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Abstract

Gestational diabetes mellitus (GDM) is an obstetric disorder affecting approximately 10% of
pregnancies. The four high-fat, high-sucrose (HFHS) mouse model emulates GDM in lean women.
Dams are fed a HFHS diet 1 week prior to mating and throughout gestation resulting in inadequate
insulin response to glucose in mid-late pregnancy. The offspring of HFHS dams have increased
adiposity, thus, we hypothesized that maternal metabolic alterations during lean GDM would
compromise ovarian function in offspring both basally and in response to a control or HFHS diet
in adulthood. Briefly, D_ P, were lean dams and control diet pups; D| P4 were lean dams and HFHS
pups; DyP_ were HFHS dams and control diet pups; and DyPy were HFHS dams and HFHS pups.
A HFHS challenge in the absence of maternal GDM (D_P_ vs. D Py) increased 3 and decreased
30 ovarian proteins. Maternal GDM in the absence of a dietary stress (D P, vs. DyP,) increased
abundance of 4 proteins and decreased abundance of 85 proteins in the offspring ovary. Finally,
87 proteins increased, and 4 proteins decreased in offspring ovaries due to dietary challenge and
exposure to maternal GDM in utero (D P, vs. D4Py). Canopy FGF signaling regulator 2, deleted in
azoospermia-associated protein 1, septin 7, and serine/arginine-rich splicing factor 2 were altered
across multiple offspring groups. Together, these findings suggest a possible impact on fertility
and oocyte quality in relation to GDM exposure in utero as well as in response to a western diet in
later life.

Summary Sentence

Altered abundance of ovarian proteins in offspring who experienced maternal GDM highlights the
potential long-term effects of metabolic changes on ovarian function.
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Introduction

The ovary produces the female gamete, the oocyte, and primary sex
hormones 178-estradiol (E;), and progesterone (P4). Oocytes arise
from primordial germ cells in utero and remain encased in primitive
follicular structures and arrested at the diplotene stage of meiosis,
or they degenerate through programmed cell death termed atresia
[1]. Through the natural progression of time or due to factors that
may expedite the process, the pool of ovarian oocytes ultimately
becomes depleted and ovarian senescence occurs in women [1].
Ovarian failure preceding age 40 is characterized as primary ovar-
ian insufficiency (POI) [2], which may be attributable to genetics,
autoimmune disorders, iatrogenesis, surgical, or unknown etiology,
and affects approximately 1% of women [3].

In recent years, globally there has been an expeditious rise in
obesity rates in both adults and children, predisposing them for
health problems including diabetes [4], cardiovascular disease [5],
cancer [6], and reproductive decline [7]. In the overweight or obese
female, reproductive complications include POI [8], polycystic ovary
syndrome (PCOS) [9], poor oocyte quality [10], decreased fecun-
dity [11], gestational diabetes mellitus (GDM) [12], and offspring
congenital abnormalities [13]. Changes in central metabolism neg-
atively affect the ovary, with insulin responsive pathways such as
the phosphatidylinositol 3-kinase (PI3K) pathway being upregulated
during obesity [14], reduced follicle number [15], altered steroid
hormone biosynthesis [16], and inflammation [15]. Additionally,
basal ovarian DNA damage and a blunted ovarian response to
genotoxicants occurs in obese mice [16-19]. Offspring exposed to
maternal obesity have increased risk of neural tube defects [20],
glucose intolerance [21], altered neurobehavior [22], intrauterine
growth restriction (IUGR) [23], and increased circulating cholesterol
and body fat [24]. The reproductive outcomes on female offspring
exposed to maternal obesity in utero include a decrease in the ovarian
follicular reserve [25, 26], decreases in ovarian vascularity [27], and
disturbances in the estrous cycle in a rodent model [28].

In association to the rise of obesity in reproductive age women,
the prevalence of GDM is also increasing. Defined as glucose intol-
erance during pregnancy, GDM may affect up to 20% of pregnan-
cies, dependent on population demographics [29], screening and
diagnostic criteria [29], and pregestational maternal lifestyle factors
[30]. Insulin sensitivity naturally decreases during pregnancy for
all women [31], but overweight and obese women have higher
risk of developing GDM than their lean counterparts [12, 32], and
lean women with GDM have reduced or delayed first-phase insulin
response to glucose [31]. Immediate health concerns are posed by
GDM, and although GDM normally resolves postpartum, long-
term maternal health effects include a 60% higher risk of acquiring
type 2 diabetes [33, 34]. Fetal and neonatal complications include
macrosomia [35], hypoglycemia [36], respiratory distress [36], future
obesity [37], and predisposition for type 2 diabetes [38].

When considering our recent findings that progressive obesity
alters a variety of ovarian intracellular signaling pathways that could
compromise fertility and offspring health [14, 15,17, 19, 39,40], we
hypothesized that similar alterations would result from exposure of
the developing ovary to metabolic alterations in utero. A lean GDM
model has been developed using acute, high-fat feeding 1 week prior
to conception and throughout gestation, thereby separating effects of
preconceptional obesity from maternal gestational metabolic alter-
ations on the offspring [41]. We utilized ovaries from offspring who
experienced GDM in utero and also assessed whether a dietary stress
in adulthood would affect the ovarian response to such an insult.

Materials and methods

Animal procedures and tissue collection

Ovarian tissue utilized in this study was obtained as part of a
larger study [42]. Briefly, gestational diabetes was induced in female
C57B16/] mice (n = 14) by feeding a high-fat, high-sucrose (HFHS;
45% kcal/fat (lard and soybean oil) and 17% kcal/sucrose) diet
(D12451, Research Diets, Inc.) 1 week prior to mating and for the
duration of gestation, for a total of 4 weeks as described [41, 42].
Control female C57B16/] mice (Jackson Laboratories; 7 = 20) were
fed a chow breeder diet (17% kcal/fat (lard) and 2.4% kcal/sucrose;
LabDiet 5008, Purina) throughout the duration of the study. Both
groups of females were mated to C57B16/] sires. Female offspring
from each litter (control—n = 30; GDM— = 16) were maintained
on the chow breeder diet, until 23 weeks of age, at which point 1-
2 females from each litter was fed the HFHS diet until 31 weeks
of age, at which time both groups of offspring were humanely
sacrificed. Mice were not at the same stage of the estrous cycle at
euthanasia. Ovaries were collected from adult females and one ovary
was snap frozen in liquid nitrogen before storage at —80 °C. The
contralateral ovary was fixed in 4% paraformaldehyde and stored
in 70% ethanol prior to histological processing. Ovaries utilized
for frozen tissue sections were collected from 10-week-old female
C57B16/] mice during the proestrus stage of the estrous cycle and
fixed in 4% paraformaldehyde overnight at 4 °C. For cryoprotection,
fixed ovaries were passed in 10% sucrose/PBS solution for 1-3 h at
room temperature followed by 30% sucrose/PBS solution at 4 °C
overnight prior to embedding in OCT medium (Fisher Healthcare).
All animal procedures were approved by the University of Missouri
or the Iowa State University Institutional Animal Care and Use
Committee and handled according to National Institutes of Health
Guide for Care and Use of Laboratory Animals.

Histology and follicle counting

Fixed ovaries were paraffin embedded and serially sectioned
(n = 4/treatment) at 5§ pm, with every sixth section mounted onto
glass slides and stained with hematoxylin and eosin. Healthy follicles
containing oocytes with a distinct oocyte nucleus were counted
and classified as follows: primordial follicles were identified by an
oocyte surrounded by a single layer of squamous granulosa cells;
primary follicles contained the oocyte surrounded by a single layer
of cuboidal granulosa cells; and secondary follicles contained an
oocyte surrounded by multiple layers of granulosa cells. Slide identity
was blinded to prevent counting bias. Follicle counts performed on
a Nikon Optiphot using a 5x or 20x objective, and bright field
images captured on an inverted DMI3000B microscope (Leica) and
QICAM MicroPublisher 5.0 (MP5.0-RTV-CLR-10, QIMAGING)
camera using QCapture software at a 5x objective. Total follicles
counted per ovary were compared between treatments.

Protein isolation, LC-MS/MS, and proteome analysis

Total ovarian protein was isolated (n = 3/treatment) in lysis buffer
(50 mM Tris-HCL, 1 mM EDTA, pH 8.5), homogenized, and cen-
trifuged at 10 000 rpm at 4 °C for 15 min. Supernatant was collected,
and protein content was quantified using bicinchoninic acid assay
(BCA; Pierce BCA Protein Assay Kit, Thermofisher). A working
protein dilution of 50 pg/pL was prepared with lysis buffer. For
liquid chromatography—tandem mass spectrometry (LC-MS/MS)
analysis, total protein (50 pg/pL) was digested with trypsin/Lys-C
for 16 h, dried down, and reconstituted in buffer A (47.5 pL, 0.1%
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formic acid/water), and Peptide Retention Time Calibration (PRTC)
mixture was utilized as a standard (25 fmol/pL) and was spiked
into each sample to serve as an internal control. Protein (10 pg)
and PRTC (250 fmol) were injected onto a liquid chromatography
column (Agilent Zorbax SB-C18,0.5 mm x 150 mm, 5 micron) using
an Agilent 1260 Infinity Capillary Pump. Peptides were separated
by liquid chromatography and analyzed using a Q Exactive Hybrid
Quadrupole-Orbitrap Mass Spectrometer with a higher energy col-
lisional dissociation fragmentation cell. The resulting intact and
fragmentation pattern was compared to a theoretical fragmentation
pattern (from either MASCOT or Sequest HT) to identify peptides.
The relative abundance of the identified proteins was based on
the areas of the top three unique peptides for each sample. 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 [43, 44] 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
imputation was performed using a singular value decomposition
method. Filtering, based on interquartile range, was performed to
remove values 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 #-test.
Differences between groups were assessed by the Mann-Whitney
rank sum test. All P-values were two sided. To adjust for multiple
comparisons, Bonferroni correction was applied and only P-values
less than 0.1 were considered as statistically significant. The principal
component analysis was performed using the prcomp package and
pairwise score plots providing an overview of the various separation
patterns among the most significant components were accessed. The
partial least squares (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
UniProt protein identifiers that were up/down regulated were used to
retrieve the corresponding KEGG identifiers using the “Retrieve/ID
mapping” tool of UniProt (accessible at https://www.uniprot.org/
uploadlists/). KEGG identifiers were then used to retrieve biological
pathway association of the proteins.

Gene ontology analysis

Gene ontology (GO) analysis was performed using PANTHER ver-
sion 14.1 (http://www.pantherdb.org). Proteins identified in the con-
trol and experimental samples were compared to the Mus musculus
reference list for a statistical overrepresentation test to highlight
categories in biological process, molecular function, and cellular
components with significant fold enrichment in our samples. The
Fisher exact test with false discovery rate (FDR) correction was used
with P < 0.05 considered as a statistically significant difference.

Immunofluorescence staining

Slides were deparaffinized in Citrisolv and rehydrated in subsequent
washes of ethanol (100, 95, and 75%), followed by one wash in
ddH;O. Heat-mediated antigen retrieval was performed using citrate
buffer (10 mM citric acid, 0.5% Tween20, pH 6.0) in a microwave
for 22 min. Tissue sections on histology slides were encircled with a
histology pap pen to keep liquid concentrated on the tissue during
processing, followed by the application of blocking solution (0.1 M
PBS/0.4% BSA/0.2% Tween20/2.5% goat serum) to the slides for
1 h at room temperature. In addition, frozen tissue from 10-week-

old female C57B16/] mice was utilized to determine localization of
canopy FGF signaling regulator 2 (CNPY2), deleted in azoospermia-
associated protein 1 (DAZAP1), pre-mRNA serine/arginine rich
splicing factor 2 (SRSF2), and septin 7 (SEPT7). Briefly, frozen slides
were thawed on a 37 °C slide warmer for 5 min, tissue encircled
with a histology pap pen, and rehydrated in phosphate buffered
saline with 0.1% Tween20 (PBSTw) for 20 min at room temperature
before addition of blocking solution (described above). Primary
antibodies for CNPY2, DAZAP1, SRSF2, SEPT7, phosphorylated
histone 2AX (yH2AX), and cleaved caspase-3 (CASP3; dilutions
listed in Supplementary Table 1) were added into fresh blocking
solution, applied to tissue sections, and allowed to incubate in a
humidified box at 4 °C overnight. Slides were washed (3 x 10 min) in
PBSTw. Secondary antibodies (Supplementary Table 1) were added
into fresh blocking solution and incubated at room temperature for
60 min, followed by washes (3 x 10 min) in PBSTw. Slides were
allowed to air dry, counterstained and mounted with 4-6-diamidino-
2-phenyllindole (DAPI), and stored at 4 °C until image capture. Neg-
ative technical controls to confirm specificity were performed using
secondary antibodies alone (Supplementary Figure 4). Images were
captured on a Zeiss LSM700 confocal microscope equipped with
an AxioCam MRcS using a 20x objective lens. For yH2AX (n = 4
ovaries per treatment; three sections per ovary; sections selected
randomly) and cleaved CASP3 (n = 4 ovaries per treatment; three
sections per ovary; sections selected randomly), immunopositive cells
were manually counted in the granulosa cells and/or oocytes of
primary, secondary, and antral follicles using the cell counter module
of Image] (https://imagej.nih.gov/ij/plugins/cell-counter.html).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7.0 one-
way analysis of variance (One-way ANOVA) function with multiple
comparisons. Each treatment mean value was compared to the con-
trol (DL Py ) mean value using Dunnett’s correction with significance
level set at P < 0.05.

Results

GDM exposure in utero and subsequent dietary
challenge decreased healthy follicle number

The impact of GDM exposure in utero and/or dietary stressor
later in life on healthy follicle numbers was determined (Figure 1).
There was no difference in primordial follicle number between
treatment groups (D Py; DyPr; and DyPy) relative to Dy Py con-
trol (P = 0.1361; Figure 1A). Dietary stress in adulthood in the
Dy Py mice did not impact primordial, primary, or secondary follicle
number (Figure 1A-C). GDM exposure in utero also did not affect
primordial, primary, or secondary follicle number (Figure 1A-C).
The combination of GDM in utero with dietary stress in adulthood
in the DyPy mice numerically reduced primordial follicle number
(Figure 1A) and decreased (P < 0.05) the number of primary and
secondary follicles (Figure 1B and C).

Impact of in utero exposure to GDM on DNA damage
in the ovary

To determine if offspring from GDM mothers had increased ovarian
DNA damage, tissue sections were immunologically stained for
yH2AX and positive foci were quantified. The number of ovarian
cells (granulosa cells and/or oocytes) that contained positive y H2AX
foci in the primary, secondary, or antral follicles were not different
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Figure 1. Effect of GDM and/or HFHS diet on ovarian follicle number. Follicles were classified as (A) primordial; (B) primary; and (C) secondary and counted. Bars
represent mean counted follicle number + SEM. Significant difference from D P, control is indicated by the x symbol at = P < 0.05. Representative hematoxylin
and eosin stained ovarian sections from (D) D_P; (E) D_ Py; (F) DyP.; and (G) Dy Py are presented; scale bar = 200 pm.
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Figure 2. Effect of GDM and/or dietary stress on ovarian yH2AX. A primary antibody directed against yH2AX was used to determine ovarian localization in (A)
D P.; (B) DyPy; (C) D_Py; and (D) DyPy mice. (E) Secondary antibody only control. Red punctate staining indicates y H2AX while cellular DNA is stained in blue;
scale bar =50 pym. Arrows indicate yH2AX-positive staining in the granulosa cells of secondary follicles. (F) The bars represent mean number of positive yH2AX

foci = SEM; n = 4 ovaries per treatment; three sections per ovary.

between treatment groups (D Pr: 30.1 &+ 13.5; Dy Py: 5.5 £ 3.6;
DyPr: 48.3 £ 20.5; DyPy: 9.8 £ 5.7; Figure 2A-F).

Impact of in utero exposure to GDM on apoptosis in
the ovary

In order to assess levels of apoptosis in the ovary, immunofluores-
cence staining was performed to quantify the level of cleaved CASP3.
There was no impact of GDM exposure in utero or dietary stress on
any treatment group in the level of cleaved CASP3 that was detected
in the granulosa cells or oocytes of primary, secondary, or antral

follicles (D Pp: 8.8 & 2.1; Dy Py: 12 4 2.2; Dy P: 10.3 & 3; DyPy:
13 £ 7.6; Figure 3A-F).

In utero exposure to lean GDM alters the offspring
ovarian proteome

There were 504 ovarian proteins identified in the DyPL offspring
who experienced GDM in utero but did not receive the high-fat diet
in adulthood. Relative to the Dy Py offspring ovaries, 85 proteins
were reduced and 4 were increased in abundance in the ovaries
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Figure 3. Effect of GDM and/or dietary stress on ovarian cleaved CASP3. A primary antibody directed against cleaved CASP3 was used to determine ovarian
localization in (A) D_Py; (B) DyPy; (C) D_Py; and (D) DyPy mice. (E) Secondary antibody only control. Green staining indicates cleaved CASP3 while cellular DNA
is stained in blue; scale bar = 50 ym. Arrows indicate cleaved CASP3-positive staining in the granulosa cells of secondary follicles. (F) The bars represent mean
number of positive CASP3 foci + SEM; n =4 ovaries per treatment; three sections per ovary.

of DyPr mice (log2foldchange > 1 and P-value <0.1; Figure 4A;
Supplementary Table 2).

A high-fat diet affects the ovarian proteome in adult
mice

A total of 470 ovarian proteins were identified in the DyPy
mice. Relative to the Dy Py offspring ovaries, 30 proteins were
decreased and 3 proteins were increased in the ovaries of Dy Py
(log2foldchange > 1 and P-value <0.1; Figure 4B; Supplementary
Table 3).

Additive effect of dietary stress in later life on the
proteome of offspring exposed to lean GDM in utero
In the Dy Py ovaries, 481 total proteins were identified. When com-
pared to the D P mice, 4 proteins were increased and 87 proteins
were decreased, indicating the combined effects of GDM exposure
in utero with an HFD stress in adulthood (log2foldchange > 1
and P-value <0.1; Figure 4C; Supplementary Table 4). Furthermore,
comparison of the ovarian proteome of the DyPy with the Dy Py
mice revealed the additive effects of in utero GDM since both of
these groups experienced the dietary stressor in adulthood, and
five proteins were increased and three proteins were decreased
(log2foldchange > 1 and P-value < 0.1; Supplementary Table 5).
Of these differentially expressed proteins, 8, 49, and 52 pro-
teins were identified that were unique to Dy Py, DyPy, and DyPy,
respectively. In addition, 20 proteins were shared between the groups
exposed to GDM in utero, 5 proteins were shared between the groups

exposed to the HFD, and 14 proteins were shared between all the
treatment groups (Figure 5).

Overrepresented GO analysis of maternal GDM exposure in the
absence or presence of dietary stress in adulthood.

Proteins identified as being different from the Dy Py mice
(log2foldchange > 1 and P-value <0.1) in each treatment group
(DyPyy—n = 33; DyPL—n = 89; and DyPy— = 91) were assigned
to biological process, molecular function, and cellular component
using PANTHER GO analysis (Fisher exact with FDR multiple
test correction; P < 0.05). For biological process, several of the
GO categories that showed substantial enrichment in the DyPy
ovaries relative to controls were associated with a catabolic or
metabolic process (Supplementary Figure 1A). There was a 43-fold
enrichment of proteins in the Dy Py ovaries involved in the hydrogen
peroxide catabolic process, including the proteins catalase (CAT),
apolipoprotein A-IV (APOA4), and peroxiredoxin-5, mitochondrial
(PRDXS3). Proteins from DyPy were enriched in categories related
to protein complex disassembly, depolymerization, and regulation
of actin filament activity (Supplementary Figure 1B). Actin cross-
link formation had the highest fold enrichment in the GDM-only
offspring, with proteins such as filamin-A (FLNA) and myristoylated
alanine-rich C-kinase substrate (MARCKS) included in the cluster.
There were no significant categories assigned in the HFHS diet—alone
offspring.

Concerning molecular function, proteins from GDM-exposed
and HFHS-fed offspring (DyPy) ovaries, and GO categories
that were enriched mainly involved enzymatic activity or binding
(Supplementary Figure 2A). Transaminase activity included protein-
glutamine gamma glutamyltransferase 2 (TGM2) and aspartate
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Figure 4. Volcano plots indicating the proteins detected by LC-MS/MS analysis and differing from the D | P | group. (A) D_Py; (B) DyP.; and (C) DyPy. The dotted
horizontal line shows where P =0.1, with points above the line having P < 0.1 and points below having P > 0.1. The dotted vertical lines indicate a log2foldchange
of <+1.0. Pink dots indicate proteins identified that are increased or decreased relative to D| P_ ovaries; gray dots indicate proteins that did not meet selected
thresholds.
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Figure 5. Proteins that are in common or unique between treatments. The Venn
diagram presents the number of ovarian proteins identified as being unique
to treatment or altered in common by treatment, relative to the D_P_ group.
The number in gray circle indicates the number of proteins identified in the
D Py group as being different from the D_P_ group; the blue circle indicates
the number of proteins identified in the D4P_ group as being different from
the D P_ group; and the pink circle indicates the number of proteins in the
DyPy group that differ from the D_P| group. Overlapping areas of the circles
illustrate the number of proteins that were altered relative to the D P_ group
by two or more groups.

aminotransferase, mitochondrial (GOT2). Ovaries from females
exposed to GDM in utero without a HFHS challenge (DygPr) had
more binding categories assigned, with the protein kinase C binding
category having a 20-fold enrichment (Supplementary Figure 2B).
Proteins identified in this category included SRSF2, FLNA, and
MARCKS. Similar to the GDM-only group (DyPy ), the HFHS-only
group (D Py) had all identified GO terms associated with binding
(Supplementary Figure 2C). Pre-mRNA binding was enriched 61-
fold in this group, with SRSF2, polypyrimidine tract-binding protein
(PTBP1), and the splicing factor U2AF 65 kda subunit (U2AF2)
protein identified in this cluster.

GO terms assigned to cellular component included those involved
in cell junctions and various cell complexes. Fascia adherens were
enriched 56-fold in the DyPy ovaries, with proteins such as vin-
culin (VCL), alpha-actinin-1 (ACTN1), and spectrin alpha chain,
nonerythrocytic 1 (SPTAN1) identified (Supplementary Figure 3A).
The interchromatin granule cluster was enriched greater than 100-
fold, including the proteins SRSF2 and cleavage and polyadenyla-
tion specificity factor subunit 6 (CPSF6) (Supplementary Figure 3B).
There were substantially less categories identified in the DiPy
group. The cytoplasm cluster had the highest enrichment only being
enriched by 1.75-fold, containing proteins such as SRSF2, PTBP1,
and tubulin-specific chaperone A (TBCA).

Ovarian localization of CNPY2, DAZAP1, SRSF2, and
SEPT7

In order to establish the ovarian localization of selected proteins
identified to be of interest from the LC-MS/MS analysis, but for
whom the ovarian location is unknown, immunofluorescence stain-
ing was performed on ovarian sections from adult C57B16/] mice.
From the LC-MS/MS analysis, CNPY2 had a log2foldchange of
—1.65, —1.72, and —2.18 in groups Dy Py, DyPr, and DyPy,
respectively. Positive immunofluorescence staining for the CNPY2
protein was observed in the theca and granulosa cells, and the

Figure 6. Localization of ovarian proteins by immunofluorescence staining. (A)
CNPY2 (20x-1x zoom); (B) DAZAP1(20x-1x zoom); (C) SRSF2 (20x-1x
zoom); and (D) SEPT7 (20x-0.5x zoom) proteins were localized in the adult
mouse ovary. Green staining indicates the protein of interest, while cellular
DNA is stained in blue. Solid arrow indicates theca cells; double-tailed arrow
indicates granulosa cells; dotted tail arrow indicates the pericytoplasm
region of the oocyte; star indicates oocyte; scale bar = 50 um.

pericytoplasmic region of the oocyte in primary, secondary, and
antral follicle stages (Figure 6A).

DAZAP1 had a —2.43 log2foldchange and —5.13 log2foldchange
in the DyPy and DyPy groups, respectively, in the LC-MS/MS
analysis but was not altered in the D Py ovaries, suggesting an
impact of GDM exposure in utero, and further amplification by
dietary stress on ovarian DAZAP1 abundance. Immunological
staining for DAZAP1 demonstrated positive staining in the oocyte
nucleus, granulosa cells and luteal cells (Figure 6B).

In contrast to the previous proteins selected from our data set,
SRSF2 was identified by LC-MS/MS analysis as being increased in
groups Dy Py, DyPr, and DyPy with log2foldchange of 1.70, 1.91,
and 1.42, respectively, relative to the Dy Py ovaries. SRSF2 protein
was determined by immunofluorescence staining to be localized
to the oocyte pericytoplasmic region and nucleus in preovulatory
follicles (Figure 6C).

SEPT7 was noted from the LC-MS/MS analysis to be decreased
in the Dy Py, DyPr, and Dy Py ovaries by —1.04, —1.43, and —1.07
log2foldchange, respectively. Positive immunofluorescence staining
for SEPT7 was observed in the oocyte, granulosa, and theca cells of
primary, secondary, and antral follicles (Figure 6D).

Discussion

The reproductive phenotypic impacts of obesity and insulin resis-
tance have been well characterized, yet the percentage of the popula-
tion at risk continues to increase [45]. In parallel with rising obesity
rates, the number of women acquiring GDM is also increasing [46].
One of the major risk factors for GDM development is pregestational
obesity and/or insulin resistance, although interestingly around a
third of cases occur in lean women [47].
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While the underlying etiology of GDM remains unknown, several
experimental animal models have been developed that effectively
mimic the most common GDM features. Partial pancreatectomy in
postpubertal rodents results in a mild type 1 diabetes phenotype via
the reduction of B-cell numbers, but limitations include the latency
for diabetic symptoms to appear [48]. Administration of alloxan and
streptozotocin (STZ) impairs and destroys pancreatic g cells, leading
to hyperglycemia and insulin insufficiency [49-51]. Nicotinamide
(NA) injection prior to STZ administration protects the pancreas
from severe damage and leads to a lower number of fetal malfor-
mations [52-54]. Mouse models of GDM are also available via gene
knockout or transgenic overexpression, but although effective at
emulating GDM, many of these genetic models have more severe
phenotypes than typically observed in human cases of GDM, and
the genetic changes may be passed on to offspring. A commonly
used GDM mouse model are females who are heterozygous for a
mutation in the leptin receptor (ObR; Db*), who have reduced
glucose homeostasis in the nonpregnant state, but spontaneously
develop hyperphagic feeding, increased adiposity, insulin resistance,
and glucose intolerance during pregnancy [55], although conflicting
results have been noted in other studies [56-58].

Another approach for inducing GDM is via dietary manipulation.
Dams consuming a high-fat diet to induce obesity and insulin resis-
tance prepregnancy have a GDM phenotype during pregnancy [59-
63]. The maternal model utilized in our study is also diet induced and
includes a high-fat and high-sugar diet, which is comparable to the
diet of the human population, but obesity is absent prior to gestation.
With this method, we are able to elucidate the mechanisms behind
GDM without the additive effects of obesity. These females exhibit
susceptibility to glucose intolerance later in life when challenged
with the same diet but in the absence of increased body mass
[41]. An obvious drawback with using this model is that there is a
confounding effect of differing dietary composition, and the HFHS
mice in this study received an additional fat source to the controls
in the form of sunflower oil. Future studies aimed at assessing any
additive impacts of differing fat source on the ovarian endpoints
measured are possible in the future, though it is far more plausible
that it is the increased adiposity in this model that contributes to the
ovarian effects reported herein.

The ramifications of GDM and the health of the offspring also
need consideration. In addition to risk of stillbirth, babies born to
mothers who experience diabetes during pregnancy have higher rates
of macrosomia [35], hypoglycemia [36], respiratory distress [36],
future obesity [37], and like the mother, a predisposition for type
2 diabetes later in life [38]. Offspring that were exposed to our
model of GDM in utero and later on challenged with the HFHS
diet had increased body weight, higher body fat percentage, and
increased adipose insulin sensitivity [42]. Reproductive effects on
the male offspring from these dams included reduced sperm counts,
reduced germ cell apoptosis, and low testosterone [64]. Our results
in the female offspring corroborate the reproductive effects noted in
the males, with reduced numbers of healthy primary and secondary
follicle numbers, as well as a numerical decrease in primordial follicle
numbers in the DyPy mice illustrating that in utero environment
coupled with a later stressor in adulthood may have negative impacts
on female fertility.

Previous work from our group and others has demonstrated how
the metabolic changes that occur during obesity can alter folliculoge-
nesis and the responsive pathways [15, 16, 19, 65-67]. The ovarian
PI3K-PTEN-AKT-FOXO3 signaling pathway is involved in follicular
activation via an insulin-mediated process [68, 69]. Hyperinsuline-

mia is common during obesity, and from this, we have previously
reported changes in the activation of the PI3K pathway, resulting
in increased follicular activation [14]. Thus, it is possible that the
observed lower number of follicles in the GDM offspring, especially
those challenged with the high-fat diet later in life, result from
the increased body mass and insulin resistance following in utero
metabolic exposures. In this study, the female mice had increased
adiposity as measured by nuclear magnetic resonance imaging as
early as 4 weeks of age, despite not being introduced to the HFHS
diet until 23 weeks of age [42]. A subject for future analysis would
be to define at what rate the introduction of the HFHS diet to
GDM offspring diminishes the follicular pool subsequent to GDM
exposure alone.

Obesity is also associated with ovarian DNA damage [17, 18, 40]
and throughout the body [70]. Interestingly, we did not observe any
consequential changes on GDM and/or dietary stress in later life in
the abundance of yH2AX, which is considered the gold standard
for DNA double strand break localization [71]. As with increased
DNA damage detected in obesity, increased granulosa cell apoptosis
has also been reported [72]. We did not, however, observe increased
granulosa cell apoptosis as detected by cleaved CASP3 protein in
our offspring ovaries. The lack of additional DNA damage and
cellular apoptosis in our model could be interpreted as that while
they have increased body weight and insulin sensitivity, they have not
necessarily amassed a metabolic syndrome severe enough to trigger
a genotoxic response. This remains to be determined.

Proteomic profiling can be highly informative in investigating
alterations to proteins due to a defined environmental and patho-
logical treatment. In an unbiased proteomic approach, we identified
several proteins of interest, including DAZAP1, SEPT7, CNPY2, and
SRSF2, to be altered by GDM, adult dietary stress, or both. DAZAP1
was substantially decreased in ovaries from female mice exposed to
GDM in utero and further impacted by the additional insult of the
HFHS diet. The deleted in azoospermia (DAZ) family of proteins are
present in male and female germ cells and play a major role in germ
cell development and fertility [73]. Mutations in DAZAP1 result in
perinatal lethality, with those surviving experiencing reproductive
defects such as sterility as well as growth retardation [74]. Fertility
defects associated with DAZAP1 have been typically described in
males [75, 76], so our finding of alterations to DAZAP1 due to in
utero GDM and dietary stress and localization in granulosa and
luteal cells as well as in the oocyte implies that DAZAP1 may have
important roles in ovarian physiology and female fertility through
altering follicle growth and survival, potentially contributing to POL.

The septin family of proteins have been well characterized as
being involved in the spindle positioning and cell division [77-79].
Loss of SEPT7 results in improper spindle organization in the oocyte
and disruption of chromosome alignment affecting progression of
meiosis [61]. Poor oocyte quality is attributed with increased body
mass [10], and the modest decrease in SEPT7 observed in our study
suggests that the metabolic stress from a HFHS diet, GDM exposure
in utero, or both may affect oocyte quality and/or maturation. SEPT7
was also identified in our enriched cellular component GO analysis
in both the GDM-exposed groups as septin complex, septin ring, and
septin cytoskeleton. In agreement with this possibility, localization of
SEPT7 within the follicle and the oocyte further implicates SEPT7 as
an essential player in murine oocyte meiotic maturation, and that
SEPT7 is vulnerable to alteration due to metabolic alterations.

CNPY2 is pivotal in the induction of the PERK-CHOP unfolded
protein response (UPR) response pathway, which is a highly
conserved quality control mechanism for cells that are under
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endoplasmic reticulum (ER) stress [80]. The luminal chaperone
GRP78 dissociates from PERK and CNPY2 during ER stress and
unfolded protein accumulation, facilitating the initiation of the UPR
response [80]. Furthermore, Cnpy2 is differentially expressed in
human placental tissue from GDM pregnancies, though these results
revealed a positive fold change [81] in contrast with our findings
of decreased CNPY2 protein abundance. We also determined the
localization of CNPY2, with positive immunoreactivity in the theca
cells, granulosa cells, and in the pericytoplasm of the oocyte.

Also associated with the cellular stress response is SRSF2, which
is increased during genotoxic stress [82] and is increased across all
treatment groups in our study and was also assigned to several of
the GO categories that were highly enriched. SRSF2 is an alternative
splicing factor involved in the regulation of apoptotic caspases, with
the mechanism for proapoptotic or antiapoptotic caspases deter-
mined by the numerous splice variants [83]. Immunohistochemical
analysis of SRSF2 revealed expression in the pericytoplasm of the
oocyte, though analysis of cleaved CASP3 revealed no differences in
the levels of apoptotic cells between any of the groups, so increased
SRSF2 observed in this study may not be substantial enough to gen-
erate a proapoptotic response via CASP3. Conversely, SRSF2 may be
functioning in an antiapoptotic response to the metabolic conditions
arising from increasing adiposity and/or insulin resistance.

In conclusion, these study findings indicate the impact of GDM
and HFHS diets on follicle number and the ovarian proteome and
illustrate that GDM sensitizes the offspring ovary to a dietary
HFHS stress later in life, consequentially impacting the number of
healthy follicles. Further, the altered abundance of ovarian proteins
in offspring exposed to maternal GDM emphasizes the potential
long-term effects of metabolic alterations in utero on ovarian func-
tion in the absence of obesity. Many of the proteins identified
are those for which we have little understanding of their ovarian
function and lay the foundation for future studies to determine
their ovarian importance. Taken together, these findings illustrate a
possible impact on fertility and oocyte quality provided in a two-
hit stress model relative to GDM exposure in utero and in response
to a western diet later in life and support a developmental origin of
ovarian disorder (DOOD).
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