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Abstract: Glyphosate is widely used worldwide as a potent herbicide. Due to its ubiquitous use,
it is detectable in air, water and foodstuffs and can accumulate in human biological fluids and
tissues representing a severe human health risk. In plants, glyphosate acts as an inhibitor of the
shikimate pathway, which is absent in vertebrates. Due to this, international scientific authorities
have long-considered glyphosate as a compound that has no or weak toxicity in humans. However,
increasing evidence has highlighted the toxicity of glyphosate and its formulations in animals and
human cells and tissues. Thus, despite the extension of the authorization of the use of glyphosate
in Europe until 2022, several countries have begun to take precautionary measures to reduce its
diffusion. Glyphosate has been detected in urine, blood and maternal milk and has been found to
induce the generation of reactive oxygen species (ROS) and several cytotoxic and genotoxic effects
in vitro and in animal models directly or indirectly through its metabolite, aminomethylphosphonic
acid (AMPA). This review aims to summarize the more relevant findings on the biological effects and
underlying molecular mechanisms of glyphosate, with a particular focus on glyphosate's potential to
induce inflammation, DNA damage and alterations in gene expression profiles as well as adverse
effects on reproduction and development.
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1. Introduction

Glyphosate (N-phosponmetyl glycine; CAS registry number 1071-83-6; molecular
formula C3-Hg-N-Os-P) is one of the most widely used herbicides in the world. It was
patented under the trade name of Roundup in 1974 by the Monsanto agrochemical industry.
Monsanto’s patent expired in 2001 and since then glyphosate has been manufactured
by many companies, including Bayer, a leading producer of glyphosate in Germany.
Glyphosate and glyphosate-based herbicides (GBHs) were authorized for agricultural use
in 1974 in the USA by the Environmental Protection Agency (EPA) while, in Europe, it was
commercialized in 2002 after the approval of the European Commission [1].

Glyphosate, formulated as Roundup, is a broad-spectrum herbicide. Its main function
is to eliminate weeds in crops of wheat, canola and soybeans, even though, in wheat
crops, it is also used as a desiccant before the harvest [2]. In addition, glyphosate is used
in urban areas, in parks and in marine contexts to eliminate aquatic plants [3]. In the
mid-1990s the use of glyphosate and GBHs increased rapidly because of the development
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of glyphosate-resistant GM crops. In 2012, 127,000 tons of glyphosate were used in the USA
and 700,000 tons worldwide [4]. Indeed, the USA is the nation where there is the largest
use of glyphosate and GBHs. More than 750 products on the US market contain it and their
use has been approved in more than 130 countries [5-7]. Due to its massive use, glyphosate
is detectable in the air, water and in foodstuffs and consequently in biological fluids as
urine, blood and maternal milk [8]. However, the specificity of glyphosate in inhibiting
the activity of 3-phosphoshikimate 1-carboxyvinyltransferase (EPSPS), the key enzyme
of the shikimate pathway, which is absent in vertebrates, has led, for a long time, to the
idea that this pesticide could not represent a serious risk for human health [9]. While it
is true that epidemiological studies on humans have reported only a possible, slight rise
in the development of non-Hodgkin’s lymphomas among glyphosate-exposed farmers,
in-vitro studies, however, have shown that this substance causes genetic damage, increases
oxidative stress, interferes with the estrogen pathway, can be able to compromise brain
functions and has been correlated with various forms of cancer [10-12]. With reference
to the above evidence, the health effects of glyphosate have become a topic of crucial
importance for research. The International Agency for Research on Cancer (IARC) carried
out an in-depth analysis of research studies on the effects of glyphosate in humans and
animals. This analysis ended, in 2015, with the decision to include this pesticide in the
group 2A (probably carcinogenic to humans). In 2015, the European Food Safety Authority
(EFSA) conducted another technical assessment entrusted to the German Federal Institute
for Risk Assessment (BFR) and, from these valuations, it emerged that glyphosate was
unlikely to represent a carcinogenic hazard for humans. Both views were met with criticism
among the scientific community and society at large. Consequently, recent years have
witnessed a plethora of studies on glyphosate toxicity and several reviews and opinion
articles have also emerged in the peer-reviewed literature. In addition, the BFR is based in
Germany, the country in which one of the main producers of glyphosate is based, and three
consultants from the glyphosate agrochemical industry resided in the technical commission
of the BFR. In November 2017 the UE decided to extend the authorization for glyphosate
use until 2022. Although the judgment on the human health risk of glyphosate remains
still uncertain, several countries have begun to take precautionary measures to reduce the
inappropriate use of glyphosate and GBHs [5].

From the above observations, it emerges that the unsafety of glyphosate and GBHs
represents a real emergency, therefore the aim of this review is to update the knowledge
about the effects of this herbicides with particular reference to its immunomodulatory
action, mutagenic/carcinogenic potential and its effects on reproduction and development.
Through critically analyzing the overall aspects of glyphosate toxicity, we provide our
insights, with aim to raise awareness about its use.

2. Glyphosate Action and Contamination Routes

Glyphosate inhibits the activity of EPSPS, an enzyme required in the shikimate path-
way for the synthesis of the aromatic amino acids alanine, tyrosine and phenylalananine in
plants [13] (Figure 1). Aromatic amino acids are necessary to obtain different compounds
that perform regulatory and defense functions, the lack of these amino acids lead to plant
death [9,14].

The presence of the carbon phosphate bond (Figure 2) makes glyphosate quite resistant
to degradation. Despite this, the degradation of glyphosate involves the breakdown of the
carbon—nitrogen (C-N) bond, which leads to the production of aminomethylphosphonic
acid (AMPA), the main metabolite of glyphosate [15,16]. However, glyphosate itself has a
low toxicity and GBHs contain other substances that help glyphosate's entry into plants,
increasing its toxicity. For example, it has been shown that Roundup is more toxic than
glyphosate alone [17]. Roundup includes the co-formulant polyetholoxylated tallow amine
(POEA) which appears to be the ingredient with the greatest toxic effects [18,19].
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Figure 1. The shikimate pathway in plants. The shikimate pathway converts phosphoenolpyru-
vate (PEP) and erythrose 4-phosphate (E 4-P) into chorismate, the precursor of three aromatic
amino acids. Glyphosate inhibits the 5-enolpyruvylshikimate 3-phosphate (EPSP) synthase enzyme,
preventing this synthesis. DAHP: 3-deoxy-d-arabino-heptulosonate-7-phosphate synthase; DHQ:
3-deidroquianate synthase; DHQ/SDH dehydratase: 3-dehydroquianate dehydratase; DHQ/SDH
dehydrogenase: 3-dehydroquianate dehydrogenase; SK: shikimate kinase; CS: chorismate synthase.
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Figure 2. Chemical structures of glyphosate and its co-genres: aminomethylphosphonic acid (AMPA),
glycine and glutamic acid.

Furthermore, GBHs are applied to crops several times each season, both for removal of
weeds and for drying before the grain harvest. The decomposition of glyphosate takes place
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in living plants as well as in the soil, this means that both glyphosate and its metabolites,
such as AMPA, can be found in plant products [2,20].

The wide use of glyphosate and its ability to accumulate in the environment has
increased concerns about the possible side effects that this compound can have on human
health. GBHs tend, in fact, to accumulate in soil, water, plant products and food including
grains, fruits and cereals, and they are not removed by washing nor degraded by cook-
ing [21,22]. Recent research has shown that glyphosate is present in significant quantities
in the meat of cattle and in the urine of the cows that consume contaminated food [23].
Indeed, there are not yet sufficient studies explaining the pharmacokinetics of glyphosate in
vertebrates and its transport and bioaccumulation in various tissues. It has been shown that,
in rats, after the oral ingestion of 400 mg/kg of pesticide, the concentration of glyphosate
in the blood is equal to 5 pg/mL. In the 5 h following administration, glyphosate diffuses
into the tissues, and it has half-lives, in terms of distribution and elimination, of 4 and 15 h,
respectively [24].

In a study lead at the Ramazzini Institute, Sprague Dawley rats were subjected to oral
administration, for 13 weeks, of water containing glyphosate or Roundup at levels equal
to the United States Acceptable Daily Intake (US-ADI). It was found that glyphosate is
excreted in the urine as a compound not modified and in greater quantities with respect
to its main metabolite AMPA (see Figure 2 for the chemical structure). The amount of
glyphosate present in urine increases in relation to the duration of treatment suggesting a
possible bioaccumulation [16]. Accordingly, other in-vivo studies showed that once in the
body glyphosate tends to accumulate in the kidneys, liver, colon and is then excreted via
the feces or urine [12,16,25].

Although not a direct target, humans can be contaminated through occupational
exposure and diet [21,26,27]. The preferential entry route is the dermal route. However,
glyphosate can get into the human body also by inhalation, ingestion or by eating contami-
nated food [22] (Figure 3). On this hand, glyphosate has been found in high proportions in
the urine of farmers and other biological fluids, such as blood and maternal milk, and it
is also present in 60-80% of general population, including children [2,28]. This suggests
that daily exposure to this pesticide, as well as its presence in the human body, could
compromise human health.

Glyphosate exposure Glyphosate contamination routes

occupational &
exposure

diet exposure

air exposure respiratory tract

dermal tract

gastrointestinal tract

Figure 3. Scheme of the main exposure and contamination routes of glyphosate in humans. Image has been created with

BioRender.com, accessed on 1 November 2021.

Several recent reviews [2,13,14,29] have shown a significant correlation between the
onset of various chronic diseases and the increased use of glyphosate, however, to date
there are not sufficient data explaining how glyphosate and GBHs could alter human and
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animal metabolism and the molecular pathways targeted by glyphosate have not been
completely elucidated. Available data suggest that the chemical structure of glyphosate
and its metabolite AMPA are similar to those of glycine and glutamate (Figure 2), agonists
of n-methyl-D-aspartate receptor (NMDAR) [30,31]. Moreover glyphosate, acting as an
analogue of the amino acid glycine, can be mistakenly included in polypeptide chains
during protein synthesis, generating abnormalities in proteins that play a fundamental
role in metabolic and regulatory processes. The replacement of glyphosate with preserved
glycine residues might explain, in part, the reason for the correlation between glyphosate
exposure and the onset of various diseases [32]. In fact, recent findings obtained in MDA-
MB-231 breast cancer cells did not show any difference between global proteome changes
in glyphosate treated and untreated cells; only ADP/ATP translocase and serine/arginine—
rich-splicing factor 6 exhibited statistically significant modifications in glyphosate treated
cells [33], suggesting that the pesticide can target specific proteins. Indeed, glyphosate
exposure seems to be involved in various diseases of modern era, such as obesity, diabetes,
liver and kidney dysfunction, autism, dementia, Parkinson’s and Alzheimer’s disease,
leukemia, various forms of cancer and inflammatory diseases.

3. Inmunomodulatory and Inflammatory Effects of Glyphosate
3.1. Glyphosate—Induced Effects in Liver, Kidney and Lung

Many studies have found that glyphosate exerts its toxicity inducing inflammation
and oxidative stress in various types of cells [34—40]. Oxidative stress, due to the excessive
production of reactive oxygen species (ROS) or to poor antioxidants defenses, can dam-
age proteins, lipids and activate apoptotic pathways and/or the onset of inflammatory
processes. El-Shenawy et al. [35] demonstrated an oxidative stress response in Albino
male rats intraperitoneally administered with sub-lethal concentrations of Roundup or
glyphosate alone. They found a significant time-dependent depletion of GSH and induction
of oxidative stress in hepatic tissue mediated by the elevated levels of lipid peroxidation
in both glyphosate- and Roundup-treated rats. Furthermore, increased nitric oxide (NO)
and tumor necrosis factor o« (TNF-) levels were observed in the same exposed animals,
suggesting a role for Roundup and its active ingredient, glyphosate, as antioxidant disrup-
tors. Roundup and glyphosate were also capable of altering kidney function promoting
an increase in blood urea [35]. Accordingly, renal and liver dysfunction were observed
by Mensage et al. [36] who carried out a two-year study by giving rats water containing
Roundup at a concentration of 0.1 ppb with a corresponding amount of glyphosate equal
to 0.05 pg/L. Their results showed that Roundup caused an increased incidence of anatom-
ical signs of disease and changes in blood and urine parameters that are symptomatic
of functional liver and kidney failure. This investigation was also deepened through a
molecular approach by analyzing the gene expression profiles in the liver and kidney.
Altered expression patterns typical of mitochondrial dysfunctions and pathologies, such as
fibrosis, necrosis and ischemia, were observed [35]. Another in-vivo study showed the
effects of Roundup on adipose tissue and the liver, which are the main organs having
a role in maintaining homeostatic energy. Adult male rats were exposed to increasing
concentrations of Roundup (from 5 to 250 mg/kg body weight, [bw]) orally every day for
14 days. After 2 weeks of treatment, significant increased levels of inflammatory markers,
such us interleukin (IL)-1f3, TNF-«, and IL-6, were found at 100 and 250 mg/kg bw/day,
together with liver damage ascribable to steatosis and non-alcoholic fatty liver. The forma-
tion of micro and macro-vesicular steatosis was observed after the treatment with the same
doses of Roundup [37,38]. These doses exceed both the acceptable operator exposure level
(AOEL, 0.1 mg/kg bw/day) and the acceptable daily intake (ADI, 0.5 mg/kg bw/day) for
consumers fixed by EFSA [41]. However, this does not exclude that those similar alterations
could be achieved with a low-dose chronic exposure to Roundup and the authors do not
provide any evidence for the effects of pure glyphosate. Of note, experimental evidence
from mouse models, collected from a farm, that there inhaled air samples after spraying
with glyphosate, pointed out that this pesticide could represent a risk factor for the onset
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of occupational asthma. In fact, the exposure to an average of 17.33 ug of glyphosate-rich
air samples (corresponding to about an airborne concentration of 22.59 ng/m?) induced
an increase in cell counts of eosinophils and neutrophils and mast cells in the lungs of
exposed mice. The onset of the inflammatory process was also confirmed by analyzing
the cytokines pattern typically produced in the case of asthma, such as IL-5, IL-10, IL-13
and Interferon-y (IFN-y). In this case, the authors do not specify if farmers were exposed
to pure glyphosate or GBHs, however, these results suggest that exposure to glyphosate
induces damage to the epithelial barrier of the airways, the first source of contact with
inhaled pesticides. The damage of the epithelium involves the release, especially, of the
cytokine IL-33 and thymic stromal lymphopoietin (TSLP), which are known to amplify the
inflammatory response, inducing bronchial hyperactivity [39,40].

3.2. Glyphosate—Induced Effects in the Intestine

Glyphosate appears to be related to intestinal inflammation [42]. The intestine, in fact,
is very susceptible to the presence of pesticides, representing one of the first barriers
with which exogenous substances come into contact [43]. Some studies have reported
that pesticides can alter the integrity of the intestinal barrier and oxidative stress is one
of the mechanisms by which these substances induce toxicity [44,45]. In line with these
observations, the administration of glyphosate (at doses between 10 and 40 mg/kg) in
pigs weaned for 35 days caused an increase of the enzymes superoxide dismutase (SOD),
glutathione (GSH) peroxidase 1 (GSH-Px1), catalase (CAT) and levels of malondialdehyde
(MDA, indicator of lipid peroxidation) in the duodenum. Increases in nuclear factor
erythroid 2-related factor 2 (Nfr2) mRNA levels in both the duodenum and the jejunum
were also found. The Nfr2 gene encodes the major regulator of the cytoprotective response
to endogenous and exogenous stress caused by ROS. In fact, under normal conditions,
Nrf2 protein binds with small MAF proteins (sMAF) to the antioxidant response element
(ARE) in the regulatory regions of the target genes. Thus, in the duodenum and jejunum,
glyphosate-induced Nrf2 expression, together with the reduction of the GPxI mRNA and
the simultaneous induction of the NF-kB transcription factor mRNA, strongly suggests a
decrease in intestinal antioxidant capacity, which can lead to chronic inflammation and
tissue damage [42].Glyphosate also interferes indirectly with the intestinal immune system
by creating an imbalance in resident microbiota. As previously explained, the shikimate
pathway is absent in vertebrates but exists in plants and microorganisms, including gut
microbiota. Glyphosate (75-300 mg/L) and the GBHs Chlorpyrifos (CPF, 50-200 uM)
can influence the activity of some intestinal microorganisms such as Escherichia coli and
Lactobacillus reuteris, which, in turn interact with the immune system. Indeed, these bacterial
strains, if treated with glyphosate or CPF and then cultured with mucosal-associated
invariant T cells, stimulate the release of pro-inflammatory cytokines such as TNF-« and
INE-y [46].

3.3. Glyphosate—Induced Effects in Blood Cells

It is noteworthy that our immune system is essential for survival, offering us protection
against pathogens through innate immunity, the first line of defense, and the more powerful
acquired immunity that develops later. The immune system, however, is a double-edged
weapon. Damage to the latter can favor the onset of various diseases by causing a weak or
excessive response [47].

Immunodeficiency can be primary, but it can become secondary following the ex-
posure to chemical compounds. Growing studies have shown there is a correlation be-
tween alterations in the immune system and exposure to organophosphate pesticides like
glyphosate [48,49]. Lioi et al. [50,51] were the first to report that low concentrations of
pure glyphosate (from 17 to 170 uM) can induce oxidative stress in human and animal
lymphocyte cultures, inducing the activity of glucose 6-phosphate dehydrogenase (G6PD),
the key enzyme of the pentose phosphate pathway that ensures the NADPH necessary to
preserve the intracellular pool of reduced GSH [50,51]. More recent studies conducted by
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Pereira et al. [52] investigated the immunological profile of a group of farmers exposed
for 15 days to the use of multiple pesticides. The exposed group was made of 43 people
(from 29 to 72 years old) and compared with a control group of 30 people (from 32 to
66 years old). A significant increase in monocytes, dendritic cells and total T cells was
observed in the glyphosate-exposed group compared to the controls. The altered number
of leukocytes was also associated to an increase in the production of the inflammatory
cytokine IL-6 in exposed farmers [52]. In another in-vitro study, performed by Barbasz
et al. [53], the potential toxic effect of three pesticides, including glyphosate, was tested
on two human immune-cell lines: the human histiocytic lymphoma cell line (U-937) and
the human promyelocytic cell line (HL-60). The concentration of pesticide chosen to treat
cell lines was equivalent to the amount to which farmers or the general population are
usually exposed. From a cell-vitality analysis, it was shown that cells, treated for 24 h with
3600 pg/mL of glyphosate, survived only in 20% of cases as compared with controls, thus
corroborating previous results on the cytotoxicity of this pesticide. Lipid peroxidation
was also assessed by determining the MDA concentration: the MDA concentration in the
U-937 cell line increases four times more than the control group, suggesting that glyphosate
cytotoxicity could be mediated by the induction of strong oxidative stress [53].

3.4. Neurodegenerative Glyphosate—Induced Effects

Environmental stressors such as pesticides can contribute to neurological disorders
through mechanisms involving inflammation, oxidative stress and apoptosis; thus, long-
term glyphosate exposure could cause neurodegenerative diseases. From this point of view,
Cattani et al. [54] found that rat maternal sub-chronic exposure to GBHs containing 0.36%
of glyphosate in drinking water and corresponding to 70 mg of glyphosate/kg bw/day
affected cholinergic and glutamatergic neurotransmission in offspring's hippocampus, from
both immature and adult rats. The observed decrease of glutamate uptake and increased
Ca?* influx, in both 15-day old and 60-day old rats, indicated a persistent glutamate
excitotoxicity from the developmental period to adulthood. These events culminated in
oxidative stress phenomena, astrocyte dysfunction and depressive-like behaviors [31,54].

In another in-vitro study, performed in the human neuroblastoma cell line SH-SY5Y,
glyphosate (5 mM) and AMPA (10 mM) treatments induced cytotoxic effects increasing
MDA levels, NO and ROS production, as well as caspase (CASP) 3/7 activity. Also found
was the enhanced expression of pro-apoptotic genes such as CASP3, CASP9, TNFw, Tumor
Protein 53 (TP53), up-regulation of the Wnt pathway and down-regulation of Growth
Associated Protein 43 (GAP43) and Tubulin Beta 3 Class III (TUBB3) mRNA, hallmarks of
neuronal development. Furthermore, the authors showed alterations in the expression
profiles of several genes of cell death pathways, suggesting that glyphosate and AMPA
can affect neuronal development by inducing oxidative stress and cell death via apoptotic,
autophagic and necrotic pathways [34]. Although insufficient, these preliminary data on the
neurotoxicity of glyphosate indicate that environmental exposure to this pesticide and its
formulations could be a concern during neuronal cell development and migration. On the
other hand, from the observed involvement of the Wnt pathway in the glyphosate-induced
effects arises the problem that this pesticide can impair not only the normal functionality
of the typical inflammation pathways but also those that link inflammation to cancer risk.

4. Carcinogenic and Mutagenic Effects of Glyphosate

The biotransformation of xenobiotics leads to the cellular production of reactive
intermediates, such as ROS, that can damage DNA, inducing various mutations and
uncontrolled proliferation that ultimately lead to cancer. In recent years, the potential
genotoxic effects of glyphosate have been subject of debate both in the scientific community
and among international agencies. The discrepancies between the results on glyphosate-
induced DNA damage are mainly due to the different experimental methodologies used,
making it difficult to reach unambiguous and clear conclusions [11].
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Although the clastogenic effects of glyphosate have not been detected in bovine pe-
ripheral lymphocytes in vitro [55], other studies indicated that this herbicide has genotoxic
effects at the cellular and genomic levels in different types of cells, especially peripheral
blood mononuclear cells (PBMCs) [50,51]. Andreotti et al. [13] recently conducted an
epidemiological study showing that, out of 54,251 people who use pesticides, 44,932 used
glyphosate and 5779 developed cancers. Authors also suggested a specific correlation with
the risk of developing acute myeloid leukemia (AML) in the group exposed to the highest
amount of glyphosate [13]. Since DNA damage alters numerous cellular processes, evalu-
ating the genotoxic potential of these xenobiotics appears to be crucial in assessing human
health risk. The most frequent lesions that occur in DNA consist of single-strand breaks,
double-strand breaks, different types of chromosomal aberrations and DNA oxidative dam-
age involving a modification of the nitrogenous bases; however, changes in the methylation
profile of several genes must be also considered as they are associated with an increased
risk in developing cancer [56,57]. From this point of view, Santovito et al. [58] evaluated,
in vitro, the effects of glyphosate concentrations corresponding to the acceptable daily in-
take (ADI) established by EFSA (0.5 ng/mL) and its submultiples on human lymphocytes.
They observed that glyphosate was able to induce micronuclei (MNi) and chromosomal
aberrations, such as chromatid and chromosome breaks, dicentric chromosomes, ring
and acentric fragments, suggesting a cancer risk for exposed subjects [58]. These data
corroborated the results previously obtained by Lioi et al. [50,51], who showed a weak
but significant genotoxic effect, in terms of chromosomal aberrations and sister chromatid
exchanges (SCEs)/cell, in human and bovine lymphocytes exposed to glyphosate [50,51].
The finding by Lioi et al. [50,51], indicating an increase of SCEs/cells, also suggested a
reduced efficiency of DNA repair enzymes, most of which are epigenetically regulated.
In another study by Wozniak et al. [57] it was determined the genotoxic potential not only
of glyphosate but also of its formulation Roundup and its metabolite AMPA. It was found
that all compounds can cause single-strand breaks, while glyphosate (at a concentration of
1000 uM) and Roundup at a concentration of 10 uM caused comparable DNA damage in
the Comet assay. Of note, the authors suggested that DNA lesions were caused by oxidative
stress, leading to the formation of 8-oxodG, which is known to favor the incorporation of
adenine in place of cytosine causing G: C -> T: A transversion. They also demonstrated a
greater toxicity of Roundup compared with glyphosate alone [59].

It is well known that xenobiotic substances can also induce epigenetic mutations.
Changes in the level of general methylation or within the promoter regions of genes in-
volved in different cellular processes can have important consequences for eukaryotic cells,
including the increase of cancer risk [60-62]. From this perspective, recent studies showed
that glyphosate at low concentrations (from 0.5 to 0.1 mM) reduced the methylation of
P21 and TP53 suppressor gene promoters, which are notoriously involved in apoptotic
pathways [62]. According to these findings, a global condition of DNA hypomethylation
was found in PBMCs treated with higher concentrations of glyphosate (0.5 to 10 mM); how-
ever, hypermethylation was observed in the promoter region of the p53 gene following the
treatment with 0.25- and 0.5-mM [63]. Altogether these observations strongly suggest that
glyphosate can induce epigenetic effects by disturbing the normal methylation processes
and gene expression in human PBMCs, probably leading to cell transformation. Accord-
ingly, the IARC working group has concluded that there is a link between glyphosate
exposure and non-Hodgkin’s lymphoma [5,10,64].

The genotoxic activity of glyphosate and GBHs have also been demonstrated in the
human liver-cell line HepG2. In these cells, the treatment with glyphosate and four different
formulations of Roundup containing increasing amounts of the active ingredient (from
7.2 t0 450 g/L) induced DNA damage and anti-estrogenic activities on estrogen receptors
aand 3 (ERx, ERP). Interestingly, the effects were more dependent on the formulations
than on glyphosate concentration, suggesting that GBHs can be more toxic than the pure
glyphosate [65]. Similar results were obtained by Koller et al. [66], who investigated the
potential adverse effect that glyphosate and Roundup can cause on a human-derived buccal
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epithelial cell line, TR146. In this case, the comet assay and the MNi tests demonstrated
that the substances at the concentration of 20 mg/L promote DNA damage, probably by
inducing single-strand breaks, apurinic sites, MNi and nuclear buds (NB) and, in this study,
Roundup was more active than glyphosate [66]. Furthermore, in Hep-2 cells exposed to
glyphosate at a concentration range of 3 to 7.5 mM for 4 h, the comet assay revealed a
statistically significant increase in DNA damage [67]. In addition to the evident genotoxic
effect that glyphosate and GBHs can have, it has been seen that, in some forms of cancer,
they can favor the maintenance of tumor condition by inducing multidrug resistance
(MDR). Despite originating in healthy human cells, cancer cells undergo rapid mutations
and develop different mechanisms of adaptation to stress conditions that can ensure greater
survival. These include the MDR mechanism. The acquisition of the MDR phenotype is
one of the main problems encountered in the treatment of various forms of cancer such
as glioblastoma multiforme (GBM). This phenomenon is related to an overexpression of
ABC membrane transporters (such as P-glycoprotein) [68], breast cancer-resistance protein
(Berp) and glutathione s transferase (GSTs) [69]. The chronic presence of pesticides in the
body could activate MDR mechanisms. In the human glioblastoma cell line U87 it has
been shown that, consequent to exposure to the combined action of various pesticides
(including glyphosate), cells develop resistance to chemotherapeutic agents. In these
resistant U87 cells, there was an increase in the expression of all biomarkers involved in
the MDR mechanism (such as GST, P-gp/ABC, MRP) and a greater resistance to apoptosis
and oxidative stress [70]. From this point of view, it would be necessary to increase our
knowledge on the adverse effects of the contemporary exposure to several pesticides,
as this could occur, particularly, for farmers.

Other studies on the human cancer cell lines HEC1A (endometrial cancer cell line) and
MDA-MB-231 (estrogen receptor (ER) negative breast cancer line) the genotoxic effects of
glyphosate and its co-genres Roundup and Wipeout were also correlated with the estrogen
receptors status. These effects were found mainly by using short time treatments and
moderate doses (from 75 to 500 pug/mL); glyphosate induced significant DNA damage
in both cell lines. Indeed, the toxic effect was higher in HEC1A (ER positive) compared
with MDA-MB-231 (ER negative). MDA-MB-231 are considered hormone-independent
cells that express low levels of the ERx and ERf receptors and, therefore, in this case it is
possible that glyphosate acts through a non-estrogenic mechanism, suggesting a potential
endocrine-disruptive role for this pesticide [71]. In line with this hypothesis, in T47D cells,
a human hormone-dependent breast-cancer cell line, glyphosate concentrations ranging
from 1072 to 107® M has been shown to have a pro-proliferative effect. The estrogen
response element (ERE) luciferase assay—performed by using the T47D-KBluc cell line
transfected with a triplet ERE-promoter luciferase reporter-gene construct—gave evidence
that glyphosate behaves like a xenoestrogen that can induce ERE activation. This mech-
anism is inhibited by the estrogen antagonist ICI 182,780 corroborating that glyphosate
activity is mediated by ERs. Therefore, although the binding of glyphosate to ERs is not
yet documented, its ability to stimulate the ERE-regulated transcription suggest that it
could have a stimulatory effect through an ER-dependent mechanism [72]. These last
observations pointed out that, in addition to cytotoxic and genotoxic effects on various
experimental model systems, glyphosate also interferes with the estrogen pathway in a
manner that remain to be elucidated. Moreover, as summarized in the next paragraph,
GBHs have been reported to induce adverse effects in animal reproduction, including
disruption of key regulatory enzymes in androgen synthesis and alteration of serum levels
of estrogen and testosterone [73].

5. Effects of Glyphosate on Reproduction and Development

The production of high-quality gametes is the first step for successful reproduction
and species conservation. Notably reproduction is under the control of the hypothalamus-
pituitary-gonadal (HPG) axis and finds the main actors in the hypothalamic gonadotropin
releasing hormone (GnRH), pituitary gonadotropins and sex steroids [74]. Many environ-
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mental factors, from nutritional cues, drug abuse, stressors or environmental pollutants,
among others, affect reproduction at multiple levels along the HPG axis, with consequences
for gamete quality, successful reproduction, embryo development and offspring health,
as previously reviewed [75-79]. In this respect, in spite of the relative safety of glyphosate,
in-vivo and in-vitro studies involving different organisms and cell types reported various
adverse effects on reproduction (Figure 4), but several controversies concern chemical
composition (glyphosate alone or in formulation), doses and exposure windows.

SrZ Leydig cells . Embryo cells
Impaired { Aromatase Sertoli/germ cells T Intracellular
mitochondrial L StAR Mitochondrial calcium levels Oocy_t es
activity, motility 1 Steroidogenesis dysfunction and Oxidative stress [mpam.?d
and viability death Apoptosis maturation
PN ~ Ve L o
\ \\ \\“\‘ \\\\ i //’/ }’/,, //,
X NE - b1 1 L < PPle = i
SPZ AN SR S ! e T {/ . .
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Figure 4. Schematic representation of glyphosate’s and glyphosate-based herbicide’s (GBHs) -induced effects on mammalian
reproduction, fertility and development. |: decreased; {: increased.

Therefore, Table 1 summarizes the significant outcomes in mammalian reproduction
following in-vivo and in-vitro treatments of glyphosate and GBHs, alone or in combinations.
In general, glyphosate or GBHs exposure during neonatal, (peri)pubertal or adult life
interferes in the physiology of the HPG axis affecting the hormonal milieu critical for
reproduction, sex-steroids production and signaling pathways (details and references in
Table 1).

Table 1. In-vivo and in-vitro administration of glyphosate and glyphosate-based herbicides (GBHs): effects on reproduction
in mammals.

Experiment Species/Cell Types Treatment Effects Reference

TNumber of resorption sites
on GD19, associated with
altered decidualization

Subcutaneous injection: Morphologiecsglocnhs:nges at the
0
In vivo Newborn female rats 2mg/ kg( day GBH (66% implantation site [80]
glyphosate in potassium salt) Est d t
on PND1, 3,5 and 7 JEstrogen and progesterone

receptors (ER and PR)
LCOUP-TFII (Nr2f2) and
Bmp2 mRNA
THOXAI10 and Ki67
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Experiment Species/Cell Types Treatment Effects Reference
Subcutaneous injection: Disturbed uterine signaling
In vivo Newborn female rats 2mg/ I;gl\{ gay GBHs on gy{%?ﬁg?ﬁgﬁg’ﬁ?gg’ [81]
1to7 .
gestation
TLE hyperplasia
1Stromal and myometrial
thickness
S 1Proliferation and
Subcutaneous injection: endometrial hyperplasia
In vivo Newborn female rats 2 mg/kg/day GBH on PND1 Altered P fP . [82]
o7 ered expression of proteins
involved in uterine
organogenetic differentiation
(i.e., PR and Hoxa1l0, and
ER«x)
GBHs and mix:
TIncidence of luminal
S epithelial hyperplasia
Eubcutaneous injection: TPRpand Hoxa%/(r)) ex};)ression
ndosulfan (600 pg/kg Post-implantation 1
In vivo Female Wistar rats (pups) bw/day), GBHs (2 mg/kg T o(si mp ar;l altﬁ gsses [83]
b.w/day) or a mixture (mix) urng adurthoo
from PNDI to 7 Endosulfan:
Modified ERax and Hoxal0
expression.
TPre-implantation losses
No significant effect on
vulvar size and reproductive
organs
Glyphosate concentrations 10, Al(;er&led tissue morp hology
In vivo Female weaned piglets 20, and 40 mg/kg into the and ultrastructure in uterus [84]
Pig 8758 and ovary
feed TOxidative stress in uterus
1LHRH/GnRH
TTestosterone
JFSH
PND45:
Oral and subcutaneous Altered follicular dynamics
In vivo Prepubertal female ewe exposure to a GBHs (2 TProliferation of granulosa 85]
lambs mg/kg/day) from PND1 to and theca cells ;
PND14 JFSHR and GDF9 mRNA
JProliferation in the uterus
PND45 (uterus):
JCell proliferation
tp27
TInsulin-like growth factor
binding protein 3
GBHs (2 mg/kg/day) JERe in the LE and GE and
In vivo Female Friesian ewe lambs through subcutaneous. in the 53 [86]
injections from PND1 to PR expression in the LE
PND14 1PR in the GE and SS
1Gene expression in the
uterus (i.e., Wntba in the GE,
Wnt7a in the SS, B-catenin in
the LE and GE, Hoxa10 in the
SS, and Foxa2 in the GE)
Impaired spermatogenesis,
1Sperm motility and
concentration
1Sperm deformity rate
In vi 8-weeks-old male Kunming Gavage: Roundup, 60, 180, TApoptosis of germ cells with
nvivo . o X [87]
mice 540 mg/kg mechanism involving the
over-expression of the
X-linked inhibitor of
apoptosis-associated factor 1
(XAF1)
Oral gavage: 5, 50 or 250 Dose dependent changes in
mg/kg bw spermatogenesis progression
In vivo Prepubertal male Wistar rats glyphosate-Roundup |Seminiferous epithelium [88]
Transorb from PND23 to height
PND53 JSerum levels of testosterone
Oral gavage: two weeks Glyfonova:
exposure to either glyphosate Slight increase in the
In vivo S 4r;/veek_;(;1d1mai§t (2.5 and 25 mg/kg bw/day) expression of the [89]
prague-Lawiey rats or herbicide formulation steroidogenic genes Cyp11al
Glyfonova and Cyp17al
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Experiment

Species/Cell Types

Treatment

Effects

Reference

In vivo

Male Wistar rats (12 weeks
old)

Dietary administration: 375
mg/kg/day glyphosate & 20
mg/kg/day resveratrol

JSperm motility
JSperm plasma membrane
integrity
JGlutathione level
JSuperoxide dismutase
TAbnormal sperm rate
TMalondialdehyde level
TDNA damage
All the effects were reversed
by resveratrol
co-administration

[90]

In vivo

Male Sprague Dawley rats

Glyphosate 5, 50, 500 mg/kg
by gavage

|Average daily feed intake at
dose of (50 mg/kg dose)
| Weight of seminal vesicle
gland and coagulating gland
(500 mg/kg dose).
JTotal sperm count (500
mg/kg dose)
No effects on testosterone,
estradiol, progesterone and
oxidative stress parameters

[91]

In vivo

Sexually mature male guinea

pigs

Oral exposure: Willosate 186,
280 and 560 mg/kg daily for
60 days

|Sperm motility, viability and
concentration
TSperm morphological
alterations

[92]

In vitro

Mouse Oocytes

500 uM Glyphosate

JGerminal vesicle breakdown
and first polar body extrusion
Abnormal spindle
morphology and DNA
double-strand breaks
TOxydative stress
TMitochondria aggregation
JMitochondria membrane
potential
JExpression levels of
autophagy-related genes (Ic3,
atg14, mTor) and proteins
(LC3, Atgl2)

[93]

In vitro and in vivo

Mouse oocytes

In vitro: 0.00001%, 0.00005%,
or 0.00025% GBHs +
melatonin (10 and 100 M)
In vivo: GBHs (0.0005%
Roundup solution) daily
administered in drinking
water for 21 days +
melatonin (0, 0.15, and 1.5
mg/kg bw), once a day
through intragastric
administration

Impaired oocytes meiotic
maturation
|First polar body extrusion,
disorganized spindle
morphology,
misaligned chromosomes,
and ROS production
TApoptosis rate
1Sperm-binding ability and
disrupted early embryo
cleavage
GBHs effects were reversed
by in vitro/in vivo melatonin
treatment with mechanisms
involving the membrane
GPER

[94]

In vitro

Pig oocytes

0, 5,10, 100, 200 and 360
png/mL Glyphosate or
Roundup at the same

glyphosate -equivalent doses

Glyphosate:

No effect on nuclear
maturation and embryo
cleavage, impaired oocyte
developmental competence in
terms of blastocyst rate and
cellularity
Roundup:
more toxic than pure
glyphosate, altered
steroidogenesis
1TROS levels

[95]

In vitro

Rat isolated testicular cells
and co-colture of germ
cells-Sertoli cells

Glyphosate and Roundup:
1-10,000 ppm, from 1 to 48 h

Leydig cells: damaged
(Roundup, 1-48 h)
Sertoli cells: toxic effect
(glyphosate alone)

Germ cells: necrosis (Roundup,
24-48 h) and apoptosis (high
doses)

Co-colture assay: apoptosis of
Sertoli cells and germ cells (at
high doses)
| Testosterone levels (Roundup
and glyphosate 1 ppm)

[96]
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Experiment Species/Cell Types Treatment Effects Reference
Acute Roundup exposure at Endoplasmic reticulum stress
. Sertoli cells from PND30 P eXp Depletion of antioxidant
In vitro . low doses (36 ppm or 0.036 [97]
(prepubertal) Wistar rats /L) for 30 min defences
& Cell death
Commercially availableGBHs: Mitochondrial dysfunction
Genamin T200 (732 g/L Disruption of cell
Polyethoxylated tallowamine, detoxification systems
Immature Sertoli cell line 60-80% POE (15) tallowamine Lipid droplet accumulation
In vitro (TM4) (POE-15)); Mortality at sub-agricultural [98]
Glyphogan (360 g/L of doses
glyphosate); Formulants have more
Roundup Bioforce (360 g/L of deleterious effects than
glyphosate) glyphosate
Inhibition of dibutyryl
[(Bu)(2)]cAMP-stimulated
progesterone production
JActivity of Aromatase
In vitro MA-10 Leydig cells Rouﬁduﬁo(slig)g/ L No effect on the activitiy of [99]
gyp 3B-HSD
JSteroidogenesis by
disrupting StAR protein
expression
Glyphosate:
1Sperm motility, viability,
mitochondrial activity
JAcrosome integrity
Roundup:
1Sperm motility (>5 ug/mL
glyphosate-equivalent
concentration)
In vitro Pig semen 0-360 ug {{réll}ngll}l/phosate or {Mitochondrial activity (25 [100]
P pg/mL
glyphosate-equivalent
concentration)
JSperm viability and
acrosome integrity (>100
pg/mL
glyphosate-equivalent
concentration)
. Human sperm ISperm motility and
In vitro (n = 66 healthy men) 1 mg/L Roundup mitochondrial dysfunction (om
. Human sperm JSperm progressive motility
In vitro (n = 30 healthy men) 0.36 mg/L glyphosate (1 h post-treatment) [102]
Human cell lines:
(JEG3 placental cell lines, . s .
In vitro HUVEC primary neonate GBHs in Roundup Cell death within 24 hin all 18]
e / formulations cell lines
umbilical cord vein, and 293
embryonic kidney HEK293)
Human cell lines (JEG3 . .
In vitro placental cell lines and Glyphqiatfe alonle ?nd in14 ot 1At Tﬁxmfefects " [103]
HEK293) its formulations ivity of Aromatase
Toxic effects with
0.05-2% glyphosate and concentrations lower than
In vitro Human J EGliis slacental cell Roundup (360 g/L those found with agricultural [104]
glyphosate) use
JAromatase activity
. . . Roundup 0.01~2% (36~7200 o
In vitro Bovine preimplantation ppm, containing 36~7200 0.01 2/0 Roun_dup doses are [105]
embryos toxic to bovine embryos
mg/L glyphosate)
Tntracellular calcium levels
(2-cells embryo)
In vitro Bovine preimplantation Roundup 0, 0.45, 0.9, and 1.8 TOxidative stress (2-cells [105]
embryos ppm embryos)
TApoptosis (bovine
blastocysts)

AR, androgen receptor; bw, body weight; Cyp1lal, cytochrome P450 family 11 subfamily A memberl; Cyp17al, cytochrome P450 family
17 subfamily A aember 1; ER, estrogen receptor, FSH, follicle-stimulating hormone; FSHR, follicle-stimulating hormone receptor; GBHs,
glyphosate based-herbicides; GD, gestation day; GE, glandular epithelium; GnRH, gonadotropin releasing hormone; GPER, G protein-
coupled estrogen receptor 1; 33-HSD, 33-hydroxysteroid dehydrogenase; LE, luminal epithelium; PND, post-natal day; PR, progesterone
receptor; ROS, reactive oxygen species; SS, subepithelial stroma; StAR, steroidogenic acute regulatory protein; 1, statistically significant
increase; |, statistically significant decrease (p < 0.05 at least).
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Usually, formulants have more deleterious effects than glyphosate alone because
of possible cumulative effects on endocrine and reproductive endpoints [106]. As sum-
marized in Table 1, in female reproduction, glyphosate and GBHs exposure has conse-
quences for post-natal ovarian and uterine development, puberty onset, oocyte maturation,
sperm-oocyte binding ability and early embryo development, implantation and successful
pregnancy. Consistently, germ-cell loss, impaired spermatogenesis and negative effects on
sperm quality have been reported in males. In addition, toxicity on both nurse Sertoli cells
and steroid-secreting Leydig cells have been observed [98,99]. In this respect, particular
interest is deserved for the direct inhibitory effect of glyphosate and its formulations on the
activity of P450scc Aromatase (in embryonic human cells), placental cell lines and tumor
MA-10 Leydig cells [98,103,104] and the widespread interference in sex-steroid signaling,
are observations that corroborate the hypothesis that glyphosate and GBHs need inclusion
in the list of endocrine-disrupting chemicals (EDCs). Imbalance in the oxidative stress
response is a common feature of glyphosate and GBHs in both sexes, but there is the
need for additional studies to fully elucidate the molecular mechanisms and the possible
adverse effects on human reproduction. Worthy of note, the aforementioned consequences
of glyphosate or GBH exposure on reproduction have been largely analyzed in cell lines
and rodents using different doses and formulations, but data in human and domestic
animals are very limited. Anifandis and coworkers, in 2017 and 2019 [101,102], analyzed
the direct effects of Roundup and glyphosate on sperm motility and DNA fragmentation
in human sperm collected from n = 66 and n = 30 healthy volunteers, respectively; their
studies, for the first time, revealed that the tested herbicides significantly reduced sperm
motility without any effects on DNA integrity [101]. Consistently, in 2020 Nerozzi and
coworkers [100] confirmed these glyphosate and Roundup effects on sperm motility using
fresh commercial pig semen doses, whereas, in the same year Cai and coworkers [105]
reported the deleterious effects of Roundup on bovine preimplantation embryos [105].
Recently the ability of glyphosate and GBHs to induce epigenetic changes emerged in
cell lines and rodents [107], for recent review; but, this point has yet to be unraveled in
gametes. Considering that gamete epimutations may interfere in early embryo develop-
ment and health, once again there is the need of further studies on the reproductive effects
of glyphosate and GBHs in order to elucidate the related molecular mechanisms and to
preserve gamete quality, reproduction health and offspring health.

Glyphosate accumulates in bird eggs [108] and causes developmental and reproduc-
tive alteration in nematodes, fish and amphibians, among others [109-115] and it influences
antioxidant defenses, reproduction and microbioma in avian models [116]. Equally warring
are data concerning the chronic exposure, in utero, regarding lactation and weaning in
mammalian animal models (Table 2).

Table 2. Exposure to glyphosate and glyphosate-based herbicides (GBHs) during pregnancy and lactation: effects on the

development, reproduction and fertility of the offspring.

Effects on Dams Effects on F1 Effects on F1

Species Dams’ Treatment Exposure Route and Litter Size (Males) (Females) Reference
Delayed testicular descent
Reduced bw PNDI50:
0.5% glyphosate- in durin JSPZ in cauda epididymis
Mouse Roundup from GD4 Drinking water & estationg JEpithelial height within the NA [117]
all over lactation & 1%‘ " litt seminiferous epithelium
period no eltects on litter 1LH in plasma

size fntratesticular testosterone

levels
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PND20:
Altered testis morphology
(glyphosate)
PND35:
0.5, 5 and 50 JSerum testosterone levels
mg/kg/day (glyphosate)
glyphosate or S 1SPZ, (0.5 mg/kg/day
Mouse Roundup 3 Plus Drinking water NA Roundup and 5 mg/kg/day NA (18]
from ED10.5 to 20 glyphosate)
PND JUndifferentiated
spermatogonia (5 mg/kg/day
glyphosate)
8-month-old animals:
ltestosterone (GBHs)
o TRisk of jejunum inflammation
0.5% glyphosate S
Mice from GD1 until 30 Drinking water NA and dysfunction in adulthood NA [119]
d . when combined with a high-fat
ays after birth di
iet
Puberty:
JSerum testosterone levels
0, 50, 150 or 450 Adulthood:
Wistar mg/kg glyphosate Drinking water NA ISperm number in epididymis Delay in Vaginal canal-openin, [120]
rats during pregnancy & tail y & pening
and lactation JDaily sperm production
TAbnormal sperms
1Spermatid degeneration
F1: No alteration in bw gain or
vaginal opening onset
JImplantation sites
F2: Delayed growth
JFoetal weight and length
2 mg or 200 mg of .
. TIncidence of small for
Wistar glyphosate/kg Food NA NA gestational age foetuses [121]
rat bw/day from GD9 Pl 1 weieht and ol 1
until weaning 1Placenta weig t and placenta
index
structural
TCongenital anomalies like
conjoined foetuses and
abnormally developed limbs
GBHs (containing JPreimplantation
66.2% of glyphosate 1173-oestradiol serum level
potassium salt) or TER« in the uterus
Rats glyphosate (2 Orally NA NA JPR mRNA (glyphosate) (122]
mg/kg/day) from |Uterine implantation-related
GD9 until weaning genes (i.e., Hoxal0 and Lif)
Glyphosate alone PND4: 1AGD (all treatments) PND#: TASSJ;]]{;?eatments)
Sprague and Roundup Bio ADULTS: Ace at first : ir
Dawley flow, 1.75 mg/kg Drinking water NA Tplasma TSH (glyphosate) . ge.fa. :1 ogsl ouzl [123]
rats bw/day from GD6 |DHT (Roundup) signi (}izﬁn}éu;)aye
up to PND120 TBDNEF (Roundup) 1Serum testosterone (Roundup)
TERa-O mRNA variant in
uterus
Epigenetic changes in the
! 3}?0 mtg/k Esr1-O promoter (i.e., [DNA
Rats glyphosate/ g Food NA NA methylation [124]
bw/day from GD9 Hi Ha lati
until weaning T 1s?one acety ation
THistone H3 lysine 9
trimethylation (H3K9me3)
|H3K27me3)
BHs (250 or 500 Impaired materna obal delay in innate reflexes and a deficit in motor development
G paired 1 Global delay £l d a def develop
Mouse mg/kg) from GDO Oral gavage behaviour fertility Hippocampal dysfunctions with behavioural and cognitive [125]
to PND21 and reproduction impairment
. 0-650r1.30 g/L of Neurobehavioral alterations (i.e., early onset of cliff aversion reflex
Wistar glyphosate from S . . . .
. . Drinking water NA and early auditory canal opening, decrease in locomotor activity [126]
rats GDO0, until weaning di jety levels)
(PND21) and in anxiety levels
0.65 and 1.30 g/L of
Wistar pure glyphosate s Alterations in brain oxidative stress biomarkers and glutamatergic
rats from GDO, until Drinking water NA and cholinergic systems (1271
weaning (PND21)
5and 50
Wistar mg/kg/day S Altered expression of genes associated with oxidant defence,
rats Roundup, (per os) Drinking water NA inflammation and lipid metabolism [128]

from GD18 to PND5
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o o Oxidative stress and depressive-like behaviour at PND60
1% GBH (0.36% I ired choli . d ol . L
Wistar glyphosate) from o mpaired cholinergic and glutamatergic neurotransmission at B
¢ GD5 until PND15 Drinking water NA PND15 and PND60 [54]
rats un or Altered serum levels of the astrocytic protein S100B at PND15 and
PND60 PND60
PND21: No differences in mammary gland development or in
o oestradiol and testosterone levels
?Blfl (665 % PND60, GBHs 3.5 mg/kg/day exposed animals:
o;gazgjiufrfasaeltl)% 5 Orally exposed TAR protein expression
Rats P i Yy exp NA PNDG60, GBHs 350 mg/kg/day exposed males: [129]
or 350 mg/kg through the food . R
. JProliferation index and less developed mammary gland
bw/day GD9 until
ning 1PRL serum levels
wea Both exposed groups:
LESR1 expression by means of hypermethylation of ESR1 promoter
GBH (66.2%
;glyp_hosateitlr 35 Orall d |Proliferation index in GBHs 3.5-exposed animals
Rats potassium sa ) 5. ratly expose NA |mRNA levels of ESR1, Ccnd1, Areg, IGF1, EGFR and IGFIR [130]
or 350 mg/kg through the food p-Exk1/2 protein
bw/day from GD9 1 p
until weaning
JDeiodinases 2 (Dio2) and 3 (Dio3) and TH transporters Slcolc1 and
5mg/kg/day or 50 Slc16a2 mRNA within the hypothalamus
Wistar mg/kg/day 1Dio2, thyroid hormone receptor genes (Thral and Thrb1), and
rats Roundup from Oral gavage NA Slc16a2 within the pituitary. (131]
GD18 to PND5 1Thral and Thrb1 mRNA in the liver
1Dio2, Mb, Myh6 and Slc2a4 mRNA expression in the heart
1% Roundup (0.38%
Wistar glyphosate) from s . - iy . .
rats GD5 and up to Drinking water NA Excitotoxicity and oxidative stress in rat hippocampus [31]
lactation day 15
Pure glyphosate (24 . .
. . Dose dependent changes in reflexes development, motor activity
Wistar or 35 mg/kg) every Intraperitoneal NA and cognitive function, via inhibition of Wnt5a-CaMKII signalling [132]
rats 48 h from EDS8 until injections

ED20, every 48 h

pathway.

AGD, anogenital distance; AR, Androgen Receptor; BDNE, Brain-Derived Neurotrophic Factor; bw, body weight; DHT, Dihydrotestosterone;
ED, embryonic day; EGFR, Epidermal Growth Factor Receptor; ER, Estrogen Receptor; ESR, Estrogen Receptor gene; GBHs, glyphosate
based-herbicides; GD, gestation day; IGF1, Insulin Growth Factor 1; IGFIR, Insulin Growth Factor 1 Receptor; LH, Luteinizing Hormone;
NA, not assayed/no information about; PND, post-natal day; PR, Progesterone Receptor; PRL, Prolactin; SPZ, spermatozoa; TH, Thyroid
Hormone; TSH, Thyroid-Stimulating Hormone; 1, statistically significant increase; |, statistically significant decrease (p < 0.05 at least).

Apart from the effects on maternal brain plasticity, licking behavior and the micro-
biome [133], exposed offspring exhibit several long-term alterations in brain, mammary
gland, inflammation and lipid metabolism, oxidative stress response and reproduction
(details and references in Table 2). Epigenetic changes in DNA methylation status, histone
modifications and the production of non-coding RNA, such as microRNA and circular
RNA, have also been reported in specific brain areas, as recently reviewed [107].

Focusing on the reproductive phenotype of the exposed offspring, glyphosate and
GBHs may program the fetus to induce reproductive damage in adulthood. In fact, impair-
ment of the HPG axis, sex-steroid production and sex-steroid signaling, altered uterine
physiology (possibly associated with implantation failures), decreased spermatogenesis
and sperm quality are the main outcomes in F1 offspring. Interestingly, the modulation
of the epigenetic machinery has been reported in fish [134], and epigenetic mechanisms
involving ESR1, the gene encoding for ER«, have been reported in F1 female offspring
in rats [124]. Contrarily, Milesi 2018 et al. [121] suggested that in mammals the perinatal
exposure to low doses of glyphosate formulation impaired female reproductive perfor-
mance and induced fetal growth retardation and structural congenital anomalies in F2
offspring [121].

As for in-vitro and in-vivo exposure at neonatal and peripubertal phases and in adult
life, the aforementioned effects are stronger in exposure to glyphosate formulations than in
glyphosate alone.

In mammals, glyphosate and GBHs effects seems to be stronger in female reproduction
than males, though androgenic effects have been reported. In this respect, the anogenital
distance (AGD) is considered an early-life biomarker of fetal androgen exposure in several
species, thus representing a reproductive toxicity endpoint to evaluate chemicals in ani-
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mal studies [135]. Furthermore, multiple epidemiological studies have shown that AGD
measurements in infants are sensitive to in-utero exposures to EDCs [136]. Gestational
exposure at doses of glyphosate considered to be “safe” for human health significantly
increased AGD in male and female rat pups, with Roundup treatment capable of delaying
the age of first estrous and a parallel increase in serum testosterone in the adults [123].

Recently, these possible androgenic effects were investigated in humans in a pilot
study enrolling 94 pregnant women. In their 2021 study, Lesseur and coworkers [137]
measured glyphosate and its degradation product, AMPA, in second trimester maternal
urine samples by ultra-high-performance liquid chromatography-tandem mass spectrom-
etry, revealing glyphosate and AMPA presence in 95% and 93% of the samples (median
0.22 ng/mL and 0.14 ng/mL), respectively. Then, urinary glyphosate levels in the mothers
were correlated to the anogenital distance (AGD) in female and male infants (n = 45 and 49,
respectively). While no correlation was observed in male infants, increased AMPA was as-
sociated with longer anofourchette distances in female infants. Although preliminary, data
in humans might suggest the possible sex-specific effects of glyphosate [137], confirming
the androgenic effects of Roundup previously reported in rats [123].

Taking the above together, a possible health risk exists; larger studies should evaluate
the possible developmental and reproductive effects of glyphosate.

6. Conclusions

Exposure to pesticides is known to cause irreversible damage to the environment and
serious consequences for human health. Scientific evidence has shown that exposure to
glyphosate and GBHs can predispose humans to the onset of systemic inflammatory dis-
eases, cancer and neurological disorders. However, the molecular mechanisms responsible
for the observed effects are not fully understood. The similarity between glyphosate and its
metabolite, AMPA, to glycine and glutamate could only explain in part some observed neu-
rotoxic and cytotoxic effects. On the other hand, the recent findings on glyphosate action as
an endocrine disruptor could account for its capacity to induce, among others, hormonal
imbalances with adverse effects on fertility and reproduction (Figure 5). As for in-vitro
and in-vivo exposure at the neonatal peripubertal phases, and in adult life, it appears that
all glyphosate- and GBHs-induced effects are stronger in formulations thereof than from
glyphosate alone. In mammals, glyphosate and GBHs effects seems to be stronger in female
reproduction than males.
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Figure 5. Schematic overview of glyphosate- and GBHs-induced effects. Image has been created with BioRender.com,
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Indeed, from the overall data, a number of criticisms arise: (i) studies carried out
in vivo and in vitro do not give final indications of the acceptable daily intake (ADI); (ii) the
existing data about glyphosate genotoxicity and cytotoxicity are still conflicting, as a result
of different experimental conditions used in the research thereabout; (iii) there are no data
about glyphosate-induced long-term effects on general populations or exposed farmers; (iv)
GBHs seem to exhibit higher toxic effects than glyphosate alone, but studies on this matter
are still few. Therefore, to date, it is not possible to have a univocal opinion on the safety
of glyphosate and it appears that the human health risk associated with glyphosate could
still be underestimated. The IARC has included glyphosate into the group 2A, “probably
carcinogenic to humans”; while the EFSA has conducted a technical assessment, according
to which glyphosate does not constitute a carcinogenic hazard for human health. The
discrepancy between IARC and EFSA classification is ascribable mainly to the diverging
views between the two groups of experts [41]. This is because, on the one hand, the IARC
analyzed both glyphosate and GBHs toxicity studies, while EFSA analyzed only those on
glyphosate. On the other, the number of epidemiological studies included in the IARC
monograph are fewer than those evaluated by EFSA. Moreover, the IARC considered as re-
liable the carcinogenic effects and genotoxicity, oxidative stress and DNA damage obtained
in-vivo from laboratory animals and in vitro, while EFSA, even while recognizing the
importance of these studies, has concluded that there is limited epidemiological evidence
for a correlation between glyphosate exposure and cancer [10,41]. Currently, the approval
period for the use of glyphosate in the EU extends until 15 December 2022. In the meantime,
it would be desirable to investigate the possible role of glyphosate and GBHs exposure on
the onset of neurodegenerative and behavior disorders. Moreover, it could be useful to
perform studies leading to a deeper knowledge of the possible involvement of glyphosate
and its formulations in the pathogenesis and/or development of human cancer. Since
glyphosate has been found in maternal milk, other aspects should be investigated, such as
the pharmacokinetics of the pesticide and its ability to induce epigenetic transgenerational
inheritance, in order to better establish the real exposure limits preserving human health
and especially that of future generations.

Author Contributions: Conceptualization, A.S. and R.M.; Supervision, A.S. and R.M.; Visualization,
AS., MM, EM. and R.M; Writing—original draft, M.M., EM. RM., SL.N,, A.V. and A.S.; Writing—
review and editing, A.S., RM. and A.V,; Funding acquisition, R.M., A.V. and A.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by FARB from University of Salerno ORSA188304, ORSA191889
and ORSA203141 to A.S. and FARB from University of Salerno ORSA185501, ORSA194321 and
ORSA203701 to A.V. PRIN 2017, grant number 20175MT5EM to R M. and A.V.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Landrigan, PJ.; Belpoggi, F. The Need for Independent Research on the Health Effects of Glyphosate-Based Herbicides.
Environ. Health 2018, 17, 51. [CrossRef] [PubMed]

2. Van Bruggen, A.H.C,; He, M.M,; Shin, K.; Mai, V.; Jeong, K.C.; Finckh, M.R.; Morris, ].G. Environmental and Health Effects of the
Herbicide Glyphosate. Sci. Total Environ. 2018, 616-617, 255-268. [CrossRef] [PubMed]

3. Clements, D.; Dugdale, T.M.; Butler, K.L.; Florentine, S.K,; Sillitoe, J. Herbicide Efficacy for Aquatic Alternanthera Philoxeroides
Management in an Early Stage of Invasion: Integrating above-Ground Biomass, below-Ground Biomass and Viable Stem
Fragmentation. Weed Res. 2017, 57, 257-266. [CrossRef]

4. Benbrook, C.M. Trends in Glyphosate Herbicide Use in the United States and Globally. Environ. Sci. Eur. 2016, 28, 3. [CrossRef]

[PubMed]


http://doi.org/10.1186/s12940-018-0392-z
http://www.ncbi.nlm.nih.gov/pubmed/29843729
http://doi.org/10.1016/j.scitotenv.2017.10.309
http://www.ncbi.nlm.nih.gov/pubmed/29117584
http://doi.org/10.1111/wre.12257
http://doi.org/10.1186/s12302-016-0070-0
http://www.ncbi.nlm.nih.gov/pubmed/27752438

Int. J. Mol. Sci. 2021, 22, 12606 19 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Some organophosphate insecticides and herbicides.
In IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; International Agency for Research on Cancer: Lyon, France,
2017; ISBN 978-92-832-0150-2.

Mink, PJ.; Mandel, J.S.; Sceurman, B.K., Lundin, ]J.I. Epidemiologic Studies of Glyphosate and Cancer: A Review.
Regul. Toxicol. Pharmacol. 2012, 63, 440-452. [CrossRef]

Kubsad, D.; Nilsson, E.E.; King, S.E.; Sadler-Riggleman, I.; Beck, D.; Skinner, M.K. Assessment of Glyphosate Induced Epigenetic
Transgenerational Inheritance of Pathologies and Sperm Epimutations: Generational Toxicology. Sci. Rep. 2019, 9, 6372. [CrossRef]
Gillezeau, C.; van Gerwen, M.; Shaffer, R.M.; Rana, I.; Zhang, L.; Sheppard, L.; Taioli, E. The Evidence of Human Exposure to
Glyphosate: A Review. Environ. Health 2019, 18, 2. [CrossRef] [PubMed]

Mesnage, R.; Defarge, N.; Spiroux de Vend6émois, J.; Séralini, G.E. Potential Toxic Effects of Glyphosate and Its Commercial
Formulations below Regulatory Limits. Food Chem. Toxicol. 2015, 84, 133-153. [CrossRef]

Portier, C.J.; Armstrong, B.K.; Baguley, B.C.; Baur, X.; Belyaev, L; Bellé, R.; Belpoggi, E.; Biggeri, A.; Bosland, M.C.; Bruzzi, P; et al.
Differences in the Carcinogenic Evaluation of Glyphosate between the International Agency for Research on Cancer (IARC) and
the European Food Safety Authority (EFSA). J. Epidemiol. Community Health 2016, 70, 741-745. [CrossRef]

Nagy, K.; Tessema, R.A.; Budnik, L.T.; Addm, B. Comparative Cyto- and Genotoxicity Assessment of Glyphosate and Glyphosate-
Based Herbicides in Human Peripheral White Blood Cells. Environ. Res. 2019, 179, 108851. [CrossRef]

Peillex, C.; Pelletier, M. The Impact and Toxicity of Glyphosate and Glyphosate-Based Herbicides on Health and Immunity.
J. Immunotoxicol. 2020, 17, 163-174. [CrossRef]

Andreotti, G.; Koutros, S.; Hofmann, ].N.; Sandler, D.P.; Lubin, J.H.; Lynch, C.E; Lerro, C.C.; De Roos, A ].; Parks, C.G.; Alavanja,
M.C.; et al. Glyphosate Use and Cancer Incidence in the Agricultural Health Study. [NCI |. Natl. Cancer Inst. 2018, 110, 509-516.
[CrossRef]

Rosenbaum, K.K.; Miller, G.L.; Kremer, R.J.; Bradley, K.W. Interactions between Glyphosate, Fusarium Infection of Common
Waterhemp (Amaranthus Rudis), and Soil Microbial Abundance and Diversity in Soil Collections from Missouri. Weed Sci. 2014,
62, 71-82. [CrossRef]

Noori, J.; Dimaki, M.; Mortensen, J.; Svendsen, W. Detection of Glyphosate in Drinking Water: A Fast and Direct Detection
Method without Sample Pretreatment. Sensors 2018, 18, 2961. [CrossRef]

Panzacchi, S.; Mandrioli, D.; Manservisi, F.; Bua, L.; Falcioni, L.; Spinaci, M.; Galeati, G.; Dinelli, G.; Miglio, R.; Mantovani, A.;
et al. The Ramazzini Institute 13-Week Study on Glyphosate-Based Herbicides at Human-Equivalent Dose in Sprague Dawley
Rats: Study Design and First in-Life Endpoints Evaluation. Environ. Health 2018, 17, 52. [CrossRef] [PubMed]

Mesnage, R.; Defarge, N.; Spiroux de Venddmois, J.; Séralini, G.-E. Major Pesticides Are More Toxic to Human Cells Than Their
Declared Active Principles. BioMed Res. Int. 2014, 2014, 179691. [CrossRef] [PubMed]

Benachour, N.; Séralini, G.-E. Glyphosate Formulations Induce Apoptosis and Necrosis in Human Umbilical, Embryonic, and
Placental Cells. Chem. Res. Toxicol. 2009, 22, 97-105. [CrossRef]

Chtopecka, M.; Mendel, M.; Dziekan, N.; Karlik, W. The Effect of Glyphosate-Based Herbicide Roundup and Its Co-Formulant,
POEA, on the Motoric Activity of Rat Intestine—In Vitro Study. Environ. Toxicol. Pharmacol. 2017, 49, 156-162. [CrossRef]
Arregui, M.C.; Lenardén, A.; Sanchez, D.; Maitre, M.1; Scotta, R.; Enrique, S. Monitoring Glyphosate Residues in Transgenic
Glyphosate-Resistant Soybean: Glyphosate Residues in Transgenic Glyphosate-Resistant Soybean. Pest. Manag. Sci. 2004, 60,
163-166. [CrossRef]

McQueen, H.; Callan, A.C.; Hinwood, A.L. Estimating Maternal and Prenatal Exposure to Glyphosate in the Community Setting.
Int. ]. Hyg. Environ. Health 2012, 215, 570-576. [CrossRef]

Torretta, V.; Katsoyiannis, I.; Viotti, P.; Rada, E. Critical Review of the Effects of Glyphosate Exposure to the Environment and
Humans through the Food Supply Chain. Sustainability 2018, 10, 950. [CrossRef]

Kriiger, M.; Schledorn, P.; Schrodl, W.; Hoppe, H.-W.; Lutz, W.; Shehata, A. Detection of Glyphosate Residues in Animals and
Humans. J. Environ. Anal. Toxicol. 2014, 4, 1-5. [CrossRef]

Anadon, A.; Martinez-Larrafiaga, M.R.; Martinez, M.A.; Castellano, V.J.; Martinez, M.; Martin, M.T.; Nozal, M.].; Bernal, J.L.
Toxicokinetics of Glyphosate and Its Metabolite Aminomethyl Phosphonic Acid in Rats. Toxicol. Lett. 2009, 190, 91-95. [CrossRef]
[PubMed]

Williams, G.M.; Kroes, R.; Munro, I.C. Safety Evaluation and Risk Assessment of the Herbicide Roundup and Its Active Ingredient,
Glyphosate, for Humans. Regul. Toxicol. Pharmacol. 2000, 31, 117-165. [CrossRef]

Acquavella, J.F; Alexander, B.H.; Mandel, J.S.; Gustin, C.; Baker, B.; Chapman, P.; Bleeke, M. Glyphosate Biomonitoring for
Farmers and Their Families: Results from the Farm Family Exposure Study. Environ. Health Perspect. 2004, 112, 321-326.
[CrossRef]

Kaplan, M.; Rubaltelli, EF.; Hammerman, C.; Vilei, M.T.; Leiter, C.; Abramov, A.; Muraca, M. Conjugated Bilirubin in Neonates
with Glucose-6-Phosphate Dehydrogenase Deficiency. . Pediatr. 1996, 128, 695-697. [CrossRef]

Niemann, L.; Sieke, C.; Pfeil, R.; Solecki, R. A Critical Review of Glyphosate Findings in Human Urine Samples and Comparison
with the Exposure of Operators and Consumers. . Verbr. Lebensm. 2015, 10, 3-12. [CrossRef]

Agostini, L.P.; Dettogni, R.S.; dos Reis, R.S.; Stur, E.; dos Santos, E.V.W.; Ventorim, D.P.; Garcia, EM.; Cardoso, R.C.; Graceli,
J.B.; Louro, 1.D. Effects of Glyphosate Exposure on Human Health: Insights from Epidemiological and In Vitro Studies.
Sci. Total Environ. 2020, 705, 135808. [CrossRef]


http://doi.org/10.1016/j.yrtph.2012.05.012
http://doi.org/10.1038/s41598-019-42860-0
http://doi.org/10.1186/s12940-018-0435-5
http://www.ncbi.nlm.nih.gov/pubmed/30612564
http://doi.org/10.1016/j.fct.2015.08.012
http://doi.org/10.1136/jech-2015-207005
http://doi.org/10.1016/j.envres.2019.108851
http://doi.org/10.1080/1547691X.2020.1804492
http://doi.org/10.1093/jnci/djx233
http://doi.org/10.1614/WS-D-13-00071.1
http://doi.org/10.3390/s18092961
http://doi.org/10.1186/s12940-018-0393-y
http://www.ncbi.nlm.nih.gov/pubmed/29843719
http://doi.org/10.1155/2014/179691
http://www.ncbi.nlm.nih.gov/pubmed/24719846
http://doi.org/10.1021/tx800218n
http://doi.org/10.1016/j.etap.2016.12.010
http://doi.org/10.1002/ps.775
http://doi.org/10.1016/j.ijheh.2011.12.002
http://doi.org/10.3390/su10040950
http://doi.org/10.4172/2161-0525.1000210
http://doi.org/10.1016/j.toxlet.2009.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19607892
http://doi.org/10.1006/rtph.1999.1371
http://doi.org/10.1289/ehp.6667
http://doi.org/10.1016/S0022-3476(96)80138-7
http://doi.org/10.1007/s00003-014-0927-3
http://doi.org/10.1016/j.scitotenv.2019.135808

Int. J. Mol. Sci. 2021, 22, 12606 20 of 24

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Gunatilake, S.; Seneff, S.; Orlando, L. Glyphosate’s Synergistic Toxicity in Combination with Other Factors as a Cause of Chronic
Kidney Disease of Unknown Origin. Int. . Environ. Res. Public Health 2019, 16, 2734. [CrossRef] [PubMed]

Cattani, D.; de Liz Oliveira Cavalli, V.L.; Heinz Rieg, C.E.; Domingues, ]J.T.; Dal-Cim, T.; Tasca, C.I.; Mena Barreto Silva, FR.;
Zamoner, A. Mechanisms Underlying the Neurotoxicity Induced by Glyphosate-Based Herbicide in Immature Rat Hippocampus:
Involvement of Glutamate Excitotoxicity. Toxicology 2014, 320, 34-45. [CrossRef] [PubMed]

Samsel, A.; Seneff, S. Glyphosate Pathways to Modern Diseases V: Amino Acid Analogue of Glycine in Diverse Proteins.
J. Biol. Phys. Chem. 2016, 16, 9-46. [CrossRef]

Antoniou, M.N.; Nicolas, A.; Mesnage, R.; Biserni, M.; Rao, E.V.; Martin, C.V. Glyphosate Does Not Substitute for Glycine in
Proteins of Actively Dividing Mammalian Cells. BMC Res. Notes 2019, 12, 494. [CrossRef]

Martinez, M.-A.; Rodriguez, J.-L.; Lopez-Torres, B.; Martinez, M.; Martinez-Larrafiaga, M.-R.; Maximiliano, J.-E.; Anadén, A.;
Ares, I. Use of Human Neuroblastoma SH-SY5Y Cells to Evaluate Glyphosate-Induced Effects on Oxidative Stress, Neuronal
Development and Cell Death Signaling Pathways. Environ. Int. 2020, 135, 105414. [CrossRef] [PubMed]

El-Shenawy, N.S. Oxidative Stress Responses of Rats Exposed to Roundup and Its Active Ingredient Glyphosate. Environ. Toxicol. Pharmacol.
2009, 28, 379-385. [CrossRef] [PubMed]

Mesnage, R.; Arno, M.; Costanzo, M.; Malatesta, M.; Séralini, G.-E.; Antoniou, M.N. Transcriptome Profile Analysis Reflects Rat
Liver and Kidney Damage Following Chronic Ultra-Low Dose Roundup Exposure. Environ. Health 2015, 14, 70. [CrossRef]
Pandey, A.; Dabhade, P.; Kumarasamy, A. Inflammatory Effects of Subacute Exposure of Roundup in Rat Liver and Adipose
Tissue. Dose-Response 2019, 17, 155932581984338. [CrossRef]

Arango Duque, G.; Descoteaux, A. Macrophage Cytokines: Involvement in Immunity and Infectious Diseases. Front. Immunol.
2014, 5, 491. [CrossRef]

Oboki, K.; Ohno, T; Kajiwara, N.; Arae, K.; Morita, H.; Ishii, A.; Nambu, A.; Abe, T.; Kiyonari, H.; Matsumoto, K.; et al. IL-33 Is a
Crucial Amplifier of Innate Rather than Acquired Immunity. Proc. Natl. Acad. Sci. USA 2010, 107, 18581-18586. [CrossRef]
Kumar, S.; Khodoun, M.; Kettleson, E.M.; McKnight, C.; Reponen, T.; Grinshpun, S.A.; Adhikari, A. Glyphosate-Rich Air Samples
Induce IL-33, TSLP and Generate IL-13 Dependent Airway Inflammation. Toxicology 2014, 325, 42-51. [CrossRef]

European Food Safety Authority (EFSA). Conclusion on the Peer Review of the Pesticide Risk Assessment of the Active Substance
Glyphosate. EFSA ]. 2015, 13, 3973. [CrossRef]

Qiu, S.; Fu, H,; Zhou, R,; Yang, Z.; Bai, G.; Shi, B. Toxic Effects of Glyphosate on Intestinal Morphology, Antioxidant Capacity and
Barrier Function in Weaned Piglets. Ecotoxicol. Environ. Saf. 2020, 187, 109846. [CrossRef]

Soderholm, J.D.; Perdue, M.H., II. Stress and Intestinal Barrier Function. Am. J. Physiol.-Gastrointest. Liver Physiol. 2001, 280,
G7-G13. [CrossRef] [PubMed]

Ilboudo, S.; Fouche, E.; Rizzati, V.; Toé, A.M.; Gamet-Payrastre, L.; Guissou, PI. In Vitro Impact of Five Pesticides Alone or in
Combination on Human Intestinal Cell Line Caco-2. Toxicol. Rep. 2014, 1, 474-489. [CrossRef] [PubMed]

Velasques, R.R.; Sandrini, ].Z.; da Rosa, C.E. Roundup® in Zebrafish: Effects on Oxidative Status and Gene Expression. Zebrafish
2016, 13, 432-441. [CrossRef]

Mendler, A.; Geier, E; Haange, S.-B.; Pierzchalski, A.; Krause, J.L.; Nijenhuis, L.; Froment, J.; Jehmlich, N.; Berger, U.; Ackermann,
G.; et al. Mucosal-Associated Invariant T-Cell (MAIT) Activation Is Altered by Chlorpyrifos- and Glyphosate-Treated Commensal
Gut Bacteria. J. Immunotoxicol. 2020, 17, 10-20. [CrossRef]

Kumar, V.; Abbas, A.K,; Fausto, N.; Aster, ].C. Robbins e Cotran—Le Basi Patologiche Delle Malattie: Vol. 1 Patologia Generale—Vol. 2
Malattie Degli Organi e Degli Apparati; Elsevier Health Sciences Italy: London, UK, 2011; ISBN 978-88-214-3385-6.

Corsini, E.; Sokooti, M.; Galli, C.L.; Moretto, A.; Colosio, C. Pesticide Induced Immunotoxicity in Humans: A Comprehensive
Review of the Existing Evidence. Toxicology 2013, 307, 123-135. [CrossRef]

Mokarizadeh, A.; Faryabi, M.R.; Rezvanfar, M.A.; Abdollahi, M. A Comprehensive Review of Pesticides and the Immune
Dysregulation: Mechanisms, Evidence and Consequences. Toxicol. Mech. Methods 2015, 25, 258-278. [CrossRef] [PubMed]

Lioi, M.B.; Scarfi, M.R.; Santoro, A.; Barbieri, R.; Zeni, O.; Salvemini, F,; Di Berardino, D.; Ursini, M.V. Cytogenetic Damage and
Induction of Pro-Oxidant State in Human Lymphocytes Exposed In Vitro to Gliphosate, Vinclozolin, Atrazine, and DPX-E9636.
Environ. Mol. Mutagen. 1998, 32, 39—46. [CrossRef]

Lioi, M.B.; Scarfi, M.R; Santoro, A.; Barbieri, R.; Zeni, O.; Di Berardino, D.; Ursini, M.V. Genotoxicity and Oxidative Stress
Induced by Pesticide Exposure in Bovine Lymphocyte Cultures In Vitro. Mutat. Res./Fundam. Mol. Mech. Mutagen. 1998, 403,
13-20. [CrossRef]

Jacobsen-Pereira, C.H.; Cardoso, C.C.; Gehlen, T.C.; Regina dos Santos, C.; Santos-Silva, M.C. Inmune Response of Brazilian
Farmers Exposed to Multiple Pesticides. Ecotoxicol. Environ. Saf. 2020, 202, 110912. [CrossRef]

Barbasz, A.; Kreczmer, B.; Skorka, M.; Czyzowska, A. Toxicity of Pesticides toward Human Immune Cells U-937 and HL-60.
J. Environ. Sci. Health Part B 2020, 55, 719-725. [CrossRef]

Cattani, D.; Cesconetto, P.A.; Tavares, M.K,; Parisotto, E.B.; De Oliveira, P.A.; Rieg, C.E.H.; Leite, M.C.; Prediger, R.D.S.; Wendt,
N.C.; Razzera, G.; et al. Developmental Exposure to Glyphosate-Based Herbicide and Depressive-like Behavior in Adult Offspring:
Implication of Glutamate Excitotoxicity and Oxidative Stress. Toxicology 2017, 387, 67-80. [CrossRef]

Sivikova, K.; Dianovsky, J. Cytogenetic Effect of Technical Glyphosate on Cultivated Bovine Peripheral Lymphocytes.
Int. ]. Hyg. Environ. Health 2006, 209, 15-20. [CrossRef] [PubMed]


http://doi.org/10.3390/ijerph16152734
http://www.ncbi.nlm.nih.gov/pubmed/31370256
http://doi.org/10.1016/j.tox.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24636977
http://doi.org/10.4024/03SA16A.jbpc.16.01
http://doi.org/10.1186/s13104-019-4534-3
http://doi.org/10.1016/j.envint.2019.105414
http://www.ncbi.nlm.nih.gov/pubmed/31874349
http://doi.org/10.1016/j.etap.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21784030
http://doi.org/10.1186/s12940-015-0056-1
http://doi.org/10.1177/1559325819843380
http://doi.org/10.3389/fimmu.2014.00491
http://doi.org/10.1073/pnas.1003059107
http://doi.org/10.1016/j.tox.2014.08.008
http://doi.org/10.2903/j.efsa.2015.3973
http://doi.org/10.1016/j.ecoenv.2019.109846
http://doi.org/10.1152/ajpgi.2001.280.1.G7
http://www.ncbi.nlm.nih.gov/pubmed/11123192
http://doi.org/10.1016/j.toxrep.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28962261
http://doi.org/10.1089/zeb.2016.1259
http://doi.org/10.1080/1547691X.2019.1706672
http://doi.org/10.1016/j.tox.2012.10.009
http://doi.org/10.3109/15376516.2015.1020182
http://www.ncbi.nlm.nih.gov/pubmed/25757504
http://doi.org/10.1002/(SICI)1098-2280(1998)32:1&lt;39::AID-EM5&gt;3.0.CO;2-6
http://doi.org/10.1016/S0027-5107(98)00010-4
http://doi.org/10.1016/j.ecoenv.2020.110912
http://doi.org/10.1080/03601234.2020.1777059
http://doi.org/10.1016/j.tox.2017.06.001
http://doi.org/10.1016/j.ijheh.2005.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16373198

Int. J. Mol. Sci. 2021, 22, 12606 21 of 24

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

Christmann, M.; Kaina, B. Transcriptional Regulation of Human DNA Repair Genes Following Genotoxic Stress: Trigger
Mechanisms, Inducible Responses and Genotoxic Adaptation. Nucleic Acids Res. 2013, 41, 8403-8420. [CrossRef] [PubMed]
Wozniak, E.; Siciriska, P.; Michatowicz, ].; WozZniak, K.; Reszka, E.; Huras, B.; Zakrzewski, J.; Bukowska, B. The Mechanism of DNA
Damage Induced by Roundup 360 PLUS, Glyphosate and AMPA in Human Peripheral Blood Mononuclear Cells—Genotoxic
Risk Assessement. Food Chem. Toxicol. 2018, 120, 510-522. [CrossRef] [PubMed]

Santovito, A.; Ruberto, S.; Gendusa, C.; Cervella, P. In Vitro Evaluation of Genomic Damage Induced by Glyphosate on Human
Lymphocytes. Environ. Sci. Pollut. Res. 2018, 25, 34693-34700. [CrossRef]

Basu, S.; Je, G.; Kim, Y.-S. Transcriptional Mutagenesis by 8-OxodG in «-Synuclein Aggregation and the Pathogenesis of
Parkinson’s Disease. Exp. Mol. Med. 2015, 47, e179. [CrossRef]

Ladd-Acosta, C.; Feinberg, ].I; Brown, S.C.; Lurmann, EW.; Croen, L.A.; Hertz-Picciotto, I.; Newschaffer, C.J.; Feinberg, A.P.;
Fallin, M.D.; Volk, H.E. Epigenetic Marks of Prenatal Air Pollution Exposure Found in Multiple Tissues Relevant for Child Health.
Environ. Int. 2019, 126, 363-376. [CrossRef]

Gao, X.; Colicino, E.; Shen, J.; Kioumourtzoglou, M.-A.; Just, A.C.; Nwanaji-Enwerem, J.C.; Coull, B.; Lin, X.; Vokonas, P.; Zheng,
Y.; et al. Impacts of Air Pollution, Temperature, and Relative Humidity on Leukocyte Distribution: An Epigenetic Perspective.
Environ. Int. 2019, 126, 395-405. [CrossRef]

Wozniak, E.; Reszka, E.; Jabtoriska, E.; Balcerczyk, A.; Broncel, M.; Bukowska, B. Glyphosate Affects Methylation in the Promoter
Regions of Selected Tumor Suppressors as Well as Expression of Major Cell Cycle and Apoptosis Drivers in PBMCs (In Vitro
Study). Toxicol. In Vitro 2020, 63, 104736. [CrossRef]

Kwiatkowska, M.; Reszka, E.; Wozniak, K.; Jabloriska, E.; Michatowicz, J.; Bukowska, B. DNA Damage and Methylation Induced
by Glyphosate in Human Peripheral Blood Mononuclear Cells (In Vitro Study). Food Chem. Toxicol. 2017, 105, 93-98. [CrossRef]
[PubMed]

Hardell, L.; Eriksson, M.; Nordstrom, M. Exposure to Pesticides as Risk Factor for Non-Hodgkin’s Lymphoma and Hairy Cell
Leukemia: Pooled Analysis of Two Swedish Case-Control Studies. Leuk. Lymphoma 2002, 43, 1043-1049. [CrossRef]

Gasnier, C.; Dumont, C.; Benachour, N.; Clair, E.; Chagnon, M.-C.; Séralini, G.-E. Glyphosate-Based Herbicides Are Toxic and
Endocrine Disruptors in Human Cell Lines. Toxicology 2009, 262, 184-191. [CrossRef]

Koller, V.J.; Fiirhacker, M.; Nersesyan, A.; Misik, M.; Eisenbauer, M.; Knasmueller, S. Cytotoxic and DNA-Damaging Properties of
Glyphosate and Roundup in Human-Derived Buccal Epithelial Cells. Arch. Toxicol. 2012, 86, 805-813. [CrossRef] [PubMed]
Manias, F; Peralta, L.; Raviolo, J.; Ovando, H.G.; Weyers, A.; Ugnia, L.; Cid, M.G; Larripa, I.; Gorla, N. Genotoxicity of Glyphosate
Assessed by the Comet Assay and Cytogenetic Tests. Environ. Toxicol. Pharmacol. 2009, 28, 37-41. [CrossRef]

Bao, X.; Wu, J; Xie, Y,; Kim, S.; Michelhaugh, S.; Jiang, J.; Mittal, S.; Sanai, N.; Li, J. Protein Expression and Functional Relevance
of Efflux and Uptake Drug Transporters at the Blood-Brain Barrier of Human Brain and Glioblastoma. Clin. Pharmacol. Ther.
2020, 107, 1116-1127. [CrossRef]

Emery, LE; Gopalan, A.; Wood, S.; Chow, K.; Battelli, C.; George, J.; Blaszyk, H.; Florman, J.; Yun, K. Expression and Function of
ABCG2 and XIAP in Glioblastomas. J. Neurooncol. 2017, 133, 47-57. [CrossRef]

Doganlar, O.; Doganlar, Z.B.; Kurtdere, A.K.; Chasan, T.; Ok, E.S. Chronic Exposure of Human Glioblastoma Tumors to Low
Concentrations of a Pesticide Mixture Induced Multidrug Resistance against Chemotherapy Agents. Ecotoxicol. Environ. Saf. 2020,
202, 110940. [CrossRef]

De Almeida, L.K.S.; Pletschke, B.I,; Frost, C.L. Moderate Levels of Glyphosate and Its Formulations Vary in Their Cytotoxicity
and Genotoxicity in a Whole Blood Model and in Human Cell Lines with Different Estrogen Receptor Status. 3 Biotech 2018, 8,
438. [CrossRef]

Thongprakaisang, S.; Thiantanawat, A.; Rangkadilok, N.; Suriyo, T.; Satayavivad, J. Glyphosate Induces Human Breast Cancer
Cells Growth via Estrogen Receptors. Food Chem. Toxicol. 2013, 59, 129-136. [CrossRef] [PubMed]

Jarrell, Z.R.; Ahammad, M.U.; Benson, A.P. Glyphosate-Based Herbicide Formulations and Reproductive Toxicity in Animals.
Vet. Anim. Sci. 2020, 10, 100126. [CrossRef] [PubMed]

Pierantoni, R.; Cobellis, G.; Meccariello, R.; Fasano, S. Evolutionary Aspects of Cellular Communication in the Vertebrate
Hypothalamo-Hypophysio-Gonadal Axis. In International Review of Cytology; Elsevier: Amsterdam, The Netherlands, 2002;
Volume 218, pp. 69-141, 142e-143e. ISBN 978-0-12-364622-4.

Santoro, A.; Chianese, R.; Troisi, J.; Richards, S.; Nori, S.L.; Fasano, S.; Guida, M.; Plunk, E.; Viggiano, A.; Pierantoni, R.; et al.
Neuro-Toxic and Reproductive Effects of BPA. Curr. Neuropharmacol. 2019, 17, 1109-1132. [CrossRef]

Santoro, A.; Mele, E.; Marino, M.; Viggiano, A.; Nori, S.L.; Meccariello, R. The Complex Interplay between Endocannabinoid
System and the Estrogen System in Central Nervous System and Periphery. Int. J. Mol. Sci. 2021, 22, 972. [CrossRef] [PubMed]
D’Angelo, S.; Meccariello, R. Microplastics: A Threat for Male Fertility. Int. ]. Environ. Res. Public Health 2021, 18, 2392. [CrossRef]
D’Angelo, S.; Mele, E.; Di Filippo, F; Viggiano, A.; Meccariello, R. Sirtl Activity in the Brain: Simultaneous Effects on Energy
Homeostasis and Reproduction. Int. J. Environ. Res. Public Health 2021, 18, 1243. [CrossRef] [PubMed]

Chianese, R.; Troisi, J.; Richards, S.; Scafuro, M.; Fasano, S.; Guida, M.; Pierantoni, R.; Meccariello, R. Bisphenol A in Reproduction:
Epigenetic Effects. Curr. Med. Chem. 2018, 25, 748-770. [CrossRef]

Ingaramo, P.I; Varayoud, J.; Milesi, M.M.; Schimpf, M.G.; Mufioz-de-Toro, M.; Luque, E.H. Effects of Neonatal Exposure to a
Glyphosate-Based Herbicide on Female Rat Reproduction. Reproduction 2016, 152, 403—415. [CrossRef]


http://doi.org/10.1093/nar/gkt635
http://www.ncbi.nlm.nih.gov/pubmed/23892398
http://doi.org/10.1016/j.fct.2018.07.035
http://www.ncbi.nlm.nih.gov/pubmed/30055318
http://doi.org/10.1007/s11356-018-3417-9
http://doi.org/10.1038/emm.2015.54
http://doi.org/10.1016/j.envint.2019.02.028
http://doi.org/10.1016/j.envint.2019.02.053
http://doi.org/10.1016/j.tiv.2019.104736
http://doi.org/10.1016/j.fct.2017.03.051
http://www.ncbi.nlm.nih.gov/pubmed/28351773
http://doi.org/10.1080/10428190290021560
http://doi.org/10.1016/j.tox.2009.06.006
http://doi.org/10.1007/s00204-012-0804-8
http://www.ncbi.nlm.nih.gov/pubmed/22331240
http://doi.org/10.1016/j.etap.2009.02.001
http://doi.org/10.1002/cpt.1710
http://doi.org/10.1007/s11060-017-2422-z
http://doi.org/10.1016/j.ecoenv.2020.110940
http://doi.org/10.1007/s13205-018-1464-z
http://doi.org/10.1016/j.fct.2013.05.057
http://www.ncbi.nlm.nih.gov/pubmed/23756170
http://doi.org/10.1016/j.vas.2020.100126
http://www.ncbi.nlm.nih.gov/pubmed/32734026
http://doi.org/10.2174/1570159X17666190726112101
http://doi.org/10.3390/ijms22020972
http://www.ncbi.nlm.nih.gov/pubmed/33478092
http://doi.org/10.3390/ijerph18052392
http://doi.org/10.3390/ijerph18031243
http://www.ncbi.nlm.nih.gov/pubmed/33573212
http://doi.org/10.2174/0929867324666171009121001
http://doi.org/10.1530/REP-16-0171

Int. J. Mol. Sci. 2021, 22, 12606 22 of 24

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Ingaramo, PI.; Varayoud, J.; Milesi, M.M.; Guerrero Schimpf, M.; Alarcén, R.; Mufioz-de-Toro, M.; Luque, E.H. Neonatal Exposure
to a Glyphosate-Based Herbicide Alters Uterine Decidualization in Rats. Reprod. Toxicol. 2017, 73, 87-95. [CrossRef]

Guerrero Schimpf, M.; Milesi, M.M.; Ingaramo, P.I; Luque, E.H.; Varayoud, ]. Neonatal Exposure to a Glyphosate Based Herbicide
Alters the Development of the Rat Uterus. Toxicology 2017, 376, 2-14. [CrossRef]

Ingaramo, P.I.; Guerrero Schimpf, M.; Milesi, M.M.; Luque, E.H.; Varayoud, ]. Acute Uterine Effects and Long-Term Reproductive
Alterations in Postnatally Exposed Female Rats to a Mixture of Commercial Formulations of Endosulfan and Glyphosate.
Food Chem. Toxicol. 2019, 134, 110832. [CrossRef]

Fu, H.; Gao, E; Wang, X; Tan, P,; Qiu, S.; Shi, B.; Shan, A. Effects of Glyphosate-Based Herbicide-Contaminated Diets on
Reproductive Organ Toxicity and Hypothalamic-Pituitary-Ovarian Axis Hormones in Weaned Piglets. Environ. Pollut. 2021, 272,
115596. [CrossRef] [PubMed]

Alarcon, R.; Rivera, O.E.; Ingaramo, PI.; Tschopp, M.V.; Dioguardi, G.H.; Milesi, M.M.; Muiioz-de-Toro, M.; Luque, E.H. Neonatal
Exposure to a Glyphosate-Based Herbicide Alters the Uterine Differentiation of Prepubertal Ewe Lambs. Environ. Pollut. 2020,
265,114874. [CrossRef] [PubMed]

Alarcon, R; Ingaramo, PI; Rivera, O.E.; Dioguardi, G.H.; Repetti, M.R.; Demonte, L.D.; Milesi, M.M.; Varayoud, ]J.; Mufioz-
de-Toro, M.; Luque, E.H. Neonatal Exposure to a Glyphosate-Based Herbicide Alters the Histofunctional Differentiation of the
Ovaries and Uterus in Lambs. Mol. Cell. Endocrinol. 2019, 482, 45-56. [CrossRef]

Jiang, X.; Zhang, N.; Yin, L.; Zhang, W.; Han, F;; Liu, W.; Chen, H.; Cao, J.; Liu, J]. A Commercial Rounclup® Formulation Induced
Male Germ Cell Apoptosis by Promoting the Expression of XAF1 in Adult Mice. Toxicol. Lett. 2018, 296, 163-172. [CrossRef]
[PubMed]

Romano, R.M.; Romano, M.A; Bernardi, M.M.; Furtado, P.V,; Oliveira, C.A. Prepubertal Exposure to Commercial Formulation of
the Herbicide Glyphosate Alters Testosterone Levels and Testicular Morphology. Arch. Toxicol. 2010, 84, 309-317. [CrossRef]
Johansson, H.K.L.; Schwartz, C.L.; Nielsen, L.N.; Boberg, J.; Vinggaard, A.M.; Bahl, M.I.; Svingen, T. Exposure to a Glyphosate-
Based Herbicide Formulation, but Not Glyphosate Alone, Has Only Minor Effects on Adult Rat Testis. Reprod. Toxicol. 2018, 82,
25-31. [CrossRef] [PubMed]

Avdatek, F.; Birdane, Y.O.; Tirkmen, R.; Demirel, H-H. Ameliorative Effect of Resveratrol on Testicular Oxidative Stress,
Spermatological Parameters and DNA Damage in Glyphosate-Based Herbicide-Exposed Rats. Andrologia 2018, 50, e13036.
[CrossRef]

Dai, P; Hu, P; Tang, J.; Li, Y; Li, C. Effect of Glyphosate on Reproductive Organs in Male Rat. Acta Histochem. 2016, 118, 519-526.
[CrossRef]

Mutwedu, V.B.; Nyongesa, A.W.; Azine, P.C.; Chiregereza, D.K.; Ngoumtsop, V.H.; Mugumaarhahama, Y.; Ayagirwe, R.B.B.
Growth Performance and Reproductive Function Impairment of Glyphosate-based Herbicide in Male Guinea Pig (Cavia Porcellus).
Vet. Med. Sci. 2021, 7, 1047-1055. [CrossRef]

Zhang, J.-W.; Xu, D.-Q.; Feng, X.-Z. The Toxic Effects and Possible Mechanisms of Glyphosate on Mouse Oocytes. Chemosphere
2019, 237, 124435. [CrossRef]

Cao, M.; Wang, Y.; Yang, F; Li, J.; Qin, X. Melatonin Rescues the Reproductive Toxicity of Low-dose Glyphosate-based Herbicide
during Mouse Oocyte Maturation via the GPER Signaling Pathway. J. Pineal Res. 2021, 70, e12718. [CrossRef] [PubMed]
Spinaci, M.; Nerozzi, C.; Tamanini, C.1.; Bucci, D.; Galeati, G. Glyphosate and Its Formulation Roundup Impair Pig Oocyte
Maturation. Sci. Rep. 2020, 10, 12007. [CrossRef]

Clair, E.; Mesnage, R.; Travert, C.; Séralini, G.-E. A Glyphosate-Based Herbicide Induces Necrosis and Apoptosis in Mature Rat
Testicular Cells In Vitro, and Testosterone Decrease at Lower Levels. Toxicol. In Vitro 2012, 26, 269-279. [CrossRef]

de Liz Oliveira Cavalli, V.L.; Cattani, D.; Heinz Rieg, C.E.; Pierozan, P.; Zanatta, L.; Benedetti Parisotto, E.; Wilhelm Filho,
D.; Mena Barreto Silva, FR.; Pessoa-Pureur, R.; Zamoner, A. Roundup Disrupts Male Reproductive Functions by Triggering
Calcium-Mediated Cell Death in Rat Testis and Sertoli Cells. Free Radic. Biol. Med. 2013, 65, 335-346. [CrossRef] [PubMed]
Vanlaeys, A.; Dubuisson, F,; Seralini, G.-E.; Travert, C. Formulants of Glyphosate-Based Herbicides Have More Deleterious
Impact than Glyphosate on TM4 Sertoli Cells. Toxicol. In Vitro 2018, 52, 14-22. [CrossRef]

Walsh, L.P.; McCormick, C.; Martin, C.; Stocco, D.M. Roundup Inhibits Steroidogenesis by Disrupting Steroidogenic Acute
Regulatory (StAR) Protein Expression. Environ. Health Perspect. 2000, 108, 769-776. [CrossRef] [PubMed]

Nerozzi, C.; Recuero, S.; Galeati, G.; Bucci, D.; Spinaci, M.; Yeste, M. Effects of Roundup and Its Main Component, Glyphosate,
upon Mammalian Sperm Function and Survival. Sci. Rep. 2020, 10, 11026. [CrossRef]

Anifandis, G.; Amiridis, G.; Dafopoulos, K.; Daponte, A.; Dovolou, E.; Gavriil, E.; Gorgogietas, V.; Kachpani, E.; Mamuris, Z;
Messini, C.; et al. The In Vitro Impact of the Herbicide Roundup on Human Sperm Motility and Sperm Mitochondria. Toxics 2017,
6, 2. [CrossRef]

Anifandis, G.; Katsanaki, K.; Lagodonti, G.; Messini, C.; Simopoulou, M.; Dafopoulos, K.; Daponte, A. The Effect of Glyphosate
on Human Sperm Motility and Sperm DNA Fragmentation. Int. J. Environ. Res. Public Health 2018, 15, 1117. [CrossRef]
Defarge, N.; Spiroux de Vendémois, J.; Séralini, G.E. Toxicity of Formulants and Heavy Metals in Glyphosate-Based Herbicides
and Other Pesticides. Toxicol. Rep. 2018, 5, 156-163. [CrossRef]

Richard, S.; Moslemi, S.; Sipahutar, H.; Benachour, N.; Seralini, G.-E. Differential Effects of Glyphosate and Roundup on Human
Placental Cells and Aromatase. Environ. Health Perspect. 2005, 113, 716-720. [CrossRef]


http://doi.org/10.1016/j.reprotox.2017.07.022
http://doi.org/10.1016/j.tox.2016.06.004
http://doi.org/10.1016/j.fct.2019.110832
http://doi.org/10.1016/j.envpol.2020.115596
http://www.ncbi.nlm.nih.gov/pubmed/33243543
http://doi.org/10.1016/j.envpol.2020.114874
http://www.ncbi.nlm.nih.gov/pubmed/32599332
http://doi.org/10.1016/j.mce.2018.12.007
http://doi.org/10.1016/j.toxlet.2018.06.1067
http://www.ncbi.nlm.nih.gov/pubmed/29908847
http://doi.org/10.1007/s00204-009-0494-z
http://doi.org/10.1016/j.reprotox.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30268827
http://doi.org/10.1111/and.13036
http://doi.org/10.1016/j.acthis.2016.05.009
http://doi.org/10.1002/vms3.443
http://doi.org/10.1016/j.chemosphere.2019.124435
http://doi.org/10.1111/jpi.12718
http://www.ncbi.nlm.nih.gov/pubmed/33503294
http://doi.org/10.1038/s41598-020-68813-6
http://doi.org/10.1016/j.tiv.2011.12.009
http://doi.org/10.1016/j.freeradbiomed.2013.06.043
http://www.ncbi.nlm.nih.gov/pubmed/23820267
http://doi.org/10.1016/j.tiv.2018.01.002
http://doi.org/10.1289/ehp.00108769
http://www.ncbi.nlm.nih.gov/pubmed/10964798
http://doi.org/10.1038/s41598-020-67538-w
http://doi.org/10.3390/toxics6010002
http://doi.org/10.3390/ijerph15061117
http://doi.org/10.1016/j.toxrep.2017.12.025
http://doi.org/10.1289/ehp.7728

Int. J. Mol. Sci. 2021, 22, 12606 23 of 24

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Cai, W,; Yang, X; Li, X.; Li, H.; Wang, S.; Wu, Z.; Yu, M.; Ma, S.; Tang, S. Low-Dose Roundup Induces Developmental Toxicity in
Bovine Preimplantation Embryos In Vitro. Environ. Sci. Pollut. Res. 2020, 27, 16451-16459. [CrossRef]

de Aratjo-Ramos, A.T.; Passoni, M.T.; Romano, M.A.; Romano, R.M.; Martino-Andrade, A.]. Controversies on Endocrine and
Reproductive Effects of Glyphosate and Glyphosate-Based Herbicides: A Mini-Review. Front. Endocrinol. 2021, 12, 627210.
[CrossRef]

Rossetti, M.F.; Canesini, G.; Lorenz, V.; Milesi, M.M.; Varayoud, J.; Ramos, ].G. Epigenetic Changes Associated With Exposure to
Glyphosate-Based Herbicides in Mammals. Front. Endocrinol. 2021, 12, 671991. [CrossRef]

Ruuskanen, S.; Rainio, M.].; Uusitalo, M.; Saikkonen, K.; Helander, M. Effects of Parental Exposure to Glyphosate-Based
Herbicides on Embryonic Development and Oxidative Status: A Long-Term Experiment in a Bird Model. Sci. Rep. 2020, 10, 6349.
[CrossRef]

Gongalves, B.B.; Nascimento, N.F.; Santos, M.P.; Bertolini, R.M.; Yasui, G.S.; Giaquinto, P.C. Low Concentrations of Glyphosate-
Based Herbicide Cause Complete Loss of Sperm Motility of Yellowtail Tetra Fish Astyanax Lacustris: HERBICIDE KILLS A.
LACUSTRIS SPERM CELLS. . Fish. Biol. 2018, 92, 1218-1224. [CrossRef] [PubMed]

Zebral, Y.D.; Costa, P.G.; de Castro Knopp, B.; Lansini, L.R.; Zafalon-Silva, B.; Bianchini, A.; Robaldo, R.B. Effects of a Glyphosate-
Based Herbicide in Pejerrey Odontesthes Humensis Embryonic Development. Chemosphere 2017, 185, 860-867. [CrossRef]
Zebral, Y.D.; Lansini, L.R.; Costa, P.G.; Roza, M.; Bianchini, A.; Robaldo, R.B. A Glyphosate-Based Herbicide Reduces Fertility,
Embryonic Upper Thermal Tolerance and Alters Embryonic Diapause of the Threatened Annual Fish Austrolebias Nigrofasciatus.
Chemosphere 2018, 196, 260-269. [CrossRef] [PubMed]

Garcia-Espifieira, M.; Tejeda-Benitez, L.; Olivero-Verbel, J. Toxicity of Atrazine- and Glyphosate-Based Formulations on Caenorhab-
ditis Elegans. Ecotoxicol. Environ. Saf. 2018, 156, 216-222. [CrossRef] [PubMed]

Bonfanti, P.; Saibene, M.; Bacchetta, R.; Mantecca, P.; Colombo, A. A Glyphosate Micro-Emulsion Formulation Displays
Teratogenicity in Xenopus Laevis. Aquat. Toxicol. 2018, 195, 103-113. [CrossRef]

de Melo, M.S.; Nazari, EM.; Joaquim-Justo, C.; Muller, YM.R.; Gismondi, E. Effects of Low Glyphosate-Based Herbicide
Concentrations on Endocrine-Related Gene Expression in the Decapoda Macrobrachium Potiuna. Environ. Sci. Pollut. Res. 2019,
26, 21535-21545. [CrossRef] [PubMed]

Davico, C.E.; Pereira, A.G.; Nezzi, L.; Jaramillo, M.L.; de Melo, M.S.; Miiller, YM.R.; Nazari, E.M. Reproductive Toxicity of
Roundup WG® Herbicide: Impairments in Ovarian Follicles of Model Organism Danio Rerio. Environ. Sci. Pollut. Res. 2021, 28,
15147-15159. [CrossRef] [PubMed]

Ruuskanen, S.; Rainio, M.].; Gémez-Gallego, C.; Selenius, O.; Salminen, S.; Collado, M.C.; Saikkonen, K.; Saloniemi, I.; Helander,
M. Glyphosate-Based Herbicides Influence Antioxidants, Reproductive Hormones and Gut Microbiome but Not Reproduction: A
Long-Term Experiment in an Avian Model. Environ. Pollut. 2020, 266, 115108. [CrossRef] [PubMed]

Teleken, J.L.; Gomes, E.C.Z.; Marmentini, C.; Moi, M.B.; Ribeiro, R.A.; Balbo, S.L.; Amorim, E.M.P,; Bonfleur, M.L. Glyphosate-
Based Herbicide Exposure during Pregnancy and Lactation Malprograms the Male Reproductive Morphofunction in F1 Offspring.
J. Dev. Orig. Health Dis. 2020, 11, 146-153. [CrossRef]

Pham, T.H.; Derian, L.; Kervarrec, C.; Kernanec, P.-Y; Jégou, B.; Smagulova, F; Gely-Pernot, A. Perinatal Exposure to Glyphosate
and a Glyphosate-Based Herbicide Affect Spermatogenesis in Mice. Toxicol. Sci. 2019, 169, 260-271. [CrossRef]

Panza, S.B.; Vargas, R.; Balbo, S.L.; Bonfleur, M.L.; Granzotto, D.C.T,; Sant’'Ana, D.M.G.; Nogueira-Melo, G.A. Perinatal Exposure
to Low Doses of Glyphosate-Based Herbicide Combined with a High-Fat Diet in Adulthood Causes Changes in the Jejunums of
Mice. Life Sci. 2021, 275, 119350. [CrossRef]

Dallegrave, E.; Mantese, F.D.; Oliveira, R.T.; Andrade, A.].M.; Dalsenter, P.R.; Langeloh, A. Pre- and Postnatal Toxicity of the
Commercial Glyphosate Formulation in Wistar Rats. Arch. Toxicol. 2007, 81, 665—-673. [CrossRef]

Milesi, M.M.; Lorenz, V.; Pacini, G.; Repetti, M.R.; Demonte, L.D.; Varayoud, J.; Luque, E.H. Perinatal Exposure to a Glyphosate-
Based Herbicide Impairs Female Reproductive Outcomes and Induces Second-Generation Adverse Effects in Wistar Rats.
Arch. Toxicol. 2018, 92, 2629-2643. [CrossRef]

Lorenz, V.; Pacini, G.; Luque, E.H.; Varayoud, J.; Milesi, M.M. Perinatal Exposure to Glyphosate or a Glyphosate-Based
Formulation Disrupts Hormonal and Uterine Milieu during the Receptive State in Rats. Food Chem. Toxicol. 2020, 143, 111560.
[CrossRef]

Manservisi, E; Lesseur, C.; Panzacchi, S.; Mandrioli, D.; Falcioni, L.; Bua, L.; Manservigi, M.; Spinaci, M.; Galeati, G.; Mantovani,
A.; et al. The Ramazzini Institute 13-Week Pilot Study Glyphosate-Based Herbicides Administered at Human-Equivalent Dose to
Sprague Dawley Rats: Effects on Development and Endocrine System. Environ. Health 2019, 18, 15. [CrossRef]

Lorenz, V.; Milesi, M.M.; Schimpf, M.G.; Luque, E.H.; Varayoud, J. Epigenetic Disruption of Estrogen Receptor Alpha Is Induced
by a Glyphosate-Based Herbicide in the Preimplantation Uterus of Rats. Mol. Cell. Endocrinol. 2019, 480, 133-141. [CrossRef]
Ait-Bali, Y.; Ba-M’hamed, S.; Gambarotta, G.; Sassoé-Pognetto, M.; Giustetto, M.; Bennis, M. Pre- and Postnatal Exposure to
Glyphosate-Based Herbicide Causes Behavioral and Cognitive Impairments in Adult Mice: Evidence of Cortical Ad Hippocampal
Dysfunction. Arch. Toxicol. 2020, 94, 1703-1723. [CrossRef] [PubMed]

Gallegos, C.E.; Bartos, M.; Bras, C.; Gumilar, E.; Antonelli, M.C.; Minetti, A. Exposure to a Glyphosate-Based Herbicide during
Pregnancy and Lactation Induces Neurobehavioral Alterations in Rat Offspring. NeuroToxicology 2016, 53, 20-28. [CrossRef]
[PubMed]


http://doi.org/10.1007/s11356-020-08183-8
http://doi.org/10.3389/fendo.2021.627210
http://doi.org/10.3389/fendo.2021.671991
http://doi.org/10.1038/s41598-020-63365-1
http://doi.org/10.1111/jfb.13571
http://www.ncbi.nlm.nih.gov/pubmed/29488225
http://doi.org/10.1016/j.chemosphere.2017.07.069
http://doi.org/10.1016/j.chemosphere.2017.12.196
http://www.ncbi.nlm.nih.gov/pubmed/29306198
http://doi.org/10.1016/j.ecoenv.2018.02.075
http://www.ncbi.nlm.nih.gov/pubmed/29550685
http://doi.org/10.1016/j.aquatox.2017.12.007
http://doi.org/10.1007/s11356-019-05496-1
http://www.ncbi.nlm.nih.gov/pubmed/31127518
http://doi.org/10.1007/s11356-020-11527-z
http://www.ncbi.nlm.nih.gov/pubmed/33226558
http://doi.org/10.1016/j.envpol.2020.115108
http://www.ncbi.nlm.nih.gov/pubmed/32768925
http://doi.org/10.1017/S2040174419000382
http://doi.org/10.1093/toxsci/kfz039
http://doi.org/10.1016/j.lfs.2021.119350
http://doi.org/10.1007/s00204-006-0170-5
http://doi.org/10.1007/s00204-018-2236-6
http://doi.org/10.1016/j.fct.2020.111560
http://doi.org/10.1186/s12940-019-0453-y
http://doi.org/10.1016/j.mce.2018.10.022
http://doi.org/10.1007/s00204-020-02677-7
http://www.ncbi.nlm.nih.gov/pubmed/32067069
http://doi.org/10.1016/j.neuro.2015.11.015
http://www.ncbi.nlm.nih.gov/pubmed/26632987

Int. J. Mol. Sci. 2021, 22, 12606 24 of 24

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Gallegos, C.E.; Baier, C.J.; Bartos, M.; Bras, C.; Dominguez, S.; Ménaco, N.; Gumilar, F.; Giménez, M.S.; Minetti, A. Perinatal
Glyphosate-Based Herbicide Exposure in Rats Alters Brain Antioxidant Status, Glutamate and Acetylcholine Metabolism and
Affects Recognition Memory. Neurotox. Res. 2018, 34, 363-374. [CrossRef] [PubMed]

de Souza, ].S.; Laureano-Melo, R.; Herai, R.H.; da Conceicdo, R.R.; Oliveira, K.C.; da Silva, .D.C.G.; Dias-da-Silva, M.R.; Romano,
R.M.; Romano, M.A.; Maciel, RM.d.B.; et al. Maternal Glyphosate-Based Herbicide Exposure Alters Antioxidant-Related Genes
in the Brain and Serum Metabolites of Male Rat Offspring. NeuroToxicology 2019, 74, 121-131. [CrossRef]

Gomez, A.L.; Altamirano, G.A; Leturia, J.; Bosquiazzo, V.L.; Mufioz-de-Toro, M.; Kass, L. Male Mammary Gland Development
and Methylation Status of Estrogen Receptor Alpha in Wistar Rats Are Modified by the Developmental Exposure to a Glyphosate-
Based Herbicide. Mol. Cell. Endocrinol. 2019, 481, 14-25. [CrossRef]

Gomez, A.L.; Altamirano, G.A.; Tschopp, M.V.; Bosquiazzo, V.L.; Mufioz-de-Toro, M.; Kass, L. Exposure to a Glyphosate-Based
Herbicide Alters the Expression of Key Regulators of Mammary Gland Development on Pre-Pubertal Male Rats. Toxicology 2020,
439, 152477. [CrossRef]

de Souza, J.S.; Kizys, M.M.L.; da Conceicao, R.R.; Glebocki, G.; Romano, R.M.; Ortiga-Carvalho, T.M.; Giannocco, G.; da Silva,
1.D.C.G;; Dias da Silva, M.R.; Romano, M. A ; et al. Perinatal Exposure to Glyphosate-Based Herbicide Alters the Thyrotrophic
Axis and Causes Thyroid Hormone Homeostasis Imbalance in Male Rats. Toxicology 2017, 377, 25-37. [CrossRef]

Coullery, R.; Pacchioni, A.M.; Rosso, S.B. Exposure to Glyphosate during Pregnancy Induces Neurobehavioral Alterations and
Downregulation of Wnt5a-CaMKII Pathway. Reprod. Toxicol. 2020, 96, 390-398. [CrossRef]

Dechartres, J.; Pawluski, J.L.; Gueguen, M.; Jablaoui, A.; Maguin, E.; Rhimi, M.; Charlier, T.D. Glyphosate and Glyphosate-based
Herbicide Exposure during the Peripartum Period Affects Maternal Brain Plasticity, Maternal Behaviour and Microbiome.
J. Neuroendocrinol. 2019, 31, €12731. [CrossRef]

Smith, C.M.; Vera, M.K.M.; Bhandari, R.K. Developmental and Epigenetic Effects of Roundup and Glyphosate Exposure on
Japanese Medaka (Oryzias Latipes). Aquat. Toxicol. 2019, 210, 215-226. [CrossRef] [PubMed]

Makris, S.L. Current Assessment of the Effects of Environmental Chemicals on the Mammary Gland in Guideline Rodent Studies
by the U.S. Environmental Protection Agency (U.S. EPA), Organisation for Economic Co-Operation and Development (OECD),
and National Toxicology Program (NTP). Environ. Health Perspect. 2011, 119, 1047-1052. [CrossRef] [PubMed]

Swan, S.H.; Kristensen, D.M. Anogenital Distance: A Marker of Steroidal Endocrine Disruption. In Encyclopedia of Reproduction;
Elsevier: Amsterdam, The Netherlands, 2018; pp. 588-593. ISBN 978-0-12-815145-7.

Lesseur, C.; Pirrotte, P; Pathak, K.V.; Manservisi, F.; Mandrioli, D.; Belpoggi, F.; Panzacchi, S.; Li, Q.; Barrett, E.S.; Nguyen, RH.N.;
et al. Maternal Urinary Levels of Glyphosate during Pregnancy and Anogenital Distance in Newborns in a US Multicenter
Pregnancy Cohort. Environ. Pollut. 2021, 280, 117002. [CrossRef] [PubMed]


http://doi.org/10.1007/s12640-018-9894-2
http://www.ncbi.nlm.nih.gov/pubmed/29611151
http://doi.org/10.1016/j.neuro.2019.06.004
http://doi.org/10.1016/j.mce.2018.11.005
http://doi.org/10.1016/j.tox.2020.152477
http://doi.org/10.1016/j.tox.2016.11.005
http://doi.org/10.1016/j.reprotox.2020.08.006
http://doi.org/10.1111/jne.12731
http://doi.org/10.1016/j.aquatox.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/30875550
http://doi.org/10.1289/ehp.1002676
http://www.ncbi.nlm.nih.gov/pubmed/21118785
http://doi.org/10.1016/j.envpol.2021.117002
http://www.ncbi.nlm.nih.gov/pubmed/33812205

	Introduction 
	Glyphosate Action and Contamination Routes 
	Immunomodulatory and Inflammatory Effects of Glyphosate 
	Glyphosate—Induced Effects in Liver, Kidney and Lung 
	Glyphosate—Induced Effects in the Intestine 
	Glyphosate—Induced Effects in Blood Cells 
	Neurodegenerative Glyphosate—Induced Effects 

	Carcinogenic and Mutagenic Effects of Glyphosate 
	Effects of Glyphosate on Reproduction and Development 
	Conclusions 
	References

