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Abstract

Glyphosate-based herbicides (GBHs) are the most globally used herbicides raising the risk of environmental exposition. Here,
we investigated whether perinatal exposure to low doses of a GBH alters the female reproductive performance, and/or induced
second-generation effects related to congenital anomalies or growth alterations. Pregnant rats (FO) received a GBH through
food, in a dose of 2 mg (GBH-LD: GBH-low dose group) or 200 mg (GBH-HD: GBH-high dose group) of glyphosate/kg bw/
day from gestational day (GD) 9 until weaning. Body weight gain and vaginal canal-opening of F1 females were recorded.
Sexually mature F1 females were mated to evaluate their reproductive performance by assessing the pregnancy rate, and on
GD19, the number of corpora lutea, the implantation sites (IS) and resorption sites. To analyze second-generation effects on
F2 offspring, we analyzed the fetal morphology on GD19, and assessed the fetal length and weight, and the placental weight.
GBH exposure neither altered the body weight gain of F1 females, nor vaginal opening onset. Although all GBH-exposed
F1 rats became pregnant, a lower number of IS was detected. F2 offspring from both GBH groups showed delayed growth,
evidenced by lower fetal weight and length, associated with a higher incidence of small for gestational age fetuses. In addi-
tion, higher placental weight and placental index were found in F2 offspring from GBH-HD dams. Surprisingly, structural
congenital anomalies (conjoined fetuses and abnormally developed limbs) were detected in the F2 offspring from GBH-HD
group. In conclusion, perinatal exposure to low doses of a GBH impaired female reproductive performance and induced
fetal growth retardation and structural congenital anomalies in F2 offspring.
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Introduction

Infertility remains a highly prevalent global condition and it
is estimated to affect over 10% of women worldwide (WHO
2017). Moreover, no specific cause is identified in one-third
Marfa M. Milesi and Virginia Lorenz contributed equally to this of the couples experiencing infertility (Macklon 2017).
work. Growing evidence suggests that some lifestyle factors and
increasing environmental exposure to endocrine disrupting
chemicals (EDCs) might contribute to trends in the occur-
rence of reproductive health problems (Den Hond et al.
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(Chiu et al. 2015; Garcia et al. 2017; Rappazzo et al. 2016;
Razi et al. 2016).

Glyphosate (N-[phosphonomethyl]-glycine) is a systemic
herbicide used for weed control both in domestic gardening
and in extensive crops (Bromilow and Chamberlain 2000;
Perego et al. 2017). In 1996, genetic engineering revolu-
tion applied to agriculture cultures introduced genetically
modified herbicide-tolerant crops and glyphosate-based
herbicides (GBHs). Since that time, culture areas destined
to genetically modified crops have been extended mostly in
South American countries like Argentina, Brazil, Bolivia,
Paraguay and Uruguay (Fischer et al. 2014), and GBHs
have become the most globally used herbicides (Benbrook
2016). Additionally, in the last decade, farmers increased
glyphosate application rates and spray more often to com-
bat glyphosate-resistant weeds (Benbrook 2016). Lately, it
has been found that GBHs can also be used as desiccants in
the growing season to accelerate harvest operations, espe-
cially in small grain crops (Cuhra et al. 2016). Given the
extensive and increased usage of GBHs, glyphosate and its
primary metabolite aminomethylphosphonic acid (AMPA)
have been detected in the air (Chang et al. 2011), soil (Avila-
Vazquez et al. 2017; Primost et al. 2017), respirable dust
(Mendez et al. 2017), water (Battaglin et al. 2014; Ronco
et al. 2016), as well as in food that can be consumed by
humans or livestock (Bai and Ogbourne 2016). In addition,
a trend towards increasing glyphosate concentrations was
detected in urine samples from farm and non-farm individu-
als in Europe, probably reflecting more sensitive analytical
techniques, more frequent use in agricultural practice and/
or higher residues in food items (Kriiger et al. 2014a; Nie-
mann et al. 2015). This evidence shows that there is a risk of
environmental exposition to GBHs, stressing concerns about
their potential effects on human health.

Some research works on GBHs revealed different
effects indicative of endocrine disruption. Mesnage et al.
(2017) reported that glyphosate activates the estrogen recep-
tor alpha via a ligand-independent mechanism in in vitro
assays. On the other hand, using an in vivo model, we found
that GBH can modulate the expression of estrogen-sensitive
genes in the rat uterus (Varayoud et al. 2017). Experimental
studies performed in rodents have associated early exposure
to GBH during development with male and female reproduc-
tive toxicity. Male offspring exposed during pregnancy and
lactation exhibited a decrease in sperm production and signs
of degenerating spermatids (Dallegrave et al. 2007). Using
a similar experimental approach, Romano et al. (2012)
found that GBH-exposed male offspring showed an early
onset of puberty, and behavioral and histological changes
related to reproductive parameters. Recently, we showed
that the administration of GBH by subcutaneous injections
during the first week of life affected: (1) the uterine mor-
phology and differentiation in neonatal and prepubertal rats

@ Springer

(Guerrero Schimpf et al. 2017), and (2) the reproductive
performance and endocrine-dependent mechanisms involved
in the decidualization process (Ingaramo et al. 2017, 2016).

The goal of the present study was to investigate the effect
of perinatal (gestational and lactational) exposure of F1
female rats to low doses of a GBH administered through
food on their reproductive performance and the feto-pla-
cental parameters of their progeny. Here, we presented a
GBH exposure model through diet using a laboratory pellet
chow-based paste. We determined the real doses of glypho-
sate achieved and the serum levels of glyphosate and AMPA
in FO dams to validate our model. In F1 female rats, we
assessed the onset of puberty recording the vaginal canal-
opening. The reproductive performance was evaluated by
the determination of: (1) pregnancy rate, (2) the number of
corpora lutea (CLs), implantation (IS), and resorption (RS)
sites on gestational day (GD) 19. We also analyzed feto-
placental parameters of F2 offspring to evaluate possible
second-generation effects, related to congenital anomalies
or growth alterations.

Materials and methods
Chemicals

The glyphosate formulation used in this study was MAG-
NUM SUPER II marketed in Argentina by Grupo Agros
S.R.L. It is a liquid water-soluble formulation containing
66.2% of glyphosate potassium salt (equivalent to 54% w/v
of glyphosate acid), as its active ingredient, coadjuvants and
inert ingredients. This GBH was chosen based on the fact
that it is one of the herbicides most commonly used in our
country, and that it is representative of formulations with
high content of glyphosate indicated against weeds difficult
to eradicate.

Animals

The procedures used in this study were approved by the Insti-
tutional Ethics Committee of the Facultad de Bioquimica
y Ciencias Biolégicas (Universidad Nacional del Litoral,
Santa Fe, Argentina) and were performed in accordance with
the principles and procedures outlined in the Guide for the
Care and Use of Laboratory Animals issued by the United
States National Academy of Sciences.

We used inbred Wistar-derived strain rats that were bred
in the Department of Human Physiology (Universidad
Nacional del Litoral), and housed in a controlled environ-
ment (2242 °C; lights on from 06:00 to 20:00 h) in stainless
steel cages with wood bedding.



Archives of Toxicology

Experimental design

Nulliparous female rats at the proestrus stage were caged
overnight with males of proven fertility. Every morning,
vaginal smears were performed to check for the presence
of spermatozoa (Montes and Luque 1988). The first day
on which a sperm-positive smear was detected was consid-
ered gestational day 1 (GD1). Pregnant females (FO) were
housed singly and randomly assigned to one of the follow-
ing oral treatment groups: control group (n="7) provided
with a laboratory pellet chow-based paste, GBH-low dose
group (GBH-LD; n=7) provided with paste supplemented
with GBH in a dose of 2 mg of glyphosate/kg bw/day, and
GBH-high dose group (GBH-HD; n="7) provided with paste
supplemented with GBH in a dose of 200 mg of glyphosate/
kg bw/day. The doses of glyphosate were selected based on
the no-observed adverse effect level (NOAEL) of 1000 mg/
kg bw/day for maternal toxicity established in rat (Williams
et al. 2000). The dose of 2 mg/kg bw/day is in the order
of magnitude of the reference dose (RfD) of 1 mg/kg bw/
day recently reassigned for glyphosate by the Environmen-
tal Protection Agency (EPA 2017) based on developmental
toxicity studies. Moreover, 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 (Peruzzo
et al. 2008; Primost et al. 2017). The laboratory chow-based
paste was prepared by blending optimized quantities of pellet
chow (Nutricién Animal, Santa Fe, Argentina) and water; for
GBH treatment groups a glyphosate commercial formulation
was added to the water according to the above described
doses. The mixture was covered and stood overnight, after
that it was homogenized to form a paste and chow balls
were prepared to each treatment. The pellet-based paste
for control and GBH groups was prepared freshly, i.e., the
same day the food was replaced. We checked for glyphosate
integrity in the dietary matrix by measuring its concentration
during three consecutive days by Ultra performance liquid
chromatography—-tandem mass spectrometer (UHPLC-MS/
MS) according to the protocols described in Oulkar et al.
(2017). A preliminary study was carried out to ensure that
the addition of GBH does not alter food consumption, and to
estimate the average amount of chow-based paste daily con-
sumed by FO dams during pregnancy and lactation. These
data allowed us to calculate the amount of the active ingre-
dient (glyphosate) to add to the pellet chow. Tap water was
supplied ad libitum in glass bottles with rubber stoppers
surrounded by a steel ring. FO pregnant females received
the oral treatment from GD9 until the end of weaning (on
lactational day (LD) 21). In our colony, embryo implantation
occurs in the evening of GD5 (Milesi et al. 2015). There-
fore, we began the oral treatment of FO dams on GD9 to
avoid potential implantation failures prompted by GBH. To

determine the dose of glyphosate administered, individual
maternal weight and food intake were recorded three times
per week throughout the treatment period. With these data,
we determined the relative body weight gain and loss of FO
dams during gestation and lactation periods, respectively. In
addition, we collected trunk blood of FO mothers at two dif-
ferent moments: (1) at the end of gestation, GD22, and (2) at
weaning, LD21. We determined the serum levels of glypho-
sate and its metabolite AMPA according with the method
described in “Glyphosate and AMPA determination in FO
dams’ serum” from Materials and Methods.

After delivery (postnatal day (PND) 0), F1 pups were
weighed and sexed according to the anogenital distance, and
litters of eight pups (preferably four males and four females)
were left with FO lactating mothers. The following param-
eters were analyzed: length of gestation, birth weight of male
and female pups, litter size and maternal care. At weaning
(PND21), female offspring were housed in groups of four
rats according to the treatment group (control or GBH-
exposed) with free access to pellet laboratory chow and
tap water. Male offspring were used in other experiments.
Body weight of F1 females were recorded between birth and
PND90 (PND 1, 7, 14, 21, 60 and 90). We determined the
onset of puberty by checking the vaginal canal-opening on
PND30. On PND90, F1 females were caged with males of
proven fertility to evaluate their reproductive performance
by determining the pregnancy rates and the number of CLs,
IS and RS on GD19 (see “Evaluation of reproductive per-
formance in F1 females” from Materials and Methods). At
this stage, we also determined feto-placental parameters in
their progeny (F2) (see “Feto-placental parameters in F2
offspring” from Materials and Methods). A schematic rep-
resentation of the experimental design is shown in Fig. 1.

Glyphosate and AMPA determination in FO dams’
serum

Glyphosate and its metabolite AMPA concentrations were
measured in serum of FO dams on GD22 (at the end of the
gestation period) and LD21 (at the end of the lactation
period) by UHPLC-MS/MS. The analytical procedure con-
sisted of FMOC derivatization based on the method pro-
posed by Bernal et al. (2010) with modifications. Sample
extracts were then analyzed using a previously optimized
and validated UHPLC-MS/MS methodology as described
by Sasal et al. (2015). Glyphosate (97.0%), AMPA (98.0%),
glyphosate-FMOC (91.5%), AMPA-FMOC (98.0%) and iso-
topically labeled standards (ILS) [1,2—13C2 I5N] glyphosate
(98%) and [13C2 I5N] AMPA were from Dr. Ehrenstorfer
(Augsburg, Germany). All other supplies used were of the
best commercially available analytical grade.

500 pL of rat serum (blank, blank spiked with stand-
ards, or experimental serum samples) were transferred to
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Fig. 1 Schematic representation

of the experimental protocol

used to study the effects of peri-

natal (gestation plus lactation)
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PND: Postnatal day
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of F1 female rats and the feto-
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determination

an Eppendorf tube, and 250 pL of acetonitrile (MeCN) was
added. The mixture was vortexed for 1 min, placed in an
ultrasound device for 10 min, and centrifuged at 15,000 rpm
for 10 min at room temperature to precipitate the proteins.
500 pL of the supernatant were collected and transferred to
a different Eppendorf tube and the same precipitation step
was repeated once again. The supernatant (500 uL) was then
spiked with internal standard (40 uL of ILS 1 mg L™') and
was derivatized with the addition of 84 L borate buffer
(40 mM pH 9), 84 uL FMOC-CI (6 g LY, and acetonitrile.
After a 2 h reaction at room temperature, the derivatization
was quenched by acidification to pH 3 with formic acid.
After the derivatization reaction was completed, the extracts
were cleaned-up by liquid-liquid partition with dichlo-
romethane (500 pL extract/500 uL DCM). Finally, 10 uL of
this solution was injected into the UHPLC-MS/MS system.

Validation was carried out following the Document
SANTE/11945 (SANTE 2015), by determining recovery,
selectivity, limits of quantification and detection, linear-
ity, precision and accuracy. The recovery of glyphosate and
AMPA was determined in 6 replicates at 3 concentrations
levels (1, 10 and 100 pg L™"), comparing the peak areas of
glyphosate and AMPA from standard samples with those
from: (1) extracted blank serum samples from control
rats, spiked with the same amounts of the compounds and
then treated as described above (Recovery assay); (2) and
to check the possible matrix effect on the ESI ionization,
extracted blank serum samples from control rats that were
treated as described above and then spiked with the same
amounts of glyphosate and AMPA (matrix-matched serum).
The average percentage recoveries were between 80-100%
with relative standard deviation (RSD) lower than 20% for
all residues.

To check the selectivity of the method, extracts from
blank and spiked serum samples were assayed. The limit
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of detection (LOD) and quantification (LOQ) were deter-
mined by injecting a number of extracts from blank serum
samples (n=6) and measuring the magnitude of the back-
ground response. The LOD was experimentally estimated
as three times the signal-to-noise ratio (S/N) and LOQ
as the lowest concentration that could be measured with
an intra-assay precision CV% and relative bias less than
20%. The LOD and LOQ for glyphosate and AMPA were
1 and 2 pg L™}, respectively. Precision was expressed as
the % RSD and accuracy was calculated through the rela-
tive error (% RE).

Evaluation of reproductive performance in F1
females

F1 control (n=25) and GBH-exposed (GBH-LD, n=20;
GBH-HD, n=20) female rats at the proestrus stage were
bred to untreated fertile males. The presence of spermatozoa
in vaginal smears was registered as an index of pregnancy.
The pregnancy rate was calculated as the number of preg-
nant females/number of females housed with a male X 100.
Pregnant females with sperm-positive smears were housed
separately and submitted to a fertility test on GD19. The
ovaries from the pregnant rats were dissected, and the num-
ber of profusely irrigated CLs was counted by direct visu-
alization using a stereomicroscope (Leica Corp., Buffalo,
NY, USA). The two-horned uteri were removed and visually
inspected to identify the number of RS and IS. The RS were
defined as endometrial sites with an appended amorphous
mass without a fetus. The number of IS was defined as the
result of the total number of placentas with fetuses plus the
total number of RS. With these data, we calculated the rate
of pre-implantation loss as follows: [number of CLs —num-
ber of IS/number of CLs] x 100 (Perobelli et al. 2012).
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Feto-placental parameters in F2 offspring

To determine second-generation effects on fetal develop-
ment, F2 fetuses were removed from uteri on GD19. Fetuses
and their respective placentas were examined for their mor-
phology and weighed; with these data we calculated the
placental index as follows: (placental weight/fetal body
weight). Fetal length from the top of the head to the bottom
of the buttocks (crown—rump length) was also measured. F2
fetuses were classified according to their weight on GD19
as small (SGA) (< 10th percentile), appropriate (AGA)
(10-90th percentile) or large (LGA) (> 90th percentile) for
gestational age, using a frequency distribution curve (Mac-
Donald et al. 2005). This curve was constructed with weight
values of F2 fetuses from control group of our colony (data
not shown), which followed the classic bell-shaped Gauss-
ian distribution.

Statistical analysis

Results are expressed as the mean + SEM. The data from
the number of IS, CLs, and feto-placental parameters were
analyzed using one-way ANOVA followed by Dunnett’s test
for the multiple comparisons (after Bartlett’s test for the
homogeneity of the variance). The analysis of the number
of RS was conducted using a generalized linear model with
a negative binomial response with the glm.nb function from
R statistical software. Occurrence of unilateral pregnancy
was assessed using Fisher’s exact test. Incidence of SGA or
LGA F2 fetuses and the relative risk associated with these
categories were analyzed by Chi square test. Occurrence
of congenital anomalies in F2 fetuses was also analyzed
by Chi square test. All statistical analyses were performed
using R statistical software (The R Foundation for Statisti-
cal Computing version 3.4.1). Differences were considered
significant at p <0.05.

Results
Glyphosate concentration in the dietary matrix

To check glyphosate integrity in the dietary matrix, we
measured its concentration in the pellet-based paste of con-
trol and GBH groups during three consecutive days that cor-
respond to the period of food replacement. As it is shown
in Table 1, for both GBH diets glyphosate concentrations
were within the expected values and did not change over
time, suggesting that glyphosate integrity was preserved. As
expected, no detectable levels of glyphosate were found in
control diet.

Table 1 Glyphosate concentrations in the dietary matrix along three
consecutive days (period of food replacement)

Day 1 Day 2 Day 3
Control ND ND ND
GBH-LD 21+1 22+1 20+1
GBH-HD 2688 +77 2699 +103 2540+53

Data are shown as mean+ SEM of three independent determinations
calculated on dry weight basis and expressed in mg kg™

ND not detected

Data about FO dams and glyphosate and AMPA
serum levels

GBH treatment through food did not produce signs of
embryotoxicity, abnormal maternal or nursing behaviors as
it was expected according to the doses evaluated in this study
(below the NOAEL dose). In fact, the length of gestation
was unaltered, all FO pregnant dams successfully delivered
their pups, the numbers of F1 live-born pups per litter were
similar between groups, and the litter sex ratio showed no
alterations and was within the normal range (50% females
and 50% males). Also, no difference was found in weight
at birth in GBH-exposed F1 males or females compared to
the control group. In addition, no gross malformations were
observed in F1 pups at birth. Moreover, no changes were
detected in the FO dams” body weight gain during pregnancy.
However, the relative body weight loss from LD1 until
weaning was higher in FO dams treated with the low dose of
GBH (GBH-LD group). These results are shown in Table 2.

Food intake during pregnancy and lactation was not
affected in FO dams exposed to the herbicide. Moreover,
no changes were detected in the average body weight of
FO dams. The real average doses of glyphosate, calculated
based on the dams’ average body weight and food consump-
tion during pregnancy and lactation are shown in Table 3.
Although the real glyphosate doses effectively reached in
both GBH groups resulted a bit higher than the theoretical
doses (3.69 +0.07 instead of 2 mg/kg bw/day in GBH-LD
group, and 352.2 +4.78 instead of 200 mg/kg bw/day in
GBH-HD group), they were in the same order of magnitude.
Moreover, as originally setting out, a 100-fold difference was
maintained between the two real glyphosate doses.

The mean serum concentrations of glyphosate in FO
dams at the end of the lactation period (LD21) were:
0.039 +0.006 mg/L for GBH-LD group, and 3.8 + 1.2 mg/L
for GBH-HD group. Again, it is worth noting that a 100-
fold difference was observed when comparing glyphosate
concentrations of FO dams from the two treated groups. As
for AMPA serum concentrations, the main metabolite of
glyphosate, no detectable levels were found neither in GBH-
LD nor in GBH-HD treated dams. Finally, no glyphosate
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Table 2 Animal weight and characteristics of dams (F0) and their off-
spring in control and GBH-exposed groups

Features Control GBH-LD GBH-HD
Body weight of dams (g) 243.1+3.7 2464+2.6 249.2+4.8
(GDO0)
Relative weight gain (%)* 338+19 344433 263+1.7
Relative weight loss (%)° 7.8+2.3 183+1.2% 94+22
Length of gestation (days) 23 23 23
Litter size
Female 50+09 52+0.7 48+0.8
Male 49+04 57+05 44+09
Total 9.9+0.9 10.8+£0.6 9.2+0.5
Birth weight (g)
Female 557+0.12 541+0.11 5.42+0.14
Male 5.89+0.09 5.59+0.09 5.87+0.13
Total 5.73+0.08 5.50+0.08 5.65+0.12

Data are shown as mean +SEM

*Indicates a significant difference (p <0.05) between the GBH-LD
and the control group

*Relative weight gain=relative weight on the last day of pregnancy
(GD23) minus relative weight on the GD9 of pregnancy (weight of
GD?9 of pregnancy = 100%)

PRelative weight loss=relative weight on the last day of lactation
(LD21) minus relative weight on the first day of lactation (LD1)
(weight of LD1 of lactation=100%)

or AMPA levels were detected in control animals. Similar
results were obtained on GD22 (data not shown). All these
data are shown in Table 3.

Effect of perinatal GBH treatment on body weight
and vaginal opening in F1 females

To determine whether perinatal exposure to GBH altered
the growth or the onset of puberty of F1 female rats, we
recorded their weight from birth until adulthood (PND90)
and the day at which the vaginal canal-opening occurred,
respectively. No differences were observed in the body
weight at any of the studied points (Fig. 2a). Similarly, no

changes were detected in the onset of vaginal canal-opening
as a consequence of GBH exposure (Fig. 2b).

Reproductive performance of perinatally
GBH-exposed F1 females on GD19

Perinatal exposure of F1 female rats to GBH-LD and GBH-
HD doses did not affect the pregnancy rates (Fig. 3a). The
fertility test performed on GD19 revealed neither changes
in the number of CLs (CLs/rat: 11-13) (Fig. 3b) nor in the
number of resorption sites (Fig. 3¢). Interestingly, both
GBH-exposed groups showed a lower number of implanta-
tion sites (Fig. 3e). When we analyzed the percentage of
pre-implantation loss (i.e., number of oocytes not fertilized
or embryo loss before implantation), a significant increase
was detected in both GBH-exposed groups (Fig. 3d).

A peculiar effect was found in some of the F1 females
from GBH-LD and GBH-HD groups, which presented uni-
lateral pregnancies. In fact, in 2 out of 20 rats from GBH-LD
group and in 3 out of 20 rats from GBH-HD group, embryo
implantation occurred only in one uterine horn, even though
the number of CLs in the ovary adjacent to the no pregnant
uterine horn was normal. However, these findings did not
show to be statistically significant (Fig. 3e-GBH-HD).

Feto-placental parameters of F2 offspring

As oral exposure to a GBH during perinatal period affected
F1 female reproductive performance, we investigated
whether it could also have an influence on the development
of their progeny, by analyzing feto-placental parameters. We
detected that F2 fetuses (fetuses/litters: Control, n =213/20;
GBH2, n=152/15; GBH200, n=117/13) from F1 females
exposed to both doses of GBH showed a decrease in length
and body weight (Table 4). From the weight frequency dis-
tribution curve, we found that 57.5 and 48.2% of the F2
fetuses from GBH-LD and GBH-HD groups, respectively,
were SGA fetuses, i.e., with a weight < 10th percentile. In
the control group, only 23.7% of the fetuses were SGA. The
relative risk of being SGA was 2.43 [95% CI (1.66, 3.55);
p<0.0001] for GBH-LD F2 fetuses and 2.04 [95% CI (1.33,

Table 3 FO daily GBH doses
and serum glyphosate and

AMPA levels

Control GBH-LD GBH-HD
Theoretical dose (mg/kg bw/day) 0 2 200
Food intake (g/day) 29.14+0.61 29.39+0.69 29.65+0.42
Average body weight (g) 259.00+3.48 257.90+3.10 252.70+4.60
Real average dose (mg/kg bw/day) 0 3.69+0.07 352.20+4.78
Serum glyphosate level (mg/L) ND 0.039+0.006 3.8+1.2
Serum AMPA level (mg/L) ND ND ND

Data are shown as mean + SEM of 7 FO dams/group

ND not detected
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in the uterus of a GBH-LD and
GBH-HD F1 rat compared to

a control rat. Each black arrow
indicates an implantation site
and the gray arrow indicates a
resorption site

Pregnancy rates (%)

Resorption sites

Vaginal opening (PND)

o

Control GBH-LD GBH-HD

until adulthood. b Onset of vaginal canal-opening expressed as post-
natal day (PND) for each experimental group. All data are presented
as mean + SEM (Control, n=25; GBH-LD, n=20; GBH-HD, n=20)
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Table 4 Feto-placental | Control (n: 213 GBH-LD (n: 152 GBH-HD (n: 117

parameters of F2 offspring from fetuses/20 litters) fetuses/15 litters) fetuses/13 litters)

control and GBH-exposed F1

female rats Fetal length (cm) 2.44+0.01 2.39+0.01%* 2.29 4+ 0.02% %
Fetal weight (mg) 1307.97 +£12.84 1227.43 +£15.78%** 1212.05 +20.01%%%*
Placental weight (mg) 359.76 +£3.90 349.17+6.56 390.23 +11.22%*

Data are shown as mean + SEM.

All differences statistically significant are indicated as *(0.05>p>0.01);

*#(0.01>p>0.001); ***(p<0.001) from control group [based on one-way analysis of variance (ANOVA)

with Dunnett’s post hoc test]

Control GBH-HD

Fig.4 Fetal parameters of F2 offspring from control and GBH peri-
natally exposed F1 female rats. Photograph of representative F2 off-
spring showing lower fetal length and weight in fetuses from GBH-
HD F1 females in comparison to control group

3.12); p=0.0012] for GBH-HD F2 fetuses. A representative
image of these alterations is shown in Fig. 4. In addition to
low weight and length, F2 fetuses from F1 females perina-
tally exposed to GBH-HD exhibited higher placental weight
(Table 4) and placental index (Fig. 5a). Differences in size
of F2 fetuses and their corresponding placentas from control
and GBH-HD group can be appreciated in Fig. 5b.

Fetal morphology of F2 offspring

On GD19, each fetus was subjected to a careful evaluation
to detect structural anomalies. Surprisingly, fetal malforma-
tions were detected in some of the F2 fetuses from moth-
ers perinatally exposed to the high dose of GBH (200 mg/

>

Fig.5 Placental parameters of

kg bw/day). Fetal abnormalities were observed in 3/117
fetuses, each one from different F1 mothers (i.e., 3/13 litters
affected). A statistically significant correlation was found
between perinatally GBH-HD exposure and fetal anomalies
(p <0.05). These anomalies included conjoined fetuses and
abnormally developed limbs (Fig. 6). In the last case, we
observed fetuses which lacked one of their extremities or
exhibited a longitudinal reduction of the tail (Fig. 6b, c).
No structural anomalies were observed in F2 fetuses from
GBH-LD or control mothers.

Discussion

In the present study, we investigated the effects of in utero
and lactational exposure to low doses of a GBH, adminis-
tered orally to FO mothers, on the development and repro-
ductive outcome of F1 female rats. We also evaluated feto-
placental parameters of F2 offspring to assess possible
second-generation effects.

Here, we presented an oral exposure model in which GBH
was administered through food by means of the incorpora-
tion into a laboratory pellet chow-based paste. This exposure
model proved to be successful since FO dams consumed a
similar amount of food regardless of the treatment received.
In a study performed by Beuret et al. (2005), GBH was
administered during the gestational period through drink-
ing water, and a reduction in water and food consumption
was reported. The authors suggested that glyphosate could
have affected palatability of water (Beuret et al. 2005).
Another point to highlight about our model, it was that the

F2 offspring from control and 0.5

GBH perinatally exposed F1
female rats. a Placental index 5 0.4 .
is expressed as mean+SEM. b 'g e
Photographs of representative = 0.31
F2 offspring showing lower fetal g
weight and higher placental o 027
weight in fetuses from GBH- §
HD F1 females than control o 011
animals 0.0
Control  GBH-LD  GBH-HD Control
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Fig.6 Fetal morphology of F2 offspring from GBH-HD exposed F1
female rats. In the photographs are shown structural congenital anom-
alies, such as, a conjoined fetuses and abnormally developed limbs,
in b a fetus lacking one of its anterior extremities (indicated by the

real glyphosate doses achieved were in the same order of
magnitude as the theoretical doses. Moreover, a 100-fold
difference was maintained between the two real glyphosate
doses. With regards to the serum concentrations of glypho-
sate in GBH-LD and GBH-HD FO0 dams, similar values were
obtained on GD22 and on LD21, indicating that glypho-
sate concentration remained apparently constant along the
treatment. As for AMPA serum concentrations, no detect-
able levels were found neither in GBH-LD nor in GBH-HD
treated dams. According to Anadén et al. (2009), glyphosate
is poorly metabolized to AMPA after oral administration
in Wistar rats, and this metabolite could be the result of
intestinal microbial action. The metabolite AMPA has raised
great concern for being more persistent than glyphosate in
the environment (Battaglin et al. 2005). Similar to glypho-
sate, genotoxic effects were reported for AMPA in in vitro
and in vivo studies using Comet assay and micronucleus
test, respectively (Mafias et al. 2009; Roustan et al. 2014).
Furthermore, some studies found that AMPA is even more
toxic than its parent compound in human umbilical, embry-
onic and placental cells and also in CHO-K1 cells (Bena-
chour and Séralini 2009; Roustan et al. 2014). Based on
these findings and considering that no AMPA was detected
in the serum of both GBH-treated groups, we suggest that
this metabolite would not have great influence on the adverse
effects detected in our work.

Our results showed that a GBH administered orally during
pregnancy and lactation in a dose of 2 or 200 mg of glypho-
sate/kg bw/day did not induce maternal toxicity, i.e., mortal-
ity, or changes in gestational body weight gain and length.
Lactational body weight loss was unaffected in the GBH-
HD group, but it was decreased in the GBH-LD exposed
dams. Moreover, no adverse effects were detected in the F1
offspring variables, such as birth weight, litter size and sex
ratio in both GBH groups. These results are in accordance
with those reported by Dallegrave et al. (2007), who found

L N

black arrow) and in ¢ a fetus lacking one of its posterior extremities
and displaying a longitudinal reduction of the tail (indicated by black
arrows). 3 structural anomalies were detected in 117 GBH-HD F2
fetuses analyzed (3/117) in (3/13) litters (¥, p <0.05)

no maternal or offspring toxicity after oral treatment with a
GBH in a dose of 50, 150 or 450 mg of glyphosate/kg bw/
day during pregnancy and lactation. Similar findings were
observed by Gallegos et al. (2016), who reported that expo-
sure to a GBH during the same sensitive period in a dose
of 100 or 200 mg of glyphosate /kg bw/day did not affect
maternal weight gain during pregnancy, gestational length,
litter size or birth weight of pups.

It has been shown that exposure to EDCs during fetal
development can promote functional deficits and altered pro-
gramming, leading to increased disease risk later in life and
even across successive generations, the so-called fetal origin
of adult diseases (Skogen and @verland 2012). As for GBHs,
it has been recently debated over the possibility about signs
of endocrine activity (Vandenberg et al. 2017). Studies in
cell culture showed that glyphosate promotes cell prolifera-
tion and induces endocrine-mediated effects on end points
relevant to toxicity (Mesnage et al. 2017; Thongprakaisang
et al. 2013). Furthermore, in vivo studies revealed male and
female reproductive development impairment (Guerrero
Schimpf et al. 2017; Romano et al. 2012).

In our experiment, perinatal exposure of F1 females to
GBH affected neither the body weight gain from birth until
adulthood, nor the day of vaginal canal-opening, indicat-
ing no effect on the beginning of puberty. By contrast, in
the study of Dallegrave et al. (2007), a delay in the vaginal
canal-opening was reported for all the GBH studied doses.
Regarding to reproductive outcome, all F1 females from
control and GBH-treated groups became successfully preg-
nant. The number of CLs recorded in the ovaries showed
no differences between the experimental groups, suggest-
ing that neither the ovulation rate nor the CLs “activation”
were altered as a consequence of perinatal exposure to GBH.
Similarly, no differences were detected in the number of
resorption sites between the control and GBH-treated rats,
ruling out a post-implantation failure. However, we found a
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lower number of implantation sites in the females exposed
to both doses of GBH, in association with an increase of
the rate of pre-implantation embryo loss. The fact that F1
pregnant dams exposed in utero and during lactation to GBH
exhibited pre-implantation embryo loss without difference
in the number of corpora lutea, might suggest that uterine
organogenesis might have been affected during the embry-
onic development, and then at adulthood might have failed
to reach the receptive state which is critical for implantation.
Nevertheless, as successful implantation not only requires an
intricate program of uterine preparation but also the devel-
opment of the embryo to the blastocyst stage (Review in
Varayoud et al. 2014), we cannot rule out that other prob-
lems such as reduction of fertilization rate of the oocytes,
defects in tubal transport and/or embryo development are
also implicated in GBH-induced implantation failures. A
strange feature of this experiment was the incidence of
unilateral pregnancies in rats perinatally exposed to both
doses of GBH. Taking into account that the number of CLs
in the ovary adjacent to the non-pregnant uterine horn was
normal, the origin of this abnormal implantation pattern is
unknown and deserves further investigation. Even though
this feature occurred at low frequency, it is worthy to men-
tion that it has not been recorded in the historical controls
from our colony or in previous studies of our lab with other
EDCs (Altamirano et al. 2015; Kass et al. 2012). Moreover,
to the best of our knowledge, such abnormal implantation
pattern has not been previously reported in others works
leading to study the effects of EDCs exposure on female
fertility. Recently, using a different experimental approach,
we demonstrated that neonatal exposure to a GBH, admin-
istered subcutaneously during the first postnatal week in a
dose of 2 mg of glyphosate/kg bw/day, altered uterine devel-
opment in prepubertal rats (Guerrero Schimpf et al. 2017)
and induced post-implantation embryo loss at adulthood
(Ingaramo et al. 2016). Indeed, adult female rats neonatally
treated with GBH, showed a normal rate of pregnancy, but
an increased number of resorption sites, in association with
an impaired decidualization response (Ingaramo et al. 2016,
2017). Taken together, our findings provide novel evidence
about different adverse reproductive outcomes caused by
GBH depending on the administration route (oral vs. sub-
cutaneous injection), and/or the timing of GBH exposure
(in utero and lactational exposure vs. neonatal exposure). It
has been suggested that the timing, nature, and severity of
endocrine system impacts will vary depending on the lev-
els and timing of GBH exposures, the tissues exposed, the
age and health status, and other biotic or abiotic stressors
impacting the developmental stage and/or physiology of the
exposed organism (Myers et al. 2016). Finally, our present
and previous results contribute to increased evidence about
the potential activity as endocrine disrupters of GBHs, and
indicate that regardless of window and route of exposure,
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the herbicide prompted long-term adverse effects on female
reproductive capability.

The original but also worrying finding of our work was
the occurrence of second-generation adverse effects caused
by GBH exposure. F2 fetuses whose mothers had been
exposed in utero and during lactation to GBH-LD and GBH-
HD exhibited a decrease in the body weight and length.
Similar effects on F2 fetal weight were found by gestational
dexamethasone (glucocorticoid) overexposure in a three
generation animal model (Drake et al. 2011). However, to
our knowledge, no information is available regarding how
pesticides applied indirectly to F1 generation animals could
affect the fetal parameters studied here in their progeny.
Considering low-weight fetuses, a higher incidence of SGA
fetuses (weight below the 10th percentile) was detected in
both GBH groups, evidencing delayed growth. It has been
reported that fetal growth restriction might be caused by
inherent fetal abnormalities, such as chromosomal or other
congenital anomalies, maternal disease or placental insuffi-
ciency (Barron and Thomson 1983; Kramer 1987). Further-
more, SGA has been shown to predispose for some growth
and development disorders, as well as chronic diseases later
in life (Saenger et al. 2007). A number of long-term risks
for SGA children have been identified, including higher
systolic blood pressure (Barker 1995), glucose intolerance,
hyperinsulinism, type 2 diabetes (Barker et al. 1993; Hales
et al. 1991), precocious pubarche (Verkauskiene et al. 2013),
and ovarian hyperandrogenism (Ibafiez et al. 1998). Finally,
several epidemiological studies have been associated low
birth weight and length with environmental or occupational
maternal exposure to pesticides (Burdorf et al. 2011; Quin-
tana et al. 2017; Sathyanarayana et al. 2010; Whyatt et al.
2004).

In addition to low weight and length, F2 fetuses from F1
dams perinatally exposed to GBH-HD exhibited higher pla-
cental weight and placental index (placental to fetal weight
ratio). Placenta is responsible for maternal transfer of nutri-
ents to the fetus to propitiate fetal growth and development
(Fowden et al. 2008). The placental index decreases across
gestation and reflects the balance between fetal and placental
growth; as the placenta matures, the fetal weight increases
(Macdonald et al. 2014). Placenta has a high functional
reserve capacity and a remarkable potential to increase its
growth as a required adaptation. It has been reported that
placental hypertrophy is an adaptation mechanism to pre-
serve fetal well-being in adverse environments (Quintana
et al. 2017). As in our experiment higher placental index
was associated to an increase in placental weight as well
as to a decrease in fetal weight, we proposed that placental
hypertrophy might be induced as a compensatory reaction
to fetal growth restriction. Similar to our finding, compensa-
tory placental hypertrophy has been reported in rats exposed
to drugs and chemicals like indomethacin (Wellstead et al.
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1989) and tributyltin (Adeeko et al. 2003). Humans studies
have pointed out that placental weight and placental index
are predictive factors for maternal disease and obstetric out-
come, perinatal morbidity and mortality, and impaired fetal
growth and development (Burkhardt et al. 2006; Macdonald
et al. 2014). A retrospective study of 18,386 pregnancies
found a high placental index among pregnancies character-
ized by poor outcomes, such as hypertensive disorders and
small for gestational age infants (Londero et al. 2013). In
addition, other studies have demonstrated an association
between higher placental weight and placental index with
pesticide exposure in pregnant women living in rural areas
(Acosta-Maldonado et al. 2009; Quintana et al. 2017).

A surprising finding of our work was the occurrence of
structural congenital anomalies in the F2 offspring whose
mothers had been exposed to the high dose of GBH. Such
fetal malformations included conjoined fetuses and abnor-
mally developed limbs. Although fetal abnormalities in F2
occurred in a relatively small number of animals, a statis-
tically significant correlation was found with GBH expo-
sure. Also, it is worthy of consideration that we have never
detected structural congenital anomalies in our own animal
facility. For these reasons, we consider our results are of
great relevance and that developmental disorders we found
were prompted by GBH and were not the result of spontane-
ous changes. Alterations in F2 generation suggest a mecha-
nism of transgenerational induction of congenital anomalies
by GBH. Transgenerational inheritance of disease involves
the germ line transmission of altered chromosomal or epi-
genetic information in the absence of direct exposure (Skin-
ner et al. 2013). It has been shown that most environmental
toxicants have the capacity to alter the epigenome, rather
than to modify the DNA sequence (Skinner et al. 2011). If
epigenetic modifications occur in a somatic cell, these may
promote disease in the exposed individual; but they will not
be transmitted to the next generation. Otherwise, if the toxi-
cant modifies the epigenome of the germ line permanently,
then the disease promoted can become transgenerationally
transmitted to subsequent progeny (Skinner et al. 2011). Dif-
ferent EDCs have been shown to induce disease across gen-
erations following ancestral exposure during fetal gonadal
sex determination, and this was associated with an alteration
in the epigenetic programming of the germ line. Some EDCs
include dioxin (Bruner-Tran and Osteen 2011; Manikkam
et al. 2012a), the fungicide vinclozolin (Anway et al. 2006;
Nilsson et al. 2008), the pesticide methoxichlor (Anway et al.
2005), and a pesticide mixture (permethrin and diethyltolu-
amide) (Manikkam et al. 2012b), and the transgenerational
effects consist of reduced fertility, decreased spermatogenic
capacity, increased incidence of premature birth, among oth-
ers. As for glyphosate herbicides, studies in zebrafish and the
amphibian Xenopus laevis showed that developmental expo-
sures induce craniofacial and brain malformations, revealing

the teratogenic potential of these compounds (Paganelli et al.
2010; Roy et al. 2016). Birth defects were also detected
in young pigs fed with glyphosate-contaminated soybean
(Kriiger et al. 2014b). In the present work, structural anoma-
lies in GBH group were not detected in the F1 generations at
birth (no teratogenic effects were observed), but were found
in the F2 offspring indicating transgenerational induction of
congenital defects. To the extent of our knowledge, this is
the first study showing second-generation adverse effects as
a consequence of GBH exposure.

In recent years, GBHs has received significant attention
by the general population and regulatory agencies around
the world. Human health concerns about these herbicides
have been raised principally because of: (1) extensive and
increased used of GBHs over the past decade, together with
their new use as pre-harvest desiccants that may increase
the risk of dietary exposure; (2) detection of glyphosate
and its metabolites in foods; and (3) studies from labora-
tory and domesticated animals as well as human popula-
tions, suggesting that current exposure levels to GBHs could
induce adverse health outcomes (Myers et al. 2016). So far,
few epidemiological and biomonitoring studies have deal
with the impact of GBHs on human disease. A longitudi-
nal study from Thailand found that pregnant women who
work in agriculture or live in families that work in agri-
culture have higher exposure to the GBHs (Kongtip et al.
2017). In this work, the serum concentrations of glyphosate
in pregnant women at childbirth and in the umbilical cord
were in the range of 0.2-189.1 ng/ml and 0.2-94.9 ng/ml,
respectively, which are comparable with the glyphosate’s
serum levels we detected in the GBH-LD group (i.e., 39 ng/
ml). More recently, a birth cohort study was performed by
Parvez et al. (2018) who determined exposure frequency to
GBHs, potential exposure pathways, and associations with
fetal growth and pregnancy length. They reported that >90%
of pregnant women had detectable glyphosate urine levels
(range 0.5-7.20 ng/mL), and that the higher levels were
found in women who lived in rural areas, and in those who
consumed > 24 oz. of caffeinated beverages per day. They
also found a significant correlation between high glypho-
sate urine levels and shortened gestational lengths. Although
epidemiological data are limited, recent studies using direct
estimation of exposure (by direct measurement of glyphosate
in urine or blood) allow increasing evidence that at current
levels of occupational and environmental exposures there
might be a risk for human reproductive and developmental
health. The results from our experimental animal model sup-
port previous epidemiological evidence, showing detrimen-
tal effects on reproductive health at environmentally relevant
doses of glyphosate.

Another matter of concern focused on whether the
adverse effects caused by GBHs are prompted by the active
principle (glyphosate), the co-formulants, or both acting
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in a synergic way. Several studies comparing GBHs, co-
formulants and glyphosate effects have revealed that GBHs
are more toxic than the active ingredient using cell line
assays, suggesting that co-formulants would not be innocu-
ous compounds (Defarge et al. 2016; Mesnage et al. 2013;
Richard et al. 2005). On the contrary, it has been recently
reported that glyphosate induced the proliferation of estro-
gen-dependent MCF-7 human breast cancer cells and acti-
vated ERa in vitro, while the commercial GBH formulation
or their adjuvants alone did not show estrogenic activity
(Mesnage et al. 2017). Taking into account the controversy
about this issue, under the condition of our experiment, we
cannot ascribe the reproductive and developmental adverse
effects we found to glyphosate, the co-formulants or both
acting together. Another point of consideration is the fact
that the composition of commercial GBH formulations vary
between brands and countries (co-formulants and glyphosate
salt type and concentration are variable), and therefore is it
difficult to compare their effects. For that reason, in light of
our results we could not ensure that the adverse effects we
detected will be prompted by other GBHs’ formulations.
Overall, further research is needed to fully understand
glyphosate and co-formulants contribution to GBH effects.

Conclusion

Our results demonstrated that perinatal exposure to low
doses of a GBH alters the female reproductive outcome
and induces second-generation adverse effects in rats.
The most salient results include: (1) impaired reproduc-
tive capability characterized by an increase in the rate of
pre-implantation embryo loss in F1 females, and (2) fetal
growth retardation and structural congenital anomalies in
their progeny (F2 generation). Our present and previous
findings suggest that GBHs might act as endocrine disrupt-
ers, and highlight the importance of assessing different
administration routes, doses and window/lengths of expo-
sure to GBHs, since the effects on fertility can be different.
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