p < 0.05). Likewise, a reduction in the level of acetylated α-tubulin was
observed in the P of all glyphosate-exposed groups (Figure 2B). However,
this reduction was only significant for the 50 μg/ml glyphosate treatment
(p < 0.05). Interestingly, a significant increase in acetylated α-tubulin
3

levels was observed in the SN fraction of the embryos exposed to this
same glyphosate concentration (p < 0.05).

3.3. Glyphosate exposure does not appear to affect the stability of actin
filaments

No changes were observed in the actin levels in the embryos of any
treatment (Figure 3A). Also, the actin filament stability analysis did not
Figure 3. Glyphosate exposure does not affect the
stability of actin filaments. (A) The Western blot
analysis of actin partitioning between the P fraction
and the SN fraction in zebrafish embryos exposed to
glyphosate indicated that the percentage of actin in
the P and SN fractions did not significantly change in
any of the groups exposed to glyphosate compared to
that of the control group. (B) Western blot analysis
against actin antibody. The quantification analysis
relative to that of the control indicated that after
glyphosate exposure, actin levels in the whole embryo
extracts did not significantly change in any of the
groups. Original images of the western blots were
provided as supplementary material: (A) Fig_-
S3A_Act.jpg; (B) Fig_S3B_Act.jpg and
Fig_S3B_GAPDH.jpg.



Figure 4. The effect of glyphosate exposure on
microtubule stability. Microtubule dynamics are
vital to developmental processes, and these dy-
namics are kept in equilibrium by several mech-
anisms that involve post-translational
modifications (α-tubulin acetylation) and
microtubule-associated proteins (MAPs). Glyph-
osate exposure during embryonic development in
zebrafish can result in a reduction of the levels of
acetylated α-tubulin and a loss of microtubule
stability without generating any apparent
changes in the stability of actin filaments, sug-
gesting that glyphosate can modify the function
of the cytoskeleton by altering microtubule sta-
bility. Created with BioRender.com.
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reveal any changes in actin distribution between the P and SN fractions in
any treatment (Figure 3B) (see Figure 4).

4. Discussion

All exposed embryos reached normal development without morpho-
logical abnormalities like body malformations, spinal curvature, peri-
cardial, or yolk sac edemas. An increase in these morphological
abnormalities has been previously found, especially in embryos exposed
to 100mg/L glyphosate [28]. Several studies have found that exposure to
glyphosate can induce changes in cellular architecture and the distribu-
tion of cytoskeleton components in diverse models [16, 17, 29]. In
zebrafish embryos, studies have shown that glyphosate exposure can
result in an epiboly delay during early embryo development, in addition
to affecting motility, heart development, and the formation and function
of nervous system components, which suggests that cytoskeleton modi-
fications may be implicated in glyphosate toxicity mechanisms [11, 12,
13, 20].

In this study, changes in the levels of acetylated α-tubulin in the
zebrafish embryos exposed to glyphosate at all concentrations suggests
that a change in microtubule stability was induced by exposure to this
herbicide. In vivo assessments of acetylated microtubules have indicated
that they are more resistant to mild-cold, nocodazole, or colchicine
treatments when compared to non-acetylated microtubules, suggesting
that microtubule stability is related to α-tubulin acetylation [30, 31].
Likewise, multiple studies have suggested that reduced levels of K40
acetylation in α-tubulin cause axonal transport defects associated with
Huntington's disease, amyotrophic lateral sclerosis, and Parkinson's dis-
ease [32]. Microtubule stability is known to be mediated by several
intracellular mechanisms, among which, Wnt5a signaling has been found
to be crucial for microtubule stabilization during cell division through
disheveled 2 (Dvl2) [5], which is associated with axonal microtubules
and regulates microtubule stability in processes like cell migration, cell
polarity, and axonal remodeling in the nervous system [33]. Interest-
ingly, it has been observed that the exposure of hippocampal neurons to
glyphosate at a concentration of 4 mg/ml reduced bothWnt5a expression
and CaMKII activity, accompanied by a redistribution of the microtubules
in the forming axons and changes in the location of Tau proteins [14].
This suggests that changes in the expression of the components of the
Wnt signaling pathway may be involved in the glyphosate-induced
4

microtubule instability observed in the in vivo microtubule sedimenta-
tion assay in this study.

The enzyme responsible for regulating tubulin deacetylation is his-
tone deacetylase 6 (HDAC6), a member of the HDAC family that not only
participates in histone acetylation and deacetylation but also targets
several nonhistone substrates, such as α-tubulin and heat shock protein
90 (HSP90) while participating in multiple processes, such as cell pro-
liferation, metastasis, invasion, and mitosis in tumors [32, 33, 34]. It has
been observed that the expression of HDAC6 may be mediated through
the estrogen signaling pathway, as the activation of the estrogen receptor
in breast cancer MCF-7 cells induces an overexpression of HDAC6, sug-
gesting that HDAC6 is an estrogen-regulated gene [35, 36]. This is
interesting given that it has been suggested that glyphosate exposure in
estrogen-dependent cancer cells can induce the activation of the estrogen
response element (ERE) mediated via estrogen receptors ERα and ERβ
[37, 38, 39]. This relationship between the estrogenic activity of
glyphosate and the regulation of HDAC6 expression via ER may explain
the reduction in acetylated α-tubulin in the zebrafish embryos exposed to
glyphosate.

Further evidence suggests that some of the effects of glyphosate on
the development of the nervous system could be related to changes in
microtubule stability. For instance, exposure of the neuroblastoma cell
line SH-SY5Y to glyphosate (5 mM) and Aminomethylphosphonic acid
(AMPA; 10mM), one of the main degradation products of glyphosate, up-
regulated the expression of CaMKIIA and CaMKIIB and the Wnt proteins
Wnt3a, Wnt5a, andWnt7a [18]. CaMKII is a serine/threonine kinase that
is regulated by the calcium-calmodulin complex, which plays a key role
in the activation of MAP2 and Tau (key regulators of microtubule dy-
namics in the axons and dendrites, respectively) [3, 34]. Exposure to
GBHs at 1% (corresponding to 0.36% of glyphosate), has been found to
directly modify the levels of S100B [19], a Ca2þ-binding protein impli-
cated in the regulation of microtubule stability during nervous system
development [4]. It is worth noting that the regulation of these proteins is
particularly important during nervous system development, which re-
quires a precise regulation of microtubule stability [35].

It has also been reported that glyphosate exposure (50 and 100 μg/
ml) in zebrafish embryos can induce the selective downregulation of L-
type calcium channel (Cacana1C) and ryanodine receptor (ryr2a) genes
[36]. In addition, it has also been found that both glyphosate and the
commercial preparation Roundup at 0.036 g/L were able to activate
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multiple stress-response pathways in Sertoli cells, increasing the intra-
cellular Ca2þ concentration by opening L-type voltage-dependent Ca2þ

channels as well as endoplasmic reticulum IP3 and ryanodine receptors,
leading to Ca2 þ overload within the cells [37]. Similarly, in the hippo-
campi of rats, it has been found that acute exposure to GBHs (corre-
sponding to 0.38% glyphosate), increased the activity of both
N-methyl-D-aspartate (NMDA) receptors and voltage-dependent Ca2þ

channels, leading to a Ca2þ influx and the activation of CaMKII and ERK
[38]. This implies that the changes in microtubule stability observed in
our study could correspond to possible changes in calcium levels inside
the cell and to the activity of CaMKII. In this sense, it has been observed
that microtubules can be rapidly disassembled into their subunits in the
presence of high concentrations of Ca2þ by a microtubule disassembly
mechanism that is induced by the activity of calcium-calmodulin [4, 39].

Interestingly, no changes in the actin levels of the whole embryo
extracts or in the percentages of actin in the polymeric fraction were
observed in any of the glyphosate treatments, which contrasts with what
was observed by Hedberg et al. [16], who found that both glyphosate and
Roundup inhibited melanosome transport and altered cytoskeleton
morphology and the distribution of actin filaments in Xenopus laevis
melanophores exposed to glyphosate (0.5–5 mM), which was found to be
related to glyphosate-induced pH changes. Further evidence suggests
that actin dynamics may be sensitive to pH through the modulation of
intracellular actin polymerization and the function of actin-related pro-
teins [40, 41]. However, in our experiment, the pH effect of glyphosate
was counteracted by the EM buffer. After ruling out the effect of pH, our
results indicate that the effects that have been observed in the cyto-
skeletons of several animal models [14, 15, 17] may be related to changes
in microtubule stability in a non pH-dependent manner. This is consistent
with the results of Yahfoufi et al. [17] who reported oocyte deterioration
in a pH-controlled medium, observing via immunofluorescence modifi-
cations of the microtubule organization center and a shortening of the
microtubules of the spindle fibers.

The significant reduction in the acetylation of the microtubules in the
polymeric fraction of the embryos exposed to glyphosate can be related
to both changes in HDAC6 and to changes in the function of the canonical
wnt signal pathway. It has been suggested that the canonical Wnt
pathway is directly regulated by the expression of HDAC6, as it has been
observed that histone deacetylase 6 directly modulates β-catenin protein
levels in the Wnt/β-catenin signaling pathway [41]. Interestingly, an
analysis of the prefrontal cortex of mice exposed to glyphosate during
pregnancy and lactation showed abnormalities in the expression patterns
of proteins related to the Wnt/β-catenin signal pathway, which is
involved in the regulation of microtubule stability through
cyclin-dependent kinase 11 (CDK11) [42,43]. In the same way, another
key component in the acetylation of microtubules, α-tubulin N-acetyl-
transferase 1 (αTAT1), which is the major α-tubulin acetyltransferase
enzyme in vertebrates, can mediate the Wnt/β-catenin signaling pathway
through the regulation of the location of β-catenin to the plasma mem-
brane and nucleus, suggesting a relationship between microtubule acet-
ylation and the function of the Wnt/β-catenin pathway that implicates
the stability of microtubules [44,45].

In conclusion, we have determined that exposure to glyphosate dur-
ing embryonic development in zebrafish can generate changes in the
levels of acetylated α-tubulin and result in microtubule instability
without generating apparent changes in the relative expression of
α-tubulin, which may be due to its effects on the Wnt signaling pathway
and to changes in calcium dynamics.
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