
Journal Pre-proof

Glyphosate and the key characteristics of an endocrine disruptor: A review

Juan P. Muñoz, Tammy C. Bleak, Gloria M. Calaf

PII: S0045-6535(20)32814-9

DOI: https://doi.org/10.1016/j.chemosphere.2020.128619

Reference: CHEM 128619

To appear in: ECSN

Received Date: 8 May 2020

Revised Date: 30 September 2020

Accepted Date: 12 October 2020

Please cite this article as: Muñoz, J.P., Bleak, T.C., Calaf, G.M., Glyphosate and the key characteristics
of an endocrine disruptor: A review, Chemosphere, https://doi.org/10.1016/j.chemosphere.2020.128619.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.chemosphere.2020.128619
https://doi.org/10.1016/j.chemosphere.2020.128619


GLYPHOSATE AND THE KEY CHARACTERISTICS OF AN ENDOCRINE 

DISRUPTOR: A REVIEW 

Juan P. Muñoz a, Tammy C. Bleak a and Gloria M. Calaf a, b ∗ 

a Instituto de Alta Investigación (IAI), Universidad de Tarapacá, Antofagasta 1520, Arica, 

1000000, Chile. 

b Center for Radiological Research, VC11-218, Columbia University Medical Center, 630 

West 168th Street, New York, NY 10032, USA. 

 

* Corresponding author. 

 

Correspondence to: 

Gloria M. Calaf. PhD 

Instituto de Alta Investigación 

Universidad de Tarapacá 

Calle Antofagasta #1520, Arica, Chile. 

Area Code 8097877 

Phone: 56-9-82598786 

Email address: gmc24@cumc.columbia.edu 

 

E-mail addresses: juanpablomunozbarrera@gmail.com (J.P. Muñoz), 

tammycb09@gmail.com (T. C. Bleak), gmc24@cumc.columbia.edu (G.M. Calaf) 

 

Jo
urn

al 
Pre-

pro
of



Abstract 

Glyphosate is a large-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 epidemiological 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 

effects in the human endocrine system. 
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Highlights 25 

• Glyphosate is the active component of the most commonly used herbicide in the world. 26 

• There is conflicting evidence regarding the effects of glyphosate in the endocrine 27 

system. 28 

• This is the first review that consolidates the mechanistic evidence on glyphosate as 29 

endocrine-disrupting chemical (EDC). 30 

• Glyphosate satisfies at least 8 key characteristics of an EDC. 31 

• Prospective cohort studies are needed in order to elucidate whether glyphosate is an 32 

EDC. 33 

Abstract 34 

Glyphosate is a large-spectrum herbicide that was introduced on the market in 1974. Due to 35 

its important impact on the crop industry, it has been significantly diversified and expanded 36 

being considered the most successful herbicide in history. Currently, its massive use has led 37 

to a wide environmental diffusion and its human consumption through food products has 38 

made possible to detect it in urine, serum, and breast milk samples. Nevertheless, recent 39 

studies have questioned its safety and international agencies have conflicting opinions 40 

about its effects on human health, mainly as an endocrine-disrupting chemical (EDC) and 41 

its carcinogenic capacity. Here, we conduct a comprehensive review where we describe the 42 

most important findings of the glyphosate effects in the endocrine system and asses the 43 

mechanistic evidence to classify it as an EDC. We use as guideline the ten key 44 

characteristics (KCs) of EDC proposed in the expert consensus statement published in 2020 45 

(La Merrill et al., 2020) and discuss the scopes of some epidemiological studies for the 46 

evaluation of glyphosate as possible EDC. We conclude that glyphosate satisfies at least 8 47 
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KCs of an EDC, however, prospective cohort studies are still needed to elucidate the real 48 

effects in the human endocrine system. 49 

Keywords: Glyphosate, Herbicide, Endocrine Disruptor, Hormone. 50 
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 73 

1. Introduction 74 

Glyphosate, (N-phosphonometylglycine, CAS Number: 1071-83-6) is an herbicidal 75 

derivative of the amino acid glycine, it was first synthesized by Henri Martin in 1950 while 76 

working for a small swiss pharmaceutical company called Cilag. Twenty years later, in 77 

Monsanto company, the organic chemist John Franz discovered that glyphosate had a 78 

potent herbicide capacity (Myers et al., 2016). Consequently, this compound was registered 79 

in the United States Environmental Protection Agency (EPA) under brand name 80 

Roundup®, for control of nonselective weed (Franz et al., 1997; Malik et al., 1989). Two 81 

decades later, the introduction of glyphosate-resistant crops (GRCs), principally corn, soy, 82 

canola, and sugar beet, greatly increased its use in agriculture (Duke, 2018; Swanson et al., 83 

2014). Therefore, becoming the major herbicide worldwide (Duke and Powles, 2008).  84 

Currently, glyphosate is used as an active component in many formulations known 85 

as Glyphosate-Based Herbicides (GBHs) employed mainly for inhibiting the growth of 86 

around 100 species of weeds and 60 species of perennial weed plants in industrial and 87 

residential settings (Dill et al., 2010). Glyphosate is present in a variety of chemical forms, 88 

such as isopropylamine, diammonium, ammonium, dimethylammonium, and potassium 89 

salt, which provides solubility without affecting its properties as active ingredient. In 90 

addition, various adjuvants enhance the uptake and translocation of the active ingredient in 91 

plants and improve its herbicidal properties (Bradberry et al., 2004). These adjuvant 92 

compounds have been proposed to enhance the cytotoxic properties of glyphosate (Székács 93 

et al., 2014). 94 

GBH are today used in 140 countries becoming one of the world's leading 95 
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agrochemical (Soukup et al., 2020; Woodburn, 2000). Due to its large use in the most 96 

varied sectors of agriculture and urban environments, GBH has been widespread in the 97 

environment. In fact, since the late 1970’s, the volume of GBH applied has increased 98 

around 100-fold and several reports claim that trace levels of glyphosate can be found 99 

widely in soil, foodstuffs, air, and water as well as in human serum, breast milk and urine 100 

(Demonte et al., 2018; IARC, 2017; Mercurio et al., 2014; Mörtl et al., 2013; Niemann et 101 

al., 2015; Philipp Schledorn, 2014; Simonetti et al., 2015; Steinborn et al., 2016; Yoshioka 102 

et al., 2011). Indeed, recent studies have detected glyphosate occurrence on beer and kids 103 

breakfast cereals, suggesting that exposure is not only occupational (Jansons et al., 2018).  104 

Even though, agencies such as the European Food Safety Authority (EFSA), EPA 105 

and U.S. National Cancer Institute have declared no evidence of the potential interaction of 106 

glyphosate with endocrine pathways or carcinogenic effects (Andreotti et al., 2018; EFSA, 107 

2017; U.S. EPA, 2015), their use has been either restricted or banned in a lot of countries. 108 

This decision has been made due to recent evidence that suggests that GBH possess certain 109 

characteristic as an endocrine disruptor and probable carcinogen (Guyton et al., 2015; 110 

IARC Working Group, 2015; Leon et al., 2019; Myers et al., 2016). Therefore, its 111 

classification as an endocrine disruptor and/or carcinogen compound is still unclear. 112 

In this review, we summarize the main reports related to glyphosate as a possible 113 

endocrine disruptor, based on the ten key characteristics of EDCs recently proposed (La 114 

Merrill et al., 2020). Finally, we discuss the scopes of some epidemiological studies and 115 

their implications for the evaluation of glyphosate to classify as possible EDC. 116 

2. Data collection method 117 
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For this review article, all publications up to 2020 were searched in MEDLINE (through 118 

PubMed), Web of Science, and SCOPUS. To identify studies addressing glyphosate as an 119 

endocrine disruptor; articles not written in English were excluded. 120 

3. Chemical properties and mechanism of glyphosate 121 

Chemically, glyphosate is a relatively simple molecule classified as an organophosphorus 122 

compound, specifically a phosphonic acid resulting from the formal oxidative coupling of 123 

the methyl group of methyl phosphonic acid with the amino group of glycine (Kim et al., 124 

2019). It is an analog of the natural amino acid glycine with a basic amino group and a 125 

phosphate group strongly ionized, thus is a very polar and amphoteric molecule. 126 

Structurally, it lacks of chemical groups able to form a stable binding with DNA and 127 

according to Deductive Estimation of Risk from Existing Knowledge (DEREK), it does not 128 

present a risk of chromosomal damage or mutagenicity (Kier and Kirkland, 2013).  129 

The glyphosate molecule can exist in different ionic states in aqueous solution 130 

depending on the pH, whose dissociation constants, pKa1, pKa2, pKa3 and pKa4 are 2.0, 131 

2.6, 5.6, and 10.6, respectively (Stalikas and Konidari, 2001). In plants, studies with 132 

[14C]glyphosate have shown a fast capacity to be absorbed following application through 133 

leaves and stem surfaces (Duke and Powles, 2007; Kirkwood et al., 2000), thus, it is 134 

translocated from the leaf via the phloem to the same tissues that are metabolic rich in 135 

sucrose. Afterward, it concentrates on the meristem tissue (Franz et al., 1997).  136 

According to EPA, the glyphosate molecule is relatively stable to chemical and 137 

photo decomposition (U.S. EPA, 1993). On heating, it decomposes producing toxic fumes 138 

that include nitrogen oxides and phosphorus oxides (IARC, 2017).  In soil and water, the 139 

main route for their degradation is soil microbial action, where is metabolized by two major 140 

pathways, one of them by a glyphosate oxidoreductase that generates 141 
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aminomethylphosphonic acid (AMPA) and glyoxylate (Duke, 2011). Another but minor 142 

pathway of degradation, is via conversion to glycine (only by Pseudomonas sp. Strain LBr) 143 

(Jacob et al., 1988). Furthermore, abiotic factors such as ultraviolet radiation, peroxide 144 

oxidation, and mineral oxidation constitute the third mode of glyphosate degradation in the 145 

environment (Duke, 2011). Thus, in soil, the half-life of glyphosate ranges between 2 and 146 

197 days, where the soil type and climate conditions also determine their persistence. In 147 

water, the median half-life varies from a few to 91 days (Tomlin C., 2006). It has been 148 

described that glyphosate has a low vapor pressure (5.7 × 10−8 Pa at 25 °C), implying that 149 

the volatilization of soils is not an important form of dissipation (U.S. EPA, 1993). 150 

The mechanism by which glyphosate kills plants and bacteria is through the binding 151 

and inhibition of the activity of the enzyme enolpiruvylshikimate-3-phosphate synthase 152 

(EPSPS). The EPSPS enzyme acts at the beginning of the shikimic acid pathway, essential 153 

for the synthesis of aromatic amino acids, hormones and many other important plant 154 

metabolites in algae, higher plants, bacteria, and fungi (Maeda and Dudareva, 2012). Given 155 

the absence of the shikimic acid pathway in animals, EPSP synthase is a suitable target for 156 

the development of antimicrobial agents against bacterial, parasitical, and fungal pathogens.  157 

Glyphosate is recognized to have low toxicity in non-target species, including 158 

humans, since it is not metabolized and it is excreted mainly unchanged through the urine. 159 

(Williams et al., 2000). However, analysis of serum from glyphosate-poisoned patients and 160 

urine analysis of occupationally exposed workers, have been found trace levels of AMPA 161 

that could be hypothesized to come from the product of gut microbial metabolism (Conrad 162 

et al., 2017; Zhang et al., 2020). Furthermore, a recent research on mice, concluded that 163 

glyphosate can also be metabolized in high concentrations in liver cells, producing reactive 164 

metabolites, such as glyoxylate, that lead to severe metabolic defects (Ford et al., 2017). 165 
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Thus, the current available data suggest that glyphosate metabolism in humans is minimal 166 

and may be driven primarily by intestinal bacteria and possibly by liver cells to produce 167 

AMPA. 168 

3.1. Human Exposure 169 

Long-term use of glyphosate worldwide has led to rising the human exposure, 170 

mainly through contaminated food consumption (Myers et al., 2016). The presence of 171 

glyphosate in food is due to the high thermal stability of its molecule, which elicit their 172 

accumulation in crops and thus their easy transfer to plant-based foods (Narimani and Da 173 

Silva, 2020) (Gillezeau et al., 2019). Taking this into account, the Food and Agriculture 174 

Organization of the United Nations (FAO) in 2004, regulated the amount of glyphosate that 175 

can be consumed daily without an appreciable health risk, setting an acceptable daily intake 176 

(ADI) at 1 mg/kg of body weight (bw) (WHO/FAO, 2004). The Joint FAO/ WHO Meeting 177 

on Pesticide Residues (JMPR) in 2016 reaffirmed this value for glyphosate and its 178 

metabolites concluding that was not necessary to establish an acute reference dose (ARfD) 179 

given the low glyphosate toxicity (FAO & WHO, 2016). Furthermore, the maximum 180 

residue limits (MRL) were stablished in the different kinds of foods, which ranged between 181 

0.025-2 mg/kg for the majority of vegetables, however for some grains and oils MRL is 182 

above 30 mg/kg (Agostini et al., 2020; FAO/WHO, 2016). On the other hand, the EFSA in 183 

2015 recommend that the ADI and ARfD for glyphosate and its metabolites be 0.5 mg/kg 184 

bw/day, while the acceptable operator exposure level (AOEL) must be 0.1 mg/kg bw/day 185 

(EFSA, 2015).  186 

In order to assess whether the population could be exposed to the acceptable 187 

glyphosate levels stated by FAO and EFSA, several researchers in the last decades have 188 

directed their efforts to determine the concentrations of glyphosate in various types of food. 189 
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A study from Argentina carried out on soybean plants reported that glyphosate residues 190 

ranged from 1.9 to 4.4 mg/kg in leaves and stems, while in grains from 0.1 to 1.8 mg/kg, 191 

which are below the currently acceptable limits established by regulatory entities (Arregui 192 

et al., 2004). Most recent studies, recapitulated the detection of high levels of glyphosate 193 

residues in soy-based products. In Brazil for instance, glyphosate was detected with an 194 

arithmetic mean (MA) of 0.19 mg/kg, ranging from 0.03 mg/kg to 1.08 mg/kg and AMPA 195 

with an AM of 0.05 mg/kg in a range from 0.02 mg/kg to 0.17 mg/kg (Rodrigues and de 196 

Souza, 2018). In another study from Switzerland, cereals such as wheat and pulses were 197 

analyzed among others, with resulting values of 0.13 and 0.17 mg/kg respectively (Zoller et 198 

al., 2018). Honey samples from the USA also showed glyphosate detection, where 27% of 199 

the samples had values above the limit of quantification, with a mean of 118 ppb (Berg et 200 

al., 2018).  201 

Although it is common to find studies reporting glyphosate detection in the 202 

literature, the values are mainly below acceptable limits and reveal almost no detection in 203 

milk, meat or fish, suggesting that the main routes of human exposure are plant foods rather 204 

than those of animal origin. However, despite the detection levels are below of the 205 

regulatory doses recommended by the FAO / EFSA, we cannot rule out that the use of strict 206 

vegetarian diets with contaminated food that may result in a potential risk to human health. 207 

It is known that food is the main active source of human consumption of glyphosate 208 

and its detection in different spheres of the environment has generated concern about the 209 

possible risks of a reiterative human exposition (Myers et al., 2016). In fact, numerous 210 

environmental analysis suggest that glyphosate detection is highly frequent in ground and 211 

surface water with a median concentration ranging from 0.03 to 1.41 μg/L (Poiger et al., 212 

2017; Rendón-Von Osten and Dzul-Caamal, 2017; Struger et al., 2015). Regarding 213 
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atmospheric pollution, a recent study made with air samples taken from Provence-Alpes-214 

Côte-d’Azur region, France, reported glyphosate levels with a 7% of detection frequency, 215 

ranging from 0% to 23% in the different locations analyzed and a maximum concentration 216 

of 1.04 ng/m3 (Ravier et al., 2019). Another study from Brazil, reported high glyphosate 217 

levels in all air samples evaluated, with values between 0.002 and 0.144 μg/m3 (mean of 218 

0.055 μg/m3) in rural zones, while in urban zones ranged from 0.009 to 2.576 μg/m3 (mean 219 

of 1.006 μg/m3) (Maria et al., 2019). Therefore, these recent reports from environmental 220 

sources demonstrate the presence of glyphosate in the biosphere that also contribute to 221 

human exposure along with food. 222 

Urinary levels of glyphosate metabolites are markers generally used to assess the 223 

degree of both occupational and non-occupational exposure. In according with Williams et 224 

al., 2016  the prevalence rate and mean concentration of glyphosate in human urine 225 

increased notably between 1993 and 2016 from 0.00001 to 0.001 mg kg BW-1
 d-1. A 226 

revision of different recent studies based on collected samples from people non-227 

ocupationally exposed, demonstrated high variation in the detection frequency and 228 

concentration of glyphosate. The highest frequencies were reported in a recent study from 229 

Denmark that reported 100% detection of glyphosate and AMPA in a population of 13 230 

mothers and 14 children, with a mean of 1.28  μg/L (range: 0.49–3.22) in mothers, whilst in 231 

Children a mean of 1.96 μg/L (range: 0.85–3.31) (Knudsen et al., 2017). In another study 232 

recently published, glyphosate was detected in urine samples in the 92.5% of the cases of 233 

healthy lactating women from USA (mean: 0.28 ± 0.38 μg/L, with AMPA following the 234 

same pattern. However, in the breast milk samples glyphosate was not detected (Mcguire et 235 

al., 2016). On the other hand, in 50 healthy adults from Ireland, glyphosate was detected in 236 

10 cases (20%), with a median concentration of 0.87 μg/L in a range from  0.80 to 1.35 237 
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μg/L (Connolly et al., 2018)  238 

In summary, glyphosate is present in the environment and the general population is 239 

exposed to it through several pathways, mainly the consumption of plant-based food. 240 

Although the frequency of detection and concentrations found from non-occupationally 241 

exposed population shows high variability between studies, the current trend towards a high 242 

degree of exposure suggests that a review of the endocrine disrupting properties of 243 

glyphosate is needed. 244 

4. Endocrine-disrupting chemicals  245 

The endocrine disruptor chemicals (EDCs) (Damstra et al., 2002; Strauss and Williams, 246 

2009) were reported for the first time in the 90´s, when a series of publications suggested 247 

that some chemical commonly used in pesticides, cosmetics, detergents, and even in toys, 248 

could have the capacity to disrupt the connection between hormones and their receptors 249 

(Lear et al., 1997). At present, the best-known EDCs include pharmaceuticals compounds, 250 

industrial solvents, plastics, and pesticides. Additionally, some natural compounds 251 

commonly consumed from vegetables, as phytoestrogens, can also act as EDCs (Kuiper et 252 

al., 1998). 253 

Regarding glyphosate, several authors have tried over approximately 30 years to evaluate 254 

its role as EDC using in vitro, in vivo, and epidemiological approaches. However, despite 255 

the evidence shown below, there is not a consensus about the hazard implications in the 256 

human endocrine system. 257 

Given the lack of a systematic method to integrate data to help to identify EDC 258 

hazards, recently it has been recognized ten functional properties of agents that alter 259 

hormone action (La Merrill et al., 2020). These are known as the “key characteristics (KCs) 260 

of EDCs”, which provide a structure for searching and organizing the relevant literature on 261 
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mechanistic information in support of an evaluation of an EDC. According to La Merrill et 262 

al (2020), the KCs comprise heterogeneous features of EDCs related to their ability to 263 

interfere with regulatory process in the hormonal physiology. The first KC states that an 264 

EDC can interact with or activate hormone receptors, which include to those compounds 265 

that, either through a direct binding or mediated by a second messenger, can associate with 266 

and/or turn on the hormone receptors, leading to its inappropriate activity. Thus, substances 267 

that act like "hormone mimics" could be considered as an EDC by this mechanism (Lee et 268 

al., 2013). Nevertheless, it has been described EDCs that, through similar interaction 269 

mechanisms, lead to opposite effects (Tabb and Blumberg, 2006). In this case, they have 270 

been grouped into a second KC, named "antagonization of hormone receptors". Thereby, 271 

compounds that block the hormone effects by a receptor-mediated way can be considered 272 

to possess this KC of EDCs.  273 

Other common feature of some EDCs is the capacity to disrupt the receptor content 274 

in endocrine cells (Lee et al., 2013), which is described in a third KC: “EDCs can alters 275 

hormone receptor expression”. Given that hormone receptor level as well as its localization 276 

are key to define the hormone activity, and any compound that change these properties will 277 

produce severe defects in the hormonal physiology (Grimm et al., 2002). Hence, this 278 

characteristic involves those substances that can modulate the abundance of hormonal 279 

receptors through a transcription-mediated mechanism or by altering their cellular 280 

localization. On the other hand, EDCs can not only exert their action through hormone 281 

receptors, but can also affect their signaling (Lee et al., 2013), which has been grouped into 282 

a fourth KC that states: “EDCs can alter signal transduction in hormone-responsive cells”. 283 

Among the most important events altered by EDCs in this context are the interruption of 284 

interactions with co-regulatory factors such as activators and repressors, post-translational 285 
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modifications, the activity of second messengers and enzymes. Thus, the change in any of 286 

these events can lead to a remodeling in signal transduction with a consequent activation or 287 

attenuation of molecular pathways in endocrine cells. 288 

Epigenetic modifications also were included as a common feature of some EDCs. 289 

Thus, KC5 states: “EDCs induce epigenetic modifications in hormone-producing or 290 

hormone-responsive cells”. In according with Plunk and Richards (2020), EDCs can be 291 

exerts its effects in hormone-sensitive cells or producer cells by three epigenetic 292 

mechanisms, such as: chromatin modifications, DNA methylation, and expression of non-293 

coding RNA. Thereby, substances that lead to these changes in endocrine cells could be 294 

considered EDC by this mechanism.  295 

Another mechanism usually found in some EDCs is the ability to alter hormone 296 

synthesis (Lee et al., 2013). In fact, some pesticides have the property of causing hormonal 297 

imbalances by altering intracellular transport, changing vesicular dynamics or cell 298 

secretion. Thus substances that induce disruption in these processes satisfy the sixth KC 299 

and can be considered as EDC. Additionally to the hormone synthesis, some EDCs “alter 300 

hormone transport across cell membranes”. This seventh KC take into account some EDC 301 

that can disrupt the movement of hormones through the membrane altering the intracellular 302 

transport, vesicle dynamics or cellular secretion (Villar-Pazos et al., 2017).  303 

Others EDCs have shown the property to “alter  hormone distribution or circulating 304 

levels of hormones”, which have been grouped as an eighth KC. The hormone levels are 305 

finely regulated by synthesis and release process in the endocrine cells (Hiller-Sturmhöfel 306 

and Bartke, 1998). However, some EDC can induce change in its plasma levels through the 307 

change of blood protein levels or its binding capacity (Gore et al., 2015). These defects can 308 

induce “alterations in hormone metabolism or clearance” (KC9). Circulating hormones 309 
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are removed from the blood by different mechanisms, such as metabolic processing, 310 

binding with tissues, and excretion. Therefore, compounds with properties to alter any of 311 

these processes are considered part of this KC and usually recognized as EDC (Gore et al., 312 

2015).  313 

Finally, the last KC established by Le Merril et. al (2020) are the phenotypic 314 

changes induced by some EDCs, thus KC10 states: “EDCs can alter the fate of hormone-315 

producing or hormone-responsive cells”. In this case, disrupting or promoting 316 

differentiation, proliferation, migration or cell death during development and adulthood 317 

constitute the main evidence of this characteristic, which have been observed by some 318 

pesticides (Strong et al., 2015; Zhou et al., 2016). 319 

Although these KCs are common features among some EDCs and are a well way to 320 

represent the categories for organizing mechanistic evidence, their use to classify a 321 

compound as an EDC should be associated and complemented with other evidences, 322 

including epidemiological data and experimental approaches (La Merrill et al., 2020). 323 

5. Glyphosate: Perspectives from the ten key characteristics of an EDC 324 

5.1 It interacts with or activates hormone receptors 325 

Since all hormones can bind to specific receptors, any interaction of environmental 326 

substances or xenobiotics that disrupt the activity of these receptors can lead to negative 327 

effects of the endocrine function (Diamanti-Kandarakis et al., 2009). Different mechanisms 328 

of interaction and alteration of hormonal receptors by EDCs have been described: some can 329 

mimic the interaction between endogenous hormones and cellular receptors stimulating 330 

their activity (i.e., receptor agonism), and others can lead to inhibition of the formation of 331 

receptor–hormone complexes (i.e., receptor antagonism) (Evans, 2011).  332 
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The majority of the receptors that are targeted by EDCs are nuclear hormone 333 

receptors (NHRs) (Combarnous Yves, 2019). These receptors are part of a family of ligand-334 

regulated transcription factors, and are activated by steroid hormones, such as estrogen, 335 

progesterone, and various other lipid-soluble signals. Once are activated these can induce 336 

long-term effects in their target cells. NHR family include the androgen receptor (AR), 337 

glucocorticoid receptor (GR), progesterone receptor (PR), mineralcorticoid receptor (MR), 338 

estrogen receptor (ER)α, and ERβ (Sever and Glass, 2013). On the other hand, EDCs can 339 

also disturb hormone membrane receptors, eliciting signaling pathways and short-term 340 

acute responses (Diamanti-Kandarakis et al., 2009). One of the best-known EDC that 341 

interacts with hormone receptors is Bisphenol A (BPA), a compound found in many hard 342 

plastics and hygiene products, which has a high affinity for ERα eliciting its activity even 343 

at very low concentrations (Calaf et al., 2020; Liu et al., 2018). 344 

Throughout the last 20 years, several reports have evaluated the capacity of 345 

glyphosate to interact with hormone receptors, mainly with ERα, ERβ and AR. Kojima et 346 

al. (2004), evaluated estrogenic and androgenic activities in 200 pesticides, using a reporter 347 

gene assay in Chinese hamster ovary cells (CHO cells) developed by the same group above 348 

(Kojima et al., 2003). The results for glyphosate showed neither agonist nor antagonist 349 

activity, in the range of concentrations from 10–8 to 10–5 M. Three years later, through a 350 

DNA microarray and confirmation by q-RT-PCR, it was demonstrated that MCF7 cells 351 

treated with glyphosate at 0.00023% induces an alteration of estrogen-regulated gene 352 

expression at 18 h  (Hokanson et al., 2007). Therefore, opening the hypothesis that 353 

glyphosate could act as an EDC in human cells, through a molecular mechanism that would 354 

induce an inappropriate ER activation.  355 
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A subsequent analysis using gene reporter assays, showed that glyphosate does not 356 

affect the ERα neither ERβ, but disrupt AR transcriptional activity in a range of non-toxic 357 

concentration at 24 h of exposition (Gasnier et al., 2009). In this study, were also assessed 358 

four Roundup® formulations which induced an anti-estrogenic activity on ERα, ERβ and 359 

AR. (Gasnier et al., 2009). These results were later evaluated by Thongprakaisang et al. 360 

(2013), who through reporter assays, demonstrated that glyphosate at 1 mM induces 361 

estrogenic activity in a breast cancer cell line  (T47D). Further, this effect was blocked by 362 

the ER antagonist ICI182780, suggesting the possibility that glyphosate behaves like a 363 

xenoestrogen. However, in the wide range of E2 concentration from 10-12 to 10-6 M,  364 

glyphosate behaved as an ER antagonist (Thongprakaisang et al., 2013). Finally, Mesnage 365 

et al. (2017), using the similar cell models and a robust set of additional experiments, 366 

demonstrated that glyphosate but no other components present in GBH, induces ERα 367 

activation at high concentrations (1x103 µg/mL) in T47D cells under exposure for 24 h. 368 

It is quite interesting to note that although glyphosate is a simple molecule with low 369 

molecular weight, it is capable of activate ERα. The molecular mechanism of this 370 

activation is still unknown, but different hypotheses can be approached from a biochemical 371 

perspective: Structurally, the ERα is composed of different functional domains with 372 

specific roles. The ligand-binding domain (LBD), is a hormone-binding pocket composed 373 

by 11 α-helices, that maintains a sizeable ligand-binding cavity at the narrower end of the 374 

domain. In addition, this LBD grants a high hydrophobic environment (Kumar et al., 2011). 375 

In this cavity, some glutamine and arginine residues are critical, because allow hydrogen 376 

bonds formation with hydroxyl groups at positions 7 and 13 of E2, promoting a proper 377 

targeting. Therefore, hydroxyl groups in ligands and hydrophobic interactions at this site 378 
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seem key for binding and recognition (Brzozowski et al., 1997). Although the most 379 

effective ER-ligands possess a phenolic hydroxyl group, it has been described also a 380 

binding with not phenolic compounds. Additionally, molecules that contain hydroxyl 381 

groups separated by a rigid hydrophobic binding region are susceptible to interaction 382 

(Ascenzi et al., 2006). The dynamic of glyphosate-ER interactions assessed by Mesnage et 383 

al., (2017) predicts an unstable interaction (-4.10 Kcal /mol), much lower than expected for 384 

estradiol (-34.88 kcal/mol) or Bisphenol A (-23.77 Kcal/mol) suggesting that ER activation 385 

does not involve a direct interaction within LBD (Mesnage et al., 2017). Thus, it is possible 386 

that glyphosate can trigger signaling pathways upstream ER, such as MAPK or PI3K-387 

mTOR, by an independent-ligand mechanism. Likewise, cellular processes such as 388 

apoptosis or proliferation, induced by glyphosate can activate ER pathways indirectly. 389 

However, these hypotheses have not been proved yet.  390 

In summary, the current evidence indicates that glyphosate can favor hormonal 391 

receptor activity, particularly ERα by stimulating their transcriptional activation and 392 

therefore promoting phenotype changes in breast cell line models. Nevertheless, the 393 

molecular mechanism of interaction is unknown. 394 

5.2 It antagonizes hormone receptors. 395 

Some pesticides, such as dichlorodiphenyltrichloroethane (DDT), inhibit hormonal activity 396 

by blocking the receptor, inhibiting their function and contributing to impaired hormonal 397 

feedback (Lemaire et al., 2004). Regarding glyphosate, there is no evidence associated with 398 

the antagonistic capacity of hormonal receptors. 399 

5.3 It alters hormone receptor expression. 400 
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Hormone receptor expression is important as well as the hormone itself, since its 401 

localization and abundance determine the magnitude of hormone activity and the cellular 402 

response. The disruption of hormone-receptor expression pattern is a typical feature of 403 

EDCs. Although, no all EDCs show this characteristic, it is broadly seen in the animal-404 

models subjects (Diamanti-Kandarakis et al., 2009) 405 

In this context, to evaluate the glyphosate effect, in vitro studies have been 406 

conducted in different cell line models. Thongprakaisang et al., (2013) determined the 407 

effect of glyphosate on ER expression levels in human breast cancer cell lines. Such results 408 

showed that glyphosate at a wide range of concentrations (1x10-7 to 1x10-12 M) altered the 409 

levels of ERα and ERβ proteins after 6 h of exposure in a concentration-dependent manner, 410 

while at 24 h of exposure only ERα showed a significant induction at the highest 411 

glyphosate concentration (Thongprakaisang et al., 2013). Another study, but in primary 412 

Leydig cells,  reported no changes in AR either ER mRNA levels after 24 h of exposition of 413 

glyphosate at different percentage of dilutions (1x10-1 to 1x10-3) (Clair et al., 2012).  414 

Analysis in vivo has been an important tool for evaluating hormone receptor 415 

disruption caused by glyphosate exposure. In many of these it has been observed altered the 416 

ER levels, either in pre or postnatal exposures (Ingaramo et al., 2016). In 2017 a study 417 

analyzed the effect of 2 mg/kg bw of GBH injected subcutaneously every 48 h, on the 418 

expression of proteins involved in uterine organogenic differentiation of neonatal rats. 419 

Results described induction of ERα in the subepithelial stroma on a postnatal day (PND) 8, 420 

and a down-regulation in the luminal epithelial cells of GBH-exposed animals on PND21 421 

(Guerrero et al., 2017). On the other hand, it showed a notable increase in the progesterone 422 

receptor (PR) expression in both, the luminal epithelium and the stromal compartments 423 
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(Guerrero et al., 2017). These results were similar in another study that found an increase in 424 

ERα expression at PND60 in GBH-exposed Wistar male rats under the same conditions (2 425 

mg/kg, every 48 h) (Altamirano et al., 2018).  426 

Afterward, the same group evaluated the effects of perinatally GBH exposition in 427 

female rats during the preimplantation period. The authors found that a dose of 350 mg of 428 

glyphosate/kg bw/day provided through fed, induces the increasing of ERα mRNA 429 

expression in the uterus, relative to control groups (Lorenz et al., 2019). In contrast, another 430 

similar analysis reported a decreased expression of ER and PR levels in the uterine glands 431 

of neonatal rats after GBH exposure (2 mg/kg/day of glyphosate) on PND 1, 3, 5 and 7 432 

(Ingaramo et al., 2016). 433 

Taken together, these results demonstrated an eventual role of glyphosate in ER 434 

expression disruption; however, further in vitro and in vivo studies using pure glyphosate 435 

are needed to provide more physiological relevant evidence. 436 

5.4 It alters signal transduction in hormone-responsive cells 437 

Many EDCs interplay with endocrine regulations through factors that mediate responses of 438 

a receptor (Combarnous and Diep, 2019). This leads to modifying the signaling pathway 439 

but without a direct interaction with the hormonal receptor. 440 

Currently, there is little evidence on the implications of glyphosate in altering intracellular 441 

signaling pathways in hormone-responsive cells. The most important findings are on ER 442 

positive cholangiocarcinoma cells, whose acute exposition of glyphosate at low 443 

concentrations  (1x10-7 to 1x10-11 M)  induces ER/ERK1/2 signaling pathway and alters the 444 

expression levels of several proteins, such as ERK, cyclin D1 and cyclin A (Sritana et al., 445 

2018). Similarly, in cancer breast cell lines, it was showed a deregulation of eleven 446 

canonical pathways after 48-hour exposure with GBH at 1.1 mM glyphosate (0.05%), 447 

Jo
urn

al 
Pre-

pro
of



20 
 

mainly in pathways related to cycle and DNA damage repair. Additionally, it also induced 448 

the expression of proliferative signaling-related proteins including ERα, VEGFR2, pERK, 449 

PI3K(p85), and PCNA (Stur et al., 2019).  450 

On the other hand, in Sertoli cells from prepubertal rats, treatments at 0.036 g/L of 451 

glyphosate or GBH (36 ppm) for 30 min, were associated with a significant disruption of 452 

Ca2+ homeostasis and an activation of multiple stress-response pathways that led to Sertoli 453 

cell death disruption. Although, it is important to note that in this case the effects were 454 

study to explore the molecular mechanisms underlying acute glyphosate toxicity, the 455 

concentrations used (10 times more dilute than recommended for herbicide action) were 456 

highly toxic (De Liz Oliveira et al., 2013). 457 

5.5 It induces epigenetic modifications in hormone producing or hormone-responsive 458 

cells 459 

Epigenetic means genetic regulation by factors different from the DNA sequence of an 460 

organism (Samanta et al., 2017). Thus, epigenetic changes are characterized as "any long-461 

term gene function change that persists even when the initial trigger is long gone and does 462 

not imply a change in the gene sequence or structure” (Alavian-Ghavanini and Rüegg, 463 

2018). In other words, epigenetics can switch genes on or off and determine which proteins 464 

are transcribed. Many types of epigenetic processes have been identified, they include 465 

methylation, acetylation, phosphorylation, ubiquitylation, and sumolyation (Weinhold, 466 

2006).  467 

A long time ago, a hypothesis emerged suggesting that some EDCs can induce 468 

epigenetic changes (Rakitsky et al., 2000). Currently, these effects have been well 469 

documented, where BPA and DES are some examples (Bhan et al., 2014). However, the 470 

exact mechanisms by which they interfere with epigenetic marks are not fully understood.  471 
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Evidence suggests that glyphosate could be associated with epigenetic modifications 472 

in hormone-producing cells. In the non-neoplastic breast epithelial MCF-10A cells, it was 473 

found that treatments with low dose (10-11 M) every three to four days over 21 days, 474 

promoted a global DNA hypomethylation through ten-eleven translocations (TET) enzymes 475 

(Duforestel et al., 2019). Interestingly, the authors of this study also demonstrated that 476 

glyphosate treatment may predispose breast cells to tumorigenesis through epigenetic 477 

reprogramming. With the same purpose, another report (Lorenz et al., 2019) evaluated 478 

whether pregnant Wistar rats orally exposed to GBH (350 mg of glyphosate/kg bw/day) 479 

from GD9 until the end of weaning (on lactational day (LD) 21), imprint uterine epigenetic 480 

modifications during the preimplantation stage. The results showed a long-term epigenetic 481 

disruption in one of the five ERα promoters, (O promoter), specifically a marked decrease 482 

in DNA methylation, as well as an increase in histone H4 acetylation and histone H3 483 

methylation. Consequently, all these epigenetic changes induced to an increase in ERα 484 

mRNA expression and possibly to implantation failures (Lorenz et al., 2019). In the same 485 

way, a different report evaluated the effects of developmental exposure to GBH (3,7 and 486 

352 glyphosate mg/kg bw/day) on mammary gland growth and development in pre- and 487 

post-pubertal male Wistar rats. The results revealed hypermethylation of the CpG islands of 488 

ERα promoters, which was associated with lower ESR1 expression. The authors sustained 489 

that this epigenetic disturbance could be due to the molecular mechanism behind the altered 490 

mammary gland development observed after GBH exposure (Gomez et al., 2019). 491 

The epigenetic changes induced by glyphosate observed in hormone-producing or 492 

hormone-responsive cells were reported not only by direct exposure but also through trans 493 

generational assays. In recent work, pregnant Sprague Dawley rats (F0 generation) 494 
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transiently exposed to 25 mg/kg bw/day of glyphosate, during days 8 to 14 of gestation, 495 

producing negligible impacts on the directly exposed F0 or F1 generation offspring 496 

(Kubsad et al., 2019). In contrast, dramatic increases in pathologies in the F2 and F3 were 497 

observed. Additionally, sperm from F1, F2, and F3 were found to have differential DNA 498 

methylation regions (DMRs) in genes or promoters associated with transcription, signaling, 499 

metabolism, receptors, and cytokines (Kubsad et al., 2019). Therefore, according to this 500 

work, glyphosate appears to have a low risk for direct exposure but promotes generational 501 

epigenetic changes. 502 

Noncoding RNAs (ncRNAs) play an important role in transcription regulation and 503 

are sometimes considered an epigenetic mechanism (Aristizabal et al., 2019). One class of 504 

noncoding RNAs are the microRNAs (miRNAs) which are short (∼22 nucleotides in 505 

length), single-stranded, RNAs that post-transcriptionally control gene expression via either 506 

translational repression or mRNA degradation (Cai et al., 2009). A recent study assessed 507 

the effects of GBH treatment on the miRNA expression in prefrontal cortex from mouse 508 

offspring. In this study the animals were subjected to orally exposure to an equivalent of 50 509 

mg of glyphosate/kg/day during pregnancy and lactation. The results indicated that 53 510 

miRNAs were differentially expressed, of which 11 were involved in brain development 511 

and neurodevelopmental disorders. Therefore, the authors hypothesized that de-regulated 512 

expression of miRNAs may be involved in the mechanism of glyphosate-induced 513 

neurotoxicity (Ji et al., 2018).  514 

On the other hand, another group that subjected ICR mice to drinking water 515 

containing 0.38% glyphosate (1% Roundup®) from ED 14 to PND 7, it was found an 516 

aberrant expression of circular RNAs (circRNAs) in the hippocampus, suggesting its 517 

potential role in glyphosate-induced neurotoxicity (Yu et al., 2018). Although these studies 518 
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are not directly implicated in hormone-producing or hormone-responsive cells it is not 519 

possible to assume that it is an endocrine disruptor demonstration. Therefore, the possibility 520 

that glyphosate can produce a similar effect through ncRNAs on the neuronal development 521 

is still open.  522 

5.6 It alters hormone synthesis  523 

Many molecules can exert an endocrine-disrupting effect, not only by directly interfering 524 

with hormone receptors but also by affecting the endogenous enzymes that catalyze 525 

hormone biosynthesis. Frequently, Such molecules are simple and different in their 526 

chemical structure from those of hormones since they do not compete with hormones at the 527 

receptor level (Combarnous Yves, 2019).  528 

StAR protein plays a key role in the transfer of cholesterol into the mitochondrial 529 

membrane, which is needed for the initial stages of steroid synthesis in the adrenal glands 530 

and gonads (New et al., 2014). In 2000, a group of eight pesticides was evaluated in regard 531 

to their capacity for inducing alterations in steroid hormones biosynthesis. The results 532 

demonstrated that Roundup® treatment for 2h at 25 µg/mL inhibited steroidogenesis by 533 

disrupting StAR protein expression in tumor Leydig cell line (mouse). In the study, it was 534 

also shown that Roundup® did not alter 3p-hydroxysteroid dehydrogenase (3P-HSD) 535 

enzyme activity which converts pregnenolone to progesterone (Walsh et al., 2000). 536 

Surprisingly, it reduced cytochrome P450 side-chain cleavage (P450scc) activity, the 537 

enzyme that converts cholesterol to pregnenolone. Pure Glyphosate did not alter steroid 538 

production at any dose tested (0-100 g/mL) indicating that at least another component of 539 

the formulation is required to disrupt steroidogenesis (Walsh et al., 2000). Subsequently, 540 

these results were confirmed through in vivo experiments in 2015, where a complex 541 
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mechanism was reported in which the treatment of up to 50 mg /kg bw /day of Roundup® 542 

for 14 days reduced the levels of endogenous adrenocorticotropic hormone (ACTH) acting 543 

on the hypothalamic adrenal pituitary (HPA) axis. This effect led to a down regulation in 544 

cyclic adenosine monophosphate StAR phosphorylation dependent of (cAMP)/PKA 545 

pathway as well as a reduction in corticosterone synthesis in the adrenal tissue (Pandey and 546 

Rudraiah, 2015). 547 

In summary, this evidence suggests that Roundup®, but not glyphosate pure, can 548 

alter the biosynthesis of the sexual hormones, all these processes mediating direct and 549 

indirect mechanisms through enzyme inhibition, altering the HPA axis respectively. 550 

The cytochrome P450 (CYP) is a superfamily of monooxygenase enzymes highly 551 

conserved and have a pivotal role in the clearance of various compounds, including 552 

hormone synthesis, metabolism and breakdown (Manikandan and Nagini, 2017);  in 553 

mammals, oxidize steroids, fatty acids, xenobiotics. A study conducted in 1998 554 

demonstrated that glyphosate inhibited CYP enzymes in plants, particularly CYP71B1 555 

(Lamb et al., 1998) through a mechanism of inhibition that involve binding the nitrogen 556 

group of glyphosate to the heme pocket in the enzyme, (IC50 of 12 µM). Later, similar 557 

results were obtained in wheat CYP71C6v1 (Xiang et al., 2005). Given these evidences in 558 

plant CYP and accumulative reports about glyphosate effect on estrogen signaling, it could 559 

be speculated that the herbicide may exert a direct action on CYP aromatase, the enzyme 560 

responsible for estrogen synthesis. Interestingly, in 2005 a study observed that glyphosate 561 

acted as a disruptor of mammalian aromatase activity, by interacting with the active site of 562 

the purified enzyme in concentrations 100 times lower (0.036 g/L) than the recommended 563 

in agriculture (3.6 g/L). Additionally, the effects of glyphosate were facilitated by the 564 
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Roundup® formulation (Richard et al., 2005). This report was the first evidence that 565 

demonstrated the direct effects of glyphosate as a molecule, upon the hormonal 566 

biosynthesis by inhibiting an enzyme. A few years later, the same group confirmed the 567 

aromatase disruption by Roundup from 0.01% (with 210 µM glyphosate) for 24 h, but now 568 

using human microsomes derived from placental cells and human embryonic kidney cells 569 

(293). Interestingly, the authors observed that aromatase inhibition was in a temperature-570 

dependent manner (Benachour et al., 2007). Similarly, Gasnier et al. (2009), observed that 571 

various glyphosate formulations, including Roundup®, interrupt aromatase activity in 572 

human liver HepG2 cells from 10 ppm (nontoxic concentration). In primary Leydig cells 573 

exposed at the same concentration, significant increases in aromatase mRNA levels were 574 

observed after glyphosate treatment (Clair et al., 2012). 575 

Currently, accumulative evidence in an animal model is claiming that glyphosate is 576 

associated with reproductive inefficiency, including embryo loss, uterus development and 577 

birth defects (Ren et al., 2018). Thus, these adverse effects occurring in the pregnancy 578 

period may have their basis in the dysfunction of progesterone or estrogens biosynthesis. In 579 

summary, glyphosate and Roundup® have adverse effects on steroid hormone production 580 

and the mechanism might be through affecting different proteins involved in the 581 

biosynthesis, among them, StAR, CYP aromatase and P450scc. 582 

5.7 It alters hormone transport across cell membranes 583 

Lipid-derived hormones, such as steroid hormones migrate through the phospholipid 584 

bilayer membranes of the endocrine cell. At the target cell, these hormones are released 585 

from the transport protein and diffuse across the lipid bilayer. Other types of hormones 586 

(such as amine, peptide, protein and thyroid hormones) are not lipid-derived, therefore they 587 
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cannot diffuse through the plasma membrane and are released through vesicles from the 588 

endocrine cell. These hormones bind to specific receptors on the outer surface of the 589 

plasma membrane, resulting in activation of a signaling pathway in the target cell and any 590 

of these transport mechanisms can be altered by EDCs (Diamanti-Kandarakis et al., 2009). 591 

Although, it does not exist direct evidence related to hormone transport disruption 592 

across cell membranes by glyphosate, a study determined whether GBH disrupt the 593 

hypothalamic-pituitary-thyroid (HPT) axis, revealing an indirect mechanism (de Souza et 594 

al., 2017). Basically, the authors exposed female pregnant Wistar rats to a solution 595 

containing Roundup® diluted in water in doses of 5 and 50 mg/kg bw/day from GD18 to 596 

PND5.  Subsequently, male offspring were euthanized at PND 90, where blood and tissues 597 

samples from the hypothalamus, pituitary, liver, and heart were collected for hormonal 598 

evaluation and mRNA analyses of genes related to thyroid hormone (TH) function. Such 599 

results revealed a disruption in the HPT axis in vivo and a reduction in the expression of 600 

genes encoding thyroid hormones transporters, such as the Slc16a2 gene (that codifies to 601 

monocarboxylate transporter 8, mct8) and Slco1c1 (that codifies to organic anion 602 

transporter1 C1, Oatp1c1) in the hypothalamus. Although, no significant difference in TH, 603 

T3, and T4 levels was detected, the disordered expression of Slc16a2 may reduce TH 604 

uptake in hypothalamic cells, explaining at least in part, the disruption of HPT axis 605 

observed in these animals (de Souza et al., 2017). Even though, this article does not show a 606 

direct role of glyphosate for disrupting the hormone transport, neither a mechanism at a 607 

molecular level, it establishes a correlation between GBH exposure and the decrease of 608 

hormone transporters, explaining the reduction of the normal functions in hormone-609 

dependent cells leading to serious endocrine disorders. 610 
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The Figure 1 shows the effects of glyphosate and its derivatives on different 611 

hormone-producing or hormone-sensitive cells. In summary, glyphosate can favor 612 

hormonal receptor activity (1), particularly ERα, stimulating their transcriptional activation 613 

(Hokanson et al., 2007; Mesnage et al., 2017; Thongprakaisang et al., 2013); (2) disrupting 614 

the levels of ERα and ERβ proteins levels (Altamirano et al., 2018; Guerrero et al., 2017; 615 

Lorenz et al., 2019; Thongprakaisang et al., 2013); inducing ER/ERK1/2 signaling pathway 616 

in cholangiocarcinoma cells (Sritana et al., 2018), deregulating canonical pathways in 617 

cancer breast cell lines (Stur et al., 2019), disrupting Ca2+ homeostasis in Sertoli cells (De 618 

Liz Oliveira et al., 2013) (3); promoting a global DNA hypomethylation in normal breast 619 

cell lines (Duforestel et al., 2019) (4); exerting adverse effects on steroid hormone 620 

production, specifically, acting as a disruptor of mammalian CYP aromatase activity 621 

(Richard et al., 2005) and CYP P450 side-chain cleavage (Walsh et al., 2000) (5) and 622 

altering thyroid hormones transport across cell membranes through a reduction in the 623 

expression of hormones transporters, such as mct8 and Slco1c  in hypothalamic (de Souza 624 

et al., 2017) (6). 625 

5.8 It alters hormone distribution or circulating levels of hormones 626 

Once outside the cell, some hormones as lipid-derived hormones bind to carrier proteins 627 

that keep them soluble in the bloodstream. However, peptide hormones, due to their high 628 

polarity can be soluble and freely transported in the serum. Some EDCs, such as 629 

Diethylstilbestrol (DES) or Bisphenol A (BPA) have demonstrated to modify hormone 630 

levels such as testosterone and Sex Hormone Binding Globulin (SHBG), respectively 631 

leading to severe endocrine dysregulations (Gore et al., 2015; Kitahara et al., 1999; Zhang 632 

et al., 2016; Zhou et al., 2013),  633 
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Given that sexual development is modulated by hormones and consequently highly 634 

sensitive to exogenous substances as EDCs, studies about glyphosate and their relationship 635 

with hormone levels are done with rats exposed during late gestational and early postnatal 636 

days. The fetal period is a critical stage of sexual hypothalamic differentiation since high 637 

aromatase levels direct the conversion of circulating testosterone into estradiol, determining 638 

the gender and behavior in adults (Bakker et al., 2002; Romano et al., 2012). 639 

The results of the studies on glyphosate and its relationship with hormone 640 

distribution vary depending on several factors in the experimental settings that include the 641 

stage of exposure (pre or postnatal), doses administrated, time of exposure, GBH type and 642 

administration (oral, subcutaneously). For example, in male Wistar rats treated with 643 

Roundup (450 mg/kg glyphosate) during pregnancy (21–23 days) and lactation (21 days), it 644 

was observed a decrease in the serum testosterone level at puberty (Dallegrave et al., 2007). 645 

Similarly another group (Romano et al., 2010) demonstrated a substantial reduction in 646 

serum testosterone concentrations and shifts in testicular morphology of male Wistar rats 647 

treated with different Roundup® dilutions, ranging from 5 to 250 mg/kg, during the pre-648 

pubertal period. In contrast, under gestational maternal glyphosate exposure, the male 649 

offspring showed an increase in estradiol and testosterone serum concentrations at PND 60. 650 

Another similar study showed markedly altered serum concentrations of both 651 

progesterone and estrogens orally administered with pure glyphosate solution 0.5% and 652 

GBH at 0.5%. during 19 days in pregnant mice. Specifically, the mice presented diminished 653 

serum progesterone and elevated serum estrogen concentration along with changes in the 654 

expression of GnRH, LHR, FSHR, 3β-HSD and Cyp19a1 genes at the hypothalamic-655 

pituitary-ovarian axis (Ren et al., 2018). On the other hand, no effects were observed in 17 656 

beta-estradiol (E2) and testosterone serum levels and androgen receptor expression in both 657 
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PND21 and PND60 in Wistar male rats injected subcutaneously every 48 h with 2 mg 658 

GBH/kg bw from PND 1 to PND7 (Altamirano et al., 2018). The same results were 659 

observed when glyphosate was given continuously at doses of 5, 50, 500 mg/kg  during 5 660 

weeks by lavage in sexually mature (56-day-old) Sprague-Dawley (SD) rats (Dai et al., 661 

2016). 662 

On the other hand, glyphosate and its formulation, Roundup® were reported to 663 

decrease testosterone hormone secretion into the culture medium after 24 h of exposure at 664 

non-cytotoxic concentrations (1x10-4 to 1x10-2 of percentage of dilution) in primary Leydig 665 

cells (Clair et al., 2012). However,  in  a murine cell model (BLTK1 cells) that expresses all 666 

the necessary enzymes required for testosterone biosynthesis and metabolism, glyphosate at 667 

300 µM after 4 h did not affect the testosterone levels, suggesting the lack of steroidogenic 668 

effects (Forgacs et al., 2012). 669 

One of the most recent studies at large scale was conducted by the Ramazzini 670 

Institute, where SD rats were subjected to GBH orally administered for 13 weeks at 1.75 671 

mg/kg bw/day, the acceptable daily intake defined by the US EPA (Mao et al., 2018). The 672 

main result showed that after glyphosate exposure, from the prenatal period to adulthood, 673 

there was no a statistically significant increase of TSH in plasma of male rats. However, it 674 

was observed a marked and significant increase in Roundup-treated males compared to 675 

control. On the other hand, it was an increase in total testosterone levels in animals from the 676 

13-week cohort compared to control as well as altered reproductive developmental 677 

parameters in female offspring; particularly, androgen-like effects, including a statistically 678 

significant increase of AGDs in both males and females (Mao et al., 2018). In summary, 679 
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this study determined that GBH induced adverse effects on hormone concentrations and 680 

reproductive development.  681 

Regarding GBH effects on thyroid hormones, a recent study showed that female 682 

Wistar rats sub-chronically exposed to two doses of GBH equivalent to 126 and 315 mg of 683 

Glyphosate/Kg had a decrease in free triiodothyronine (FT3) and thyroxine (FT4), which 684 

was associated with an increase of TSH in the plasma level. Additionally, the authors found 685 

a decrease in levels of estrogen. All these hormonal alterations led to hypothyroidism and a 686 

disruption in the skeletal bone in Wistar rats (Hamdaoui et al., 2020). 687 

Taken together, all these differences in the findings could have an explanation in the 688 

experimental design used in each case; therefore, more exhaustive epidemiological studies 689 

that consider variables such as exposure times and doses are required. In conclusion, 690 

glyphosate and GBH are not harmless and can modify the hormone concentration in animal 691 

models, therefore, it satisfies this "key characteristic of EDCs".  692 

5.9 It alters hormone metabolism or clearance 693 

A fine controlled synthesis and release process regulates the hormonal concentration in the 694 

blood. Hormones are eliminated from circulation by different pathways that include, 695 

metabolic processing by the tissues, binding with the tissues, and excretion (liver or 696 

kidneys). All these mechanisms are referred to as “the hormonal clearance”. Some EDCs, 697 

like DES, have been shown to alter the hormonal clearance (Troisi et al., 2018). Regarding 698 

glyphosate, there is no evidence of its impact on hormonal metabolism or clearance. 699 

5.10 It alters the fate of hormone-producing or hormone-responsive cells 700 

Hormones regulate key cellular processes such as proliferation, migration, apoptosis, and 701 

differentiation. Thus, any external influence that alters these processes may have 702 

consequences at the physiological level, eliciting disturbance in the development, growth 703 
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and the usage and storage of energy among others process. For instance, some EDCs such 704 

as DES or BPA have shown effect on cellular differentiation, leading to severe injuries on 705 

the development and growth (Markey et al., 2001; Okada et al., 2001). 706 

Studies in vitro on hormone-producing or hormone-responsive cells have 707 

demonstrated direct effects of glyphosate mainly on cell proliferation (George and Shukla, 708 

2013; Lin and Garry, 2000; Mesnage et al., 2017; Sritana et al., 2018; Thongprakaisang et 709 

al., 2013) and apoptosis (Benachour and Séralini, 2009; Clair et al., 2012; Li et al., 2013; 710 

Stur et al., 2019). The first study revealed that glyphosate can induce cell proliferation of 711 

the MCF7 cell line in a range of 10–5 M to 10–4 M, the same concentrations where it was 712 

observed estrogenic effects, thus it was the first evidence suggesting that glyphosate can act 713 

as an EDC through a molecular mechanism involving ER activity (Lin and Garry, 2000). 714 

Similar results were confirmed afterward in the uterus of ovariectomized adult rats, where 715 

GBH at 50 mg/kg/day for 3 consecutive days alters estrogen-dependent gene and protein 716 

expression but without affecting the wet weight of the uterus (Varayoud et al., 2017). These 717 

studies opened the way for further evaluation, such as, whether glyphosate can affect 718 

during early developmental periods, like embryonic, fetal, neonatal, childhood, and 719 

puberty. Today, it is known that glyphosate, specially GBH causes alterations during the 720 

whole life of the exposed individual and sometimes in its descendants. 721 

The Ramazzini Institute revealed the results of a pilot study aimed to evaluate 722 

whether exposure to GBH at the dose of 1.75 mg/kg bw/day of glyphosate is considered to 723 

be safe on the development and endocrine system across different life stages in SD rats. 724 

The findings showed that GBH exposure induced endocrine effects from prenatal to 725 

adulthood and altered reproductive developmental parameters in male and female SD rats. 726 

Specifically, inducing androgen-like effects, including a significant increase of anogenital 727 
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distance (AGD) in both males and females, and a delay of first estrous and increased 728 

testosterone in females. In addition, the group noted that commercial Roundup® Bioflow 729 

formulation was more aggressive than pure glyphosate (Mao et al., 2018).  730 

In the last century, the first toxicological report in vivo on xenobiotics showed 731 

sexual disorders exerted by glyphosate and others herbicides (Yousef et al., 1995). Later, 732 

other studies analyzing maternal exposure during pregnancy and lactation in different 733 

animal models showed that GBH disturbs several developmental and reproductivity 734 

parameters in F1 offspring. Among them the studies are demonstrated developmental 735 

retardation of the fetal skeleton (Dallegrave et al., 2003), disruption in the skeletal bone 736 

associated to an aspect of osteoporosis (Hamdaoui et al., 2020), promotion of behavioral 737 

changes (Romano et al., 2012), alteration in uterine decidualization (Guerrero et al., 2017), 738 

and the differentiation of the ovaries and uterus in lambs (Alarcón et al., 2019) as well as 739 

post-implantation embryo loss (Guerrero et al., 2017). 740 

In this sense, special attention is given to the findings in alterations produced in the 741 

mammary gland of pre- and post-pubertal rats, where it was demonstrated that GBH-treated 742 

groups exhibited greater development of male mammary gland such as, a higher number of 743 

terminal end buds (Altamirano et al., 2018) and a higher percentage of hyperplastic ducts 744 

(Zanardi et al., 2020). However, the rats showed a less developed mammary gland, 745 

accompanied by a lower proliferation index with other doses (Gomez et al., 2019). 746 

Zebrafish (Danio rerio) serves as a useful model to study the effect of drugs on 747 

early development via morphological, biomechanics, behavioral and physiological areas 748 

since they breed readily and their transparency enables the visualization of fluorescently 749 

labeled tissues (Roper and Tanguay, 2018). Thus, several studies on glyphosate and its 750 

implications for development have been carried out on the zebrafish model. Some 751 
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experiments have shown that exposure to glyphosate did no induce apparent changes in 752 

general morphology of reproductive system (Armiliato et al., 2014). On the other hand, the 753 

fertilization rate did not change but oocytes significantly increased in diameter and reduced 754 

egg production, affecting equally fish reproduction (Uren Webster et al., 2014). In another 755 

study, it was determined a decreased ocular distance for larvae zebrafish exposed at 756 

0.5mg/L of glyphosate, as well as a significant impairment in memory and a reduction in 757 

aggressive behavior (Bridi et al., 2017). Likewise, the results of Zhang et al. (2017) 758 

demonstrated a delay in the epiboly process and a decrease in body length, eye and head 759 

area after glyphosate treatment at concentrations higher than 10 mg/L (Zhang et al., 2017). 760 

These results were corroborated by Sulukan et al., (2017) who showed that apoptosis 761 

induced by glyphosate at 1 mg/mL during embryologic development, caused several types 762 

of malformations including pericardial edema, yolk sac edema, spinal curvature and body 763 

malformation in a dose-dependent manner (Sulukan et al., 2017). 764 

Finally, several studies on diverse animal models such as bovine, cows, pigs, and 765 

lizards suggest associations between exposures to GBH and adverse outcomes in 766 

development, pregnant and reproduction process. However, such studies did not show a 767 

direct relationship or a specific mechanism that depicts a specific role of glyphosate 768 

(Canosa et al., 2019; Gigante et al., 2018; Mestre et al., 2020, 2019; Wrobel, 2018). 769 

In summary, the evidence shows that exposure to glyphosate or GBH in different 770 

animal models at different stages of development is associated with several physiological 771 

changes, especially in the mammary gland, reproductive system, and skeletal bone 772 

formation, suggesting an active role of glyphosate in altering the fate of hormone-773 

producing or hormone-sensitive cells.  774 
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The Figure 2 presents the evidence on the effects of glyphosate and its derivatives in 775 

in vivo models. In male rats, GBH lead to a reduction of corticosterone synthesis in the 776 

adrenal tissue (Pandey and Rudraiah, 2015), an increase in plasma TSH concentration from 777 

the pituitary gland and a marked disruption of testosterone levels (Mao et al., 2018; 778 

Romano et al., 2010). Moreover, GBH exposure from the prenatal period to adulthood 779 

altered reproductive developmental parameters, inducing a significant increase of 780 

anogenital distance (AGD). In female rats, the GBH exposure in distinct stages is 781 

associated with increased testosterone levels, developmental retardation of the fetal 782 

skeleton (Dallegrave et al., 2003), disrupting behavioral changes (Romano et al., 2012), 783 

skeletal bone (Hamdaoui et al., 2020), uterine decidualization (Guerrero et al., 2017), 784 

differentiation of the ovaries and uterus in lambs (Alarcón et al., 2019) and post-785 

implantation embryo loss (Guerrero et al., 2017). 786 

6. Epidemiological perspective  787 

Given the vast evidence that suggests that offspring of pesticide appliers have increased 788 

risks of reproductive disorders and birth anomalies (Garry et al., 1996, 1992, 1989; 789 

Giwercman et al., 1993; Lipkowitz et al., 1992), numerous epidemiological studies have 790 

been addressed in order to know whether glyphosate exerts similar effects on these 791 

physiological process. However, due to methodological difficulty related to this type of 792 

study, such as the need of quantitative results, the paucity of cases and accuracy in the 793 

period of exposure lead to small number of useful reports to evaluate a direct implication of 794 

glyphosate like EDC. Therefore, in the epidemiological analysis, were considered only 795 

articles that include a thorough analysis of the effects of glyphosate according to inclusion 796 

criteria described by De Araujo et al. (2016). In according to them, only epidemiological 797 

reports regarding reproductive or developmental effects that specifically come from GBH 798 
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expositions were considered, excluding thus studies that consider GBHs in conjunction 799 

with other compounds. 800 

6.1 Evidence on reproductive effects 801 

The Ontario Farm Family Health Study (OFFHS) has provided valuable data from 802 

retrospective studies to assess the potential adverse effects of commonly used pesticides on 803 

pregnancy. In the first report published in 1997, the Canadian census of agriculture served 804 

as the sampling frame for the selection of farms. Thus, the selection was based on residence 805 

(on or near the farm), and whether the age of female partners was 44 years or younger at 806 

the time of the interview. Male farm activities from 3 months before conception were 807 

evaluated in relation to reproductivity parameters in their female couples, such as small-808 

gestational-age births, miscarriage and preterm delivery. The results showed that among the 809 

1.898 couples with complete data chemical activities were not associated with miscarriage, 810 

neither associations were found between farm chemicals and small-gestational-age births or 811 

altered sex ratio (Savitz et al., 1997). Two years later, the same group evaluated whether 812 

exposure to 13 different pesticides, was associated with an altered fecundability and longer 813 

time to pregnancy considering a universe of 2.946 couples. These results showed that 6 of 814 

13 categories of pesticides that were evaluated (among them glyphosate) were associated 815 

with a decrease in fecundability when women were exposed to activities related to pesticide 816 

use. Moreover, no apparent association among reproduction parameters and pesticide type 817 

was observed. In contrast, when only men were engaged in pesticide activities, 3 class of 818 

pesticides (among them glyphosate) were related to an increase in fecundability (17-30%). 819 

Regarding time-to-pregnancy, a non-significant association was found between 820 

glyphosate use by farmers (Curtis et al., 1999). Finally, in 2001, another retrospective 821 

cohort study performed by OFFHS in 2.110 Canadian farm women, revealed that 822 
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preconception exposures to GBH were associated with a moderate rise in the risk of early 823 

abortion (<20 weeks) and an elevated risk of late abortion, regardless the time in which the 824 

exposure occurred (Arbuckle et al., 2001). 825 

In another retrospective cohort study, it was assessed the association between 826 

glyphosate applied by aerial spray and time to pregnancy. The analysis compared 2.592 827 

fertile Colombian women from 5 different regions with different use patterns of pesticides. 828 

One region with organic crops (without glyphosate spraying) was used as a reference. 829 

Results showed no association between glyphosate use and delayed time to pregnancy 830 

among different regions (Sanin et al., 2006).  831 

On the other hand, a prospective study was carried out in Indiana in 2018. The aim 832 

of that study was to assess the association between glyphosate exposure in pregnancy and 833 

shortened gestational length. For this purpose, urine samples from 71 pregnant women and 834 

residential drinking water were obtained as a direct measurement of glyphosate exposure. 835 

The results showed that women who lived in rural areas had higher glyphosate levels, and 836 

were significantly correlated with shortened gestational lengths (r = − 0.28, p = 0.02) 837 

(Parvez et al., 2018). 838 

6.2 Evidence on birth defects 839 

Given the evidence supporting a causal relationship between maternal glyphosate exposure 840 

and offspring birth defects, several epidemiological studies have focused on analyzing 841 

whether this pattern is also applied in humans with childhood health disorders. In a case-842 

control study published in the late 1990’s, it was evaluated whether the father's exposure to 843 

some pesticides, before conception or during the first trimester of pregnancy, influence the 844 

development of selected congenital defects in their descendants. Through dichotomous 845 

exposure analysis (absent, present) it was shown that only parental exposure to pyridyl 846 
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derivatives is statistically representative for risk of congenital malformations (adjusted OR 847 

2.77, 95% CI 1.19-6.44). However, parental exposure to GBH showed that was not 848 

associated with the risk of malformations in offspring (García et al., 1998). 849 

A cross-sectional retrospective study conducted by Garry et al. (2002) evaluated 850 

birth defects in 1.532 children from 695 farm families who worked as pesticide applicators 851 

in the Red River Valley of Minnesota, USA. The study reported that the birth defect rate 852 

was 31.3 per 1.000 births and that 43% of children (6 of 14) who had attention deficit 853 

disorder were from parents who had used GBH. Therefore, the use of GBH shows certain 854 

association with neurobehavioral disorders (OR: 3.6, CI: 1.3–9.6). In the same context, 855 

another study evaluated the two most common subtypes of neural-tube defects (NTDs), 856 

anencephaly and spina bifida regarding the maternal exposure to 59 different pesticides 857 

during the month of conception. The data was collected from two birth cohorts born in 858 

California from 1987 to 1991 and it was analyzed by unconditional logistic regression. 859 

Additionally, each pesticide was evaluated in both single- and multiple-pesticide models 860 

that when it was analyzed by the regression method with a multiple-pesticide model there 861 

were no association among NTDs and glyphosate use. Interestingly, when a single pesticide 862 

model of conventional regression analysis was evaluated, the results showed a significant 863 

association between proximity to glyphosate exposure and NTD (OR = 1.5; 1.0-2.4) (Rull 864 

et al., 2006), suggesting that NTD risk was associated with maternal exposure of glyphosate 865 

applications. 866 

A similar study was conducted by Yang et al. (2014) who examined whether early 867 

gestational exposures to GBH due to maternal residential proximity to pesticide sprayed 868 

crops, were associated with an increased risk of NTD. The data was provided from the 869 

population derived from the San Joaquin Valley, California (1997–2006) and shown no 870 
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association between glyphosate and NTD. Similarly, this population study was used to 871 

explore whether early gestational exposures to pesticides were associated with the risk of 872 

gastroschisis (Shaw et al., 2014). They used the same criteria (maternal residential 873 

proximity) when 156 newborns with gastroschisis were evaluated, of which 30 were from 874 

mothers exposed to glyphosate. These authors found no association between gastroschisis 875 

and maternal glyphosate exposure by using logistic regression 785 cases of babies without 876 

birth defects (as controls). 877 

On the other hand, a cross-sectional study was conducted with the OFFHS data 878 

(Arbuckle et al., 1999), to evaluate the relationship between gestational exposures to 879 

glyphosate and the health results of the offspring, which included, persistent cough or 880 

bronchitis, asthma, and allergies or hay fever. This retrospective study considered a total of 881 

5853 pregnancies and, despite its limitations, showed no statistical association between 882 

pesticide exposure during pregnancy and adverse health outcomes in offspring (Weselak et 883 

al., 2007). 884 

In the same line, a study from the Agricultural Health Study evaluated the 885 

association between maternal pesticide exposure with birth weight in the offspring 886 

(Sathyanarayana et al., 2010). The authors analyzed 27 individual pesticides (among them 887 

glyphosate) on 2246 farm women. Results showed that the mean birth weight for infants 888 

was 3586 g (±546 g) and 3% of the infants had low weight. Therefore, there were no 889 

statistically significant associations between birth weight loss and glyphosate-related 890 

activities during early pregnancy. 891 

In summary, some articles suggest a risk of miscarriages, decrease in fecundability 892 

and neurological behavioral disorders in the descendant in a significant manner. However, 893 

considering all of these studies certain methodological limitations must be taken into 894 
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consideration, for instance, retrospective perspective studies with no quantitative data about 895 

time or dose of glyphosate exposure. Thus, in the current scenario prospective cohort 896 

studies are needed with quantitative estimations of exposure, to better elucidate the effects 897 

of glyphosate and GBH in the endocrine system. In fact, some authors have suggested that 898 

current safety standards for GBH must be modernized and may fail to protect public health 899 

and the environment (Vandenberg et al., 2017). 900 

7. Conclusions and future perspectives 901 

Here, the mechanistic evidence associated with glyphosate as an endocrine disruptor 902 

according to the ten key characteristics of EDCs were analyzed for the first time. In 903 

addition, the main epidemiological reports regarding the possible association between 904 

glyphosate exposure and the high risk of adverse reproductive outcomes and birth defects 905 

in the progeny were summarized. The evidence from some epidemiological studies show 906 

that women exposed to glyphosate increase the risk of late miscarriages and a decrease in 907 

fecundability.  908 

In the animal phenotype (rodents mainly), glyphosate exposure during pregnancy is 909 

associated with an increase of anogenital distance in both males and females, delay of first 910 

estrous and increased testosterone levels in the female. Further, GBH disturbs several 911 

developmental and reproductive parameters in progeny, such as retardation of the fetal 912 

skeleton. In addition, it promotes other effects such as disruption in the skeletal bone 913 

associated to an aspect of osteoporosis, behavioral changes, uterine decidualization, as well 914 

as the differentiation of the ovaries and uterus in lambs and post-implantation embryo loss 915 

(Figure 2). 916 

Mechanistic data showed that glyphosate exhibited seven of the ten KCs of an EDC: 917 

glyphosate 1) can favor hormonal receptors activity, particularly ERα, stimulating their 918 
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transcriptional activation in breast cell line models. 2) disrupts the levels of ERα and ERβ. 919 

3) induces deregulation of eleven canonical pathways in cancer breast cell lines.4. It 920 

induces epigenetic modifications in normal breast cell lines. 5) has adverse effects on 921 

steroid hormone production (estrogens and testosterone). 6) alters thyroid hormones 922 

transport across cell membranes. 7) modify the hormone concentration, such as estrogen 923 

and testosterone in animal models. 8) alter the proliferation rate of breast cell lines (Figure 924 

1). 925 

Thus, it can be concluded that glyphosate behaves like an EDC by altering 926 

hormonal activity which induces defects in the reproductive process and progeny. 927 

However, new prospective studies in humans are needed in order to confirm these 928 

conclusions. 929 
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Figure Legends 943 

Figure 1. Summary of the evidences related to the effects of glyphosate and its derivatives 944 

on different hormone-producing or hormone-sensitive cells.  945 

Figure 2. Summary of the evidence on the effects of glyphosate and its derivatives in in 946 

vivo models. 947 
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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 

vivo 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 least 8 key characteristics of an EDC. 

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

EDC. 
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