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A B S T R A C T

Glyphosate-based herbicide (GBH) exposure is known to have adverse effects on endocrine-related tissues. Here, we aimed to determine whether early postnatal
exposure to a GBH induces long-term effects on the rat mammary gland. Thus, female Wistar pups were injected with saline solution (Control) or GBH (2 mg
glyphosate/kg/day) on postnatal days (PND) 1, 3, 5 and 7. At 20 months of age, mammary gland samples were collected to determine histomorphological features,
proliferation index and the expression of steroid hormone receptors expression, by immunohistochemistry, and serum samples were collected to assess 17β-estradiol
(E2) and progesterone (P4) levels. GBH exposure induced morphological changes evidenced by a higher percentage of hyperplastic ducts and a fibroblastic-like
stroma in the mammary gland. GBH-treated rats also showed a high expression of steroid hormone receptors in hyperplastic ducts. The results indicate that early
postnatal exposure to GBH induces long-term alterations in the mammary gland morphology of aging female rats.

1. Introduction

Glyphosate (N-phosphonomethyl glycine) is an active ingredient of
broad-spectrum herbicide formulations. Although commercial for-
mulations of glyphosate include other chemical compounds, which are
classified as inert compounds (Székács and Darvas, 2018), glyphosate
formulations have been proved to be more toxic than the compound in
its technical grade (Benachour and Seralini, 2009; Defarge et al., 2016;
Mesnage et al., 2014; Tsui and Chu, 2003). The use of glyphosate on
crops to control weeds has increased all over the world as a result of the
use of genetically modified crops and the occurrence of glyphosate-re-
sistant weeds (Benbrook, 2016), among others. This expanded use of
glyphosate-based herbicides (GBHs) has led to the presence of gly-
phosate and its primary metabolite, aminomethylphosphonic acid
(AMPA), in several environmental matrices, such as water, soil, and air
(Van Bruggen et al., 2018), as well as in food (for humans or livestock)
(Bai and Ogbourne, 2016; Rendón-von Osten and Dzul-Caamal, 2017;
Rodrigues and de Souza, 2018; Zoller et al., 2018). Consequently, re-
sidues of glyphosate have also been detected in human urine and serum
samples (Gillezeau et al., 2019).

Some controversies have arisen regarding the carcinogenic and the
endocrine-disrupting effects of glyphosate and GBHs. The International
Agency for Research on Cancer (IARC; World Health Organization)
concluded that “glyphosate is probably carcinogenic to humans (IARC
Group 2A)” (IARC, 2015), whereas the European Food Safety Authority
(EFSA) determined that “glyphosate is unlikely to pose a carcinogenic
hazard to humans” (EFSA, 2015). It is important to highlight that the
IARC examined studies of GBH and glyphosate, whereas the EFSA
evaluated studies that used technical-grade glyphosate (Portier et al.,
2016; Tarazona et al., 2017). This indicates that safety evaluations fo-
cused on glyphosate alone can underestimate toxicity and are in-
sufficient to assess the relevance of human and environmental ex-
posures to glyphosate and GBHs (Vandenberg et al., 2017).

It is known that many endocrine-disrupting chemicals (EDCs) mimic
the endogenous estrogen functions or interfere with estrogen signaling
pathways (Shanle and Xu, 2011). Regarding glyphosate and GBH, the
Endocrine Disruptor Screening Program (EDSP) conducted by the US
Environmental Protection Agency (EPA) concluded that the results so
far obtained are not sufficient to classify glyphosate as an EDC (US EPA,
2015). However, several studies have shown that glyphosate may lead
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to a disruption of endocrine-signaling systems. In vitro experiments
have demonstrated that the exposure to glyphosate induces human
breast cancer cell proliferation by activating estrogen receptor α (ERα),
either directly (Thongprakaisang et al., 2013) or through a ligand-in-
dependent mechanism (Mesnage et al., 2017). Other in vitro studies
using breast cancer cell lines have also demonstrated that glyphosate
and GBH may induce cell damage, independently of estrogenic path-
ways (De Almeida et al., 2018; Stur et al., 2019). in vitro By using an in
vivo model to evaluate estrogenic activity, we have previously found
that GBH is able to modulate the expression of estrogen-sensitive genes
in the rat uterus (Varayoud et al., 2017). In addition, we have found
that early postnatal exposure to GBH affects the normal development of
the uterus (Guerrero Schimpf et al., 2017) and the mammary gland of
male rats (Altamirano et al., 2018), suggesting endocrine-disrupting
effects. Interestingly, several studies have also demonstrated that ex-
posure to GBH may have long-term consequences such as female re-
productive failures (Ingaramo et al., 2016, 2017; Lorenz et al., 2019)
and second-generation adverse effects (Milesi et al., 2018).

The rodent female mammary gland represents a potentially sensi-
tive endpoint to study the toxicological effects of several environmental
agents (Fenton, 2006). Although this gland begins its development
during gestation, most of its growth occurs after birth (Filgo et al.,
2016). In the rat, the mammary gland evolves from a primary main
lactiferous duct. Then, by the 14th day of postnatal life, the ducts have
branched in new ducts ended in terminal end buds (Russo and Russo,
1996). Due to this branching, any interference (such as that caused by
chemicals) could alter the development of the mammary gland, causing
lasting effects on the gland (Fenton, 2006).

The development of the mammary gland is tightly regulated by
fluctuations in the levels of endogenous hormones (Javed and Lteif,
2013). The ovarian steroid hormones, estrogen and progesterone (P4),
are major controllers of the lobuloalveolar development of the mam-
mary gland both by direct receptor-mediated interactions and by sti-
mulating growth factors (Davis and Fenton, 2013), which subsequently
stimulate the proliferation of mammary epithelial cells (Hvid et al.,
2012). In the rat mammary gland, both ERα and progesterone receptor
(PR) have been found to be expressed in the epithelial compartment,
which gives support to the fact that the hormonal regulation of mam-
mary gland development involves mainly a receptor-mediated me-
chanism (Russo and Russo, 1998, 1999).

Taking into account all the mentioned antecedents, in the present
study we aimed to evaluate whether neonatal exposure of rats to a GBH
induces long-term effects on the female mammary gland. To this end,
we evaluated: 1) the body weight (bw) of the animals along the ex-
periment, and 2) the ovarian steroid hormone levels, the mammary
gland morphology, and the proliferation and epithelial expression of
classical endocrine-related proteins at 20 months of age.

2. Materials and methods

2.1. Animals

All the experimental protocols used in this study were approved by
the Institutional Ethics Committee of the School of Biochemistry and
Biological Sciences (Universidad Nacional del Litoral -UNL-, Santa Fe,
Argentina) and performed in accordance with the principles and pro-
cedures outlined in the Guide for the Care and Use of Laboratory
Animals issued by the US National Academy of Sciences. Animals were
treated humanely and with regard for alleviation of suffering.

Rats of a Wistar-derived strain bred at the Department of Human
Physiology of the School of Biochemistry and Biological Sciences of the
UNL were used. The animals were maintained in a controlled en-
vironment (22 ± 2 °C; 14 h of light from 06:00 h to 20:00 h) in
stainless steel cages with sterile pine wood shavings as bedding and had
free access to pellet laboratory chow (16–014007 Rat-Mouse diet,
Nutrición Animal, Santa Fe, Argentina) and tap water in glass bottles

with rubber stoppers. The food was composed mainly of proteins
(23%), raw fiber (6%) and minerals (10%), with a relative humidity of
12% (see Kass et al., 2012 and Andreoli et al., 2015 for more details). In
a previous work, we checked for the presence of glyphosate in the diet
(pellet chow and water) by using Ultra performance liquid chromato-
graphy–tandem mass spectrometer (UHPLC–MS/MS), and found no
detectable levels (Milesi et al., 2018).

2.2. Experimental procedures

Pups were obtained from eight timed-pregnant rats housed singly.
After delivery (postnatal day -PND- 0), pups were sexed according to
the anogenital distance and litters of eight pups (preferably four males
and four females) were left with each mother (Guerrero Schimpf et al.,
2017). Female pups were cross-fostered among the mothers to minimize
the use of siblings. This schedule allows including no more than two
siblings in each group. Female pups from each foster mother were
randomly assigned to one of the following postnatal treatment group: 1)
Control group, receiving saline solution (n = 8), and 2) GBH group,
receiving a commercial formulation of glyphosate diluted with saline
solution (2 mg glyphosate/kg bw/day, n = 10). The remaining pups
(females and males) were assigned to other experiments performed at
our lab.

The glyphosate formulation used was Roundup FULL II®, a liquid
water-soluble formulation containing 66.2% of glyphosate potassium
salt as its active ingredient, coadjuvants and inert ingredients. As
mentioned before, during the neonatal period, the mammary gland is
highly susceptible to chemical compounds that could alter the normal
development of the gland. The treatments were administered by sub-
cutaneous injections in the nape of the neck every 48 h from PND 1 to
PND 7. On each treatment day, a glyphosate solution was prepared
according to the average bw of the pups, so asto administer 2 mg gly-
phosate/kg bw in a fixed volume of 40 μL. The dose of GBH was cal-
culated based on the concentration of glyphosate acid (54 g of gly-
phosate per 100 mL of GBH). This dose is representative of the
glyphosate residues found in soybean grains (Arregui et al., 2004; Test
Biotech, 2013), and is in the order of magnitude of the environmental
levels detected in our country (Bonansea et al., 2017; Peruzzo et al.,
2008; Primost et al., 2017). As previously reported (Guerrero Schimpf
et al., 2017), the postnatal treatment with GBH (with 2 mg/kg bw/day
in pups every 48 h from PND 1 to PND 7) did not alter the maternal care
or nursing of the experimental groups. In addition, the treatment led to
no signs of local reaction or acute or chronic toxicity.

At weaning (PND 21), the offspring were kept under standard la-
boratory animal husbandry conditions. Along the experiment, animals
were weighed on each treatment day (PND 1, 3, 5 and 7) as well as 24 h
after the end of the experiment (PND 8), and then weekly (from PND 9
up to PND 30) or monthly (from PND 31 up to 20 months of age). To
sacrifice all animals at the same stage of the estrous cycle, vaginal
smears were performed every morning (Montes and Luque, 1988)
starting on PND 570. Briefly, vaginal secretion was collected with a
plastic pipette filled with 500 μL of saline solution (NaCl 0.9%) by in-
serting the tip of the pipette into the vaginal canal. The pipette bulb was
firmly but gently depressed to expel the saline into the vagina and the
saline was drawn back into the dropping pipette which was removed
from the vaginal canal. Vaginal fluid was placed on glass slides and
observed under an optical microscope to determine the stage of the
estrous cycle, according to the predominant cells present (Montes and
Luque, 1988; Manservisi et al., 2018). All animals were sacrificed by
decapitation in the morning at the estrus closest to 20 months of age.
Trunk blood was collected, samples were centrifuged and serum was
stored at −20 °C until hormone assays were performed.

Traditionally and according to guidelines in toxico-pathological
studies, the abdominal-inguinal mammary gland chain is examined
(Ruehl-Fehlert et al., 2003). Thus, at sacrifice, one abdominal mam-
mary gland was obtained, fixed in 10% (v/v) buffered formalin for
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6 h at room temperature, and embedded in paraffin for histological
studies (morphometric and immunohistochemical analysis).

2.3. Hormone assays

Serum samples stored at −20 °C were thawed and 17β-estradiol
(E2) and P4 serum levels were assessed using the Ultra-Sensitive
Estradiol Radioimmunoassay Kit DSL4800 (Immunotech, Beckman
Coulter, Czech Republic) and Kit LI4043F1 (EIAgen, Adaltis Srl., Italy),
respectively, according to the manufacture's guidelines. All the samples
were run in duplicate. The assay sensitivity was 2.2 pg/mL for E2 and
0.105 ng/mL for P4. The intra- and interassay coefficients of variation
were ≤8.9 and 12.2% for E2 and ≤9.1 and 13.9% for P4.

2.4. Immunohistochemistry

A standard immunohistochemical technique was performed, fol-
lowing protocols previously described by our laboratory (Muñoz-de-
Toro et al., 1998). Briefly, mammary longitudinal sections (5 μm thick)
were deparaffinized and rehydrated in graded ethanol solutions.

After microwave pretreatment for antigen retrieval, the endogenous
peroxidase activity and non-specific binding sites were blocked.
Primary antibodies were used at the dilutions mentioned in Table 1 and
incubated overnight at 4 °C. After incubation with biotin-conjugated
secondary antibodies (Table 1) for 30 min, reactions were developed
using a streptavidin-biotin peroxidase method and diaminobenzidine
(Sigma–Aldrich, Buenos Aires, Argentina) as a chromogen substrate.

Each immunohistochemical run included negative controls in which
the primary antibody was replaced by non-immune rabbit or mouse
serum (Sigma-Aldrich). For immunodetection, the samples were
counter-stained with hematoxylin (Biopur, Rosario, Argentina).
Samples were dehydrated and mounted with permanent mounting
medium (Eukitt, Sigma-Aldrich).

2.5. Histological analysis and morphometry

Mammary gland sections (5-μm thick) were stained using hema-
toxylin and eosin for histological examination, which was performed by
a trained pathologist (AA, see Acknowledgments) blinded to the ex-
perimental group.

Images of stained mammary gland sections were recorded using a
Spot Insight V3.5 color video camera attached to an Olympus BH2
microscope (Olympus Optical Co., Ltd., Tokyo, Japan). All images were
analyzed with ImageJ software (NIH, USA; https://imagej.nih.gov/ij),
and all the evaluations were performed in at least 10 randomly selected
fields per section. Two or three sections, at least 30 μm apart from each
other, were examined in a blinded fashion.

2.5.1. Morphometric analysis of the parenchyma
The proportion of mammary gland parenchyma (namely ducts or

alveoli) was measured using a Dplan 4X objective (numerical

aperture = 0.10; Olympus BH2) by applying an orthogonal line grid
mask on the whole image. The volume fraction (Vv) was calculated by
applying the formula given by Weibel (1969): Vv = Pi/P, where Pi is
the number of incident points over ducts, alveoli or adipose tissue, and
P is the number of incident points over the whole image (Durando et al.,
2007). The results are expressed as percentage of ducts and percentage
of alveoli, respectively. We also calculated the ratio between ducts and
alveoli (i.e.: percentage of ducts/percentage of alveoli) as a measure-
ment of mammary gland development.

Additionally, the presence of cysts containing white fluid (‘‘milk
cysts’’), as described previously by Masso-Welch et al. (2000), was
quantified and expressed as incidence and multiplicity. Moreover, the
diameter of cysts was measured to compare between groups.

Hyperplastic ducts were quantified and classified as mild, moderate
or florid (four, five or more than five layers of epithelial cells lining the
ducts, respectively), as has been previously described (Durando et al.,
2011; Singh et al., 2000), using a Dplan 40 X objective (numerical
aperture = 0.65; Olympus BH2). To obtain the proportion of hyper-
plastic ducts, we evaluated three sections per mammary gland that were
at least 30 μm apart from each other, and 75 ducts per section were
analyzed.

2.5.2. Morphometric analysis of the stromal compartment
As mentioned above, the proportion of adipose tissue was calculated

by applying the formula given by Weibel (1969). The results are ex-
pressed as percentage of adipose tissue.

The thickness of the stroma surrounding the moderate and florid
hyperplastic ducts was analyzed with a Dplan 40 X objective (numerical
aperture = 0.65; Olympus BH2) by measuring the average length from
the basement membrane of each duct towards the stroma.

The density of stromal nuclei was calculated using a Dplan 20 X
objective (numerical aperture = 0.40; Olympus BH2) as the ratio be-
tween the area occupied by stromal nucleian and the total area occu-
pied by adipose tissueat, covering an area of 0.25 mm2 (Durando et al.,
2007).

2.5.1.1. Quantification of mast cells. Mammary gland sections (5-μm
thick) were stained with toluidine blue to detect mast cells (Varayoud
et al., 2004). The number of mast cell within the stroma surrounding
mammary ducts was calculated using a Dplan 20 X objective (numerical
aperture = 0.40; Olympus BH2) as follows: (MC/TA) x 100, where MC
is the number of mast cells associated with each duct and TA is the total
area occupied by the connective stroma of the duct (measured from the
basement membrane towards the adipose tissue).

2.5.1.2. Quantification of protein expression. We next evaluated the
expression of ERα, PR and the proliferating cell nuclear antigen
(PCNA) as a proliferation marker. Two mammary tissue sections per
animal were evaluated and at least 2000 epithelial cells per tissue
section were analyzed, using a Dplan 40 X objective (numerical
aperture = 0.65; Olympus BH2). The percentages of ERα, PR and
PCNA were calculated in normal ducts and moderate plus florid
hyperplastic ducts.

2.5.1.3. Statistical analysis. All data are expressed as the mean ± SEM
and were analyzed using a Mann-Whitney U test. All analyses were
carried out using the R software (The R Foundation for Statistical
Computing http://www.r-project.org/). Values with p < 0.05 were
considered significant.

3. Results

3.1. Effects of GBH exposure on body weight

Taking into account that our experimental model aimed to evaluate
the long-term consequences of GBH exposure, we first determined

Table 1
Antibodies used for immunohistochemistry.

Antibodies Dilution Supplier

Primary
Anti- ERα (clone 6F-11) 1/50 Novocastra (Newcastle upon Tyne, UK)
Anti-PR (A/B isoforms) 1/400 Dako Corporation (Carpinteria, CA, USA)
Anti-PCNA (clone PC -10) 1/1000 Novocastra
Anti-Vimentin (clone V9) 1/100 Novocastra
Secondary
Anti-mouse (B8774) 1/100 Sigma-Aldrich (St. Louis, MO, USA)
Anti-rabbit (B8895) 1/200 Sigma-Aldrich

ERα, estrogen receptor α; PCNA, proliferating cell nuclear antigen; PR, pro-
gesterone receptor.
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whether GBH exposure altered the bw of the animals. We found no
significant differences in bw gain between Control and GBH-treated
females from birth to adulthood (Fig. 1).

3.2. Long-term effects of postnatal GBH exposure

3.2.1. Ovarian steroid levels
The serum levels of E2 and P4 in the Control and GBH-exposed rats

showed no statistical differences (E2: Control: 38.97 ± 2.06 pg/mL vs
GBH: 33.26 ± 4.10 pg/mL, p = 0.244; P4: Control: 10.09 ± 2.49 ng/
mL vs GBH: 10.61 ± 3.61 ng/mL, p = 0.888).

3.2.2. GBH exposure induced hyperplastic ducts accompanied by
modifications in the stromal compartment in the mammary gland

Regarding the morphological structure of the mammary gland, we
detected that Control and GBH-exposed rats showed a similar percen-
tage of the total area occupied by adipose tissue (89.9% Control and
90.4% GBH group; p = 0.762), as well as no differences in the per-
centage of ducts (Control: 6.92 ± 0.85%; GBH: 8.53 ± 1.38%) and
alveoli (Control: 3.15 ± 1.05%; GBH: 1.09 ± 0.34%) (p = 0.76 and
p = 0.17, for ducts and alveoli, respectively). However, the ratio be-
tween ducts and alveoli was higher in GBH rats (Control: 3.80 ± 1.28
and GBH: 13.82 ± 3.99; p = 0.036), suggesting different development
degrees between groups.

An important observation was the difference related to the ductal
epithelial layering of the mammary gland (Fig. 2A). Considering the age
of the rats, both experimental groups presented hyperplastic ducts, but
GBH-exposed rats showed a higher percentage (Control: 6.56 ± 0.81%
vs GBH: 11.20 ± 1.25%, p = 0.006, Fig. 2B). These animals also
presented a higher number of moderate and florid hyperplastic ducts
(moderate hyperplastic ducts: Control: 0.79 ± 0.20% vs GBH:
2.23 ± 0.44%, p = 0.014; florid hyperplastic ducts: Control:
0.73 ± 0.18% vs GBH: 2.42 ± 0.45%, p = 0.009, Fig. 2B).

Again, the presence of cysts (Fig. 2C) was associated with the age of
the animals and no differences were detected regarding incidence (7/8
and 8/10 for Control and GBH, respectively) or multiplicity
(1.94 ± 0.61 and 2.05 ± 0.81, for Control and GBH, respectively).
However, the average diameter of cysts was higher in GBH-exposed rats
(Control: 395.6 ± 104.6 μm vs GBH: 855.0 ± 106.9 μm; p = 0.009,
Fig. 2D).

We next evaluated the stroma surrounding hyperplastic ducts and
found that the thickness of the stroma layer was not modified due to the
treatment with GBH (Control: 28.21 ± 3.80 μm vs GBH:
26.73 ± 2.80 μm, p = 0.958). However, the stroma of GBH-treated
rats showed a high cellularity evidenced by a high number of nuclei in a
fixed area, related to that of Control animals (Control:
285.4 ± 19.74 cells/mm2 vs GBH: 391.6 ± 36.67 cells/mm2,

p = 0.043, Fig. 3A and D). Strikingly, in the GBH group, the normal
adipose tissue was replaced by a fibroblastic-like stroma, with a strong
presence of vimentin-positive cells (Fig. 3B).

We quantified the number of mast cells in the stroma surrounding
normal and hyperplastic ducts and found that mast cells were more
abundant within the stroma of GBH-treated rats than within that of
controls (Control: 45.31 ± 11.22 cells/mm2 vs GBH:
79.03 ± 12.93 cells/mm2, p = 0.043, Fig. 3C and E).

3.2.3. GBH exposure modified the epithelial expression of classical
endocrine-related proteins

Finally, we evaluated whether postnatal exposure to GBH induced
changes in proliferation and endocrine-related proteins that could be
associated with the induction of hyperplastic ducts and a fibroblastic-
like stroma. In the normal ducts, the expression of all the proteins
evaluated was similar between groups. However, the expression of
steroid hormone receptors (ERα and PR) in the moderate plus florid
hyperplastic ducts of GBH-treated animals was statistically higher than
in Control animals (ERα: Control: 12.07 ± 1.56% vs GBH:
16.61 ± 1.26%, p = 0.033, Fig. 4A and D; PR: Control:
15.53 ± 2.79% vs GBH: 21.07 ± 1.16%, p = 0.037, Fig. 4B and E).
The epithelial proliferation index was similar in both groups when
normal (Control: 25.38 ± 3.75% vs GBH: 31.41 ± 3.64%, p = 0.274)
and moderate plus florid hyperplastic ducts (Control: 40.20 ± 7.79%
vs GBH: 51.10 ± 4.73%, p = 0.203, Fig. 4C and F) were analyzed.

4. Discussion

To our knowledge, this is the first study to determine the long-term
effects of postnatal exposure to a low dose of a GBH on the mammary
gland morphology of aging female rats. Although the development of
the mammary gland has windows of increased susceptibility to external
influences, these windows are lost when exposure starts during adult-
hood (Davis and Fenton, 2013; Eighmy et al., 2018), and this event
highlights the relevance of exposing animals as early as possible. In the
present study, we selected a model of exposure during the first post-
natal week of life, a period which has already been proved to be highly
susceptibility to hormonal and chemical challenge, not only for the
mammary gland (Altamirano et al., 2017, 2018) but also for other or-
gans (Guerrero Schimpf et al., 2017; Milesi et al., 2015, 2017; Monje
et al., 2009; Rodríguez et al., 2010). Our present study provides com-
pelling evidence that developmental exposure to GBH induces hyper-
plastic ducts and, in association with fibroblastic-like stroma, higher
number of mast cells and alterations in the expression of steroid re-
ceptors.

Hyperplastic ducts are considered premalignant structures and
precursors of neoplastic lesions (Singh et al., 2000). This kind of

Fig. 1. Body weight of rats exposed to saline solution (Control) or glyphosate-based herbicide (GBH) from postnatal day (PND) 1–20 months of age.
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degeneration of the ductal epithelium has been observed in rats peri-
natally exposed to estrogenic compounds, when terminal end buds are
developing (Davis and Fenton, 2013), and may also occur sponta-
neously in aging rats (Eighmy et al., 2018). As expected, in the present
study, we found hyperplastic ducts in both Control and GBH-exposed
rats. However, we also found an increase in the percentage of these
premalignant structures in the GBH group, mainly due to a higher
number of moderate and florid hyperplastic ducts. According to these
results, we could suggest that the exposure to a low dose of a GBH
during early postnatal development might enhance the sensitivity of the
mammary gland to develop preneoplastic lesions. These results are in
agreement with those of other authors who observed an increase in
these lesions during adulthood (Kolla et al., 2018; Murray et al., 2007;
Tucker et al., 2018) and aging female rodents perinatally exposed to
other EDCs, such as genistein, perfluorooctanoic acid and bisphenols
(Padilla-Banks et al., 2006; White et al., 2009). The increase in the
percentage of these aberrant structures may be explained by a higher
incidence of florid (Ventura et al., 2016) or moderate hyperplastic ducts
or both (Durando et al., 2011).

By using the same experimental protocol, we have previously

detected uterine morphological changes known as luminal epithelial
hyperplasia in pre-pubertal rats exposed to GBH (Guerrero Schimpf
et al., 2017) and a high sensitivity to an exogenous estradiol treatment,
suggesting that GBH-exposed rats have greater susceptibility to neo-
plastic uterine lesions (Guerrero Schimpf et al., 2018).

According to the literature, some but not all hyperplastic ducts turn
into neoplastic lesions. This is due to the existence of two different types
of hyperplastic ducts, called “initiated” and “initiated and promoted”.
The difference between both is that the epithelial cells of the “initiated
and promoted” hyperplastic ducts interact with stromal elements, at-
tracting mast cells and stimulating local regulatory factors. These ac-
tions result in increased synthesis of proteoglycans, which, in turn, af-
fect cell proliferation, desmoplasia, and angiogenesis (Russo and Russo,
1996). Our present results are consistent with the “initiated and pro-
moted” type because GBH exposure induced not only an increased in-
cidence of hyperplastic ducts, but also the presence of a fibroblastic-like
stroma replacing the normal adipose tissue, and an increased number of
mast cells in the stroma surrounding the ducts, as discussed later.

It is known that the stromal compartment plays an important role in
inducing epithelial tumors, not only in the mammary gland (Maffini

Fig. 2. (A) Representative images of a normal duct
(Control group) and a florid hyperplastic duct (GBH
group). Arrows indicate six or more layers of epi-
thelial cells. Scale bar: 50 μm. (B) Quantification of
normal and hyperplastic ducts. On the left, a higher
incidence of total hyperplastic ducts in the GBH-
treated rats is shown. On the right, a higher in-
cidence of moderate and florid hyperplastic ducts in
the GBH-treated animals is shown. The median value
is represented by a straight line through each plot.
*p < 0.05, **p < 0.01 (Mann-Whitney U test). (C)
Representative image of a cyst is shown. Scale bar:
300 μm. (D) Neonatal exposure to GBH increased the
average diameter of cysts. The median value is re-
presented by a straight line through each plot.
**p < 0.01 (Mann-Whitney U test).
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et al., 2004, 2005) but also in the prostatic gland (Barclay et al., 2005;
Hayward et al., 2001). Specifically, in the mammary gland, the stromal
compartment responds to epithelial alterations by starting a response
that could be manifested as matrix stiffening due to an increase in the
collagen density providing support for the tumor tissue (Burks et al.,
2017; Kass et al., 2007; Meng et al., 2001). In the present study, the
adipose tissue of GBH-animals was characterized by the presence of an
increased number of nuclei and vimentin-positive cells. Therefore, it is

reasonable to hypothesize that exposure to GBH during an early stage of
development may alter the tissue organization, and that these altera-
tions in turn generate abnormal tissue structures. By using the same
experimental protocol, but administering endosulfan (another agro-
chemical compound), Altamirano et al. (2017) observed an increase in
stromal collagen deposition associated with hyperplastic ducts in post-
pubertal male rats.

In accordance with the strong link between the “initiated and

Fig. 3. Representative photomicrographs of
mammary glands from aging female rats
postnatally exposed to vehicle (Control) or
glyphosate-based herbicide (GBH). Tissue
sections were stained either with (A) he-
matoxylin and eosin to evaluate the stromal
nuclei density in adipose tissue or with (C)
toluidine blue to identify mast cells (ar-
rows). (B) Representative photo-
micrographs show vimentin immunoreac-
tion; positive cells are indicated by the
arrows. Scale bar: 50 μm. Early postnatal
exposure to GBH increased the density of
stromal nuclei (D) and the number of mast
cells surrounding ducts (E). The median
value is represented by a straight line
through each plot. *p < 0.05 (Mann-
Whitney U test).
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Fig. 4. Expression of steroid hormone receptors and proliferation index in aging female rats postnatally exposed to vehicle (Control) or glyphosate-based herbicide
(GBH). Representative photomicrographs of (A) estrogen receptor alpha (ERα), (B) progesterone receptor (PR) and (C) proliferation index (PCNA) immunoreactions
in epithelial cells of florid hyperplastic ducts. Positive cells are indicated by the arrows. Scale bar: 50 μm. GBH increased the expression of ERα (D) and PR (E), but not
that of PCNA (F) in moderate plus florid hyperplastic ducts. The median value is represented by a straight line through each plot. *p < 0.05 (Mann-Whitney U test).
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promoted” type of hyperplastic ducts and mast cells, we decided to
quantify these cells in the stroma surrounding ducts and found an in-
crease in the number of mast cells in animals treated with GBH. As
mentioned earlier, mast cells surrounding the hyperplastic ducts could
increase the risk of malignant transformation of the preneoplastic le-
sions to carcinoma (Eighmy et al., 2018; Russo and Russo, 1996). In-
deed, it is known that these cells are involved in promoting angiogen-
esis in breast cancer (Aponte-López et al., 2018), reproductive tissue
(Varayoud et al., 2004), and within tumors (Aoki et al., 2003). Al-
though it is common to find inflammatory cells infiltrating within or
adjacent to alveoli and ducts in the mammary gland of aging female rats
(Eighmy et al., 2018), in our experiment, the GBH treatment induced an
almost two-fold increase in the number of mast cells. Similarly, and
supporting our results, Altamirano et al. (2018) have recently observed
a higher presence of mast cells in the mammary gland of post-pubertal
male rats postnatally exposed to GBH.

In the present study, GBH-exposed animals showed an increase in
the ERα protein expression in moderate and florid hyperplastic ducts,
suggesting a possible action of this receptor in the pre-neoplastic le-
sions. It is plausible to infer that epithelial cells are already primed and
could thus respond more strongly to estradiol during adulthood. Murray
et al. (2007) also observed an increase in the percentage of ERα ex-
pression and a higher proliferation of hyperplastic ducts in adult rats
prenatally exposed to bisphenol AA. Taken together, these results
contribute to a growing body of evidence supporting the potential in-
teraction of GBHs with the estrogen signaling pathways (Gasnier et al.,
2009; Mesnage et al., 2017; Richard et al., 2005; Thongprakaisang
et al., 2013; Varayoud et al., 2017).

GBH also caused an increase in PR protein expression in moderate
and florid hyperplastic ducts. Indeed, the alterations in the expression
of PR and ERα proteins could occur previous to the development of
hyperplasia. Similarly to our present results, in a previous study we
found that early postnatal exposure to GBH modified the uterine PR
expression during neonatal and prepubertal periods (Guerrero Schimpf
et al., 2017). Therefore, the incidence of hyperplastic ducts promoted
by GBH exposure seems to be a consequence of a mis-regulation of
endocrine signaling pathways, although we found no differences in the
serum hormone levels, at least in aging female rats. In accordance with
our results, previous studies found no changes in the E2 and P4 serum
levels of pregnant female rats (Ingaramo et al., 2016) and pre- and post-
pubertal males (Altamirano et al., 2018; Gomez et al., 2019) perinatally
exposed to GBH.

As it is broadly known, GBHs are commercialized in the form of
mixtures consisting of glyphosate (active principle) and different co-
formulants. These co-formulants are considered to be “inert” additives
and are devoid of pesticide activity. Consequently, the information
about substance content in pesticide formulation is usually not pro-
vided by pesticide companies (Defarge et al., 2016; Kniss, 2017).
However, these formulations contain surfactants, used to increase the
effectiveness of the herbicide by increasing the solubility of glyphosate
and its absorption by the plants. Several research groups have revealed
that GBHs are more toxic than the active ingredient, suggesting that co-
formulants can also be a source of toxicity (Defarge et al., 2016;
Mesnage and Antoniou, 2018; Mesnage et al., 2014). Taking these
points into account, and under the conditions of our present study, we
are not able to ascribe the morphological changes to glyphosate or to
co-formulants or to both acting together. Thus, further research is
needed to clarify whether glyphosate, the adjuvants or their combina-
tion are responsible for the effects observed in the mammary gland. We
are conscious that our experimental design has some limitations, such
as the small number of animals used, the administration of the com-
pound in a single dose, and a single time point studied. However, we
would like to highlight our commitment to continue our studies re-
garding the use of GBHs, and will thus attempt to address these lim-
itations in future studies.

In conclusion, although aging induces morphological changes in the

rat mammary gland, our results provide evidence that exposure to a low
dose of a GBH during a critical period of development alters the mor-
phology of the mammary gland, by perturbing its histoarchitecture,
increasing the number of hyperplastic ducts, leading to higher ERα and
PR protein expression in hyperplastic ducts, and leading to several
stromal changes, including a higher number of cell nuclei and a higher
number of mast cells.

Funding

This work was supported by grants from Consejo Nacional de
Investigaciones Científicas y Técnicas (CONICET, PIP 2015
Nº11220150100338CO), Agencia Nacional de Promoción Científica y
Tecnológica (ANPCyT, PICT 2014 Nº1522) and Universidad Nacional
del Litoral (UNL, CAI + D 50420150100085LI), Argentina. These
funding sources were not involved in the study design, sample collec-
tion, analysis or interpretation of the data, the writing of the report, or
the decision to submit the article for publication.

Declaration of competing interest

The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of the research reported.

Acknowledgments

MVZ is a doctoral fellow of UNL; MGS is a fellow of CONICET; MPG
is a fellow of ANPCyT. MMM, JV and MD are Career Investigators of the
CONICET. We sincerely thank Juan Grant, Juan C. Villarreal and Laura
Bergero (ISAL; UNL-CONICET) for technical assistance and animal care.
We are most grateful to Adriana Albertengo (AA) for technical assis-
tance in histological analysis.

References

Altamirano, G.A., Delconte, M.B., Gomez, A.L., Ingaramo, P.I., Bosquiazzo, V.L., Luque,
E.H., Muñoz-de-Toro, M., Kass, L., 2018. Postnatal exposure to a glyphosate-based
herbicide modifies mammary gland growth and development in Wistar male rats.
Food Chem. Toxicol. 118, 111–118. https://doi.org/10.1016/j.fct.2018.05.011.

Altamirano, G.A., Delconte, M.B., Gomez, A.L., Alarcón, R., Bosquiazzo, V.L., Luque, E.H.,
Muñoz-de-Toro, M., Kass, L., 2017. Early postnatal exposure to endosulfan interferes
with the normal development of the male rat mammary gland. Toxicol. Lett. 281,
102–109. https://doi.org/10.1016/j.toxlet.2017.09.012.

Andreoli, M.F., Stoker, C., Rossetti, M.F., Alzamendi, A., Castrogiovanni, D., Luque, E.H.,
Ramos, J.G., 2015. Withdrawal of dietary phytoestrogens in adult male rats affects
hypothalamic regulation of food intake, induces obesity and alters glucose metabo-
lism. Mol. Cell. Endocrinol. 401, 111–119. https://doi.org/10.1016/j.mce.2014.12.
002.

Aoki, M., Pawankar, R., Niimi, Y., Kawana, S., 2003. Mast cells in basal cell carcinoma
express VEGF, IL-8 and RANTES. Int. Arch. Allergy Immunol. 130, 216–223.

Aponte-López, A., Fuentes-Pananá, E.M., Cortes-Muñoz, D., Muñoz-Cruz, S., 2018. Mast
cell, the neglected member of the tumor microenvironment: role in breast cancer. J.
Immunol. Res. https://doi.org/10.1155/2018/2584243. 2018.

Arregui, M.C., Lenardon, A., Sanchez, D., Maitre, M.I., Scotta, R., Enrique, S., 2004.
Monitoring glyphosate residues in transgenic glyphosate-resistant soybean. Pest
Manag. Sci. 60, 163–166. https://doi.org/10.1002/ps.775.

Bai, S.H., Ogbourne, S.M., 2016. Glyphosate: environmental contamination, toxicity and
potential risks to human health via food contamination. Environ. Sci. Pollut. Res. Int.
23, 18988–19001. https://doi.org/10.1007/s11356-016-7425-3.

Barclay, W.W., Woodruff, R.D., Hall, M.C., Cramer, S.D., 2005. A system for studying
epithelial-stromal interactions reveals distinct inductive abilities of stromal cells from
benign prostatic hyperplasia and prostate cancer. Endocrinology 146, 13–18. https://
doi.org/10.1210/en.2004-1123.

Benachour, N., Seralini, G.E., 2009. Glyphosate formulations induce apoptosis and ne-
crosis in human umbilical embryonic, and placental cells. Chem. Res. Toxicol. 22,
97–105. https://doi.org/10.1021/tx800218n.

Benbrook, C.M., 2016. Trends in glyphosate herbicide use in the United States and
globally. Environ. Sci. Eur. 28, 016–0070.

Bonansea, R.I., Filippi, I., Wunderlin, D.A., Marino, D.J.G., Ame, M.V., 2017. The fate of
glyphosate and AMPA in a freshwater endorheic basin: an ecotoxicological risk as-
sessment. Toxics 6, 1–13. https://doi.org/10.3390/toxics6010003.

Burks, H., Pashos, N., Martin, E., Mclachlan, J., Bunnell, B., Burow, M., 2017. Endocrine
disruptors and the tumor microenvironment: a new paradigm in breast cancer
biology. Mol. Cell. Endocrinol. 457, 13–19. https://doi.org/10.1016/j.mce.2016.12.
010.

M.V. Zanardi, et al. Molecular and Cellular Endocrinology 501 (2020) 110658

8

https://doi.org/10.1016/j.fct.2018.05.011
https://doi.org/10.1016/j.toxlet.2017.09.012
https://doi.org/10.1016/j.mce.2014.12.002
https://doi.org/10.1016/j.mce.2014.12.002
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref5
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref5
https://doi.org/10.1155/2018/2584243
https://doi.org/10.1002/ps.775
https://doi.org/10.1007/s11356-016-7425-3
https://doi.org/10.1210/en.2004-1123
https://doi.org/10.1210/en.2004-1123
https://doi.org/10.1021/tx800218n
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref11
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref11
https://doi.org/10.3390/toxics6010003
https://doi.org/10.1016/j.mce.2016.12.010
https://doi.org/10.1016/j.mce.2016.12.010


Davis, B., Fenton, S., 2013. Mammary Gland. Haschek and Rousseaux's Handbook of
Toxicologic Pathology, third ed. Elsevier Academic Press, New York.

De Almeida, L.K.S., Pletschke, B.I., Frost, C.L., 2018. 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 8, 438. https://
doi.org/10.1007/s13205-018-1464-z.

Defarge, N., Takacs, E., Lozano, V.L., Mesnage, R., Spiroux de Vendomois, J., Seralini,
G.E., Szekacs, A., 2016. Co-formulants in glyphosate-based herbicides disrupt ar-
omatase activity in human cells below toxic levels. Int. J. Environ. Res. Public Health
13, 1–17. https://doi.org/10.3390/ijerph13030264.

Durando, M., Kass, L., Perdomo, V., Bosquiazzo, V.L., Luque, E.H., Muñoz-de-Toro, M.,
2011. Prenatal exposure to bisphenol A promotes angiogenesis and alters steroid-
mediated responses in the mammary glands of cycling rats. J. Steroid Biochem. Mol.
Biol. 127, 35–43. https://doi.org/10.1016/j.jsbmb.2011.04.001.

Durando, M., Kass, L., Piva, J., Sonnenschein, C., Soto, A.M., Luque, E.H., Munoz-de-Toro,
M., 2007. Prenatal bisphenol A exposure induces preneoplastic lesions in the mam-
mary gland in Wistar rats. Environ. Health Perspect. 115, 80–86. https://doi.org/10.
1289/ehp.9282.

EFSA, 2015. Conclusion on the peer review of the pesticide risk assessment of the active
substance glyphosate. EFSA J. 13, 4302. https://doi.org/10.2903/j.efsa.2015.4302.

Eighmy, J.J., Sharma, A.K., Blackshear, P.E., 2018. Mammary Gland. Boorman's
Pathology of the Rat. https://doi.org/10.1016/B978-0-12-391448-4.00021-6.

Fenton, S.E., 2006. Endocrine-disrupting compounds and mammary gland development:
early exposure and later life consequences. Endocrinology 147, S18–S24. https://doi.
org/10.1210/en.2005-1131.

Filgo, A.J., Foley, J.F., Puvanesarajah, S., Borde, A.R., Midkiff, B.R., Reed, C.E., Chappell,
V.A., Alexander, L.B., Borde, P.R., Troester, M.A., et al., 2016. Mammary gland
evaluation in juvenile toxicity studies: temporal developmental patterns in the male
and female harlan sprague-dawley rat. Toxicol. Pathol. 44, 1034–1058. https://doi.
org/10.1177/0192623316663864.

Gasnier, C., Dumont, C., Benachour, N., Clair, E., Chagnon, M.C., Seralini, G.E., 2009.
Glyphosate-based herbicides are toxic and endocrine disruptors in human cell lines.
Toxicology 262, 184–191. https://doi.org/10.1016/j.tox.2009.06.006.

Gillezeau, C., Gerwen, M.V., Shaffer, R.M., Rana, I., Zhang, L., Sheppard, L., Taioli, E.,
2019. The evidence of human exposure to glyphosate: a review. Environ. Health 18,
2. https://doi.org/10.1186/s12940-018-0435-5.

Gomez, A.L., Altamirano, G.A., Leturia, J., Bosquiazzo, V.L., Muñoz-de-Toro, M., Kass, L.,
2019. Male mammary gland development and methylation status of estrogen re-
ceptor alpha in Wistar rats are modified by the developmental exposure to a gly-
phosate-based herbicide. Mol. Cell. Endocrinol. 481, 14–25.

Guerrero Schimpf, M., Milesi, M.M., Luque, E.H., Varayoud, J., 2018. Glyphosate-based
herbicide enhances the uterine sensitivity to estradiol in rats. J. Endocrinol. 239,
197–213. https://doi.org/10.1530/JOE-18-0207.

Guerrero Schimpf, M., Milesi, M.M., Ingaramo, P.I., Luque, E.H., Varayoud, J., 2017.
Neonatal exposure to a glyphosate based herbicide alters the development of the rat
uterus. Toxicology 376, 2–14. https://doi.org/10.1016/j.tox.2016.06.004.

Hayward, S.W., Wang, Y., Mei, C., Hom, Y.K., Zhang, B., Grossfeld, G.D., Sudilovsky, D.,
Cunha, G.R., 2001. Malignant transformation in a nontumorigenic human prostatic
epithelial cell line. Cancer Res. 61, 8135–8142.

Hvid, H., Thorup, I., Sjögren, I., Oleksiewicz, M.B., Jensen, H.E., 2012. Mammary gland
proliferation in female rats: effects of the estrous cycle, pseudo-pregnancy and age.
Exp. Toxicol. Pathol. 64 (4), 321–332. https://doi.org/10.1016/j.etp.2010.09.005.

IARC working group on the evaluation of carcinogenic risks to humans, 2015. Some or-
ganophosphate insecticides and herbicides. IARC Monogr. 112, 321–412.

Ingaramo, P.I., Varayoud, J., Milesi, M.M., Guerrero Schimpf, M., Alarcón, R., Muñoz-de-
Toro, M., Luque, E.H., 2017. Neonatal exposure to a glyphosate-based herbicide al-
ters uterine decidualization in rats. Reprod. Toxicol. 73, 87–95. https://doi.org/10.
1016/j.reprotox.2017.07.022.

Ingaramo, P.I., Varayoud, J., Milesi, M.M., Guerrero Schimpf, M., Muñoz-de-Toro, M.,
Luque, E.H., 2016. Effects of neonatal exposure to a glyphosate-based herbicide on
female rat reproduction. Reproduction 152, 403–415. https://doi.org/10.1530/REP-
16-0171.

Javed, A., Lteif, A., 2013. Development of the human breast. Semin. Plast. Surg. 27, 5–12.
https://doi.org/10.1055/s-0033-1343989.

Kass, L., Altamirano, G.A., Bosquiazzo, V.L., Luque, E.H., Muñoz-de-Toro, M., 2012.
Perinatal exposure to xenoestrogens impairs mammary gland differentiation and
modifies milk composition in Wistar rats. Reprod. Toxicol. 33 (3), 390–400. https://
doi.org/10.1016/j.reprotox.2012.02.002.

Kass, L., Erler, J.T., Demboc, M., Weaver, V.M., 2007. Mammary epithelial cell: influence
of extracellular matrix composition and organization during development and tu-
morigenesis. Int. J. Biochem. Cell Biol. 39, 1987–1994. https://doi.org/10.1016/j.
biocel.2007.06.025.

Kniss, A.R., 2017. Long-term trends in the intensity and relative toxicity of herbicide use.
Nat. Commun. 8. https://doi.org/10.1038/ncomms14865.

Kolla, S., Morcos, M., Martin, B., Vandenberg, L.N., 2018. Low dose bisphenol S or ethinyl
estradiol exposures during the perinatal period alter female mouse mammary gland
development. Reprod. Toxicol. 78, 50–59. https://doi.org/10.1016/j.reprotox.2018.
03.003.

Lorenz, V., Milesi, M.M., Guerrero Schimpf, M., Luque, E.H., Varayoud, J., 2019.
Epigenetic disruption of estrogen receptor alpha is induced by a glyphosate-based
herbicide in the preimplantation uterus of rats. Mol. Cell. Endocrinol. 480, 133–141.
https://doi.org/10.1016/j.mce.2018.10.02.

Maffini, M.V., Calabro, J.M., Soto, A.M., Sonnenschein, C., 2005. Stromal regulation of
neoplastic development: age-dependent normalization of neoplastic mammary cells
by mammary stroma. Am. J. Pathol. 167, 1405–1410. https://doi.org/10.1016/
S0002-9440(10)61227-8.

Maffini, M.V., Soto, A.M., Calabro, J.M., Ucci, A.A., Sonnenschein, C., 2004. The stroma
as a crucial target in rat mammary gland carcinogenesis. J. Cell Sci. 117, 1495–1502.
https://doi.org/10.1242/jcs.01000.

Manservisi, F., Falcioni, L., Bua, L., Menghetti, I., Mandrioli, D., Galeati, G., Spinaci, M.,
Tamanini, C., Belpoggi, F., 2018. Control data on endocrine sensitive endpoints for
untreated Sprague-Dawley rats from the Ramazzini Institute colony. Eur. J. Oncol. 23
(2), 80–85.

Masso-Welch, P.A., Darcy, K.M., Stangle-Castor, N.C., Ip, M.M., 2000. A developmental
atlas of rat mammary gland histology. J. Mammary Gland Biol. Neoplasia 5, 165.
https://doi.org/10.1023/A:1026491221687.

Meng, L., Zhou, J., Sasano, H., Suzuki, T., Zeitoun, K.M., Bulun, S.E., 2001. Tumor ne-
crosis factor α and interleukin 11 secreted by malignant breast epithelial cells inhibit
adipocyte differentiation by selectively down- regulating CCAAT/enhancer binding
protein a and peroxisome proliferator-activated receptor Ɣ: mechanism of desmo-
plastic reaction. Cancer Res. 61, 2250–2255.

Mesnage, R., Antoniou, M.N., 2018. Ignoring adjuvant toxicity falsifies the safety profile
of commercial pesticides. Front. Public Health 5, 1–8. https://doi.org/10.3389/
fpubh.2017.00361.

Mesnage, R., Phedonos, A., Biserni, M., Arno, M., Balu, S., Corton, J.C., Ugarte, R.,
Antoniou, M.N., 2017. Evaluation of estrogen receptor alpha activation by glypho-
sate-based herbicide constituents. Food Chem. Toxicol. 108, 30–42. https://doi.org/
10.1016/j.fct.2017.07.025.

Mesnage, R., Defarge, N., Spiroux de Vendomois, J., Seralini, G.E., 2014. Major pesticides
are more toxic to human cells than their declared active principles. BioMed Res. Int.
https://doi.org/10.1155/2014/179691. 2014.

Milesi, M.M., Alarcón, R., Ramos, J.G., Muñoz-de-Toro, M., Luque, E.H., Varayoud, J.,
2015. Neonatal exposure to low doses of endosulfan induces implantation failure and
disrupts uterine functional differentiation at the pre-implantation period in rats. Mol.
Cell. Endocrinol. 401, 248–259. https://doi.org/10.1016/j.mce.2014.11.028.

Milesi, M.M., Lorenz, V., Pacini, G., Repetti, M.R., Demonte, L.D., Varayoud, J., Luque,
E.H., 2018. Perinatal exposure to a glyphosate-based herbicide impairs female re-
productive outcomes and induces second-generation adverse effects in Wistar rats.
Arch. Toxicol. 92, 2629–2643. https://doi.org/10.1007/s00204-018-2236-6.

Milesi, M.M., Varayoud, J., Ramos, J.G., Luque, E.H., 2017. Uterine ERa epigenetic
modifications are induced by the endocrine disruptor endosulfan in female rats with
impaired fertility. Mol. Cell. Endocrinol. 454, 1–11. https://doi.org/10.1016/j.mce.
2017.05.028.

Monje, L., Varayoud, J., Muñoz-de-Toro, M., Luque, E.H., Ramos, J.G., 2009. Neonatal
exposure to bisphenol A alters estrogen-dependent mechanisms governing sexual
behavior in the adult female rat. Reprod. Toxicol. 28, 435–442. https://doi.org/10.
1016/j.reprotox.2009.06.012.

Montes, G., Luque, E., 1988. Effects of ovarian steroids on vaginal smears in the rat. Acta
Anat. 133, 192–199.

Muñoz-de-Toro, M.M., Maffini, M.V., Kass, L., Luque, E.H., 1998. Proliferative activity an
steroid hormone receptor status in male breast carcinoma. J. Steroid Biochem. Mol.
Biol. 67, 333–339.

Murray, T.J., Maffini, M.V., Ucci, A.A., Sonnenschein, C., Soto, A.M., 2007. Induction of
mammary gland ductal hyperplasias and carcinoma in situ following fetal bisphenol
A exposure. Reprod. Toxicol. 23, 383–390. https://doi.org/10.1016/j.reprotox.2006.
10.002.

Padilla-Banks, E., Jefferson, W.N., Newbold, R.R., 2006. Neonatal exposure to the phy-
toestrogen genistein alters mammary gland growth and developmental programming
of hormone receptor levels. Endocrinology 147, 4871–4882. https://doi.org/10.
1210/en.2006-0389.

Peruzzo, P.J., Porta, A.A., Ronco, A.E., 2008. Levels of glyphosate in surface waters, se-
diments and soils associated with direct sowing soybean cultivation in north pam-
pasic region of Argentina. Environ. Pollut. 156, 61–66. https://doi.org/10.1016/j.
envpol.2008.01.015.

Portier, C.J., Armstrong, B.K., Baguley, B.C., Baur, X., Belyaev, I., Belle, R., Belpoggi, F.,
Biggeri, A., Bosland, M.C., Bruzzi, P., et al., 2016. 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 70, 741–745. https://doi.org/10.1136/jech-2015-207005.

Primost, J.E., Marino, D.J.G., Aparicio, V.C., Costa, J.L., Carriquiriborde, P., 2017.
Glyphosate and AMPA, "pseudo-persistent" pollutants under real-world agricultural
management practices in the Mesopotamic Pampas agroecosystem, Argentina.
Environ. Pollut. 229, 771–779. https://doi.org/10.1016/j.envpol.2017.06.006.

Rendón-von Osten, J., Dzul-Caamal, R., 2017. Glyphosate residues in groundwater,
drinking water and urine of subsistence farmes from intensive agriculture localities: a
survey in hopelchén, campeche, Mexico. Int. J. Environ. Res. Public Health 14,
595–608. https://doi.org/10.3390/ijerph14060595.

Richard, S., Moslemi, S., Sipahutar, H., Benachour, N., Seralini, G.E., 2005. Differential
effects of glyphosate and roundup on human placental cells and aromatase. Environ.
Health Perspect. 113, 716–720. https://doi.org/10.1289/ehp.7728.

Rodrigues, N.R., de Souza, A.P.F., 2018. Occurrence of glyphosate and AMPA residues in
soy-based infant formula sold in Brazil. Food Addit. Contam. Part A Chem. Anal.
Control. Expo. Risk Assess 35, 723–730. https://doi.org/10.1080/19440049.2017.
1419286.

Rodríguez, H.A., Santambrosio, N., Santamaría, C.G., Muñoz-de-Toro, M., Luque, E.H.,
2010. Neonatal exposure to bisphenol A reduces the pool of primordial follicles in the
rat ovary. Reprod. Toxicol. 30 (4), 550–557. https://doi.org/10.1016/j.reprotox.
2010.07.008.

Ruehl-Fehlert, C., Kittel, B., Morawietz, G., Deslex, P., Keenan, C., Mahrt, C.R., Nolte, T.,
Robinson, M., Stuart, B.P., Deschl, U., RITA Group; NACAD Group, 2003. Revised
guides for organ sampling and trimming in rats and mice—part 1. Exp. Toxicol.
Pathol. 55, 91–106. https://doi.org/10.1078/0940-2993-00311.

M.V. Zanardi, et al. Molecular and Cellular Endocrinology 501 (2020) 110658

9

http://refhub.elsevier.com/S0303-7207(19)30360-0/sref14
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref14
https://doi.org/10.1007/s13205-018-1464-z
https://doi.org/10.1007/s13205-018-1464-z
https://doi.org/10.3390/ijerph13030264
https://doi.org/10.1016/j.jsbmb.2011.04.001
https://doi.org/10.1289/ehp.9282
https://doi.org/10.1289/ehp.9282
https://doi.org/10.2903/j.efsa.2015.4302
https://doi.org/10.1016/B978-0-12-391448-4.00021-6
https://doi.org/10.1210/en.2005-1131
https://doi.org/10.1210/en.2005-1131
https://doi.org/10.1177/0192623316663864
https://doi.org/10.1177/0192623316663864
https://doi.org/10.1016/j.tox.2009.06.006
https://doi.org/10.1186/s12940-018-0435-5
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref25
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref25
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref25
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref25
https://doi.org/10.1530/JOE-18-0207
https://doi.org/10.1016/j.tox.2016.06.004
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref28
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref28
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref28
https://doi.org/10.1016/j.etp.2010.09.005
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref30
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref30
https://doi.org/10.1016/j.reprotox.2017.07.022
https://doi.org/10.1016/j.reprotox.2017.07.022
https://doi.org/10.1530/REP-16-0171
https://doi.org/10.1530/REP-16-0171
https://doi.org/10.1055/s-0033-1343989
https://doi.org/10.1016/j.reprotox.2012.02.002
https://doi.org/10.1016/j.reprotox.2012.02.002
https://doi.org/10.1016/j.biocel.2007.06.025
https://doi.org/10.1016/j.biocel.2007.06.025
https://doi.org/10.1038/ncomms14865
https://doi.org/10.1016/j.reprotox.2018.03.003
https://doi.org/10.1016/j.reprotox.2018.03.003
https://doi.org/10.1016/j.mce.2018.10.02
https://doi.org/10.1016/S0002-9440(10)61227-8
https://doi.org/10.1016/S0002-9440(10)61227-8
https://doi.org/10.1242/jcs.01000
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref41
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref41
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref41
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref41
https://doi.org/10.1023/A:1026491221687
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref43
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref43
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref43
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref43
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref43
https://doi.org/10.3389/fpubh.2017.00361
https://doi.org/10.3389/fpubh.2017.00361
https://doi.org/10.1016/j.fct.2017.07.025
https://doi.org/10.1016/j.fct.2017.07.025
https://doi.org/10.1155/2014/179691
https://doi.org/10.1016/j.mce.2014.11.028
https://doi.org/10.1007/s00204-018-2236-6
https://doi.org/10.1016/j.mce.2017.05.028
https://doi.org/10.1016/j.mce.2017.05.028
https://doi.org/10.1016/j.reprotox.2009.06.012
https://doi.org/10.1016/j.reprotox.2009.06.012
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref53
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref53
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref55
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref55
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref55
https://doi.org/10.1016/j.reprotox.2006.10.002
https://doi.org/10.1016/j.reprotox.2006.10.002
https://doi.org/10.1210/en.2006-0389
https://doi.org/10.1210/en.2006-0389
https://doi.org/10.1016/j.envpol.2008.01.015
https://doi.org/10.1016/j.envpol.2008.01.015
https://doi.org/10.1136/jech-2015-207005
https://doi.org/10.1016/j.envpol.2017.06.006
https://doi.org/10.3390/ijerph14060595
https://doi.org/10.1289/ehp.7728
https://doi.org/10.1080/19440049.2017.1419286
https://doi.org/10.1080/19440049.2017.1419286
https://doi.org/10.1016/j.reprotox.2010.07.008
https://doi.org/10.1016/j.reprotox.2010.07.008
https://doi.org/10.1078/0940-2993-00311


Russo, J., Ao, X., Grill, C., Russo, I.H., 1999. Pattern of distribution of cells positive for
estrogen receptor α and progesterone receptor in relation to proliferating cells in the
mammary gland. Breast Canc. Res. Treat. 53, 217. https://doi.org/10.1023/
A:1006186719322.

Russo, I.H., Russo, J.J., 1998. Role of hormones in mammary cancer initiation and pro-
gression. J. Mammary Gland Biol. Neoplasia 3 (1), 49–61. https://doi.org/10.1023/
A:1018770218022.

Russo, I.H., Russo, J., 1996. Mammary gland neoplasia in long-term rodent studies.
Environ. Health Perspect. 104, 938–967. https://doi.org/10.1289/ehp.96104938.

Shanle, E.K., Xu, W., 2011. Endocrine disrupting chemicals targeting estrogen receptor
signaling: identification and mechanisms of action. Chem. Res. Toxicol. 24 (1), 6–19.
https://doi.org/10.1021/tx100231n.

Singh, M., McGinley, J.N., Thompson, H.J., 2000. A comparison of the histopathology of
premalignant and malignant mammary gland lesions induced in sexually immature
rats with those occurring in the human. Lab. Investig. 80, 221–231.

Stur, E., Aristizabal-Pachon, A.F., Peronni, K.C., Agostini, L.P., Waigelm, S., Chariker, J.,
Miller, D.M., Dian Thomas, S., Rezzoug, F., Detogni, Spinassé, et al., 2019.
Glyphosate-based herbicides at low doses affect canonical pathways in estrogen po-
sitive and negative breast cancer cell lines. PLoS One 14 (7), e0219610. https://doi.
org/10.1371/journal.pone.0219610.

Székács, A., Darvas, B., 2018. Re-registration challenges of glyphosate in the European
Union. Front. Environ. Sci. 6. https://doi.org/10.3389/fenvs.2018.00078.

Tarazona, J.V., Court-Marques, D., Tiramani, M., Reich, H., Pfeil, R., Istace, F.,
Crivellente, F., 2017. Glyphosate toxicity and carcinogenicity: a review of the sci-
entific basis of the European Union assessment and its differences with IARC. Arch.
Toxicol. 91, 2723–2743. https://doi.org/10.1007/s00204-017-1962-5.

Test Biotech, 2013. High Levels of Residues from Spraying with Glyphosate Found in
Soybeans in Argentina. http://www.testbiotech.org/en/node/926, Accessed date: 9
March 2019.

Thongprakaisang, S., Thiantanawat, A., Rangkadilok, N., Suriyo, T., Satayavivad, J.,
2013. Glyphosate induces human breast cancer cells growth via estrogen receptors.
Food Chem. Toxicol. 59, 129–136. https://doi.org/10.1016/j.fct.2013.05.057.

Tsui, M.T.K., Chu, L.M., 2003. Aquatic toxicity of glyphosate-based formulations: com-
parison between different organisms and the effects of environmental factors.
Chemosphere 52, 1189–1197. https://doi.org/10.1016/S0045-6535(03)00306-0.

Tucker, D.K., Hayes Bouknight, S., Brar, S.S., Kissling, G.E., Fenton, S.E., 2018. Evaluation

of prenatal exposure to bisphenol analogues on development and long-term health of
the mammary gland in female mice. Environ. Health Perspect. 126. https://doi.org/
10.1289/EHP3189.

US EPA, 2015. EDSP: Weight of Evidence Analysis of Potential Interaction with the
Estrogen, Androgen or Thyroid Pathways. Chemical: Glyphosate. Office of Pesticide
Programs US EPA.

Van Bruggen, A.H.C., He, M.M., Shin, K., Mai, V., Jeong, K.C., Finckh, M.R., Morris,
J.G.J.r., 2018. Environmental and health effects of the herbicide glyphosate. Sci.
Total Environ. 617, 255–268. https://doi.org/10.1016/j.scitotenv.2017.10.309.

Vandenberg, L.N., Blumberg, B., Antoniou, M.N., Benbrook, C.M., Carroll, L., Colborn, T.,
Everett, L.G., Hansen, M., Landrigan, P.J., Lanphear, B.P., et al., 2017. Is it time to
reassess current safety standards for glyphosate-based herbicides? J. Epidemiol.
Community Health 613–618. https://doi.org/10.1136/jech-2016-208463.

Varayoud, J., Durando, M., Ramos, J.G., Milesi, M.M., Ingaramo, P.I., Muñoz-de-Toro, M.,
Luque, E.H., 2017. Effects of a glyphosate-based herbicide on the uterus of adult
ovariectomized rats. Environ. Toxicol. 32, 1191–1201. https://doi.org/10.1002/tox.
22316.

Varayoud, J., Ramos, J.G., Bosquiazzo, V.L., Muñoz-de-Toro, M., Luque, E.H., 2004. Mast
cells degranulation affects angiogenesis in the rat uterine cervix during pregnancy.
Reproduction 127, 379–387. https://doi.org/10.1530/rep.1.00018.

Ventura, C., Ramos Nieto, M.R., Bourguignon, N., Lux-Lantos, V., Rodriguez, H., Cao, G.,
Randi, A., Cocca, C., Núñez, M., 2016. Pesticide chlorpyrifos acts as an endocrine
disruptor in adult rats causing changes in mammary gland and hormonal balance. J.
Steroid Biochem. Mol. Biol. 156, 1–9. https://doi.org/10.1016/j.jsbmb.2015.10.010.

Weibel, E.R., 1969. Stereological principles for morphometry in electron microscopic
cytology. Int. Rev. Cytol. 26, 235–302. https://doi.org/10.1016/S0074-7696(08)
61637-X.

White, S.S., Kato, K., Jia, L.T., Basden, B.J., Calafat, A.M., Hines, E.P., Stanko, J.P., Wolf,
C.J., Abbott, B.D., Fenton, S.E., 2009. Effects of perfluorooctanoic acid on mouse
mammary gland development and differentiation resulting from cross-foster and
restricted gestational exposures. Reprod. Toxicol. 27, 289–298. https://doi.org/10.
1016/j.reprotox.2008.11.054.

Zoller, O., Rhyn, P., Rupp, H., Zarn, J.A., Geiser, C., 2018. Glyphosate residues in Swiss
market foods: monitoring and risk evaluation. Food Addit. Contam. B 11, 83–91.
https://doi.org/10.1080/19393210.2017.1419509.

M.V. Zanardi, et al. Molecular and Cellular Endocrinology 501 (2020) 110658

10

https://doi.org/10.1023/A:1006186719322
https://doi.org/10.1023/A:1006186719322
https://doi.org/10.1023/A:1018770218022
https://doi.org/10.1023/A:1018770218022
https://doi.org/10.1289/ehp.96104938
https://doi.org/10.1021/tx100231n
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref73
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref73
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref73
https://doi.org/10.1371/journal.pone.0219610
https://doi.org/10.1371/journal.pone.0219610
https://doi.org/10.3389/fenvs.2018.00078
https://doi.org/10.1007/s00204-017-1962-5
http://www.testbiotech.org/en/node/926
https://doi.org/10.1016/j.fct.2013.05.057
https://doi.org/10.1016/S0045-6535(03)00306-0
https://doi.org/10.1289/EHP3189
https://doi.org/10.1289/EHP3189
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref83
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref83
http://refhub.elsevier.com/S0303-7207(19)30360-0/sref83
https://doi.org/10.1016/j.scitotenv.2017.10.309
https://doi.org/10.1136/jech-2016-208463
https://doi.org/10.1002/tox.22316
https://doi.org/10.1002/tox.22316
https://doi.org/10.1530/rep.1.00018
https://doi.org/10.1016/j.jsbmb.2015.10.010
https://doi.org/10.1016/S0074-7696(08)61637-X
https://doi.org/10.1016/S0074-7696(08)61637-X
https://doi.org/10.1016/j.reprotox.2008.11.054
https://doi.org/10.1016/j.reprotox.2008.11.054
https://doi.org/10.1080/19393210.2017.1419509

	Glyphosate-based herbicide induces hyperplastic ducts in the mammary gland of aging Wistar rats
	Introduction
	Materials and methods
	Animals
	Experimental procedures
	Hormone assays
	Immunohistochemistry
	Histological analysis and morphometry
	Morphometric analysis of the parenchyma
	Morphometric analysis of the stromal compartment
	Quantification of mast cells
	Quantification of protein expression
	Statistical analysis


	Results
	Effects of GBH exposure on body weight
	Long-term effects of postnatal GBH exposure
	Ovarian steroid levels
	GBH exposure induced hyperplastic ducts accompanied by modifications in the stromal compartment in the mammary gland
	GBH exposure modified the epithelial expression of classical endocrine-related proteins


	Discussion
	Funding
	mk:H1_21
	Acknowledgments
	References




