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Abstract

Glyphosate is alarge-spectrum herbicide that was introduced on the market in 1974. Due to
its important impact on the crop industry, it has been significantly diversified and expanded
being considered the most successful herbicide in history. Currently, its massive use has led
to a wide environmental diffusion and its human consumption through food products has
made possible to detect it in urine, serum, and breast milk samples. Nevertheless, recent
studies have questioned its safety and international agencies have conflicting opinions
about its effects on human health, mainly as an endocrine-disrupting chemical (EDC) and
its carcinogenic capacity. Here, we conduct a comprehensive review where we describe the
most important findings of the glyphosate effects in the endocrine system and asses the
mechanistic evidence to classify it as an EDC. We use as guideline the ten key
characteristics (KCs) of EDC proposed in the expert consensus statement published in 2020
(La Merrill et al., 2020) and discuss the scopes of some epidemiologica studies for the
evaluation of glyphosate as possible EDC. We conclude that glyphosate satisfies at least 8
KCs of an EDC, however, prospective cohort studies are still needed to elucidate the real

effectsin the human endocrine system.
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Highlights

* Glyphosate is the active component of the most contyrused herbicide in the world.

» There is conflicting evidence regarding the effeofsglyphosate in the endocrine
system.

» This is the first review that consolidates the nasustic evidence on glyphosate as
endocrine-disrupting chemical (EDC).

* Glyphosate satisfies at least 8 key characterisfiesy EDC.

» Prospective cohort studies are needed in ordetumdate whether glyphosate is an
EDC.

Abstract

Glyphosate is a large-spectrum herbicide that wieduced on the market in 1974. Due to

its important impact on the crop industry, it hagib significantly diversified and expanded

being considered the most successful herbicidéstordy. Currently, its massive use has led

to a wide environmental diffusion and its humanstonption through food products has

made possible to detect it in urine, serum, an@dtrenilk samples. Nevertheless, recent

studies have questioned its safety and interndtiagancies have conflicting opinions

about its effects on human health, mainly as armente-disrupting chemical (EDC) and

its carcinogenic capacity. Here, we conduct a cetmgmsive review where we describe the

most important findings of the glyphosate effectsthe endocrine system and asses the

mechanistic evidence to classify it as an EDC. We was guideline the ten key

characteristics (KCs) of EDC proposed in the expensensus statement published in 2020

(La Merrill et al., 2020) and discuss the scopesamhe epidemiological studies for the

evaluation of glyphosate as possible EDC. We calecthat glyphosate satisfies at least 8
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KCs of an EDC, however, prospective cohort studiesstill needed to elucidate the real

effects in the human endocrine system.
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1. Introduction
Glyphosate, (N-phosphonometylglycine, CAS Numbe@71t83-6) is an herbicidal
derivative of the amino acid glycine, it was fisgtnthesized by Henri Martin in 1950 while
working for a small swiss pharmaceutical companijedaCilag. Twenty years later, in
Monsanto company, the organic chemist John Fraseodered that glyphosate had a
potent herbicide capacity (Myers et al., 2016). $&muently, this compound was registered
in the United States Environmental Protection Agern(&PA) under brand name
Roundup®, for control of nonselective weed (Frahalge 1997; Malik et al., 1989). Two
decades later, the introduction of glyphosate-tasiscrops (GRCs), principally corn, soy,
canola, and sugar beet, greatly increased itsruagriculture (Duke, 2018; Swanson et al.,
2014). Therefore, becoming the major herbicide dwidle (Duke and Powles, 2008).
Currently, glyphosate is used as an active compganemany formulations known
as Glyphosate-Based Herbicides (GBHs) employed lypndam inhibiting the growth of
around 100 species of weeds and 60 species of rparemeed plants in industrial and
residential settings (Dill et al., 2010). Glyph@asét present in a variety of chemical forms,
such as isopropylamine, diammonium, ammonium, digi@mmonium, and potassium
salt, which provides solubility without affectingsiproperties as active ingredient. In
addition, various adjuvants enhance the uptaketramdlocation of the active ingredient in
plants and improve its herbicidal properties (Bexdp et al., 2004). These adjuvant
compounds have been proposed to enhance the agtptaperties of glyphosate (Székacs
et al., 2014).

GBH are today used in 140 countries becoming onethef world's leading
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agrochemical (Soukup et al., 2020; Woodburn, 200Qe to its large use in the most
varied sectors of agriculture and urban environs)e®BH has been widespread in the
environment. In fact, since the late 1970’s, théunwe of GBH applied has increased
around 100-fold and several reports claim thatetrevels of glyphosate can be found
widely in soil, foodstuffs, air, and water as wa#l in human serum, breast milk and urine
(Demonte et al., 2018; IARC, 2017; Mercurio et aD14; Mortl et al., 2013; Niemann et

al., 2015; Philipp Schledorn, 2014; Simonetti et 2015; Steinborn et al., 2016; Yoshioka
et al., 2011). Indeed, recent studies have detegitgrhosate occurrence on beer andskid

breakfast cereals, suggesting that exposure ismigtoccupational (Jansons et al., 2018).

Even though, agencies such as the European FoetlySaithority (EFSA), EPA
and U.S. National Cancer Institute have declaredvidence of the potential interaction of
glyphosate with endocrine pathways or carcinogeffeects (Andreotti et al., 2018; EFSA,
2017; U.S. EPA, 2015), their use has been eittstriceed or banned in a lot of countries.
This decision has been made due to recent evideatsuggests that GBH possess certain
characteristic as an endocrine disruptor and piebeércinogen (Guyton et al., 2015;
IARC Working Group, 2015; Leon et al., 2019; Myest al., 2016). Therefore, its
classification as an endocrine disruptor and/ocinagen compound is still unclear.

In this review, we summarize the main reports eglab glyphosate as a possible
endocrine disruptor, based on the ten key charatitsr of EDCs recently proposed (La
Merrill et al., 2020). Finally, we discuss the sesf some epidemiological studies and
their implications for the evaluation of glyphostteclassify as possible EDC.

2. Data collection method
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For this review article, all publications up to BO&ere searched in MEDLINE (through
PubMed), Web of Science, and SCOPUS. To identifgdiess addressing glyphosate as an
endocrine disruptor; articles not written in Enlglisere excluded.

3. Chemical properties and mechanism of glyphosate

Chemically, glyphosate is a relatively simple malecclassified as an organophosphorus
compound, specifically a phosphonic acid resulfiogn the formal oxidative coupling of
the methyl group of methyl phosphonic acid with #mino group of glycine (Kim et al.,
2019). It is an analog of the natural amino acigcigle with a basic amino group and a
phosphate group strongly ionized, thus is a veryamp@nd amphoteric molecule.
Structurally, it lacks of chemical groups able tonfi a stable binding with DNA and
according to Deductive Estimation of Risk from Hixig Knowledge (DEREK), it does not
present a risk of chromosomal damage or mutaggri€ier and Kirkland, 2013).

The glyphosate molecule can exist in different ¢ostates in aqueous solution
depending on the pH, whose dissociation constaital, pKa2, pKa3 and pKa4 are 2.0,
2.6, 5.6, and 10.6, respectively (Stalikas and Hanj 2001). In plants, studies with
[*“C]glyphosate have shown a fast capacity to be absofollowing application through
leaves and stem surfaces (Duke and Powles, 200kw&od et al., 2000), thus, it is
translocated from the leaf via the phloem to thmesdissues that are metabolic rich in
sucrose. Afterward, it concentrates on the meridiesne (Franz et al., 1997).

According to EPA, the glyphosate molecule is rekl{i stable to chemical and
photo decomposition (U.S. EPA, 1993). On heatihgecomposes producing toxic fumes
that include nitrogen oxides and phosphorus ox{tlRC, 2017). In soil and water, the
main route for their degradation is soil microlaation, where is metabolized by two major

pathways, one of them by a glyphosate oxidoredactathat generates
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aminomethylphosphonic acid (AMPA) and glyoxylateuke, 2011). Another but minor
pathway of degradation, is via conversion to glgdionly by Pseudomonas sp. Strain LBr)
(Jacob et al.,, 1988). Furthermore, abiotic factush as ultraviolet radiation, peroxide
oxidation, and mineral oxidation constitute thedhinode of glyphosate degradation in the
environment (Duke, 2011). Thus, in soil, the hd#d-bf glyphosate ranges between 2 and
197 days, where the soil type and climate condstialso determine their persistence. In
water, the median half-life varies from a few to @ys (Tomlin C., 2006). It has been
described that glyphosate has a low vapor pregsurex 10° Pa at 25 °C), implying that
the volatilization of soils is not an importantoof dissipation (U.S. EPA, 1993).

The mechanism by which glyphosate kills plants bacteria is through the binding
and inhibition of the activity of the enzyme enolpiylshikimate-3-phosphate synthase
(EPSPS). The EPSPS enzyme acts at the beginnithg shikimic acid pathway, essential
for the synthesis of aromatic amino acids, hormoaed many other important plant
metabolites in algae, higher plants, bacteria,fandi (Maeda and Dudareva, 2012). Given
the absence of the shikimic acid pathway in ani&aBSP synthase is a suitable target for
the development of antimicrobial agents againstdret, parasitical, and fungal pathogens.

Glyphosate is recognized to have low toxicity innftarget species, including
humans, since it is not metabolized and it is @edrenainly unchanged through the urine.
(Williams et al., 2000). However, analysis of serfisom glyphosate-poisoned patients and
urine analysis of occupationally exposed workeesjehbeen found trace levels of AMPA
that could be hypothesized to come from the prodtigut microbial metabolism (Conrad
et al.,, 2017; Zhang et al., 2020). Furthermoreg@emt research on mice, concluded that
glyphosate can also be metabolized in high conatats in liver cells, producing reactive

metabolites, such as glyoxylate, that lead to seweetabolic defects (Ford et al., 2017).
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Thus, the current available data suggest that giyate metabolism in humans is minimal
and may be driven primarily by intestinal bacteara possibly by liver cells to produce
AMPA.
3.1. Human Exposure

Long-term use of glyphosate worldwide has led ®ng the human exposure,
mainly through contaminated food consumption (Myetsal.,, 2016). The presence of
glyphosate in food is due to the high thermal $itgbof its molecule, which elicit their
accumulation in crops and thus their easy trarnsfgrlant-based foods (Narimani and Da
Silva, 2020) (Gillezeau et al., 2019). Taking thit account, the Food and Agriculture
Organization of the United Nations (FAO) in 200dgulated the amount of glyphosate that
can be consumed daily without an appreciable heskhsetting an acceptable daily intake
(ADI) at 1 mg/kg of body weight (bw) (WHO/FAO, 2004 he Joint FAO/ WHO Meeting
on Pesticide Residues (JMPR) in 2016 reaffirmed talue for glyphosate and its
metabolites concluding that was not necessarytabksh an acute reference dose (ARfD)
given the low glyphosate toxicity (FAO & WHO, 2016furthermore, the maximum
residue limits (MRL) were stablished in the differ&inds of foods, which ranged between
0.025-2 mg/kg for the majority of vegetables, hoarefor some grains and oils MRL is
above 30 mg/kg (Agostini et al., 2020; FAO/WHO, @D10n the other hand, the EFSA in
2015 recommend that the ADI and ARfD for glyphosate its metabolites be 0.5 mg/kg
bw/day, while the acceptable operator exposure I @EL) must be 0.1 mg/kg bw/day
(EFSA, 2015).

In order to assess whether the population couldexmosed to the acceptable
glyphosate levels stated by FAO and EFSA, seveisgarchers in the last decades have

directed their efforts to determine the concertragiof glyphosate in various types of food.
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A study from Argentina carried out on soybean @amported that glyphosate residues
ranged from 1.9 to 4.4 mg/kg in leaves and stenmilevin grains from 0.1 to 1.8 mg/kg,
which are below the currently acceptable limitsabbshed by regulatory entities (Arregui
et al., 2004). Most recent studies, recapitulateddetection of high levels of glyphosate
residues in soy-based products. In Brazil for imsta glyphosate was detected with an
arithmetic mean (MA) of 0.19 mg/kg, ranging fron@®.mg/kg to 1.08 mg/kg and AMPA
with an AM of 0.05 mg/kg in a range from 0.02 mgtkg0.17 mg/kg (Rodrigues and de
Souza, 2018). In another study from Switzerlandeals such as wheat and pulses were
analyzed among others, with resulting values 08 @dd 0.17 mg/kg respectively (Zoller et
al., 2018). Honey samples from the USA also shoglgphosate detection, where 27% of
the samples had values above the limit of quaatibo, with a mean of 118 ppb (Berg et
al., 2018).

Although it is common to find studies reporting mgwysate detection in the
literature, the values are mainly below acceptéibtés and reveal almost no detection in
milk, meat or fish, suggesting that the main roatelsuman exposure are plant foods rather
than those of animal origin. However, despite tletedtion levels are below of the
regulatory doses recommended by the FAO / EFSAcamaot rule out that the use of strict
vegetarian diets with contaminated food that mawlten a potential risk to human health.

It is known that food is the main active sourcdoman consumption of glyphosate
and its detection in different spheres of the emment has generated concern about the
possible risks of a reiterative human expositioryékd et al., 2016). In fact, numerous
environmental analysis suggest that glyphosatectieteis highly frequent in ground and
surface water with a median concentration rangmgf0.03 to 1.4ug/L (Poiger et al.,

2017; Rendon-Von Osten and Dzul-Caamal, 2017; 8trug al., 2015). Regarding
9
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atmospheric pollution, a recent study made withsamples taken from Provence-Alpes-
Cote-d’Azur region, France, reported glyphosateelewith a 7% of detection frequency,
ranging from 0% to 23% in the different locatiomablzed and a maximum concentration
of 1.04 ng/m (Ravier et al., 2019). Another study from Brazdported high glyphosate
levels in all air samples evaluated, with valuesvieen 0.002 and 0.144g/m® (mean of
0.055pg/m’) in rural zones, while in urban zones ranged fBA09 to 2.57Gg/m’ (mean

of 1.006ug/m®) (Maria et al., 2019). Therefore, these recenbmspfrom environmental
sources demonstrate the presence of glyphosateeibibsphere that also contribute to
human exposure along with food.

Urinary levels of glyphosate metabolites are marlggnerally used to assess the
degree of both occupational and non-occupationabgxre. In according with Williams et
al., 2016 the prevalence rate and mean concemirati glyphosate in human urine
increased notably between 1993 and 2016 from 0DA600.001 mgkg BW?' d*. A
revision of different recent studies based on ct#i@ samples from people non-
ocupationally exposed, demonstrated high variationthe detection frequency and
concentration of glyphosate. The highest frequenwaiere reported in a recent study from
Denmark that reported 100% detection of glyphosaie¢ AMPA in a population of 13
mothers and 14 children, with a mean of 1\ gL (range: 0.49-3.22) in mothers, whilst in
Children a mean of 1.96g/L (range: 0.85-3.31) (Knudsen et al., 2017).rdother study
recently published, glyphosate was detected ineuseimples in the 92.5% of the cases of
healthy lactating women from USA (mean: 0.28 + Ou88L, with AMPA following the
same pattern. However, in the breast milk samgigshgsate was not detected (Mcguire et
al., 2016). On the other hand, in 50 healthy adutts) Ireland, glyphosate was detected in

10 cases (20%), with a median concentration of Q@ in a range from 0.80 to 1.35
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ug/L (Connolly et al., 2018)

In summary, glyphosate is present in the enviroriraed the general population is
exposed to it through several pathways, mainly ¢besumption of plant-based food.
Although the frequency of detection and concerdgretifound from non-occupationally
exposed population shows high variability betwetedies, the current trend towards a high
degree of exposure suggests that a review of tlmoceime disrupting properties of
glyphosate is needed.

4. Endocrine-disrupting chemicals

The endocrine disruptor chemicals (EDCs) (Damstral.e 2002; Strauss and Williams,
2009) were reported for the first time in the 90Uben a series of publications suggested
that some chemical commonly used in pesticidesnetiss, detergents, and even in toys,
could have the capacity to disrupt the connectietwben hormones and their receptors
(Lear et al., 1997). At present, the best-known ED€lude pharmaceuticals compounds,
industrial solvents, plastics, and pesticides. Addally, some natural compounds
commonly consumed from vegetables, as phytoestsogam also act as EDCs (Kuiper et
al., 1998).

Regarding glyphosate, several authors have tried approximately 30 years to evaluate
its role as EDC using vitro, in vivo,and epidemiological approaches. However, despite
the evidence shown below, there is not a consealast the hazard implications in the
human endocrine system.

Given the lack of a systematic method to integddta to help to identify EDC
hazards, recently it has been recognized ten foumaliproperties of agents that alter
hormone action (La Merrill et al., 2020). These lamewn as the “key characteristics (KCs)

of EDCs”, which provide a structure for searchimgl @rganizing the relevant literature on
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mechanistic information in support of an evaluatdbran EDC. According to La Merrill et
al (2020), the KCs comprise heterogeneous featofdsSDCs related to their ability to
interfere with regulatory process in the hormonaygiology. The first KC states that an
EDC caninteract with or activate hormone receptpghich include to those compounds
that, either through a direct binding or mediatgdatsecond messenger, can associate with
and/or turn on the hormone receptors, leadingstmappropriate activity. Thus, substances
that act like "hormone mimics" could be consideasdan EDC by this mechanism (Lee et
al., 2013). Nevertheless, it has been described EEB@t, through similar interaction
mechanisms, lead to opposite effects (Tabb and Bdugy 2006). In this case, they have
been grouped into a second KC, namandtdgonization of hormone receptar3hereby,
compounds that block the hormone effects by a tecepediated way can be considered
to possess this KC of EDCs.

Other common feature of some EDCs is the capagitidrupt the receptarontent
in endocrine cells (Lee et al., 2013), which isaliéed in a third KC*EDCs can alters
hormone receptor expressionGiven that hormone receptor level as well apitalization
are key to define the hormone activity, and anypoumd that change these properties will
produce severe defects in the hormonal physioldgyn{im et al., 2002). Hence, this
characteristic involves those substances that cadulate the abundance of hormonal
receptors through a transcription-mediated mechang by altering their cellular
localization. On the other hand, EDCs can not a@xgrt their action through hormone
receptors, but can also affect their signaling (eeal., 2013), which has been grouped into
a fourth KC that stateSEDCs can alter signal transduction in hormone-resgive cells’
Among the most important events altered by EDC#is context are the interruption of

interactions with co-regulatory factors such asvatdrs and repressors, post-translational
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modifications, the activity of second messengexd emzymes. Thus, the change in any of
these events can lead to a remodeling in signasdiaction with a consequent activation or
attenuation of molecular pathways in endocrinescell

Epigenetic modifications also were included as mmon feature of some EDCs.
Thus, KC5 states’EDCs induce epigenetic modifications in hormonegicing or
hormone-responsive cells’In according with Plunk and Richards (2020), EDfas be
exerts its effects in hormone-sensitive cells oodpcer cells by three epigenetic
mechanisms, such as: chromatin modifications, DN&thylation, and expression of non-
coding RNA. Thereby, substances that lead to tikbsmges in endocrine cells could be
considered EDC by this mechanism.

Another mechanism usually found in some EDCs isabiity to alter hormone
synthesigLee et al., 2013). In fact, some pesticides haeeproperty of causing hormonal
imbalances by altering intracellular transport, rafing vesicular dynamics or cell
secretion. Thus substances that induce disrupticim@ése processes satisfy the sixth KC
and can be considered as EDC. Additionally to themione synthesis, some EDCHtér
hormone transport across cell membraneBhis seventh KC take into account some EDC
that can disrupt the movement of hormones throbghmtembrane altering the intracellular
transport, vesicle dynamics or cellular secretiitigr-Pazos et al., 2017).

Others EDCs have shown the propertyatber hormone distribution or circulating
levels of hormonéswhich have been grouped as an eighth KC. Thenbaoe levels are
finely regulated by synthesis and release progesise endocrine cells (Hiller-Sturmhdofel
and Bartke, 1998). However, some EDC can inducagi its plasma levels through the
change of blood protein levels or its binding cédfya@ore et al., 2015). These defects can

induce “alterations in hormone metabolism or clearancéKC9). Circulating hormones
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are removed from the blood by different mechanissmgh as metabolic processing,
binding with tissues, and excretion. Therefore, pounds with properties to alter any of
these processes are considered part of this KQisumally recognized as EDC (Gore et al.,
2015).

Finally, the last KC established by Le Merril et. (2020) are the phenotypic
changes induced by some EDCs, thus KC10 st4XCs can alter the fate of hormone-
producing or hormone-responsive cells’In this case, disrupting or promoting
differentiation, proliferation, migration or celledth during development and adulthood
constitute the main evidence of this characteristibich have been observed by some
pesticides (Strong et al., 2015; Zhou et al., 2016)

Although these KCs are common features among sddi@sknd are a well way to
represent the categories for organizing mechanesticence, their use to classify a
compound as an EDC should be associated and compledh with other evidences,
including epidemiological data and experimentalrapphes (La Merrill et al., 2020).

5. Glyphosate: Perspectives from the ten key characteristics of an EDC

5.1 It interactswith or activates hormone receptors

Since all hormones can bind to specific receptarsy interaction of environmental
substances or xenobiotics that disrupt the actieftghese receptors can lead to negative
effects of the endocrine function (Diamanti-Kandsaet al., 2009). Different mechanisms
of interaction and alteration of hormonal receptoy€DCs have been described: some can
mimic the interaction between endogenous hormomek callular receptors stimulating
their activity (i.e., receptor agonism), and otheass lead to inhibition of the formation of

receptor—-hormone complexes (i.e., receptor antagyniEvans, 2011).
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The majority of the receptors that are targetedBBCs are nuclear hormone
receptors (NHRs) (Combarnous Yves, 2019). Thespters are part of a family of ligand-
regulated transcription factors, and are activdigdsteroid hormones, such as estrogen,
progesterone, and various other lipid-soluble dggnm@nce are activated these can induce
long-term effects in their target cells. NHR famihclude the androgen receptor (AR),
glucocorticoid receptor (GR), progesterone receff®®t), mineralcorticoid receptor (MR),
estrogen receptor (ER)and ER (Sever and Glass, 2013). On the other hand, ER@s c
also disturb hormone membrane receptors, eliciiggmaling pathways and short-term
acute responses (Diamanti-Kandarakis et al., 2008 of the best-known EDC that
interacts with hormone receptors is Bisphenol AABR compound found in many hard
plastics and hygiene products, which has a highisfffor ERa eliciting its activity even
at very low concentrations (Calaf et al., 2020; éfal., 2018).

Throughout the last 20 years, several reports hewaduated the capacity of
glyphosate to interact with hormone receptors, ganith ERa, ER3 and AR. Kojima et
al. (2004), evaluated estrogenic and androgenicies in 200 pesticides, using a reporter
gene assay in Chinese hamster ovary cells (CH®)adleloped by the same group above
(Kojima et al., 2003). The results for glyphosabt®wed neither agonist nor antagonist
activity, in the range of concentrations from®fb 10° M. Three years later, through a
DNA microarray and confirmation by g-RT-PCR, it wdemonstrated that MCF7 cells
treated with glyphosate at 0.00023% induces arratibem of estrogen-regulated gene
expression at 18 h (Hokanson et al., 2007). Thesefopening the hypothesis that
glyphosate could act as an EDC in human cellsutiira molecular mechanism that would

induce an inappropriate ER activation.
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A subsequent analysis using gene reporter asdagwed that glyphosate does not
affect the ER neither ERB, but disrupt AR transcriptional activity in a rangf non-toxic
concentration at 24 h of exposition (Gasnier et28109). In this study, were also assessed
four Roundup® formulations which induced an antr@&genic activity on ER, ERB and
AR. (Gasnier et al., 2009). These results were let@luated by Thongprakaisang et al.
(2013), who through reporter assays, demonstratat glyphosate at 1 mM induces
estrogenic activity in a breast cancer cell line41D). Further, this effect was blocked by
the ER antagonist ICI182780, suggesting the pdagilthat glyphosate behaves like a
xenoestrogen. However, in the wide range of E2 eomation from 1087 to 10° M,
glyphosate behaved as an ER antagonist (Thongpeaigiet al., 2013). Finally, Mesnage
et al. (2017), using the similar cell models andobust set of additional experiments,
demonstrated that glyphosate but no other compsnergsent in GBH, induces ER
activation at high concentrations (1X1@/mL) in T47D cells under exposure for 24 h.

It is quite interesting to note that although glgpate is a simple molecule with low
molecular weight, it is capable of activate &€RThe molecular mechanism of this
activation is still unknown, but different hypotlesscan be approached from a biochemical
perspective: Structurally, the ERis composed of different functional domains with
specific roles. The ligand-binding domain (LBD),ashormone-binding pocket composed
by 11 a-helices, that maintains a sizeable ligand-bindiagity at the narrower end of the
domain. In addition, this LBD grants a high hydroptt environment (Kumar et al., 2011).
In this cavity, some glutamine and arginine resgdaee critical, because allow hydrogen
bonds formation with hydroxyl groups at positionaid 13 of E2, promoting a proper

targeting. Therefore, hydroxyl groups in ligandsl d&rydrophobic interactions at this site
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seem key for binding and recognition (Brzozowskiakt 1997). Although the most
effective ER-ligands possess a phenolic hydroxgupr it has been described also a
binding with not phenolic compounds. Additionallgpolecules that contain hydroxyl
groups separated by a rigid hydrophobic bindingorecgare susceptible to interaction
(Ascenzi et al., 2006). The dynamic of glyphosakeiBteractions assessed by Mesnage et
al., (2017) predicts an unstable interaction (-&&@l /mol), much lower than expected for
estradiol (-34.88 kcal/mol) or Bisphenol A (-23 KZal/mol) suggesting that ER activation
does not involve a direct interaction within LBD ékhage et al., 2017). Thus, it is possible
that glyphosate can trigger signaling pathways repst ER, such as MAPK or PI3K-
MTOR, by an independent-ligand mechanism. LikewiselJular processes such as
apoptosis or proliferation, induced by glyphosateé @ctivate ER pathways indirectly.
However, these hypotheses have not been proved yet.

In summary, the current evidence indicates thaplgbgate can favor hormonal
receptor activity, particularly ER by stimulating their transcriptional activation dan
therefore promoting phenotype changes in breadt lced models. Nevertheless, the
molecular mechanism of interaction is unknown.

5.2 It antagonizes hor monereceptors.

Some pesticides, such as dichlorodiphenyltrichlibraee (DDT), inhibit hormonal activity
by blocking the receptor, inhibiting their functi@md contributing to impaired hormonal
feedback (Lemaire et al., 2004). Regarding glyptegshere is no evidence associated with
the antagonistic capacity of hormonal receptors.

5.3 It alters hormone receptor expression.
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Hormone receptor expression is important as wethashormone itself, since its
localization and abundance determine the magnitiideormone activity and the cellular
response. The disruption of hormone-receptor esmespattern is a typical feature of
EDCs. Although, no all EDCs show this charactegjsiti is broadly seen in the animal-
models subjects (Diamanti-Kandarakis et al., 2009)

In this context, to evaluate the glyphosate efféct,vitro studies have been
conducted in different cell line models. Thongpia&ag et al., (2013) determined the
effect of glyphosate on ER expression levels in &iforeast cancer cell lines. Such results
showed that glyphosate at a wide range of condéme(1x10 to 1x10*2M) altered the
levels of ERv and ER proteins after 6 h of exposure in a concentratiependent manner,
while at 24 h of exposure only ERshowed a significant induction at the highest
glyphosate concentration (Thongprakaisang et 8132 Another study, but in primary
Leydig cells, reported no changes in AR eitherrBEIRNA levels after 24 h of exposition of
glyphosate at different percentage of dilutionsl(I’xto 1x10%) (Clair et al., 2012).

Analysis in vivo has been an important tool for evaluating hormoeeeptor
disruption caused by glyphosate exposure. In matiyese it has been observed altered the
ER levels, either in pre or postnatal exposuregaflamo et al., 2016). In 2017 a study
analyzed the effect of 2 mg/kg bw of GBH injectetbcutaneously every 48 h, on the
expression of proteins involved in uterine orgamigeifferentiation of neonatal rats.
Results described induction of Efh the subepithelial stroma on a postnatal daypP8|
and a down-regulation in the luminal epithelialleaf GBH-exposed animals on PND21
(Guerrero et al., 2017). On the other hand, it stba notable increase in the progesterone

receptor (PR) expression in both, the luminal epitim and the stromal compartments
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(Guerrero et al., 2017). These results were simlanother study that found an increase in
ERa expression at PND60 in GBH-exposed Wistar make watler the same conditions (2
mg/kg, every 48 h) (Altamirano et al., 2018).

Afterward, the same group evaluated the effectpasinatally GBH exposition in
female rats during the preimplantation period. @ht¢hors found that a dose of 350 mg of
glyphosate/kg bw/day provided through fed, indud¢ks increasing of E®R mRNA
expression in the uterus, relative to control geo(iprenz et al., 2019). In contrast, another
similar analysis reported a decreased expressi@Roand PR levels in the uterine glands
of neonatal rats after GBH exposuren{@/kg/day of glyphosate) on PND 1, 3, 5 and 7
(Ingaramo et al., 2016).

Taken together, these results demonstrated anualemie of glyphosate in ER
expression disruption; however, furtharvitro andin vivo studies using pure glyphosate
are needed to provide more physiological relevaittemce.

5.4 1t alterssignal transduction in hor mone-responsive cells

Many EDCs interplay with endocrine regulations tigl factors that mediate responses of
a receptor (Combarnous and Diep, 2019). This l¢adnodifying the signaling pathway
but without a direct interaction with the hormonateptor.

Currently, there is little evidence on the implioas of glyphosate in altering intracellular
signaling pathways in hormone-responsive cells. st important findings are on ER
positive cholangiocarcinoma cells, whose acute sitjpo of glyphosate at low
concentrations (1x10to 1x10" M) induces ER/ERK1/2 signaling pathway and alters the
expression levels of several proteins, such as ER&lin D1 and cyclin A (Sritana et al.,
2018). Similarly, in cancer breast cell lines, iasvshowed a deregulation of eleven

canonical pathways after 48-hour exposure with G&HL.1 mM glyphosate (0.05%),
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mainly in pathways related to cycle and DNA damsegeir. Additionally, it also induced
the expression of proliferative signaling-relatedtpins including ER, VEGFR2, pERK,
PI13K(p85), and PCNA (Stur et al., 2019).

On the other hand, in Sertoli cells from prepubledts, treatments at 0.036 g/L of
glyphosate or GBH (36 ppm) for 30 min, were asgediavith a significant disruption of
Cd" homeostasis and an activation of multiple strespanse pathways that led to Sertoli
cell death disruption. Although, it is important note that in this case the effects were
study to explore the molecular mechanisms undeglyacute glyphosate toxicity, the
concentrations used (10 times more dilute thanmesended for herbicide action) were
highly toxic (De Liz Oliveira et al., 2013).

5.5 It induces epigenetic modifications in hormone producing or hor mone-responsive
cells

Epigenetic means genetic regulation by factorseckfiit from the DNA sequence of an
organism (Samanta et al., 2017). Thus, epigenbaoges are characterized as "any long-
term gene function change that persists even whiemttial trigger is long gone and does
not imply a change in the gene sequence or steici#lavian-Ghavanini and Rlegg,
2018). In other words, epigenetics can switch gemesr off and determine which proteins
are transcribed. Many types of epigenetic processe® been identified, they include
methylation, acetylation, phosphorylation, ubiglatyon, and sumolyation (Weinhold,
2006).

A long time ago, a hypothesis emerged suggestiaj sbme EDCs can induce
epigenetic changes (Rakitsky et al., 2000). Culyerthese effects have been well
documented, where BPA and DES are some examplem(Bhal., 2014). However, the

exact mechanisms by which they interfere with epégie marks are not fully understood.
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Evidence suggests that glyphosate could be assdaith epigenetic modifications
in hormone-producing cells. In the non-neoplasteabt epithelial MCF-10A cells, it was
found that treatments with low dose ¢40M) every three to four days over 21 days,
promoted a global DNA hypomethylation through tégwen translocations (TET) enzymes
(Duforestel et al., 2019). Interestingly, the aughof this study also demonstrated that
glyphosate treatment may predispose breast cellsurterigenesis through epigenetic
reprogramming. With the same purpose, another teforenz et al., 2019) evaluated
whether pregnant Wistar rats orally exposed to GB5D mg of glyphosate/kg bw/day)
from GD9 until the end of weaning (on lactationalydLD) 21), imprint uterine epigenetic
modifications during the preimplantation stage. Tésults showed a long-term epigenetic
disruption in one of the five ERpromoters, (O promoter), specifically a markedrdase
in DNA methylation, as well as an increase in histdH4 acetylation and histone H3
methylation. Consequently, all these epigeneticngba induced to an increase in cER
MRNA expression and possibly to implantation faki{Lorenz et al., 2019). In the same
way, a different report evaluated the effects ofeli@omental exposure to GBH (3,7 and
352 glyphosate mg/kg bw/day) on mammary gland dnoawvid development in pre- and
post-pubertal male Wistar rats. The results revehipermethylation of the CpG islands of
ERa promoters, which was associated with lower ESRdression. The authors sustained
that this epigenetic disturbance could be dueéanblecular mechanism behind the altered
mammary gland development observed after GBH expd§iomez et al., 2019).

The epigenetic changes induced by glyphosate obdans/hormone-producing or
hormone-responsive cells were reported not onldilct exposure but also through trans

generational assays. In recent work, pregnant 8pradgawley rats (FO generation)
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transiently exposed to 2bg/kg bw/day of glyphosate, during days 8 to 14gestation,
producing negligible impacts on the directly exmbde0 or F1 generation offspring
(Kubsad et al., 2019). In contrast, dramatic insesain pathologies in the F2 and F3 were
observed. Additionally, sperm from F1, F2, and F&evfound to have differential DNA
methylation regions (DMRS) in genes or promotesoeamted with transcription, signaling,
metabolism, receptors, and cytokines (Kubsad et28119). Therefore, according to this
work, glyphosate appears to have a low risk foeaiexposure but promotes generational
epigenetic changes.

Noncoding RNAs (ncRNAs) play an important role fianscription regulation and
are sometimes considered an epigenetic mechanisstiAbal et al., 2019). One class of
noncoding RNAs are the microRNAs (miRNAs) which afeort <22 nucleotides in
length), single-stranded, RNAs that post-transiaijally control gene expression via either
translational repression or mRNA degradation (Galg 2009). A recent study assessed
the effects of GBH treatment on the miRNA expreassio prefrontal cortex from mouse
offspring. In this study the animals were subjedtedrally exposure to an equivalent of 50
mg of glyphosate/kg/day during pregnancy and lamtatThe results indicated that 53
miRNAs were differentially expressed, of which 1&re involved in brain development
and neurodevelopmental disorders. Therefore, thieoesl hypothesized that de-regulated
expression of miRNAs may be involved in the mechianiof glyphosate-induced
neurotoxicity (Ji et al., 2018).

On the other hand, another group that subjected & to drinking water
containing 0.38% glyphosate (1% Roundup®) from EDtd PND 7, it was found an
aberrant expression of circular RNAs (circRNASs) the hippocampus, suggesting its

potential role in glyphosate-induced neurotoxi¢ity et al., 2018). Although these studies
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are not directly implicated in hormone-producing lmrmone-responsive cells it is not
possible to assume that it is an endocrine disruggmonstration. Therefore, the possibility
that glyphosate can produce a similar effect thhonigRNAs on the neuronal development
is still open.

5.6 It alters hormone synthesis

Many molecules can exert an endocrine-disruptirigcef not only by directly interfering
with hormone receptors but also by affecting thelogenous enzymes that catalyze
hormone biosynthesis. Frequently, Such molecules sample and different in their
chemical structure from those of hormones sincg tltenot compete with hormones at the
receptor level (Combarnous Yves, 2019).

StAR protein plays a key role in the transfer oblesterol into the mitochondrial
membrane, which is needed for the initial stagesterfoid synthesis in the adrenal glands
and gonads (New et al., 2014). In 2000, a grougiglit pesticides was evaluated in regard
to their capacity for inducing alterations in stdrthormones biosynthesis. The results
demonstrated that Roundup® treatment for 2h apu@®L inhibited steroidogenesis by
disrupting StAR protein expression in tumor Leydal line (mouse). In the study, it was
also shown that Roundup® did not alter 3p-hydrossysti dehydrogenase (3P-HSD)
enzyme activity which converts pregnenolone to pstgrone (Walsh et al., 2000).
Surprisingly, it reduced cytochrome P450 side-cheleavage (P450scc) activity, the
enzyme that converts cholesterol to pregnenolonee Blyphosate did not alter steroid
production at any dose tested (0-100 g/mL) indngathat at least another component of
the formulation is required to disrupt steroidogasdWalsh et al., 2000). Subsequently,

these results were confirmed through vivo experiments in 2015, where a complex
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mechanism was reported in which the treatment abug0 mg /kg bw /day of Roundup®
for 14 days reduced the levels of endogenous adeoeticotropic hormone (ACTH) acting
on the hypothalamic adrenal pituitary (HPA) axisisTeffect led to a down regulation in
cyclic adenosine monophosphate StAR phosphorylatiependent of (CAMP)/PKA
pathway as well as a reduction in corticosteromet®sis in the adrenal tissue (Pandey and
Rudraiah, 2015).

In summary, this evidence suggests that Roundup®nbt glyphosate pure, can
alter the biosynthesis of the sexual hormonesthate processes mediating direct and
indirect mechanisms through enzyme inhibition,ralgethe HPA axis respectively.

The cytochrome P450 (CYP) is a superfamily of mxygenase enzymes highly
conserved and have a pivotal role in the clearavfc@arious compounds, including
hormone synthesis, metabolism and breakdown (Madia and Nagini, 2017); in
mammals, oxidize steroids, fatty acids, xenobiotiés study conducted in 1998
demonstrated that glyphosate inhibited CYP enzymeplants, particularly CYP71B1
(Lamb et al., 1998) through a mechanism of inhoitthat involve binding the nitrogen
group of glyphosate to the heme pocket in the eezyif€50 of 12uM). Later, similar
results were obtained in wheat CYP71C6v1 (Xianglet2005). Given these evidences in
plant CYP and accumulative reports about glyphostiget on estrogen signaling, it could
be speculated that the herbicide may exert a daetwdn on CYP aromatase, the enzyme
responsible for estrogen synthesis. Interestingly,005 a study observed that glyphosate
acted as a disruptor of mammalian aromatase agtlwt interacting with the active site of
the purified enzyme in concentrations 100 timeselo{®.036 g/L) than the recommended

in agriculture (3.6 g/L). Additionally, the effectsf glyphosate were facilitated by the
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Roundup® formulation (Richard et al., 2005). Thepart was the first evidence that
demonstrated the direct effects of glyphosate asnaecule, upon the hormonal
biosynthesis by inhibiting an enzyme. A few yeatel, the same group confirmed the
aromatase disruption by Roundup from 0.01% (wit@ ¥ glyphosate) for 24 h, but now
using human microsomes derived from placental @ild human embryonic kidney cells
(293). Interestingly, the authors observed thatmatase inhibition was in a temperature-
dependent manner (Benachour et al., 2007). Simpjl&@asnier et al. (2009), observed that
various glyphosate formulations, including Roundug@terrupt aromatase activity in
human liver HepG2 cells from 10 ppm (nontoxic concation). In primary Leydig cells
exposed at the same concentration, significaneas®s in aromatase mRNA levels were
observed after glyphosate treatment (Clair efall2).

Currently, accumulative evidence in an animal maslelaiming that glyphosate is
associated with reproductive inefficiency, inclugliembryo loss, uterus development and
birth defects (Ren et al., 2018). Thus, these adveffects occurring in the pregnancy
period may have their basis in the dysfunctionroigpsterone or estrogens biosynthesis. In
summary, glyphosate and Roundup® have adversetefdecsteroid hormone production
and the mechanism might be through affecting ddffier proteins involved in the
biosynthesis, among them, StAR, CYP aromatase dB@dec.

5.7 It alters hormone transport across cell membranes

Lipid-derived hormones, such as steroid hormonegrate through the phospholipid
bilayer membranes of the endocrine cell. At thgedtrcell, these hormones are released
from the transport protein and diffuse across thil Ibilayer. Other types of hormones

(such as amine, peptide, protein and thyroid hoeapare not lipid-derived, therefore they
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cannot diffuse through the plasma membrane andedeased through vesicles from the
endocrine cell. These hormones bind to specifieptwrs on the outer surface of the
plasma membrane, resulting in activation of a digggpathway in the target cell and any
of these transport mechanisms can be altered bysEDi@manti-Kandarakis et al., 2009).
Although, it does not exist direct evidence relat@dhormone transport disruption
across cell membranes by glyphosate, a study detednwhether GBH disrupt the
hypothalamic-pituitary-thyroid (HPT) axis, revedgim@n indirect mechanism (de Souza et
al., 2017). Basically, the authors exposed femalegmant Wistar rats to a solution
containing Roundup® diluted in water in doses @l 50 mg/kg bw/day from GD18 to
PND5. Subsequently, male offspring were euthanad@ND 90, where blood and tissues
samples from the hypothalamus, pituitary, liverd dreart were collected for hormonal
evaluation and mRNA analyses of genes related ywitth hormone (TH) function. Such
results revealed a disruption in the HPT drivivo and a reduction in the expression of
genes encoding thyroid hormones transporters, aadhe Slcl6a2 gene (that codifies to
monocarboxylate transporter 8, mct8) and Slcoldiat (tcodifies to organic anion
transporterl C1, Oatplcl) in the hypothalamus.lgh, no significant difference in TH,
T3, and T4 levels was detected, the disorderedessmn of Slcl6a2 may reduce TH
uptake in hypothalamic cells, explaining at leastpiart, the disruption of HPT axis
observed in these animals (de Souza et al., 2&V/én though, this article does not show a
direct role of glyphosate for disrupting the horraamansport, neither a mechanism at a
molecular level, it establishes a correlation betw&BH exposure and the decrease of
hormone transporters, explaining the reduction kg hormal functions in hormone-

dependent cells leading to serious endocrine déssrd
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The Figure 1 shows the effects of glyphosate asdddrivatives on different
hormone-producing or hormone-sensitive cells. Irmmary, glyphosate can favor
hormonal receptor activity (1), particularly ERstimulating their transcriptional activation
(Hokanson et al., 2007; Mesnage et al., 2017; Thai@isang et al., 2013); (2) disrupting
the levels of ER and ER proteins levels (Altamirano et al., 2018; Guerretal., 2017,
Lorenz et al., 2019; Thongprakaisang et al., 20ih8lucing ER/ERK1/2 signaling pathway
in cholangiocarcinoma cells (Sritana et al., 20i®)regulating canonical pathways in
cancer breast cell lines (Stur et al., 2019), gisng C&" homeostasis in Sertoli cells (De
Liz Oliveira et al., 2013) (3); promoting a glodaNA hypomethylation in normal breast
cell lines (Duforestel et al.,, 2019) (4); exertiaglverse effects on steroid hormone
production, specifically, acting as a disruptor mammalian CYP aromatase activity
(Richard et al., 2005) and CYP P450 side-chainvelga (Walsh et al., 2000) (5) and
altering thyroid hormones transport across cell brames through a reduction in the
expression of hormones transporters, such as mct&kolc in hypothalamic (de Souza
et al., 2017) (6).

5.8 It alters hormone distribution or circulating levels of hor mones

Once outside the cell, some hormones as lipid-ddrivormones bind to carrier proteins
that keep them soluble in the bloodstream. Howegweptide hormones, due to their high
polarity can be soluble and freely transported he serum. Some EDCs, such as
Diethylstilbestrol (DES) or Bisphenol A (BPA) hawkemonstrated to modify hormone
levels such as testosterone and Sex Hormone BinGiofpulin (SHBG), respectively
leading to severe endocrine dysregulations (Goed.eP015; Kitahara et al., 1999; Zhang

et al., 2016; Zhou et al., 2013),
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Given that sexual development is modulated by hasa@and consequently highly
sensitive to exogenous substances as EDCs, stiohes glyphosate and their relationship
with hormone levels are done with rats exposedngulate gestational and early postnatal
days. The fetal period is a critical stage of séxXygothalamic differentiation since high
aromatase levels direct the conversion of circogpatestosterone into estradiol, determining
the gender and behavior in adults (Bakker et 8022 Romano et al., 2012).

The results of the studies on glyphosate and itatioeship with hormone
distribution vary depending on several factorshie éxperimental settings that include the
stage of exposure (pre or postnatal), doses adnaitéd, time of exposure, GBH type and
administration (oral, subcutaneously). For examphe,male Wistar rats treated with
Roundup (450 mg/kg glyphosate) during pregnancy-Z31days) and lactation (21 days), it
was observed a decrease in the serum testostenelaat puberty (Dallegrave et al., 2007).
Similarly another group (Romano et al., 2010) dest@ted a substantial reduction in
serum testosterone concentrations and shifts tictés morphology of male Wistar rats
treated with different Roundup® dilutions, rangifigm 5 to 250 mg/kg, during the pre-
pubertal period. In contrast, under gestationalenma glyphosate exposure, the male
offspring showed an increase in estradiol and séstone serum concentrations at PND 60.

Another similar study showed markedly altered sercomcentrations of both
progesterone and estrogens orally administered putle glyphosate solution 0.5% and
GBH at 0.5%. during 19 days in pregnant mice. Spadly, the mice presented diminished
serum progesterone and elevated serum estrogeerntositon along with changes in the
expression of GnRH, LHR, FSHRB-3HSD and Cypl9al genes at the hypothalamic-
pituitary-ovarian axis (Ren et al., 2018). On thieeo hand, no effects were observed in 17

beta-estradiol (E2) and testosterone serum levelsaadrogen receptor expression in both
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PND21 and PNDG60 in Wistar male rats injected subeusly every 48 with 2 mg
GBH/kg bw from PND 1 to PND7 (Altamirano et al.,18). The same results were
observed when glyphosate was given continuoustioaes of 5, 50, 500 mg/kg during 5
weeks by lavage in sexually mature (56-day-old)a§pe-Dawley (SD) rats (Dai et al.,
2016).

On the other hand, glyphosate and its formulati®aundup® were reported to
decrease testosterone hormone secretion into theecmedium after 24 h of exposure at
non-cytotoxic concentrations (1xf@o 1x10? of percentage of dilution) in primary Leydig
cells (Clair et al., 2012). However, in a murgedl model (BLTK1 cells) that expresses all
the necessary enzymes required for testosterosgrileesis and metabolism, glyphosate at
300uM after 4 h did not affect the testosterone levelgygesting the lack of steroidogenic
effects (Forgacs et al., 2012).

One of the most recent studies at large scale waducted by the Ramazzini
Institute, where SD rats were subjected to GBHIyprmiiministered for 13 weeks at 1.75
mg/kg bw/day, the acceptable daily intake defingdhe US EPA (Mao et al., 2018). The
main result showed that after glyphosate expoduwe) the prenatal period to adulthood,
there was no a statistically significant increab&$H in plasma of male rats. However, it
was observed a marked and significant increaseoumn8up-treated males compared to
control. On the other hand, it was an increasetil testosterone levels in animals from the
13-week cohort compared to control as well as edtereproductive developmental
parameters in female offspring; particularly, amggno-like effects, including a statistically

significant increase of AGDs in both males and flesigMao et al., 2018). In summary,
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this study determined that GBH induced adversectffen hormone concentrations and
reproductive development.

Regarding GBH effects on thyroid hormones, a restmtly showed that female
Wistar rats sub-chronically exposed to two doseGBH equivalent to 126 and 315 mg of
Glyphosate/Kg had a decrease in free triiodothyrer{(FT3) and thyroxine (FT4), which
was associated with an increase of TSH in the @dswel. Additionally, the authors found
a decrease in levels of estrogen. All these horimatexations led to hypothyroidism and a
disruption in the skeletal bone in Wistar rats (Hiawui et al., 2020).

Taken together, all these differences in the figdioould have an explanation in the
experimental design used in each case; therefayee exhaustive epidemiological studies
that consider variables such as exposure timesdasds are required. In conclusion,
glyphosate and GBH are not harmless and can mtdfyi-ormone concentration in animal
models, therefore, it satisfies this "key charasterof EDCs".

5.9 It alters hormone metabolism or clearance

A fine controlled synthesis and release processlagss the hormonal concentration in the
blood. Hormones are eliminated from circulation tyferent pathways that include,
metabolic processing by the tissues, binding with tissues, and excretion (liver or
kidneys). All these mechanisms are referred totlas hormonal clearance”. Some EDCs,
like DES, have been shown to alter the hormonaralece (Troisi et al., 2018). Regarding
glyphosate, there is no evidence of its impact@amional metabolism or clearance.

5.10 It altersthefate of hormone-producing or hormone-responsive cells

Hormones regulate key cellular processes such @sepation, migration, apoptosis, and
differentiation. Thus, any external influence thalters these processes may have

consequences at the physiological level, elicitigjurbance in the development, growth
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and the usage and storage of energy among othmregst For instance, some EDCs such
as DES or BPA have shown effect on cellular difiéiegion, leading to severe injuries on
the development and growth (Markey et al., 2001adaket al., 2001).

Studies in vitro on hormone-producing or hormone-responsive celé&/eh
demonstrated direct effects of glyphosate mainlyelhproliferation (George and Shukla,
2013; Lin and Garry, 2000; Mesnage et al., 201itaa et al., 2018; Thongprakaisang et
al., 2013) and apoptosis (Benachour and Séral@92Clair et al., 2012; Li et al., 2013;
Stur et al., 2019). The first study revealed tHgplgosate can induce cell proliferation of
the MCF7 cell line in a range of TOM to 10* M, the same concentrations where it was
observed estrogenic effects, thus it was the éwvglence suggesting that glyphosate can act
as an EDC through a molecular mechanism involviRgdgtivity (Lin and Garry, 2000).
Similar results were confirmed afterward in theruseof ovariectomized adult rats, where
GBH at 50 mg/kg/day for 3 consecutive days altestsogen-dependent gene and protein
expression but without affecting the wet weighth# uterus (Varayoud et al., 2017). These
studies opened the way for further evaluation, sashwhether glyphosate can affect
during early developmental periods, like embryorietal, neonatal, childhood, and
puberty. Today, it is known that glyphosate, sggci@BH causes alterations during the
whole life of the exposed individual and sometirmests descendants.

The Ramazzini Institute revealed the results ofilat study aimed to evaluate
whether exposure to GBH at the dose of Ingfikg bw/day of glyphosate is considered to
be safe on the development and endocrine systeossadifferent life stages in SD rats.
The findings showed that GBH exposure induced emueceffects from prenatal to
adulthood and altered reproductive developmentamaters in male and female SD rats.

Specifically, inducing androgen-like effects, indilng a significant increase of anogenital
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distance (AGD) in both males and females, and aydef first estrous and increased
testosterone in females. In addition, the grougddhat commercial Roundup® Bioflow
formulation was more aggressive than pure glypleo@dto et al., 2018).

In the last century, the first toxicological repamt vivo on xenobiotics showed
sexual disorders exerted by glyphosate and othentsidides (Yousef et al., 1995). Later,
other studies analyzing maternal exposure duriregmancy and lactation in different
animal models showed that GBH disturbs several |dpugental and reproductivity
parameters in F1 offspring. Among them the studies demonstrated developmental
retardation of the fetal skeleton (Dallegrave et 2003), disruption in the skeletal bone
associated to an aspect of osteoporosis (Hamdaali, 2020), promotion of behavioral
changes (Romano et al., 2012), alteration in uwtediecidualization (Guerrero et al., 2017),
and the differentiation of the ovaries and uterutambs (Alarcon et al., 2019) as well as
post-implantation embryo loss (Guerrero et al., 701

In this sense, special attention is given to thdifigs in alterations produced in the
mammary gland of pre- and post-pubertal rats, whevas demonstrated that GBH-treated
groups exhibited greater development of male mammland such as, a higher number of
terminal end buds (Altamirano et al., 2018) andghdr percentage of hyperplastic ducts
(Zanardi et al., 2020). However, the rats showetess developed mammary gland,
accompanied by a lower proliferation index withatdoses (Gomez et al., 2019).

Zebrafish Danio rerig) serves as a useful model to study the effectrofsl on
early development via morphological, biomechantmshavioral and physiological areas
since they breed readily and their transparencylesahe visualization of fluorescently
labeled tissues (Roper and Tanguay, 2018). Thugralestudies on glyphosate and its

implications for development have been carried ont the zebrafish model. Some
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experiments have shown that exposure to glyphadidteno induce apparent changes in
general morphology of reproductive system (Armdiat al., 2014). On the other hand, the
fertilization rate did not change but oocytes digantly increased in diameter and reduced
egg production, affecting equally fish reproduct{@iven Webster et al., 2014). In another
study, it was determined a decreased ocular distdoc larvae zebrafish exposed at
0.5mg/L of glyphosate, as well as a significant amment in memory and a reduction in

aggressive behavior (Bridi et al., 2017). Likewiskee results of Zhang et al. (2017)

demonstrated a delay in the epiboly process aneceedse in body length, eye and head
area after glyphosate treatment at concentratigiehthan 10 mg/L (Zhang et al., 2017).

These results were corroborated by Sulukan et(2017) who showed that apoptosis

induced by glyphosate at 1 mg/mL during embryolatgeelopment, caused several types
of malformations including pericardial edema, yskc edema, spinal curvature and body
malformation in a dose-dependent manner (Sulukah,e£2017).

Finally, several studies on diverse animal modatshsas bovine, cows, pigs, and
lizards suggest associations between exposures Bbl @nd adverse outcomes in
development, pregnant and reproduction process.eMery such studies did not show a
direct relationship or a specific mechanism thapictes a specific role of glyphosate
(Canosa et al., 2019; Gigante et al., 2018; Mestes., 2020, 2019; Wrobel, 2018).

In summary, the evidence shows that exposure tohglsate or GBH in different
animal models at different stages of developmerissociated with several physiological
changes, especially in the mammary gland, reproductystem, and skeletal bone
formation, suggesting an active role of glyphosatealtering the fate of hormone-

producing or hormone-sensitive cells.
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TheFigure 2 presents the evidence on the effectsyphgisate and its derivatives in
in vivo models. In male rats, GBH lead to a reduction aticosterone synthesis in the
adrenal tissue (Pandey and Rudraiah, 2015), aadserin plasma TSH concentration from
the pituitary gland and a marked disruption of dssdrone levels (Mao et al., 2018;
Romano et al.,, 2010). Moreover, GBH exposure frtwa prenatal period to adulthood
altered reproductive developmental parameters, cindu a significant increase of
anogenital distance (AGD). In female rats, the GBkposure in distinct stages is
associated with increased testosterone levels, laf@vental retardation of the fetal
skeleton (Dallegrave et al., 2003), disrupting b&hral changes (Romano et al., 2012),
skeletal bone (Hamdaoui et al.,, 2020), uterine diedization (Guerrero et al., 2017),
differentiation of the ovaries and uterus in lami#darcon et al., 2019) and post-
implantation embryo loss (Guerrero et al., 2017).

6. Epidemiological perspective

Given the vast evidence that suggests that offgpsinpesticide appliers have increased
risks of reproductive disorders and birth anomali€arry et al., 1996, 1992, 1989;
Giwercman et al., 1993; Lipkowitz et al., 1992)marous epidemiological studies have
been addressed in order to know whether glyphosaests similar effects on these
physiological process. However, due to methodokdgisfficulty related to this type of
study, such as the need of quantitative results,ptucity of cases and accuracy in the
period of exposure lead to small number of usefpbrts to evaluate a direct implication of
glyphosate like EDC. Therefore, in the epidemiatagianalysis, were considered only
articles that include a thorough analysis of tHeat$ of glyphosate according to inclusion
criteria described by De Araujo et al. (2016). te@ding to them, only epidemiological

reports regarding reproductive or developmentaa$f that specifically come from GBH
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expositions were considered, excluding thus stuthes consider GBHs in conjunction
with other compounds.
6.1 Evidence on reproductive effects
The Ontario Farm Family Health Study (OFFHS) hasvigled valuable data from
retrospective studies to assess the potential sel\effects of commonly used pesticides on
pregnancy. In the first report published in 19%i& €anadian census of agriculture served
as the sampling frame for the selection of farntaisl the selection was based on residence
(on or near the farm), and whether the age of fempaltners was 44 years or younger at
the time of the interview. Male farm activities fino3 months before conception were
evaluated in relation to reproductivity parametersheir female couples, such as small-
gestational-age births, miscarriage and preterinetgl The results showed that among the
1.898 couples with complete data chemical actiwitiere not associated with miscarriage,
neither associations were found between farm chemand small-gestational-age births or
altered sex ratio (Savitz et al., 1997). Two ydatsr, the same group evaluated whether
exposure to 13 different pesticides, was associattdan altered fecundability and longer
time to pregnancy considering a universe of 2.%fptes. These results showed that 6 of
13 categories of pesticides that were evaluatedrignthem glyphosate) were associated
with a decrease in fecundability when women weigosgd to activities related to pesticide
use. Moreover, no apparent association among raptiod parameters and pesticide type
was observed. In contrast, when only men were exthaygpesticide activities, 3 class of
pesticides (among them glyphosate) were related iocrease in fecundability (17-30%).
Regarding time-to-pregnancy, a non-significant eisgion was found between
glyphosate use by farmers (Curtis et al., 1999%alfy, in 2001, another retrospective

cohort study performed by OFFHS in 2.110 Canadiarmfwomen, revealed that
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preconception exposures to GBH were associatedavitioderate rise in the risk of early
abortion (<20 weeks) and an elevated risk of lat@teon, regardless the time in which the
exposure occurred (Arbuckle et al., 2001).

In another retrospective cohort study, it was asskshe association between
glyphosate applied by aerial spray and time to meiegy. The analysis compared 2.592
fertile Colombian women from 5 different regionghvdifferent use patterns of pesticides.
One region with organic crops (without glyphosapeaging) was used as a reference.
Results showed no association between glyphosaeand delayed time to pregnancy
among different regions (Sanin et al., 2006).

On the other hand, a prospective study was caougdn Indiana in 2018. The aim
of that study was to assess the association betglgphosate exposure in pregnancy and
shortened gestational length. For this purposeeusamples from 71 pregnant women and
residential drinking water were obtained as a direeasurement of glyphosate exposure.
The results showed that women who lived in ruraharhad higher glyphosate levels, and
were significantly correlated with shortened gestatl lengths (—0.28, p=0.02)
(Parvez et al., 2018).

6.2 Evidence on birth defects

Given the evidence supporting a causal relationsbtpreen maternal glyphosate exposure
and offspring birth defects, several epidemiologistdies have focused on analyzing

whether this pattern is also applied in humans witiidhood health disorders. In a case-

control study published in the late 1990’s, it veasluated whether the father's exposure to
some pesticides, before conception or during tts¢ fiimester of pregnancy, influence the

development of selected congenital defects in thescendants. Through dichotomous

exposure analysis (absent, present) it was shoaiahly parental exposure to pyridyl
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derivatives is statistically representative fokred congenital malformations (adjusted OR
2.77, 95% CIl 1.19-6.44). However, parental expodioreGBH showed that was not
associated with the risk of malformations in offegr(Garcia et al., 1998).

A cross-sectional retrospective study conductedSlyry et al. (2002) evaluated
birth defects in 1.532 children from 695 farm fasslwho worked as pesticide applicators
in the Red River Valley of Minnesota, USA. The studported that the birth defect rate
was 31.3 per 1.000 births and that 43% of childi@rof 14) who had attention deficit
disorder were from parents who had used GBH. Thezethe use of GBH shows certain
association with neurobehavioral disorders (OR; &B 1.3-9.6). In the same context,
another study evaluated the two most common subtgbeneural-tube defects (NTDs),
anencephaly and spina bifida regarding the materpbsure to 59 different pesticides
during the month of conception. The data was ctdtidrom two birth cohorts born in
California from 1987 to 1991 and it was analyzedumgonditional logistic regression.
Additionally, each pesticide was evaluated in bsitigle- and multiple-pesticide models
that when it was analyzed by the regression metiitdda multiple-pesticide model there
were no association among NTDs and glyphosatelntseestingly, when a single pesticide
model of conventional regression analysis was etatl) the results showed a significant
association between proximity to glyphosate exposund NTD (OR = 1.5; 1.0-2.4) (Rull
et al., 2006), suggesting that NTD risk was assediaith maternal exposure of glyphosate
applications.

A similar study was conducted by Yang et al. (20d#p examined whether early
gestational exposures to GBH due to maternal resaleproximity to pesticide sprayed
crops, were associated with an increased risk db NThe data was provided from the

population derived from the San Joaquin Valley,ifGalia (1997-2006) and shown no
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association between glyphosate and NTD. Similahis population study was used to
explore whether early gestational exposures taquss were associated with the risk of
gastroschisis (Shaw et al.,, 2014). They used thmesariteria (maternal residential
proximity) when 156 newborns with gastroschisisavevaluated, of which 30 were from
mothers exposed to glyphosate. These authors foaraksociation between gastroschisis
and maternal glyphosate exposure by using logisticession 785 cases of babies without
birth defects (as controls).

On the other hand, a cross-sectional study wasuabed with the OFFHS data
(Arbuckle et al., 1999), to evaluate the relatiopshetween gestational exposures to
glyphosate and the health results of the offsprimggich included, persistent cough or
bronchitis, asthma, and allergies or hay feversTatrospective study considered a total of
5853 pregnancies and, despite its limitations, stbwo statistical association between
pesticide exposure during pregnancy and adverdéhtm#comes in offspring (Weselak et
al., 2007).

In the same line, a study from the Agricultural HeaStudy evaluated the
association between maternal pesticide exposuré Wwitth weight in the offspring
(Sathyanarayana et al., 2010). The authors analyZeddividual pesticides (among them
glyphosate) on 2246 farm women. Results showedth®mean birth weight for infants
was 3586 g (546 g) and 3% of the infants had logigit. Therefore, there were no
statistically significant associations between hbiseight loss and glyphosate-related
activities during early pregnancy.

In summary, some articles suggest a risk of migages, decrease in fecundability
and neurological behavioral disorders in the degaehin a significant manner. However,

considering all of these studies certain methodo@glimitations must be taken into
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consideration, for instance, retrospective perspestudies with no quantitative data about
time or dose of glyphosate exposure. Thus, in tngeat scenario prospective cohort
studies are needed with quantitative estimationsxpbsure, to better elucidate the effects
of glyphosate and GBH in the endocrine systematt, fsome authors have suggested that
current safety standards for GBH must be moderréretimay fail to protect public health
and the environment (Vandenberg et al., 2017).

7. Conclusions and future per spectives

Here, the mechanistic evidence associated withhglyate as an endocrine disruptor
according to the ten key characteristics of EDCsewanalyzed for the first time. In
addition, the main epidemiological reports regagdihe possible association between
glyphosate exposure and the high risk of advergmdeictive outcomes and birth defects
in the progeny were summarized. The evidence fromesepidemiological studies show
that women exposed to glyphosate increase theofitkte miscarriages and a decrease in
fecundability.

In the animal phenotype (rodents mainly), glyphesatposure during pregnancy is
associated with an increase of anogenital distanbeth males and females, delay of first
estrous and increased testosterone levels in timalée Further, GBH disturbs several
developmental and reproductive parameters in pryggemch as retardation of the fetal
skeleton. In addition, it promotes other effectels@as disruption in the skeletal bone
associated to an aspect of osteoporosis, behacioaalges, uterine decidualization, as well
as the differentiation of the ovaries and uterulimbs and post-implantation embryo loss
(Figure 2).

Mechanistic data showed that glyphosate exhibigees of the ten KCs of an EDC:

glyphosate 1) can favor hormonal receptors actiigrticularly ER, stimulating their
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transcriptional activation in breast cell line misde) disrupts the levels of lERand ERB.
3) induces deregulation of eleven canonical patlswiay cancer breast cell lines.4. It
induces epigenetic modifications in normal breadt tnes. 5) has adverse effects on
steroid hormone production (estrogens and testostgr 6) alters thyroid hormones
transport across cell membranes. 7) modify the baenconcentration, such as estrogen
and testosterone in animal models. 8) alter théferation rate of breast cell lind&igure
1).

Thus, it can be concluded that glyphosate behaikes dn EDC by altering
hormonal activity which induces defects in the ogjctive process and progeny.
However, new prospective studies in humans are eteed order to confirm these

conclusions.
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FigureLegends

Figure 1. Summary of the evidences related to tfeets of glyphosate and its derivatives
on different hormone-producing or hormone-sensitieks.

Figure 2. Summary of the evidence on the effectglgbhosate and its derivatives im
vivomodels.
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Figure Captions

Figure 1. Summary of the evidence related to the effects of glyphosate and its derivatives
on different hormone-producing or hormone-sensitive cells.

Figure 2. Summary of the evidence on the effects of glyphosate and its derivatives in in

Vvivo models.
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Highlights

Glyphosate is the active component of the most commonly used herbicide in the world.
There is conflicting evidence regarding the effects of glyphosate in the endocrine
system.

This is the first review that consolidates the mechanistic evidence on glyphosate as
endocrine-disrupting chemical (EDC).

Glyphosate satisfies at |east 8 key characteristics of an EDC.

Prospective cohort studies are needed in order to elucidate whether glyphosate is an

EDC.
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