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A B S T R A C T

Glyphosate (GLY) usage for weed control is extensive. To investigate ovarian impacts of chronic GLY exposure,
female C57BL6 mice were orally administered saline as vehicle control (CT) or GLY at 0.25 (G0.25), 0.5 (G0.5),
1.0 (G1.0), 1.5 (G1.5), or 2 (G2.0) mg/kg for five days per wk. for 20 wks. Feed intake increased (P < .05) in
G1.5 and G2.0 mice and body weight increased (P < .05) in G1.0 mice. There was no impact of GLY on estrous
cyclicity, nor did GLY affect circulating levels of 17β-estradiol or progesterone. Exposure to GLY did not impact
heart, liver, spleen, kidney or uterus weight. Both ovarian weight and follicle number were increased (P < .05)
by G2.0 but not affected at lower GLY concentrations. There were no detectable effects of GLY on ovarian protein
abundance of pAKT, AKT, pAKT:AKT, γH2AX, STAR, CYP11A1, HSD3B, CYP19A, ERA or ERB. Increased
(P < .05) abundance of ATM protein was observed at G0.25 but not higher GLY doses. A dose-dependent effect
(P < .10) of GLY exposure on ovarian protein abundance as quantified by LC-MS/MS was observed (G0.25–4
increased, 19 decreased; G0.5–5 increased, 25 decreased; G1.0–65 increased, 7 decreased; G1.5–145 increased, 2
decreased; G2.0–159 increased, 4 decreased). Pathway analysis was performed using DAVID and identified
glutathione metabolism, metabolic and proteasome pathways as GLY exposure targets. These data indicate that
chronic low-level exposure to GLY alters the ovarian proteome and may ultimately impact ovarian function.

1. Introduction

Proper ovarian function is important for reproductive and overall
female health (Hoyer, 2005; Hoyer, 2002; Hoyer and Keating, 2014).
Impacts of chemical exposures on ovarian function range from tem-
porary (altered cyclicity and ovulation) to permanent (complete de-
pletion of ovarian follicular structures; (Hoyer and Keating, 2014;
Keating, and C JM, Sen N, Sipes IG, Hoyer PB., 2009)). In addition,
endocrine disrupting chemicals can target the ovary, which can inter-
fere with steroid hormone production; a scenario which can negatively
impact female fertility (Gore et al., 2015; Patel et al., 2015; Rattan
et al., 2017). Loss of ovarian function and cessation of associated
uterine functionality result in menopause, a timeframe at which women
are at heightened risk for development of a number of diseases and
health disorders (De Vos et al., 2010; Hoyer and Sipes, 1996; Senapati,
2018). Thus, premature complete or partial loss of ovarian function is
detrimental for female health.

Glyphosate (GLY) is a widely applied non-selective herbicide and
has been used for approximately 3.5 decades (Williams et al., 2000).
With the introduction of GLY-resistant crops, GLY became one of the
most predominant utilized herbicides in the U.S. (Benbrook, 2016).

Detection of GLY residues in food stuffs (Zoller et al., 2018) and in
human urine (Curwin et al., 2007a, 2007b; Knudsen et al., 2017; Mills
et al., 2017; Soukup et al., 2020) has placed potential health effects of
GLY exposure under scrutiny. Urinary presence of GLY does not auto-
matically indicate a health risk – in fact, it has been recognized that
GLY is readily excreted, through feces and urine (Williams et al., 2000).
Furthermore, although urinary exposure has been detected, there is no
difference in urine levels in rural agricultural (presumably a higher
exposure demographic) versus non-agricultural individuals (Curwin
et al., 2007a, 2007b).

There are conflicting reports as to whether GLY should be con-
sidered a risk factor for female reproductive health. The Ontario Farm
Family Health study correlated GLY exposure during late pregnancy
with spontaneous abortion (Arbuckle et al., 2001), and association
between GLY exposure and a shortened gestational length was reported
in a birth cohort from Indiana (Parvez et al., 2018). Exposure in vivo for
60 days to GLY (126 or 315 mg/Kg/d) increased atretic follicle number,
reduced antral follicle surface area in vivo in rats and decreased 17β-
estradiol (E2) production (Hamdaoui et al., 2019). Another in vitro
study determined no impact of GLY (1–300 μg/ml) on cell number, E2
or progesterone (P4) production in granulosa cells, but did note impacts
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of a GLY-based herbicide (GBH) exposure on steroid hormone con-
centration in media (Perego et al., 2017). Postnatal exposure of lambs
to a GBH; 2 mg/Kg/day) did not alter ovarian weight but increased
proliferation of granulosa and theca cells as evidenced by increased
abundance of a proliferation marker and decreased mRNA encoding
follicle stimulating hormone receptor and growth and differentiation
factor 9 (Alarcon et al., 2019). GLY-based herbicide exposure (2 mg/
Kg/day) in neonatal rats increased uterine luminal hyperplasia, es-
trogen receptor alpha, and P4 receptor (Ingaramo et al., 2019). In
contrast, no effect of GLY on E2 production using a standardized H295R
steroidogenic assay was observed (Hecker et al., 2011), nor was there
any impact of GLY on gross phenotypic reproductive measures in acute
and sub-chronic exposure studies (Williams et al., 2000), illustrating
conflicting data in the literature.

Additional reasons for inconsistency between the aforementioned
studies is the formulation used: GLY vs. a GBH mixture. Additionally, as
alluded to above the doses used in vivo are often extremely high and at
non-relevant human exposure levels. The purpose of the current study
was to explore the hypothesis that chronic GLY exposure at levels re-
levant to human exposure would impact ovarian function in ways that
could contribute to female infertility.

2. Materials and methods

2.1. Materials

Glyphosate (CAS # 1071-83-6), 2-β-mercaptoethanol, Tris base, Tris
HCL, Sodium chloride, Sucrose, EDTA, Paraformaldehyde and Tween-
20 were purchased from Sigma-Aldrich Inc. (St Louis, MO). Glycerol,
Sodium citrate, Citric acid and Pierce BCA protein assay kit were from
Thermo Fisher Scientific. 4–15% mini-PROTEAN TGX™ precast protein
gels were obtained from BioRad, USA. 4–20% TGX stain free precast
protein gels were purchased from Criterion. iBlot 2NC regular stacks
were from Invitrogen. Anti-AKT (ab8805), anti-phosphorylated AKT
T308 (ab38449), anti-ERα (ab32063), anti-ERβ (ab288), and anti-
phosphorylated ATM S1981 (ab81292) were from Abcam (Cambridge,
MA). Anti-STAR (NBP1–33485), HSD3β (NBP1–32353) and CYP19A1
(NB100–1596) were from Novus biologicals (Centennial, CO). Anti-
CYP11A1 (12491), anti-rabbit IgG HRP linked antibody (7074), anti-
mouse IgG HRP linked antibody (7076), anti-phosphorylated Histone
H2AX (2577S), and SignalFire™ ECL Reagent (6883) from Cell
Signaling (Danvers, MA). The source of E2 (EIA-2693) and P4 (EIA-
1561) ELISA kits was DRG International, Inc. (Springfield, NJ).

2.2. Animals

C57BL6 mice were exposed to vehicle control (CT; saline; n = 10)
or GLY at doses of 0.25, 0.5, 1.0, 1.5, or 2 mg/kg orally (n = 10 per
group) from a pipette tip five days per week for 20 weeks beginning at
6 weeks of age. Body weight was measured weekly and feed intake was
measured over the last 10 wks. Vaginal cytology was monitored daily
for the last 21 d of the treatment period by lavaging the vagina with
15 μl saline, smearing a microscope slide with this solution and vi-
sualizing the cellular composition present. Mice were euthanized at the
pro-estrus phase of the estrous cycle. Blood was collected post-eu-
thanasia by cardiac puncture. Organs were collected and weights re-
corded. Organ weight was normalized to body weight.

2.3. Histology

Ovaries (n = 10 per treatment group) were fixed in 4% paraf-
ormaldehyde for 24 h, transferred to 10–30% sucrose, and embedded
using OCT. Ovaries were sectioned (10 μM thickness) and every 6th
section was mounted and stained by hematoxylin and eosin. Healthy
oocyte-containing follicles were identified and counted in every 12th
section. Unhealthy follicles were distinguished from healthy follicles by

the appearance of pyknotic bodies and intense eosinophilic staining of
oocytes. Healthy follicles were classified and enumerated as previously
described (Flaws et al., 1994).

2.4. Western blot analysis

The ovaries (n = 5 per treatment group) were homogenized in
tissue lysis buffer (containing 50 mM Tris HCL, 1 mM EDTA, pH 8.5).
Samples were centrifuged at 10,000 rpm for 15 min, twice and super-
natant collected. The protein concentration was measured by bicinch-
oninic acid assay and with Laemmli buffer onto 4–20% precast gels.
Proteins were separated by SDS-PAGE and transferred to a ni-
trocellulose membrane. Membranes were stained with Ponceau S to
visualize and quantify protein loading and then blocked for 1 h in 5%
milk in 1× Tris-buffered saline containing tween 20 (TTBS) and in-
cubated with primary antibodies against anti-AKT (primary: 1:500,
secondary: 1:500), anti-γH2AX (1:750; 1:500); anti-phosphorylated
AKT T308 (primary: 1:250, secondary 1:200); anti-ERα (primary:
1:500, secondary:1:500); anti-ERβ (primary:1:500, secondary: 1:250);
anti-STAR (primary: 1:500, secondary: 1:100); anti-HSD3β (primary:
1:500, secondary: 1:1000); anti-CYP11A1 (primary: 1:500, secondary:
1:100) and anti-CYP19A1 (primary: 1:500, secondary: 1:200) overnight
at 4 °C. Following three washes in TTBS (1×) membranes were in-
cubated with the species-specific secondary antibody for 1 h at room
temperature. Western blots were detected using chemiluminescence
and exposed to X-ray film. Individual protein values were normalized to
Ponceau S stained total protein. Densitometry of the appropriately-
sized protein band was performed using ImageJ software (Abramoff
et al., 2004). To ensure antibody specificity, negative control blots for
each antibody used were performed in which the membranes were in-
cubated with primary antibody only, secondary antibody only, or
normal IgG in place of primary antibody with the inclusion of the ap-
propriate secondary antibody. No protein bands were observed on these
control blots indicating the specificity of the protein bands detected and
analyzed.

2.5. Steroid hormone quantification

Serum (25 μl; n = 10 per treatment group) was added in duplicate
per sample to an enzyme-linked immunosorbent assay plate to measure
E2 or P4. Plates were incubated for 60–90 min after adding the enzyme
conjugate (100–200 μl). The wells were rinsed with wash solution three
times, substrate solution added (100–200 μl) and incubated for
15–30 min. The enzymatic reaction was stopped by adding stop solu-
tion (50–100 μl) and the signal determined within 10 min using a plate
reader at 450 nm absorbance.

2.6. Ovarian proteome analysis

Protein was isolated from ovary (n = 5 per treatment group) sam-
ples using lysis buffer (50 mM Tris HCL and 1 mM EDTA, pH 8.5) and
digested (50 μg) with trypsin/Lys-C, dried down and reconstituted in
5% Buffer B (0.1% formic acid/acetonitrile), 95% Buffer A (0.1%
formic acid/water) to a concentration of 1 μg/μL. Peptide Retention
Time Calibration mixture (PRTC, Pierce part #88320) was added into
the sample (25 fmol/μL) to serve as an internal control. Peptides (10 μg
initial protein) and PRTC (250 fmol) were injected onto a liquid chro-
matography column (Agilent Zorbax SB-C18, 0.5 mm× 150 mm, 5 μm)
and separated using an Agilent 1260 Infinity Capillary Pump. The se-
parated peptides were analyzed using a Q ExactiveTM Hybrid
Quadrupole-Obrbitrap Mass Spectrometer with an HCD fragmentation
cell. The resulting intact and fragmentation pattern was compared to a
theoretical fragmentation pattern (MASCOT for the sample peptides
Sequest HT for the PRTC peptides) to identify peptides. The relative
abundance of the identified proteins was based on the areas of the top
three unique peptides for each sample and the areas were normalized
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using the PRTC peptides areas.
The arithmetic mean of the PRTC was used as normalization factor.

For each peptide, the signal intensity was divided by the arithmetic
mean of the PRTC before further analysis. Metaboanalyst 3.0 (Xia et al.,
2015; Xia and Wishart, 2016) was used for data analysis. Upon finding
data integrity to be satisfactory (no peptide with more than 50%
missing replicates, positive values for the area), missing value im-
putation was done using Singular Value Decomposition (SVD) method.
Filtering, based on interquartile range, was then performed to remove
values that are unlikely to be of use when modeling the data, followed
by generalized log transformation (glog 2) before data analysis. The
control and treatment samples were compared by the Student's t-test.
Differences between groups were assessed by the Mann-Whitney rank
sum test. All p values were two sided. To adjust for multiple compar-
isons, Bonferroni correction was applied and only p values less than
0.05 were considered significant. The PCA analysis was performed
using the prcomp package and pairwise score plots providing an over-
view of the various separation patterns among the most significant
components were accessed. The PLS regression was then performed
using the plsr function provided by R pls package. The classification and
cross-validation were also performed using the caret package. The
uniport protein ids that were up/down regulated were used to retrieve
the corresponding KEGG ids using the “Retrieve/ID mapping” tool of
UniProt (accessible at http://www.uniprot.org/uploadlists/). KEGG ids
were then used to retrieve biological pathway association of the pro-
teins using David 6.8.

2.7. Sample identity blinding

The identity of samples used for ELISA and follicle counting were
not known to the investigator performing the analysis. Samples ana-
lyzed by LC-MS/MS and subsequent bioinformatics analysis were de-
signated lettering as identification so that the sample identity was un-
known for those analyses. In addition, protein samples used for western
blotting were double blinded – the identity of the samples was unknown
to the investigator and after western blots were completed, they were
then identified by group for the purpose of statistical analysis. Only
after the statistical analysis was completed was group identity revealed.

2.8. Statistical analysis

All data were analyzed by either unpaired t-test or one-way ANOVA.
All statistical analysis was performed using Prism 5.04 software
(GraphPad Software). For the estrous cycle data, statistical analysis was
performed on raw values and they were expressed as a percentage time
spent at each cycle stage for graphical purposes. Statistical significance
was defined as P < .05 for all endpoints except the LC-MS/MS analysis
which was considered biologically meaningful if P < .10.

3. Results

3.1. Effect of glyphosate on body weight and feed intake

As anticipated, body weight increased over the duration of the
dosing period (Fig. 1A). There was increased (P < .05) body weight
observed in the mice that received G1.0, but no other dosage groups
differed from CT. Relative to CT, G2.0 and G1.5 treated mice had in-
creased (P < .05) feed intake (Fig. 1B) but there were no other GLY-
induced impacts on feed intake.

3.2. Impact of GLY exposure on the estrous cycle

Daily vaginal cytology was performed over 21 weeks and the per-
centage time spent at stages of the estrous cycle determined as a per-
centage for graphical purposes. There was no impact of any GLY dose
exposure on the length of time spent in proestrus (PE), estrus (E) or

metestrus + diestrus (MDE) combined (Fig. 2).

3.3. Ovarian steroid hormone effect of GLY exposure

The range of E2 (Fig. 3A) and P4 (Fig. 3B) were as expected for the
pro-estrus stage of the estrous cycle in mice (Zenclussen et al., 2014).
There was no observable effect of GLY exposure on E2 or P4 in circu-
lation when compared with CT-treated mice at any dose (Fig. 3).

3.4. Impact of GLY exposure on organ weight

There was no impact of GLY exposure on relative weight of heart
(Fig. 4A), liver (Fig. 4B), spleen (Fig. 4C), kidney (Fig. 4D), or uterus
(Fig. 4E). There was also no impact of doses lower than G2.0 on ovarian
weight, relative to CT (Fig. 4F). Mice who received G2.0 had increased
(P < .05) ovarian weight compared to both CT and all other GLY doses
(Fig. 4F).

3.5. Follicular composition impact of GLY exposure

There was no effect (P > .05) of GLY exposure on the number of
primordial (Fig. 5A), primary (Fig. 5B), secondary (Fig. 5C) or antral
follicles (Fig. 5D). Mice exposed to G2.0 had greater (P < .05) num-
bers of all size follicles, relative to controls (Fig. 5A-D).

3.6. Phosphatidylinositol-3 kinase, DNA repair or steroidogenesis pathway
impacts of GLY exposure

There was no effect of any GLY exposure level on abundance of
ovarian total AKT (Fig. 6A), phosphorylated AKT T308 (pAKT) (Fig. 6B)
or the ratio of pAKT:AKT protein. Exposure to G0.25 increased
(P < .05) phosphorylate ATM protein abundance relative to CT-
treated mice but there was no effect at any other dosage level (Fig. 7A).
There was no effect of GLY exposure on the level of ovarian γH2AX
(Fig. 7B). GLY exposure did not alter STAR (Fig. 8A), HSD3β (Fig. 8B),
CYP11A1 (Fig. 8C), CYP19A1 (Fig. 8D) or ERA (Fig. 8E) protein
abundance. While there were some dose-dependent differences in ERB
within the GLY exposures (Fig. 8F), no GLY exposure treatments dif-
fered from CT-treated mice in ovarian ERB level (Fig. 8).

4. Ovarian global proteome impacts of GLY exposure

LC-MS/MS was performed on ovarian protein homogenates and
bioinformatic comparison between each dose with CT-treated mouse
ovaries performed. There was a dose-dependent effect (P < .1) of GLY
exposure on ovarian protein abundance. (See Fig. 9.)

Exposure to G0.25 increased four and decreased 19 proteins relative
to CT (Supplemental Table 1). Ovaries from mice that received G0.5
had five increased and 25 decreased proteins. (Supplemental Table 5).
G1.0 exposure increased abundance of 65 and decreased seven ovarian
proteins (Supplemental Table 5). There were 145 increased and 2 de-
creased proteins in the G1.5, relative to CT, group (Supplemental
Table 7). Finally, exposure to G2.0 increased 159 and decreased four
ovarian proteins Supplemental Table 9). Interestingly, there were two
proteins that was increased in all GLY dosages - bifunctional glutamate/
proline-tRNA ligase synthetase and presequence protease, mitochon-
drial. Also, protein S100-A10 was increased (P < .05) in all exposure
groups except G0.5.

Pathway analysis of ovarian protein changes was performed using
DAVID. Exposure to G0.25 altered “proteasome”, “fatty acid degrada-
tion”, “fatty acid metabolism” and “valine, leucine and isoleucine de-
gradation” pathways (Supplemental Table 2). “Glutathione metabo-
lism” was altered by G0.5 exposure (Supplemental Table 4). The
pathways altered by G1.0 were “propanoate metabolism”, “TCA cycle”,
“metabolic pathways”, carbon metabolism”, “spliceosome” “oxidative
phosphorylation” and “ribosome” (Supplemental Table 6). Exposure to
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G1.5 affected pathways involved in “carbon metabolism”, “propanoate
metabolism”, “metabolic pathways”, “TCA cycle”, “ribosome”,

“biosynthesis of amino acids” and “valine, leucine and isoleucine de-
gradation” (Supplemental Table 8). The highest G2.0 dose had more
pathways identified: “ribosome”, “carbon metabolism”, pyruvate me-
tabolism”, glycolysis/gluconeogenesis”, “fatty acid degradation”, “va-
line, leucine and isoleucine degradation”, “metabolic pathways”,
“propanoate metabolism”, “spliceosome”, “TCA cycle”, “proteasome”
and “glutathione metabolism” were all identified as GLY targets
(Supplemental Table 10).

5. Discussion

Glyphosate is an herbicide used for weed control since 1974 and
introduction of GLY resistant crops in 1996 has dramatically increased
usage (Duke and Powles, 2008). A dose of GLY of 1 mg/kg/day from
chronic dietary exposure has been deemed safe (Agency, 2017) and a
NOAEL for reproductive toxicity has been identified as 2132 mg/kg/
day (Williams et al., 2000). While many other studies have investigated
dramatically higher GLY exposure levels, the current study sought to
determine ovarian impacts of GLY at an exposure level considered to
elicit no reproductive or developmental effects of 2 mg/kg/day
(Agency, 1993) and lower. Additionally, mice drank a GLY solution
from a pipette tip to simulate oral exposure and the study lasted twenty
weeks to evaluate chronic exposure. Thus, the dose, duration and route
of exposure were low level and chronic. Further, we chose the reduc-
tionist approach and evaluated the effects of GLY and not additional
adjuvants that are used in herbicide formulations.

Lack of overt toxicity and general malaise in the exposed mice was

Fig. 1. Impact of GLY exposure on body weight and feed intake. Female C57Bl/6 mice were exposed to saline vehicle control (CT) or increasing doses of GLY
(0.25 mg/kg (G0.25), 0.5 mg/kg (G0.5), 1 mg/kg (G1.0), 1.5 mg/kg (G1.5) or 2 mg/kg (G2.0)) per os from a pipette tip five days per week for 20 weeks. (A) weekly
body weight and (B) food intake were calculated. Data points represent mean +/− SEM. Asterix or different letters represent difference from CT; P < .05.

Fig. 2. Effect of GLY exposure on percentage time spent at stages of estrous
cycle. Female C57Bl/6 mice were exposed to saline vehicle control (CT) or
increasing doses of GLY (0.25 mg/kg (G0.25), 0.5 mg/kg (G0.5), 1 mg/kg
(G1.0), 1.5 mg/kg (G1.5) or 2 mg/kg (G2.0)) per os from a pipette tip five days
per week for 20 weeks. The percentage time spent at stages of estrous cycle
were calculated: proestrus = PE; estrus = E; metestrus and diestrus = MDE.
Data points represent mean +/− SEM. Statistical analysis performed on raw
data.

Fig. 3. GLY exposure effect on circulating E2 and P4. Female C57Bl/6 mice were exposed to saline vehicle control (CT) or increasing doses of GLY (0.25 mg/kg
(G0.25), 0.5 mg/kg (G0.5), 1 mg/kg (G1.0), 1.5 mg/kg (G1.5) or 2 mg/kg (G2.0)) per os from a pipette tip five days per week for 20 weeks. Circulating E2 and P4 were
measured by ELISA. Data points represent mean +/− SEM. Different letters represent differences between treatments; P < .05.
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Fig. 4. Relative organ weight impacts of GLY exposure. Female C57Bl/6 mice were exposed to saline vehicle control (CT) or increasing doses of GLY (0.25 mg/kg
(G0.25), 0.5 mg/kg (G0.5), 1 mg/kg (G1.0), 1.5 mg/kg (G1.5) or 2 mg/kg (G2.0)) per os from a pipette tip five days per week for 20 weeks. Organ weights were
collected post-euthanasia and normalized to body weight: (A) Heart, (B) Liver, (C) Spleen, (D) Kidney, (E) Uterus and (F) Ovary weight. Data points represent mean
+/− SEM. Different letters represent differences between treatments; P < .05.

Fig. 5. Effect of GLY exposure on ovarian follicle number. Female C57Bl/6 mice were exposed to saline vehicle control (CT) or increasing doses of GLY (0.25 mg/kg
(G0.25), 0.5 mg/kg (G0.5), 1 mg/kg (G1.0), 1.5 mg/kg (G1.5) or 2 mg/kg (G2.0)) per os from a pipette tip five days per week for 20 weeks. Ovaries were sectioned,
stained and follicular stages classified and counted. (A) primordial, (B) primary, (C) secondary, and (D) Antral follicle number are presented. Data points represent
mean +/− SEM. Different letters represent differences between treatments; P < .05.
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demonstrated as none of the GLY exposures reduced body weight re-
lative to controls, however, the intermediary exposure of G1.0 in-
creased body weight. In addition, feed intake was monitored for the last
ten weeks of the study, and while none of the GLY exposures reduced
feed intake, the higher two exposures of G1.5 and G2.0 increased feed
intake. These findings raise the potential that increased body weight at
G1.0, despite no overt increase in feed intake, could represent a de-
crease in metabolic rate. Increased feed intake at G1.5 and G2.0 could
also indicate altered metabolic rate since despite increased feed intake,
it did not translate to increased body weight. Regardless of the apparent
dichotomy of how GLY affects gross system energetics, the potential for
xenobiotic exposures to alter metabolism has previously been docu-
mented (Heindel et al., 2017), presenting an interesting observation
that warrants future investigation.

The potential impact of GLY exposure on the percentage time spent
in stages of the estrous cycle was investigated. Metestrus and diestrus
were combined due to the similarity in vaginal cytology between these
two stages as previously performed in other studies (Hannon et al.,
2016). At completion of the study, the mice were 26 weeks of age, and
it was notable that the length of proestrus and estrus were longer than

would be observed in younger aged mice. This observation in re-
productively aged mice have been previously noted (Hannon et al.,
2016). Exposure to GLY did not alter the time spent at any stage of the
estrous cycle, correlating with findings from safety studies on GLY
(Williams et al., 2000), supporting that exposure at this level would not
translate to an apparent change to the menstrual cycle.

Since GLY has been implicated as an endocrine disruptor in both in
vitro or in vivo studies (De Almeida et al., 2018; Mesnage et al., 2017;
Nardi et al., 2017; Thongprakaisang et al., 2013; Walsh et al., 2000),
circulating E2 and P4 levels were measured. Similar to our findings with
estrous cyclicity, there was no impact of GLY exposure on the level of E2
or P4 in circulation. These findings are in agreement with the safety
evaluation for GLY in which standard endocrinological assessments
determined that GLY should not be considered a disruptor of ovarian-
produced hormones (Williams et al., 2000). Additionally, there was no
impact of GLY exposure at any dosage on abundance of proteins in-
volved in ovarian steroidogenesis (STAR, CYP11A1, HSD3B or
CYP19A). Further, there was no effect of GLY exposure on the estrogen
receptor, ERA and while there were some observable differences be-
tween doses of GLY on ERB, there was no difference from control-
treated mice at any dose of GLY. Taken together, our data do not
support GLY as an ovarian endocrine disruptor.

In agreement with lack of overt toxicity in terms of body weight loss
or reduced feed intake, there was no effect of chronic GLY exposure on
the weight of the heart, liver, spleen, kidney or uterus. There was a
small reduction in relative liver weight due to G1.0, attributable to the
mice in the G1.0 group having increased body weight. Interestingly, the
weight of the ovary was increased in the group exposed to G2.0,
thought these mice were not heavier than the control-treated counter-
parts. Alterations to organ weights in adult rats have been reported
however the GLY dose at which these effects were observed was
500 mg/kg (Tang et al., 2017). Consequently, at human relevant GLY
exposures, we detected little to no overt issues on key organ weights.

Despite lack of an observable effect of GLY exposure on ovarian

Fig. 6. Impact of GLY exposure on ovarian pAKT and AKT protein abundance.
Female C57Bl/6 mice were exposed to saline vehicle control (CT) or increasing
doses of GLY (0.25 mg/kg (G0.25), 0.5 mg/kg (G0.5), 1 mg/kg (G1.0), 1.5 mg/
kg (G1.5) or 2 mg/kg (G2.0)) per os from a pipette tip five days per week for
20 weeks. Ovaries were homogenized and western blotting performed to
quantify protein abundance of (A) AKT, (B) pAKT and (C) pAKT:AKT ratio was
calculated. Data points represent mean +/− SEM.

Fig. 7. Consequence of GLY exposure on ovarian ATM and abundance. Female
C57Bl/6 mice were exposed to saline vehicle control (CT) or increasing doses of
GLY (0.25 mg/kg (G0.25), 0.5 mg/kg (G0.5), 1 mg/kg (G1.0), 1.5 mg/kg (G1.5)
or 2 mg/kg (G2.0)) per os from a pipette tip five days per week for 20 weeks.
Ovaries were homogenized and western blotting performed to quantify protein
abundance of (A) ATM and (B) γH2AX. Data points represent mean +/− SEM.
Different letters represent differences between treatments; P < .05.
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cyclicity or hormone production but considering the increased ovarian
weight of the G2.0-exposed mice, the potential for GLY to alter ovarian
follicular composition was of interest. It is known that chemical ex-
posures can alter numbers of follicles within the ovary (Borgeest et al.,
2002; Flaws et al., 1994; Ganesan et al., 2014; Hannon et al., 2015;
Keating, and C JM, Sen N, Sipes IG, Hoyer PB., 2009; Lim et al., 2013;
Madden et al., 2014) and that fertility outcomes post-xenobiotic ex-
posure are dependent on the follicle pool targeted (Hoyer and Keating,
2014). The number of follicles were classified as primordial, primary,
secondary or antral to determine any effects on specific follicular stages
of development. Interestingly, numbers of all follicle stages were low,
likely reflective of the age of the mice. There was no effect of G0.25-

G1.5, however, the number of all follicle types was increased in the
G2.0 group, which was in line with the increased ovarian weight ob-
served also at this dosage. While difficult to appreciate the reason for
this, it may be that follicular recruitment towards ovulation had stalled.
A study that exposed adult rats to GLY (126 or 315 mg/kg) for 60 days
documented increased follicular atresia and reduced antral follicle
surface area (Hamdaoui et al., 2018), however, this exposure was up to
150-fold higher than is deemed low risk (Agency, 2017). A reduction in
transition of primordial to the primary stage due to exposure to a GBH
formulation has been reported in rats, though it was not clear if this was
due to the gestational or postnatal exposure (Türkmen and Türkmen,
2019).

Fig. 8. Effect of GLY exposure on ovarian steroidogenic proteins. Female C57Bl/6 mice were exposed to saline vehicle control (CT) or increasing doses of GLY
(0.25 mg/kg (G0.25), 0.5 mg/kg (G0.5), 1 mg/kg (G1.0), 1.5 mg/kg (G1.5) or 2 mg/kg (G2.0)) per os from a pipette tip five days per week for 20 weeks. Ovaries were
homogenized and western blotting performed to quantify protein abundance of (A) STAR, (B) CYP11A1, (C) HSD3B, (D) CYP19A, (E) ERa and (F) ERb. Data points
represent mean +/− SEM. Different letters represent differences between treatments; P < .05.

Fig. 9. Ovarian proteomic impact of GLY exposure. Female C57Bl/6 mice were exposed to saline vehicle control (CT) or increasing doses of GLY (0.25 mg/kg
(G0.25), 0.5 mg/kg (G0.5), 1 mg/kg (G1.0), 1.5 mg/kg (G1.5) or 2 mg/kg (G2.0)) per os from a pipette tip five days per week for 20 weeks. Ovaries were
homogenized and LC-MS/MS was performed to detect peptides. Bioinformatic analyses were performed to determine differences in protein abundance due to (A)
G0.25, (B) G0.5, (C) G1.0, (D) G1.5, and (E) G2.0 relative to CT. Pink dots in volcano plots above the horizontal dotted line indicate proteins that differed in
abundance when compared to CT. Dots to the right of the right dotted vertical line are proteins that were increased (P < .05) in abundance and dots to the left of the
most left vertical dotted line indicate proteins that were reduced (P < .05) in abundance (n = 10 ovaries per treatment). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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The phosphatidylinositol-3 kinase (PI3K) pathway plays a key role
in follicular recruitment (Keating, and C JM, Sen N, Sipes IG, Hoyer PB.,
2009; Liu et al., 2006; Reddy et al., 2009; Reddy et al., 2005), oocyte
viability (Brown et al., 2010) and ovarian steroidogenesis (Chen et al.,
2007; Fukuda et al., 2009; Zeleznik et al., 2003). Also, chemical ex-
posures can target PI3K signaling to impart ovarian toxicity (Fernandez
et al., 2008; Hannon et al., 2014; Keating, and C JM, Sen N, Sipes IG,
Hoyer PB., 2009; Sobinoff et al., 2011; Sobinoff et al., 2012). The proxy
for PI3K activation is AKT (Datta et al., 1999), thus, the abundance total
and phosphorylated AKT were assessed in ovarian homogenates. There
was no impact of GLY exposure at any dosage on total or phosphory-
lated AKT, nor was the ratio of pAKT:AKT altered in any way. Thus,
despite higher follicle numbers at G2.0, a mechanistic role for PI3K
signaling is not supported.

A genotoxic potential for GLY has been recently suggested by ob-
servations of DNA damage in other tissue (Santovito et al., 2018;
Suarez-Larios et al., 2017; De Almeida et al., 2018; Milic et al., 2018;
Wozniak et al., 2018; Hong et al., 2018; Milic et al., 2018; Avdatek
et al., 2018; Anifandis et al., 2018). Ataxia mutated telangiectasia
(ATM) is a serine/threonine kinase that phosphorylates histone 2AX
(γH2AX) within seconds in a 1:1 ratio with the DNA break (Svetlova
et al., 2010) and this event is critical for DNA double strand break re-
pair (Burma et al., 2001; Paull et al., 2000; Rogakou et al., 1998). Ex-
posure of mice to G0.25 increased ATM abundance but there was no
impact of any higher GLY doses. There was also no effect of GLY ex-
posure at any dose on ovarian abundance of γH2AX, indicating lack of
an ovarian response to double-stranded DNA breaks, discounting GLY
as a genotoxicant at the investigated GLY level of exposure.

Finally, LC-MS/MS was used as an unbiased non-targeted approach
to determine if GLY affected ovarian protein abundance. Interestingly,
there was a dose-dependent impact of GLY exposure on the ovarian
proteome. At G0.25 and G0.5, most proteins affected were reduced in
abundance, relative to the control-treated mouse ovaries. In the G1.0,
G1.5 and G2.0, the majority of proteins that differed from control-
treated shifted towards being increased in abundance. Three proteins of
interest emerged from this analysis: bifunctional glutamate/proline-
tRNA ligase synthetase and presequence protease, mitochondrial were
increased at all GLY dosages. In addition, protein S100-A10 was in-
creased in all exposure groups except G0.5. Some deficiencies with this
approach are use of total ovarian homogenates and that post-transla-
tional modification are not identified, however, protein that are altered
in the ovary due to GLY exposure were identified.

Bifunctional glutamate/proline-tRNA ligase synthetase (EPRS) has a
role in translational silencing (Sampath et al., 2004) but little to no
information on an ovarian role is available. Interestingly, EPRS is as-
sociated with tumorigenesis (Fahrmann et al., 2016) and is increased in
estrogen-responsive breast cancer cells (Katsyv et al., 2016), thus there
could be a function for EPRS in modulating the ovarian response to
mutagenic compounds. Ovarian EPRS was increased in a dose-depen-
dent manner relative to control-treated mice at all GLY doses tested.

The annexin A2 protein binding partner S100A10 (Grindheim et al.,
2017) is implicated in cancer progression (Huang et al., 2017) including
serous ovarian cancer (Lokman et al., 2019). Interestingly, increased
S100a10 transcript abundance is associated with oocyte growth in a
bovine model (Ghanem et al., 2007). The S100A10 protein was in-
creased relative to control-treated mice at all doses of GLY in a dose-
dependent manner, and potentially could contribute to altered follicu-
logenesis observed at the G2.0 exposure.

Presequence protease, mitochondrial (PITRM1) was increased in a
dose-dependent manner due to GLY exposure at all five dosages.
Located in the mitochondrial matrix, PITRM1 is involved in limb de-
velopment (Town et al., 2009). Loss of PITRM1 function is associated
with a number of disease states for which mitochondrial insufficiency is
involved (Brunetti et al., 2016; Langer et al., 2018; Yoshida et al.,
2009). There is no information on the role of ovarian PITRM1, however,
a potential role in ovarian development and an importance in the

female germ cell cannot be discounted.
Some commonalities in pathways affected emerged in the GLY-ex-

posed groups. There were effects on nutrient metabolism and de-
gradation as indicated by changes in proteins involved in fatty acid
degradation, fatty acid metabolism, valine, leucine and isoleucine de-
gradation, propanoate metabolism, TCA cycle, metabolic pathways,
carbon metabolism, biosynthesis of amino acids, and glycolysis/gluco-
neogenesis. Alterations to ovarian energetics have been described to
occur during follicular growth (Cinco et al., 2016). In addition, proteins
involved in mitochondrial function and glutathione (GSH) metabolism
were identified to be altered in abundance by GLY exposure.

GLY has been suggested to cause mitochondrial dysfunction in other
models and non-ovarian tissues (Bailey et al., 2018; Burchfield et al.,
2018; Lopes et al., 2018; Pereira et al., 2018; Bonvallot et al., 2018). In
the male reproductive tract, GBH formulations caused mitochondrial
dysfunction in a mouse Sertoli cell line where reduced SDH activity was
demonstrated and reduced total GST activity was demonstrated
(Vanlaeys et al., 2018). In human sperm, GLY exposure ex vivo caused a
reduction in mitochondrial viability in the midpiece of spermatozoa
which was associated with reduced motility (Anifandis et al., 2017).
Mitochondria from the oocyte are critically important organelles, not
only because of their function but also due to their uniparental trans-
mission from the maternal lineage. Declining mitochondrial number
and function are associated with oocyte aging (May-Panloup et al.,
2016). Since ovarian aging is not concurrent with systemic aging, any
factor that hastens ovarian aging can have long-term detrimental effects
on women's health.

Ovarian GSH metabolism was identified as being affected by GLY
exposure. It is recognized that GSH has many cellular roles, but of
particular interest is that GSH conjugation to chemicals represents
predominantly a detoxification reaction (Awasthi et al., 2009;
Bhattacharya and Keating, 2012; Cole and Deeley, 2006; Cortes-
Wanstreet et al., 2009; Hayes and Pulford, 1995). Further, the enzymes
that catalyze conjugation of GSH to chemicals, glutathione-S trans-
ferases, play additional roles in modulating apoptosis (Adler et al.,
1999; Bhattacharya and Keating, 2012; Bhattacharya et al., 2013; Cho
et al., 2001; Keating et al., 2010). Increases in GSTA4 and GSTK1 were
identified at higher GLY exposures, while GSTP and GSTM were de-
creased by lower GLY exposures. Glutathione peroxidase 1 (GPX1) was
decreased in abundance by G2.0, G1.0 and G0.5, respectively. Also,
superoxide dismutase (SOD1) was decreased by G0.5. The antioxidant
peredoxin 6 (PRDX6) was increased by G1.5, and interestingly has been
demonstrated to be important in protecting sperm from DNA damage
and oxidative stress (Fernandez and O'Flaherty, 2018; O'Flaherty, 2018)
supporting a role for PRDX8 in germ cells. Oxidative stress contributes
to ovarian aging (Lim and Luderer, 2010) and reduces fecundity (Ozer
et al., 2016; Papalou et al., 2016). Chemical exposures including
chromium (Banu et al., 2016), cigarette smoke (Camlin et al., 2016;
Siddique et al., 2014; Tsai-Turton and Luderer, 2006), phthalates
(Wang et al., 2012a; Wang et al., 2012b), bisphenol A (Berger et al.,
2016), and methoxychlor (Gupta et al., 2006) induce ovarian ROS
generation as a mode of toxicity.

Taken together, this study has determined lack of any effect of
chronic GLY exposure at dosages relevant to human exposure (Agency,
2017) on liver, heart, spleen, kidney or uterine weight, AKT or γH2AX
protein abundance, or the ovarian level of steroidogenic proteins. Nor
was there any impact of GLY on estrous cyclicity and circulating E2 or
P4. There were dose specific effects on feed intake (G1.5 and G2.0 in-
creased feed intake) and body weight (increased by G1.0). There was
also an increase in follicle number and ovarian weight by G2.0 but no
effects at lower exposures. A moderate reduction in ATM protein was
observed at the G0.25 dose but this was not sustained into higher do-
sages. Use of a global non-targeted proteomics technique revealed al-
terations to proteins involved in energetics, oxidative stress and mi-
tochondrial function. Some of these observations may be primary
targets of GLY and others could be at least partly attributable to altered
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feed intake (G1.5 and G2.0), altered body weight (G1.0) and altered
ovarian composition (G2.0). Whether these protein changes translate to
alterations in protein function within the ovary remains unclear and the
findings reflect a single snap-shot in time within the ovary. Examination
of timepoints post-exposure would be valuable in understanding long-
term outcomes of GLY exposure. These findings pave the way for future
studies understanding how low-level chronic chemical exposures can
alter ovarian protein abundance.
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