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In South America, the incorporation of genetically modified organisms (GMO) engi-
neered to be resistant to pesticides changed the agricultural model into one dependent 
on the massive use of agrochemicals (Teubal et al. 2005; Teubal 2009). Different 
pesticides are used in response to the demands of the global consuming market to 
control weeds, herbivorous arthropods, and crop diseases. 
 
A recent study using a commercial formulation of glyphosate based herbicides (GBH) 
showed that treatments with a 1 / 5000 dilution (430 !M of glyphosate) were sufficient 
to induce reproducible malformations in embryos of the South African clawed frog 
Xenopus laevis, a widely used vertebrate model for embryological studies (Paganelli et 
al. 2010). The phenotypes observed include shortening of the trunk, cephalic reduction, 
microphthalmy, cyclopia, reduction of the neural crest territory at neurula stages and 
craniofacial malformations at tadpole stages. In addition GBH inhibits the anterior 
expression domain of the morphogen Sonic Hedgehog (shh) and reduces the domain of 
the cephalic marker otx2, prevents the subdivision of the eye field and impairs craniofa-
cial development. Moreover, in recent experiments with another commercial formula-
tion of GBH, the malformations observed before were reproduced in a dose-dependent 
manner, even at dilutions of 1 / 500000, which produced developmental abnormalities in 
17 % of the embryos, without lethality (unpublished results). 
 
It is known that glyphosate penetration through the cell membrane and subsequent 
intracellular action is greatly facilitated by adjuvants such as surfactants. For this 
reason, the active principle was also tested by injecting frog embryos with glyphosate 
alone (between 8 and 12 µM per injected cell). The calculated intracellular concentra-
tion for glyphosate injected into embryos was 60 times lower that the glyphosate con-
centration present in the 1 / 5000 dilution of the GBH which was used to culture whole 
embryos. The injection of glyphosate produced similar phenotypes and changes in gene 
expression, suggesting that the effects are attributable to the active principle of the 
herbicide. 
 
It is very well known that acute or chronic increase of retinoic acid (RA) levels leads to 
teratogenic effects during human pregnancy and in experimental models. The character-
istic features displayed by RA embryopathy in humans include brain abnormalities such 
us microcephaly, microphtalmia and impairment of hindbrain development; abnormal 
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external and middle ears (microtia or anotia), mandibular and midfacial underdevelop-
ment, and clefts palate. These craniofacial malformations can be attributed to defects in 
cranial neural crest cells. An excessive cell death in regions where apoptosis normally 
takes place may underlie a general mechanism for craniofacial malformations associat-
ed to teratogens (Sulik et al. 1988, Clotman et al. 1998).  
 
In fact, an excess of RA signaling is able to down-regulate the expression of shh in the 
embryonic dorsal midline in Xenopus (Franco et al. 1999, Sharpe & Goldstone 2000). 
Shh deficiency is associated to the holoprosencephaly syndrome (HPE), a CNS malfor-
mation with a frequency of 1 / 250 of pregnancies and 1 / 10000 of live births. The HPE 
is a defect generated by the deficiency of the embryonic dorsal midline, which results in 
a failure in the division of the brain hemispheres, leading to different grades of cranio-
facial malformations. Moreover, Shh signaling is also necessary for the development of 
the cranial neural crest derivatives. In mouse, specific removal of the Shh responsive-
ness in the neural crest cells that give rise to skeleton and connective tissue in the head, 
increases apoptosis and decreases proliferation in the branchial arches, leading to facial 
truncations. In addition Shh signaling from the ventral midline is necessary, as an anti-
apoptotic 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 (Charrier et al. 2001) 
 
An excess of RA signaling also down-regulates otx2 expression in Xenopus, chicken 
and mouse embryos (Clotman et al. 1998). Knock-out mice for otx2 lack all the brain 
structures anterior to rhombomere 3. Interestingly, heterozygous mutants showed 
craniofacial malformations including loss of the eyes and lower jaw (agnathia). These 
phenotypes are reminiscent of otocephaly reported in humans and other animals and 
suggest that otx2 plays an essential role in the development of cranial skeletons of 
mesencephalic neural crest origin (Matsou et al. 1995, Kimura et al. 1997, Erlich et al. 
2000). 
 
All this evidence indicates that RA, 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 shh, reduces the domain of otx2, prevents 
the subdivision of the eye field and impairs craniofacial development, resembling 
aspects of the holoprensecephalic and otocephalic syndromes (Geng & Oliver 2009). 
Indeed, assays using a RA-dependent gene reporter revealed that GBH treatment in-
creases the endogenous RA activity in Xenopus embryos. Moreover, an antagonist of 
RA rescued the morphological phenotype produced by GBH. This lead to the conclu-
sion that at least some of the teratogenic effects of GBH were mediated by increased 
endogenous RA activity in the embryos (Paganelli et al. 2010). This is consistent with 
the very well known syndrome produced by excess of RA, as described by the epidemi-
ological study of Lammer et al. in humans (Lammer et al. 1985) and in vertebrate 
embryos (Durston et al. 1989, López & Carrasco 1992, López et al. 1995, Padmanabhan 
1998). 
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In Xenopus embryos, the endogenous activity of retinoids gradually increases during 
early embryogenesis and is finely regulated in space. Therefore maintaining a normal 
endogenous distribution of RA is important for axial patterning and organogenesis in 
vertebrates (Chen et al. 1994, López et al. 1995) 
 
It has been reported that triadimefon, a systemic fungicide with teratogenic effects in 
rodent models, produces craniofacial malformations in Xenopus laevis by altering 
endogenous RA signalling (Papis et al. 2007). Arsenic, another endocrine disruptor, 
also increases RA signaling at low, non-cytotoxic doses, in human embryonic NT2 cells 
(Davey et al. 2008). In addition, atrazine produces teratogenic effects and decreases the 
levels of cyp26 transcripts in Xenopus tadpoles, suggesting that this herbicide also 
disrupts the RA signaling pathway (Lenkowski et al 2008, Lenkowski & McLaughlin 
2010). RA signaling is one of the finest pathways to tune up gene regulation during 
development, and all this evidence raises the possibility that disturbances in RA distri-
bution may be a more general mechanism underlying the teratogenic effects of xenobi-
otics in vertebrates. Since mechanisms of development are highly conserved in evolu-
tion among vertebrates, we would like to stress that they could be useful as very sensi-
tive biosensors to detect undesirable effects of new molecules. 
 
The evidence that links GBH (and potentially other chemicals) to increased activity of 
the RA signaling pathway might explain the higher incidence of embryonic malfor-
mations and spontaneous abortions observed in populations exposed to pesticides. 
 
An important evidence came from the epidemiological study carried out by Benitez-
Leite et al. in Paraguay identified 52 cases of malformations in the offspring of women 
exposed during pregnancy to agrochemicals. The congenital malformations observed 
include anencephaly, microcephaly, facial defects, myelomeningocele, cleft palate, ear 
malformations, polydactily, syndactily (Benítez-Leite et al. 2009). These defects are 
indeed consistent with the well-known and expected syndrome caused by misregulation 
of the RA pathway.  
 
These conclusions should be taken into account together with the incidence of malfor-
mations and cancer in Chaco, an Argentine province with soybean harvest and massive 
use of glyphosate. Official records reveal a 4-fold increase in developmental malfor-
mations in the province and a 3-fold increase of cancer in the locality of La Leonesa in 
the last decade (Comisión Investigadora 2010).  
 
All this information is extremely worrying because the risk of environmental-induced 
disruptions in human development is highest during the critical period of gestation (2 to 
8 weeks). Moreover, the mature human placenta has been shown to be permeable to 
glyphosate. After 2.5 hr of perfusion, 15 % of administered glyphosate is transferred to 
the fetal compartment (Poulsen et al. 2009). Indeed, a two-compartment model study 
suggested that a considerable diffusion of glyphosate into the tissue is reached after 
intravenous administration in rats. These authors conclude that direct blood concentra-
tion is only an average indicator of the presence of the chemical and does not provide 
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evidence about its tissue distribution (Anadón et al. 2009). It is necessary to consider 
the possibility that very low concentrations (pg / cell and not necessarily evenly distrib-
uted to all cells) may be sufficient to cause embryonic lethality (which is consistent with 
increased frequency of embryonic death and spontaneous abortions) or to modify 
normal embryonic pattern formation (Antoniou et al. 2011). 
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