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The broad spectrum herbicide glyphosate is widely used in agriculture worldwide. There has been 
ongoing controversy regarding the possible adverse effects of glyphosate on the environment and on 
hwnan health. Reports of neural defects and craniofacial malformations from regions where glypbosate­
based herbicides (GBH) are used led us to undertake an embryological approach to explore the effects 
oflow doses of glyphosate in development. Xenopus laevis embryos were incubated with 115000 dilutions 
of a commercial GBH. The treated embryos were highly abnormal with marked alterations in cephalic 
and neural crest development and shortening of the anterior-posterior (A-P) axis. Alterations on neural 
crest markers were later correlated with deformities in the cranial cartilages at tadpole stages. Embryos 
injected with pure glyphosate showed very similar phenotypes. Moreover, GBH produced similar effects 
in chicken embryos, showing a gradual loss of rhombomere domains, reduction of the optic vesicles, and 
microcephaly. This suggests that glyphosate itself was responsible for the phenotypes observed, rather 
than a surfactant or other component of the commercial formulation. A reporter gene assay revealed that 
GBH treatment increased endogenous retinoic acid (RA) ac6vity in Xenopus embryos and cotreatment 
with a RA antagonist rescued the teratogenic effects of the GBH. Therefore, we conclude that the 
phenotypes produced by GBH are mainly a consequence of the increase of endogenous re6noid activity. 
Tbis is consistent with the decrease of Sonic hedgehog (Shh) signaling from the embryonic dorsal midline, 
with the inhibition of otx2 expression and with the disruption of cephalic neural crest development. The 
direct effect of glyphosate on early mechanisms of morphogenesis in vertebrate embryos opens concerns 
about the clinical findings from human offspring in populations exposed to G BH in agricultural fields. 

Introduction 

The broad-spectrum glyphosate based herbicides (GBHs) are 
widely used in agricultural practice, particularly in association 
with genetically modified organisms (GMO) engineered to be 
glyphosate resistant such as soy crops. Considering d1e wide 
use of GBHIGMO agriculture, studies of the possible impacts 
of GBH on environmental and human health are timely and 
important. Given d1e intensive use of this technological package 
in South America, studies of the possible impacts on environ­
ment and hwnan heald1 are absolutely necessary, together with 
adequate epidemiological studies. The need for infonnation 
about the developmental impact of GBH is reinforced by a 
variety of adverse health effects on people living in areas where 
GBH is extensively used, particularly since d1ere is a paucity 
of data regarding chronic exposure to sublethal doses during 
embryonic development. 

It is impo1tant to note that d1e bulk of the data provided during 
the evaluation stages of GBHIGMO safety were provided by 
the industry. Given the recent history of the endocrine disruptor 
field with low dose effects observed in numerous academic 
laboratories but not in industry-funded studies (J, 2), it is clear 
that a reasonable corpus of independent stuclies is necessary to 
fully evaluate the effects of agrochetnicals on human health. 
This is particularly important when significant economic 
interests are concerned. 
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There is growing evidence raising concerns about the effects 
of GBH on people living in areas where herbicides are 
intensively used. Women exposed during pregnancy to herbi­
cides delivered offspring with congenital malfonuations, includ­
ing microcephaly, anencephaly, and cranial malformations (3). 

Relevant contributions to the subject were made by Seralini's 
group. among others (4). They showed that a GBH acts as an 
endocrine clisruptor in cultures of JEG3 placental cells, decreas­
ing the mRNA levels of the enzyme CYP19 (an essential 
component of cytochrome p450 aromatase) and inhibiting its 
activity. CYP 19 is responsible for the irreversible conversion 
of androgens into estrogens. The GBH Roundup is able to 
disrupt aromatase activity. Importantly, the active principle 
glyphosate interacts with the active site of the purified enzyme 
and it~ effects in cell cultures, and microsomes are facilitated 
by other components in the Roundup formulation that presum­
ably increase the bioavailability of glyphosate (4). Glyphosate 
penetration through the cell membrane and subsequent intra­
ceJJular action is greatly facilitated by adjuvants such as 
surfactants (5, 6). 

ln adclition, both glyphosate and the commercial herbicide 
severely affect embryonic and placental cells, producing mito­
chondrial damage, necrosis, and programmed ceJJ death by the 
activation of caspases 3/7 in cell culture within 24 h with doses 
far below those used in agriculture. Other effects observed 
include cytotoxicity and genotoxicity, endocrine disruption of 
the androgen and estrogen receptors, and DNA damage in cell 
lines (7, 8). 
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More recently, rats fed with a glyphosate-resistant genetically 
modified corn showed functional alterations in two detoxificants 
organs: kidney and liver, and the heart and the hematopoietic 
system (9). 

Anotl1er line of evidence supporting adverse effects of 
glyphosate was provided by Belle's group. They suggested that 
glyphosate and its principal metabolite, AMPA, alter cell cycle 
checkpoints by interfering with the physiological DNA repair 
machinery. Several GBHs were assayed, and they induced cell­
cycle dysfunction from the first cell division in sea urchin 
embryos (1 0, 11). The threshold concentration for this effect is 
500- to 4000-fold lower than that sprayed on crops in the field. 
Eight millimolar glyphosate induces a delay in the kinetics of 
the first cell cleavage of sea urchins, altering the entry into 
S-phase by interfering with tlle activation of the CDKI/cyclin 
B complex (6, 12). This failure of celJ-cycle checkpoints is 
known to lead to genomic instability and the possible develop­
ment of cancer. In agreement witll these findings, genotoxicity 
studies of glyphosate or its metabolites suggest that the 
irreversible damage in the DNA may increase the Jisk of 
carcinogenesis (13, 14). 

Aside from the previously repmted teratogenic effects of 
glyphosate-ba<>ed formulations on cephalic structures in amphib­
ians (15). d1ere is almost no information available about the 
molecular mechanisms associated with GBH or glyphosate 
teratogenesis. Reports of neural defects and craniofacial mal­
fonuations from regions where GBHs are used heavily led us 
to an embryological approach to explore d1e effects of low doses 
of glyphosate in Xenopus and chicken embryogenesis. 

We show here that sublethal doses are sufficient to induce 
reproducible malformations in Xenopus and chicken embryos 
treated with a 1/5000 dilution of a GBH formulation (equivalent 
to 430 ,uM of glyphosate) or in frog embryos injected with 
glyphosate alone (between 8 and I 2 ,uM per injected cell). GBH 
treated or glyphosate injected frog embryos showed very similar 
phenotypes, including shortening of tl1e trunk, cephalic reduc­
tion, microphthalmy, cyclopia, reduction of the neural crest 
territory at neurula stages, and craniofacial malforn1ations at 
tadpole stages. These defects suggested a link with the retinoic 
acid (RA) signaling pathway. Reporter gene assays using a RA­
dependent reporter revealed that GBH treatment increases 
endogenous RA activity. Strikingly, we demonstrate that Ro 
41 -5253 (Ro), an antagonist of RA (16, 17), rescues the 
phenotype produced by GBH. We propose that at least some 
of the teratogenic effects of GBH are mediated by increased 
endogenous RA activity in the embryos. This is consistent with 
the very well-known syndrome produced by an excess of RA, 
as described by the epidemiological study of Lammer et al. in 
humans (18) and in vertebrate embryos (19- 25). 

E xperimental Procedures 

Embryo Culture and Treatments. Xenopus laevis embryos 
were obtained by in vitro fertilization, incubated in 0.1 x modified 
Barth's saline (MBS) (26) and staged according to Nieuwkoop and 
Faber (27). The GBH used was Roundup Classic (Monsanto), 
containing 48% w/v of a glyphosate salt. Treatments were 
performed from dle 2-cell stage with GBH dilutions of l/3000, 
1/4000, and l/5000 prepared in 0.1 x MBS. For rescue experinlents, 
0.5 or 1 pM Ro-415253 was added at stage 9. Cyclopamine (Sigma 
C4116) was used at 100 pM concentration in O.lx MBS and was 
applied from the 2-<:ell stage until fixation. Embryos were fixed in 
MEMFA (28) when sibling controls reached the desired stage. 

Xenopus Embryo Injections, Whole Mount in Situ Hybridiza­
tion and Cartilage Staining. Embryos were injected with 360 or 
500 pg of glyphosate (N-(phosphooomethyl) glycine (Sigma 
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337757) per cell into one or both cells at the 2-cell stage. Glyphosate 
was coinjected with I 0 ng of Dextran Oregon Green (DOG, 
Molecular Probes) to identify the injected side as previously 
described (29). Embryos were cultured in 0.1 x MBS and fixed in 
MEMFA when sibling controls reached th.e desired stage. Whole­
mount in situ hybridization (WMISH) with digoxigenin-labeled 
antisense RNA probes was performed as previously described (30) 
except that the proteinase K step was omitted. For cartilage 
visualization, embryos were fixed in MEMFA at stages 45-47, 
washed with PBS, and stained overnight in 0.04% Alcian blue, 20% 
acetic acid, and 80% ethanol. After extensive washing with ethanol 
and bleaching with 2% KOH, embryos were washed with 20% 
glycerol and 2% KOH, and dehydrated through a glycerol/2% KOH 
series until 80% glycerol was reached. 

Detection of RA Activity. Embryos were injected into one cell 
at the 2-cell stage with 320 pg of the plasmid RAREhplacZ 
(RAREZ) (31, 32) and placed immediately in 1/3000, 1/4000, and 
115000 GBH dilutions. Basal lum.iniscence was detected in unin­
jected and untreated embryos. The endogenous RA activity was 
measured in embryos injected with RAREZ and left untreated. As 
positive controls, embryos were injected with the RAREZ plasmid 
and incubated at late blastula stage with 0.5 or 5 ,uM all-trans­
retinoic acid (RA, Sigma R2625). For rescue experiments, embryos 
injected with the reporter plasmid were incubated in a 1/4000 
dilution of GBH from the 2-cell stage, and when they reached the 
blastula stage, I ,uM of Ro 41-5253 was added. Finally, when 
sibling controls reached the neurula stages (14, 15), all embryos 
were processed for chemilurniniscent quantitation of the reporter 
activity by using the j3-gal reporter gene assay (Roche). Protein 
extracts and enzymatic reactions were performed as previously 
reported (33). Luminiscence was measured on duplicate samples 
in FlexStation 3 equipment (Molecular Devices), and values were 
normalized by protein content (32). A two-tailed t test was 
employed to analyze the significance in the difference of the means. 
The experiment was repeated three times. 

Treatment<; of Chicken Embryos. After opening a small 
window in the shell, fertilized chicken eggs (White Leghorn strain) 
were injected above the air chamber in the inner membrane with 
20 ,uL of 113500 or l/4500 dilutions of GBH. Control embryos 
were injected only with 20 .uL of H20. After injection, the window 
was sealed with transparent adhesive tape, and eggs were placed 
with their blunt end up at room temperature for 30 min. Then, eggs 
were incubated in darkness at 38 °C in a humidified incubator 
(56-58% humidity) and rotated at regular intervals. After appropri­
ate incubation times, embryos were isolated and staged according 
to Hamburger and Hamilton (34). 

Whole-Mount Inmunoftuorescence and WMISH of Chicken 
Embryos. Embryos were fixed 2-4 h in freshly prepared 4% 
paraform.aldehyde, rinsed, and processed for analysis. For immu­
nofluorescence, embryos were blocked overnight at 4 °C in blocking 
solution (5% normal goat serum, 0.3% Triton X-100, 0.01% NaN3, 
and Tris buffer saline (TBS) at pH 7 .4). Then, they were incubated 
with a 1/50 dilution of a mouse anti-Pax6 monoclonal primary 
antibody (Developmental Hybridoma Bank) in TBS at pH 7.4 and 
0.3% Triton X-100 for 48 hat 4 °C. Embryos were washed three 
times with TBS and incubated at 4 oc with the secondary antibody 
(1/1000 fluorescein-conjugated (FITC) antimouse lgG, Jackson 
ImmunoResearch) in TBS at pH 7.4, 0.3% Triton X-100, and 3% 
normal goat serum for at least 12 h. Finally, embryos were washed 
with TBS, placed in a glass culture dish with 80% v/v of glycerol 
in water, and photographed. WMISH was performed as described 
for Xenopus embryos, using a c-shh probe. 

Results 

GBH and Glyphosate Alter Neural Crest Markers, Rhom­
bomeric Patterning, and Primary Neuron Differentia tion. 
In order to exaruine whether GBH treatment can affect neural 
crest development, rhombomeric patterning, and neuronal 
differentiation, 2-cell stage Xenopus laevis embryos were 
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Figure 1. GBH and glyphosate disturb neural crest formation, rhom­
bomeric patterning and primary neuron differentiation. (A - G) Embryos 
were analyzed at neurula stage by WMISH with different markers. All 
are dorsal views (anterior is up). (~C) Control embryos. (B,D) Embryos 
treated with 115000 dilution of GBH. (B) Impairment of neural crest 
formation as revealed by the specific marker slug (arrows). Notice the 
down-regulation of the krox-20 domain in the r3 rhombomere. Slug 
and krox-20 were down-regulated in 87% of treated embryos (n = 30). 
(D) Suppression of primary neuron formation as seen with the 
differentiation marker N-tubulin. The number of primary neurons was 
decreased in 83% of treated embryos (n = 30). (E- G) Embryos 
unilaterally injected with 500 pg of glyphosate per cell plus DOG as 
the tracer. The injected side is demarcated by the green fluorescence 
in the insets and is oriented to the left IS, injected side. NlS, noninjected 
side. (E,F) Abolishment of slug expression in the cranial neural crest 
domains (arrow; 77%, n = 31) and diminution of krox-20 expression 
in r3 and r5 (arrowheads; 71%, n = 21) on the IS. (G) Reduction of 
N-tubulin expression on the IS (81%, n = 16). r3, is the third 
rhombomere; r5, fifth rhombomere. m, i, and s, are primary motor 
neurons, interneurons, and sensory neurons, respectively. MCS, HCS, 
and BCS, are mandibular crest segment, hyoid crest segment, and 
branchial crest segment, respectively. 

exposed to GBH, as described in Experimental Procedures, and 
assayed by whole mount in situ hybridization (WMlSH) at the 
newula stage (stage 14- 15). The neural crest marker slug begins 
its expression early, where neural crest induction takes place. 
At neuruJa stage, it is expressed in the neural crest territory 
(Figme lA, arrows) (35). Treated embryos show an important 
down-reguJation of slug in the neural crest territory (Figure lB, 
arrows) in comparison with that of sibling controls. To study 
the effects on hindbrain patterning, we analyzed the expression 
of krox-20. This zinc fi nger transcription factor is expressed in 
rhombomeres r3 and r5 (Figure lA) and has been shown to 
play an important role in controlling rhombomere identity (36). 
The r3 stripe was lost in GBH-treated embryos (Figure IB). 
This resembles the progressive loss from anterior to posterior 
rhombomeres associated witl1 increasing concentrations of RA 
treatments in Xenopus and mouse embryos (37, 38). 

Then we investigated primary nem·ogenesis at the nem·al plate 
stage. At this time, N-tubulin is normally expressed in dif­
ferentiated primary neurons organized in three longitudinal 
domains in the posterior neural plate: medial, intermediate, and 
lateral, which correspond to motor neurons (m), intemew-ons 
(i), and sensory neurons (s), respectively (Figure IC) (39). 

Chern. Res. Toxicol., Vol. xx.x, No. xx, XXXX C 

Treated embryos showed a down-regulation in the three stripes 
of primary neurons (Figure LD). 

To corroborate if the effect is specifically due to the active 
principle of the herbicide and not to adjuvants present in 
fommlations, glyphosate was injected into one cell at the 2-cell 
stage and slug, krox-20. and N-tubulin were revealed at stages 
14- 15, as before. These embryos showed an important down­
regulation of slug (Figw·e IE, arrow), resembling the effects of 
GBH on this marker at this stage of development. Although 
Krox-20 did not completely disappear from r3 as in GBH-treated 
embryos, the expression clearly decreased in this rhombomere 
as well as in r5, indicating that glyphosate also alters rhombo­
meric patterning (Figure IE; arrowheads). 

Normally. at stage 18, the neural crest has formed three 
premigratory blocks from which three different segments 
segregate: mandibular crest segment, hyoid crest segment, and 
branchial crest segment (MCS, HCS, and BCS; Figure lF). The 
first segment contributes to the Meckel, quadrate, and ethmoid­
trabecular cartilages; the hyoid crest segment to the ceratobyal 
cartilage, and the branchial segment to the cartilages of the gills 
(40). Glyphosate-injected embryos showed t11at the segregation 
process clearly affected the injected side (Figure IF. arrow), 
suggesting that the derived cartilages may be affected at later 
stages during development. When hybridized with N-tubulin, 
these embryos showed a decrease in the number of primary 
neurons in the three stripes corresponding to motor neurons, 
interneurons, and sensory neurons (Figw·e lG, arrows), resem­
bling the effects of GBH treatments, although with milder 
consequences for iliis marker. 

In conclusion, the effects of GBH-treated and glyphosate­
injected embryos represent equivalent phenotypes despite the 
fact that they are not identical. The adjuvant present in the 
commercial formulation may explain the differences. Taken 
together, these results indicate that both GBH and glyphosate 
impair neuronal differentiation, rhombomeric formation, and the 
pattern of the neural crest during induction and segregation. 

GBH and Glyphosate Produce Head Defects and Impair 
the Expression of DorsaJ Midline and Cephalic Markers. 
Because craniofacial defects were observed in humans residing 
in areas cluonically exposed to GBH, we decided to explore 
whether genes involved in head development are altered as a 
consequence of treatment with GBH or injection of glyphosate. 
Shh acts as a morphogen controlling multiple developmental 
processes. During early vertebrate embryogenesis, shh expressed 
in midline structures such as the notochord, prechordal meso­
derm, and floor plate controls left- right asymmetry, neuron 
identity, neural survival, and dorso-ventral patterning of the 
neural tube (41, 42). Moreover, Shb secreted by the prechordal 
mesoderm is responsible for resolving the brain and the retina 
field into two separate hemispheres and eyes, preventing 
cyclopia (43). 

Shh expression wa~ dramatically reduced in the dorsal midline 
at neurula stages, especially in the prechordal mesoderm in 
GBH-treated embryos. The anterior limit of the shh expression 
domain is moved caudally in treated embryos, in relation to 
the pax6 domain (compare green fuTowheads , Figure 2A- C). 

Pax6 is essential for eye foru1ation in a wide range of species. 
It is expressed in the eye primordia of vertebrates such as the 
mouse, chicken, Xenopus, zebrafish, and humans, as well as in 
invertebrates such as Drosophila (44- 47). Embryos incubated 
with GBH showed a distinct down-reguJation of the pax6 
territory (compare white arrowheads; Figure 2A- C). Moreover, 
in treated embryos, the pax6 domain is not divided in the eye 
field (light blue arrowheads; Figure 2B,C). These results suggest 



D Chern. Res. Toxicol., Vol. =x, No. xx, XXXX 

Figure 2. GBH and glyphosate produce A-P truncations and impair 
the expression of dorsal midline and neural crest markers. (A-1) 
WMISH analysis at neurula (A - C) and tailbud (D- 1) stages. (A) 
Control embryo hybridized with shh (arrow) and pax6 (white ar­
rowheads). (B- C) Embryos exposed to 115000 dilution of GBH. Notice 
the dramatic reduction of shlz expression in the embryonic dorsal 
midline (arrows) and the caudal displacement of the anterior limit (green 
arrowheads) (85%, n = 33). The expression of pax6 is reduced, and 
the domain is not properly resolved in the eye field {light blue 
arrowheads) (85%, n = 33). (D,E) Control embryos. (D) Normal 
expression of shh in the notochord (n), floor plate (fp), and prechordal 
mesoderm {pm) and of otx2 in the eye (e), forebrain (fb), and midbrain 
{mb). The space between bars indicates the size of the brain. (E) Normal 
expression of sox9 in the pharyngeal arches (pa), otic placode (op), 
eye (e), geni tal ridge (gr), and notochord (n). (F,G) 1/5000 GBH-treated 
embryos. (F) Reduced expression of shit and otx2 (92%, 11 = 24) in 
dorsal midline cells (shh, arrow), prechordal mesoderm (shh, black 
arrowhead), eye (otx2, yellow arrowhead), and brain structures (otx2, 
space between bars). (G) Diminution of sox9 expression in the 
notochord (black arrow), genital ridge (green arrow), and eyes (yellow 
arrowhead) (87%, n = 30). Notice the delay in the migration of neural 
crest cells toward the pharyngeal arches (red arrowheads). Treated 
embryos (F and G) showed microphtalmy, microcephaly (compare the 
space between bars in D- G), and a shonened A-P axis (89%, n = 
54). (H,I) Embryos hybridized with shh and otx2. (H) Control embryo 
showing the same structures as those in D. (I) Embryo bilaterally 
injected with 360 pg of glyphosate per cell at the 2-cell stage plus 
DOG as tracer (green fluorescence in the inset). Sinzilar to that in GBH­
treated embryos, shh and otx2 expression was reduced (62%, 11 = 16), 
and this was accompanied by microcephaly (compare space between 
bars) and microphtalrny (yellow arrowhead). 

that a down-regulation of shh expression in the prechordal 
mesoderm together with a diminution of pax6 expression may 
underlie the defects in the resolution of the retina field and the 
brain hemispheres in embryos treated with GBH. 

To test whether these molecular alterations were associated 
with defects at later stages, we analyzed the expression of shh/ 
otx2 (Figw-e 2D,F) and sox9 (Figw-e 2E,G) in embryos treated 
with GBH as before but fixed at tailbud stages. Otx2 is a 
homeobox-containing gene expressed in retinal and lens com­
ponents of the eye and telencephalic, diencephalic, and mes­
encephalic regions and plays au important role in specifying 
anterior structures (48, 49). Exposed embryos showed a decrease 
of anterior shh expression with concomitant microphtalmy and 
microcephaly, as revealed by the reduction of the otx2 domain 
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(Figure 2, compare the space between bars in the control embryo 
in D with the treated embryo in F). Also, there is a pronounced 
shortening of the A-P axis (compare control embryos in Figure 
2D,E with treated embryos in F,G). ln control embryos, the 
transcription factor sox9 is expressed in d1e cranial neural crest 
cells as they populate the pharyngeal arches, the otic placode, 
the developing eye, the genital ridges, and also the notochord 
(Figure 2E) (50). Embryos treated with GBH showed reduced 
eyes and genital ridges, and developed abnormal pharyngeal 
arches. The migration of neural crest cells to these structures 
was delayed, as revealed by a more dorsal position (compare 
Figw·e 2G with E). 

To analyze the effects of glyphosate alone on dorsal midline 
development, we performed bilateral injections at the 2-cell 
stage. Embryos were fixed when sibling controls reached stage 
28-30, and d1e expression of shh was analyzed. To better 
understand cephalic defects, the pattern of otx2 was also 
examined. Similar to embryos treated with GBH, we observed 
reduced prechordal shh expression accompanied by strong 
microcephalic and rnicrophtalmic phenotypes. This is likely due 
to a decrease of midline-derived signals (Figure 2H,I). Taken 
together, all of these results indicate that GBH as well as 
glyphosate alone cause cephalic defects dlat probably result from 
a reduction of shh and otx2 expression in anterior structures. 
The delay in the migration of cranial neural crest cells in the 
taiJbud stage embryos together with the inhibition of slug 
expression at earlier stages led us to next examine whether 
craniofacial development would be in1paired in older embryos. 

GBH and Glyphosate Disrupt the Development of the 
Craniofacial Skeleton. The pattern of neural crest derivatives 
in the cranial skeleton of d1e Xenopus embryo was previously 
established (40). Briefly, in the first pharyngeal arch, neural crest 
cells contribute to the upper (quadrate, Qu) and lower (Meckel's, 
Me) jaws; in the second arch, they contribute to dle ceradloyal 
cartilage (Ce), wh.iJe in the third and fourth arches, neural crest 
cells contribute to the anterior and posterior regions of the 
branchiaVgills crutilage (Br), respectively (Figw·e 3C). 

To address if the effects seen at neurula and tailbud stages 
are correlated with craniofacial malformations, embryos treated 
with GBH and embryos unilaterally or bilaterally injected with 
glyphosate at the 2-cell stage were allowed to develop up to 
stage 47 and processed with Alcian Blue staining for skeletal 
analysis. The gross morphology of GBH-treated embryos 
revealed an overall Jeduction of cranial structures and mi­
crophthalmy (compare Figure 3A,C with B,D). All affected 
embryos displayed a reduction of the quadrate and Meckel's 
cartilages (asterisks, Figure 3D), while the branchial and 
cerathoyal cartilages were mildly affected. 

Unilateral glyphosate injections resulted in a general decrease 
of Alcian blue staining and in a reduction of the Meckel's and 
quadrate cartilages on the injected side (asterisks, Figure 3E,F). 
ln some embryos, the eye practically disappeared from the 
injected side (arrow, Figure 3H). Moreover, bilaterally injected 
embryos exhibited cyclopia (Figme 31, arrow), consistent with 
the Joss of Shh signaling from the prechordal mesoderm 
observed at earlier stages. Similar results were obtained in frog 
embryos treated with cycloprunine (Figw-e 31), a known inhibitor 
of the Hedgehog pathway which leads to developmental 
malfonuations and holoprosencephaly-like abnormalities, in­
cluding cyclopia in the most severe cases (51 - 53). Unilateral 
injections of cyclopamine produced cartilage alterations sin:tilar 
to those obtained with glyphosate injections (not shown). 

In summary, ow- results are compatible with the malfonua­
tions observed in the offspring of women chronically exposed 
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Figure 3. GBH treatment and glyphosate injection result in cephalic 
malformations and abnormal development of the craniofacial skeleton. 
(A-D) 1/5000 GBH-treated embryos analyzed at stage 45 - 47. (A,B) 
Gross morphology. (A) Control embryo; eyes (arrows); head size (space 
between yellow bars). (B) Embryo exposed to GBH showing reduced 
eyes (arrows) and head strucrures (89%, n = 38) (compare the space 
between yellow bars in A and B). (C,D) Embryos stained with Alcian 
blue. (C) Control embryo, showing facial cartilages: Meckel (Me), 
ceratohyal (Ce), infrarrostral (1), quadrato (Qu), and branchial (Br). 
(D) Reduction of Me and Qu cartilages (asterisks) in GBH-exposed 
embryos (77%, n = 39). (E- I) Embryos injected with 360 pg of 
glyphosate per cell in one or both cells at the 2-cell stage and analyzed 
at stage 47 by Alcian blue staining (E,F) or gross morphology (H,I), 
which was compared with that of sibling controls (G). (E,F) Unilaterally 
injected embryos showing reduced Alcian blue staining and smaller 
Qu and Me cartilages (asterisks) on the IS (56%, n = 16). (G) Control 
embryo. Arrows indicate the position of the eyes. (H) Notice the 
reduction of the eye in the IS (arrow) (54%, 11 = 13). (I) Bilaterally 
injected embryo exhibiting cyclopia (arrow) (38%, n = 8). (J) 
Cyclopamine-treated embryo. Observe the proximity of both eyes 
(arrows), due to midline defects (compare with the control embryo in 
G). IS, injected side. NIS, noninjected side. Gly-inj, embryo injected 
with glyphosate. 

to GBH during pregnancy (see Discussion). These malforma­
tions suggest the loss of midline signaling, accompanied by 
defects in neural crest migration (or increased apoptosis) with 
aberrant development of mandibular and maxillary structures. 

Phenotype Induced by GBH Is at Least Mediated by 
Changes in RA Signaling. It was previously reported that 
increasing concentrations of RA caused progressive truncation 
of anterior and posterior structures in Xenopus laevis (20, 21). 
The most severely affected embryos lacked eyes, nasal pits, 
forebrain. midbrain, and otic vesicles, and displayed truncations 
of the tail. The phenotypes produced by GBH and glyphosate 
resemble the teratogenic effects of embryos treated with RA; 
d1eretore, we theorized that d1e RA pathway could be associated 
with the morphogenetic effects of glyphosate during early 
embryogenesis. 

The RA signal is transduced through nuclear retinoic acid 
receptors (RARs), which control the expression of target genes 
involved in vertebrate pattern formation, organogenesis, and 
tissue homeostasis (54). Ro 41-5253 (Ro) is an antagonist of 
the RARn receptor, which is expressed during early develop­
ment in Xenopus (16, 17, 55, 56). Ro was previously used as a 
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tool to block retinoid-mediated signaling, producing a variety 
of morphological changes in the frog embryo. The most severe 
phenotypes showed anterior and posterior truncations, a reduc­
tion or loss of eyes and otic vesicles, and a general disorganiza­
tion of branchial arches (22). Moreover, maternal insufficiency 
of vitamin A (the precursor of RA) or RA in excess in 
vertebrates cause a wide range of teratologic effects (18, 57, 58). 
All this evidence demonstrates that veJtebrates require a 
precisely regulated supply of retinoids during embryogenesis. 

Considering that the phenotypes obtained in our analysis 
predominantly resemble those of RA excess, we wondered if 
GBH treatments are able to increase endogenous RA activity. 
To answer this question, we measured the levels of RA signaling 
by taking advantage of the reporter plasmid RAREZ (32), as 
described in the Experimental Procedures section. Figure 4A 
shows that GBH treatment significantly increased the level of 
RA signaling in the embryo in a concentration-dependent 
mrumer. Importantly, the RA receptor antagonist Ro rescued 
the effect of GBH since the level of the RA output, as measured 
by the reporter assay, was not significantly different from that 
in RAREZ-injected, untreated controls (Figure 4A). Together, 
these observations strongly suggest that GBH increases endog­
enous retinoid activity. 

If an increase of RA si.gnaling underlies the phenotype 
produced by GBH treatments, antagonizing the RA pathway 
should rescue the effect of GBH. To exanune d1is hypothesis, 
embryos were incubated at the 2-cell stage with GBH alone or 
with GBH together with 0.5 or I ,uM Ro added when sibling 
controls reached stage 9 (22). Frog embryos were analyzed by 
their morphological aspect and also were hybridized with shh 
and otx2 probes. 

Control embryos showed an expression of otx2 in the 
forebrain, midbrain, and optic vesicle, while shh transcripts are 
distributed along the embryonic dorsal midline (Figure 48). 
Embryos treated continuously wiili GBH showed a down­
regulation of shh and otx2, reduced head structmes, and 
shortened A-P axis (Figure 4C). Similar results were obtained 
after treating frog embryos with 0.1 or 1 ,uM RA (21, 59, 60). 
As previously reported (22), embryos incubated wiili 0.5 or I 
,uM Ro alone also displayed a concentration-dependent shorten­
ing of the A-P axis and reduction of head structures, which was 
confirmed by a reduction of the otx2 domain (Figure 4D,E; 
compare the space between bars with B). We also observed a 
more diffuse staining of shh, mainly in the prechordal meso­
derm, in comparison with that of sibling controls (Figure 4D,E: 
arrows). When 0.5 or 1 ,uM Ro was added at stage 9 to embryos 
continuously exposed to 1/5000 dilution of GBH, the elongation 
of the A-P axis was recovered as well as the nonnal expression 
pattern of otx2 and shh (Figure 4F,G). We conclude that the 
ability of Ro treatment to rescue the teratogenic effect of the 
GBH supports the idea that RA activity is elevated in GBH­
treated embryos. 

GBH Produces Similar Teratogenic Effects in Chick 
Embryos. To test whether the teratogeni.c effects of GBH are 
reproducible in an ruuniote vertebrate. we chose the chick model. 
Embryos were incubated with 1/3500 or 1/4500 dilutions of 
GBH and analyzed at the HH stage 9 (8 somites) by immun­
ofluorescence with an anti-Pax6 antibody and by WMISH with 
a c-shh probe (61). As was previously demonstrated for Pax6 
mRNA (62), tbe Pax6 protein is normally distributed in the optic 
vesicle; in the distinctive comet-like shape in the ectodenn, 
posterior to the region of the optic vesicle; in the hindbrain in 
rhombomeres r3 and r5 and along the spinal cord (Figure 5A,D). 
GBH treatments produced a concentration-dependent reduction 
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Figure 4. Phenotype induced by GBH is mediated by an increase of 
RA signaling (A). Analysis of RA activity with the reporter plasmid 
RAREZ. All embryos were injected with the reporter plasmid RAREZ, 
except for uninjected controls, and left untreated or were treated as 
indicated in the figure until stage 14- 15, when they were processed. 
Results are expressed as arbitrary lumini.scence units per J.Lg of protein. 
A two-tailed r test was employed to analyze the significance in the 
difference of the means. ** p < 0.01; *** p < 0.0001. (B-G) WMISH 
for shlz and otx2 at tail bud stages. (B) Control embryo. Notochord (n); 
floor plate (fp); brain (space between bars), eye (arrowhead). (C) 
Embryo treated with 1/5000 GBH manifesting microcephaly (space 
between bars), reduced eyes (arrowhead), dimini~hed Shh signaling 
from the prechordal mesoderm (arrow), and shortened A-P axis (78%, 
n = 9). (D,E) Embryos incubated with 0.5 and 1 J.LM RA antagonist 
Ro 41-5253, displaying a reduction in the otx2 domain accompanied 
by microcephaly (bars) and microphtalmy (arrowhead), and more 
diffuse expression of shh (arrows) (80%, n = 15 for 0.5 J.LM Ro; 87%, 
n = 15 for 1 pM Ro). (F,G) Embryos treated with 1/5000 GBH at the 
2-cell stage; 0.5 J.LM Ro (F) or I J.LM Ro (G) was added at stage 9. and 
phenotypes were analyzed at the tailbud stage. Notice that Ro reverts 
the phenotype produced by GBH, rescuing the A-P axis elongation 
and the expression of shh and orx2 (compare with the control embryo 
in B) (88%, n = 17 for 0.5 J.LM Ro, which gives the best rescue effect 
since the effect of the retinoid antagonist begins to prevail with 1 J.LM 
Ro). All embryos are oriented with the anterior end toward the right. 

of the optic vesicles, as revealed by a reduction of the 
con·esponding Pax6 domain, and this was accompanied by 
microcephaly (compare the space between bars in Figure 5B,C 
with A). We also observed a gradual loss of the r3 and r5 
domains in embryos u·eated with GBH (compare Figure 5E,F 
with D), which resembles the results observed in frog embryos 
in the J..:rox-20 domains (Figw-es 1 Band 2E). Hybridization with 
the c-shh probe showed that, as in Xenopus, the prechordal 
mesoderm domain is preferentially lost in GBH-treated chick 
embryos (compare Figure 50 with H,I). As the GBH concentra­
tiou increases, the expression along the embryonic dorsal midline 
also gradually disappears (Figure 5H,I). 
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Figure 5. Teratogenic effects of GBH in chicken embryos. (A - C) 
Whole-mount inmunofluorescence analysis ofPax6 at 8 sornites. (A,D) 
Control embryo showing Pax6 expression in the optic vesicles 
(arrowheads in A) and in rhombomeres r3 and r5 (blue arrows in D). 
(B,E and C,F) graded reduction ofPax6 expression in embryos treated 
with 1/4500 and 113500 dilutions of GBH, respectively. Notice the 
progressive microcephaly (compare space between bars with D) and 
the loss of Pax6 expression corresponding to rhombomeres r3 and r5 
(red arrows). The remaining fluorescence corresponds to specific Pax6 
expression that is normally found in the spinal cord but is out of focus 
in the control embryo in D. (G-D WMISH with c-shlz. (G) Control 
embryo. Shh transcripts are seen in dorsal midline cells (black arrow) 
and in the prechordal mesoderm (green arrow). (H,D Embryos treated 
with 1/4500 and 1/3500 dilutions of GBH, respectively. Notice the 
abolishment of shh expression in the prechordal mesoderm (dotted green 
arrow) and the progressive decrease of shh expression in the midline 
cells in a concentration-dependent manner (dotted black arrows). 

Therefore, our experiments with chick embryos further extend 
conclusions from studies about the teratoge1tic effects of GBH 
in amphibians to other vertebrate species. 

Discussion 

The results presented above argue that both GBH and 
glyphosate itself inte1fere with key molecular mechanisms 
regulating early development in both Xenopus and chicken 
embryos, leading to congenital malformations. Sublethal doses 
of the herbicide (430 ,uM of glyphosate in 1/5000 dilutions of 
GBH) and injections leading to a final concentration of 8 to 12 
,uM of glyphosate in the injected side of the embryo were 
sufficient to induce serious disturbances in the expression of 
slug, otx2, and shh. These molecular phenotypes were correlated 
with a disruption of developmental mechanisms involving the 
neural crest, embryonic dorsal midline formation, and cephalic 
patterning. Because glyphosate penetration through the cell 
membrane requires facilitation by adjuvants present in com­
mercial formulations (5, 6), we tested the effects of glyphosate 
alone by directly microinjecting it into Xenopus embryos. The 
similarity of the phenotypes obtained in both situations suggests 
that t11ey are attributable to the active principle of GBH and 
not to the adjuvants. 

We will discuss our results in the following context: (1) the 
correlation of our phenotypes with those observed in animal 
models with an impairment of RA signaling or deficits in the 
expression of criticaJ genes tl1at control embryonic development; 
(2) the probable mechanisms underlying the phenotypes induced 
by GBH and glyphosate; (3) possible correlations with clinical 
cases of human offspring exhibiting malformations in zones 
exposed to GBH. 

Misregulation of RA, shk, and otx2 Are Involved in 
Cephalic Malformations and Neural Crest-Derived Pheno­
types Reminiscent of the Effects of GBH and Glypbosate. 
The phenotypes obtained after GBH treatments or injectious of 
glyphosate alone are strikingly remi1tiscent of those observed 
as a consequence of an excess of RA signaling in vertebrates 
and humans. Acute or chronic increase of RA levels leads to 
teratogenic effects during human pregnancy and in experimental 
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models. The characteristic features displayed by RA embry­
opathy in humans include brain abnormalities such us micro­
cephaly. microphthalmia, and impainnent of hindbrain devel­
opment; abnormal external and middle ears (microtia or anotia); 
mandibular and midfacial underdevelopment; and cleft palate. 
Many craniofacial malfonnations can be attributed to defects 
in cranial neural crest cells (19, 24). 

This spectrum is consistent with the phenotypes obtained in 
rodent models exposed to RA. When administered during 
gastrulation i.n mice, RA severely impairs the development of 
the anterior neural plate, resulting in ocular, brain, and facial 
malfonnations. Exposure at critical stages of neural crest cell 
migration induces craniofacial malformations comparable to 
those seen in Di-George syndrome. Later exposure, when the 
epibranchial placodes are active, results in mandibulofacial 
dysostosis-like syndromes (19). These authors suggest that 
excessive cell death in regions where apoptosis normally takes 
place may underlie a general mechanism for craniofacial 
malformations associated with teratogens. 

An excess of RA signaling is able to down-regulate shh 
expression in the embryonic dorsal midline in Xenopus (60, 63). 
Shh deficiency is associated with holoprosencepbaly syndrome 
(HPE), a CNS malformation with a frequency of 1/250 of 
pregnancies and l/1 0000 of live births. HPE is a defect 
generated by the deficiency of the embryonic dorsal midline, 
leading to a failure in the division of the brain hemispheres. 
This results in unilobar brain, cyclopia, and defects in the closure 
of the dorsal neural tube, accompanied by other defects including 
microcephaly, abnormally decreased distance between the eyes 
(bypotelorism), proboscis, and cebocepbaly (a simple nose) 
(51 - 53). Moreover, Shh signaling is necessary for the develop­
ment of the cranial neural crest derivatives. In the mouse, 
specific removal of Shh responsiveness in the neural crest cells 
that give rise to skeleton and connective tissue in tl1e head 
increases apoptosis and decrea~es proliferation in the branchial 
arches, leading to facial truncations (64). In zebrafish, the cranial 
neural crest requi.res Shh signaling emanating from the embry­
onic dorsal midline and the oral ectoderm to achieve correct 
migration and chondrogenesis (65). In chicken embryos, de­
velopment of the lower jaw skeleton requires Shh signaling from 
the foregut endoderm to prevent apoptosis of the nemal crest 
cells that migrate to ilie first branchial arch (66). Shh signaling 
from the ventral midline is necessary, as an antiapoptotic agent, 
for the survival of the neural epithelium, and it is also essential 
for the rapid and extensive expansion of the early vesicles of 
the developing midbrain and forebrain (67- 69). 

An excess of RA signaling also down-regulates otx2 expres­
sion in Xenopus, chicken, and mouse embryos (24). Knockout 
mice for otx2 Jack all the brain structmes anterior to rhombomere 
3. Interestingly, heterozygous mutants showed craniofacial 
malfonnations including the loss of the eyes and lower jaw 
(agnathia). These phenotypes are reminiscent of otocephaly 
reported in humans and other animals and suggest iliat otx2 plays 
an essential role in the development of cranial skeletons of 
mesencephalic neural crest origin (70- 72). 

Otx2, in turn, is necessary for the expression of shh in the 
ventral midbrain (73). All this evidence indicates that RA 
signaling, otx2, and shh are part of a genetic cascade critical 
for the development of the brain and craniofacial skeleton of 
neural crest origin. Glyphosate inhibits the anterior expression 
of shit, reduces the domain of otx2, prevents the subdivision of 
the eye field, and impairs craniofacial development, resembling 
aspects of the holoprensecephalic and otocephalic syndromes. 
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This prompted us to investigate whether an increase of RA 
signaling could be mediating the effects of GBH treatments. 

GBH Increases the Activity of the Morpbogen RA, 
Leading to Teratogenic Effects. ln Xenopus embryos, tile 
endogenous activity of retinoids gradually increases during early 
embryogenesis and is finely regulated in space. At late gastrula, 
a rostral- caudal gradient from 0.01 to 0.16 pM RA is 
established, with tile highest levels at the posterior end of the 
embryo. The gradient persists at the early neumla stage (stage 
13- I 4). Syniliesis and degmdation of RA seem to be the 
mechanisms that lead to this uneven distribution (74). This 
gradient explains why low doses of applied RA primarily affect 
the cephalic region and increasing the doses begins to affect 
the trunk (20, 21 ). Moreover, maintaining a nonnal endogenous 
distribution of RA is important for axes patterning and orga­
nogenesis not only in Xenopus (74, 22, 38) but also in otl1er 
Vertebrates such as zebrafish (75- 77), chicken (78- 80), and 
mouse embryos (81). 

ln this study, GBH treatments or glyphosate injections mostly 
reproduce the morphological phenotype obtained after treatments 
of Xenopus embryos with RA concentrations from 0. I to I 0 
pM (21). The fact that GBH treatments increase endogenous 
RA activity, as measured by the RAREZ reporter, and that the 
GBH-induced phenotypes are rescued by the antiretinoid Ro 
strongly suggest that augmented RA activity is a major cause 
of the molecular and morphological phenotypes described in 
this work. 

GBHs are considered endocrine disruptors because of their 
ability to impair the syntllesis of steroid honuones (82). 
Glyphosate inhibits tl1e activity of aromatase, a member of the 
cytochrome P450 fami ly crucial for sex steroid hormone 
syntl1esis (4). Retinoid activity is regulated by degradation of 
RA by tl1e CYP26 enzymes, which are members of tile 
cytochrome P450 family and are present in aU vertebrates from 
early stages of embryogenesis. Transcription of CYP26 is 
developmentally and spatially regulated. Deficiencies of this 
enzyme produce serious malformations in different vertebrate 
models consistent with an in1portant increase in RA signaling. 
These phenotypes include cephalic defects, abnormalities of the 
eye and the forebrain, agnathia, <md caudal truncations (83- 90). 
In this context, it will be interesting to elucidate in the future if 
the increase of RA signaling induced by GBH could be a 
consequence of inhibiting the activity of CYP26 enzymes 
responsible for maintaining a normal RA distribution by specific 
territorial degradation. 

In Xenopus laevis, RA favors the differentiation of primary 
neurons (39, 60, 91). Since GBH increases retinoid signaling, 
the reduction in the number of prin1ary neurons in GBH-u·eated 
and glyphosate-injected embryos is paradoxical. Other bio­
chemical mechanisms could be triggering the inhibition of 
neurogenesis. For example, we cannot rule out iliat apoptosis 
of neural precursors could be involved in this process since GBH 
and glyphosate have a toxic effect on mitochondrial membranes 
and activate caspases317 (7). Botl1 GBH and glyphosate inhibit 
shh expression, and the Shh protein is known to have an 
antiapoptotic function, necessary for the survival of the neu­
roepithelium (67, 68). Abnormal induction of ceU death is one 
of the crucial mechanisms of malfonnations associated with 
different teratogenic agents such as ethanol, RA, hypoxia, and 
chemicals herbicides (19, 92). 

Assuming a linear response of t11e luminescence system with 
the RAREZ reporter used to measure RA signaling, we estimate 
that the endogenous concentration of RA available for activity 
in Xenopus embryos is around 0.2 pM (Figure 4A, compare 
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RA bars with the RAREZ bar). 111is is very similar to the 
average concentration of 0.15 ,uM previously measured by 
HPLC (20). importantly, treatments with J/5000 dilution of 
GBH do not show a significant increase of RA activity when 
compared to that of u11treated controls, as measured by the 
reporter system (Figure 4A). However, this dilution clearly 
produces cephalic and tmnk phenotypes and cralliofacial 
malformations, as shown duoughout this work, which are 
rescued by Ro treatments. Therefore, the RAREZ reporter does 
not seem to be sensitive enough to detect rrurumal variations in 
the levels of RA activity. This reinforces the importance of using 
vertebrate embryos as biosensors for testing possible teratogens. 

Moreover, it has been recently reported that Triadimefon, a 
systemic fungicide with teratogenic effects in rodent modeL~. 
produces craniofacial malfom1ations in Xenopus laevis by 
altering endogenous RA signaling (93). Arsenic, another 
endocrine disruptor, also increases RA signaling at low, 
noncytotoxic doses, in human embryonic NT2 cells (94). RA 
signaling is one of the finest pathways to tune up gene regulation 
during development, and all this evidence raises the possibility 
tllat disturbances in RA distribution may be a more general 
mechanism underlying the teratogenic effects of xenobiotics in 
vertebrates. Since mechanisms of development are highly 
conserved in evolution among vertebrates (95), we would like 
to stress that they could be useful as very sensitive biosensors 
to detect the undesirable effects of new molecules. 

Clinical Approaches. ln Argentina, the extension of soil 
devoted to transgeruc soy reached J 9 million l1ectares. Two 
hundred million liters of glyphosate-based herbicide is used for 
a production of 50 million tons of soy beallS per year (96, 97). 
The intensive and extensive agricultural models based on the 
GMO technological package are currently applied without 
critical evaluation, rigorous regulations, and adequate informa­
tion about tl1e impact of sublethal doses on human health and 
ilie environment, leading to a conflicting situation. In this work, 
we focused on sublethal doses of GBH to arrive at the tluesholds 
for teratogenic phenotypes instead ofletllality. 

In the last J 0 years, several countries in Latin America bave 
initiated studies about the environmental consequences of the 
use of herbicides and pesticides. ln Paraguay, an epidemiological 
study in the offspring of women exposed during pregnancy to 
herbicides showed 52 cases of malfonnations (3), which 
strikingly resemble the wide spectrum phenotypes resulting from 
a dysfw1ctional RA or Shh signaling pathway. ln Argentina, an 
increase in tlle incidence of congenital malformations began to 
be reported in the last few years (Dr. Hugo Lucero, Universidad 
Nacional del Nordeste, Chaco; personal communication). Jn 
Cordoba, several cases of malfonnations together with repeated 
spontaneous abmtions were detected in the village of Ituzaing6, 
which is surrounded by GMO-based agriculture. These findings 
were concentrated in families living a few meters from where 
the herbicides are regularly sprayed. AJl of tllis infonnation is 
extremely worrying because tile ri.sk of envirorunentally-induced 
disruptions in human development is highest during the critical 
period of gestation (2 to 8 weeks) (98). Moreover, tl1e mature 
human placenta l1as been shown to be permeable to glyphosate. 
After 2.5 h of perfusion, 15% of administered glyphosate is 
transferred to the fetal compartment (99). 

All of tile evidence reported in tlle scientific literature and 
ilie clinical observations in tile field were not sufficient, however, 
to activate the precautionary principle of the environmental 
legislation in order to realize the depth of the impact on human 
health produced by herbicides in GMO-based agriculture. To 
our knowledge, the results presented in this work show for the 
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first time iliat at least some of ilie malformations produced by 
GBH in vertebrate embryos are due to an increase of endogenous 
RA activity, consistent wi tl1 the well-known syndrome produced 
by an excess of RA. 
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