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ABSTRACT

This study investigated effects of maternal overnu-
trition on gonadal development and pituitary-gonadal
gene expression in cattle fetuses at mid- and late-
gestation. Twenty-seven multiparous dry cows were
fed either high (ad libitum, H) or moderate (M) in-
take of the same diet. Twelve cows from H (n = 6)
and M (n = 6) intake carrying females fetuses were
euthanized at 199 and 268 d of gestation (DG; n = 3
for H or M on each DG). Fifteen cows from H (n =
6) and M intake (n = 9) carrying male fetuses were
euthanized at 139, 199, and 241 DG (n = 2 for H and
n = 3 for M on each DG). Fetal gonads and pituitary
gland were sampled for gene expression and histologi-
cal analyses. Sex-specific responses to maternal intake
were observed. Primordial and total follicle numbers
were lower in fetal ovaries from H than in M intake
cows. These results were the reverse for preantral and
antral follicles. Volumetric proportion and diameter of
seminiferous cord were lower in fetal testis of H than M
intake cows. The expression level of FSHB was greater
in pituitary gland of the female fetus from H compared
with M intake cows, irrespective of DG, whereas LHB
gene expression did not differ. In males, FSHB and LHB
gene expression levels were similar between maternal
intake groups. Fetal ovarian expression of P450 aro-
matase, StAR, BMPR2, TGFBR1, GDF9, FSHR, Baz,
and CASP3 genes were higher in H than in M intake
cows, irrespective of DG. Fetal testicular expression of
StAR, HSD17B3, IGF1, IGF2, and IGF1R genes was
higher in M than in H intake cows. The differences in
gene expression for steroidogenesis, folliculogenesis, and
apoptosis may explain the distinct pattern of follicular
growth between offspring of M and H intake cows. By
contrast, the lower volumetric proportion, diameter,
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and length of seminiferous cord may relate to decreased
gene expression in fetal testis from H intake cows. In
conclusion, maternal H intake seems to affect fetal ovar-
ian follicular growth and number of follicles, which may
affect the size of ovarian reserve in their offspring. In
male fetus, maternal H intake seems to disturb testicu-
lar development and may have implications on sperm
production. The underlying mechanism of differential
gene expression and the effect on offspring reproduc-
tive potential should be the focus of further research,
especially considering larger sample size, reducing the
chance for type I errors.
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INTRODUCTION

Maternal nutrition status has been considered as a
major cause of developmental programming. The resul-
tant changes in phenotypes can enhance susceptibility
to diseases in adult offspring (Symonds and Budge,
2009; Williams et al., 2014) such as type 2 diabetes
(Jones and Ozanne, 2009; Portha et al., 2011), hyper-
tension (Ingelfinger and Nuyt, 2012), obesity (Parlee
and Macdougald, 2014), and alterations in offspring
reproductive function (Chadio and Kotsampasi, 2014;
Chavatte-Palmer et al., 2014; Zambrano et al., 2014).

Many studies reported detrimental effects of maternal
undernutrition on offspring reproductive development.
In rats, female offspring of undernourished mothers had
reduction in ovarian follicular number and mRNA lev-
els of FSHR, GDFY9, ER, and CYP17A1 genes (Bernal
et al., 2010). In sheep, maternal undernutrition delayed
follicular development (Rae et al., 2001), increased the
expression of apoptotic genes in fetal ovary (Lea et al.,
2006), and increased the expression of StAR in male
sheep fetuses (Rae et al., 2002). Moreover, heifers born
to nutritionally restricted dams had 60% reduction of
mean antral follicular count during follicular waves
(Mossa et al., 2009). In contrast, the effects of mater-
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nal overnutrition on offspring reproductive organs have
been less studied. Early puberty has been reported in
rodents and rabbit offspring with prolonged or persis-
tent estrus (Sloboda et al., 2009; Connor et al., 2012;
Léveillé et al., 2014) and reduction in the number of
primordial and total follicles in sheep fetuses (Da Silva
et al., 2003). In males, maternal high-fat diet resulted
an increased testicular and sperm oxidative stress, lead-
ing to decrease of fertility in rats (Rodriguez-Gonzélez
et al., 2015). Moreover, Long et al. (2012) reported
that maternal obesity altered hypothalamic-pituitary-
adrenal function in rat offspring.

Considering these previous results, we hypothesized
that maternal overnutrition during mid- and late-
gestation affects fetal pituitary-gonadal development.
The objectives of this present study were to determine
(1) whether maternal overnutrition alters gonadal germ
cell development and (2) whether maternal overnutri-
tion affects gonadal and pituitary gland gene expres-
sion in cattle fetuses at mid- and late-gestation. In
this context, we examined fetal pituitary gonadotropin
gene expression and gonadal expression of candidate
genes. In female fetuses, we evaluated the expression
pattern of key genes involved in ovarian folliculogen-
esis (ESR-oo, FHSR, BMPR2, GDF9, TGFBRI1, and
TGFBI1), steroidogenesis (StAR and P450arom) and
anti- or pro-apoptotic factors (Bazx, Bcl2, and CASPS).
In male fetuses, we evaluated the expression pattern
of key genes involved in testis development and func-
tion (AR, LHCGR, IGF1, IGFR1, IGF2, StAR, and
HSD17B3), as well as apoptotic factors (Bazx, Bcl2, and
CASP3).

MATERIALS AND METHODS

Management, handling, and euthanasia of animals
were approved by the Institutional Animal welfare
and Ethics/Protection commission (certificate number
47/2012) from the Universidade Federal de Vigosa,
Brazil. This research is part of a larger project titled
“Nutrient requirements of Holstein-Gyr pregnant dairy
cattle.”

Experimental Design and Animal Management

Unsuckled multiparous crossbreed (Holstein x Gyr)
cows (n = 62) had their estrus cycles synchronized for
the experiment. Estrus synchronization protocol used
a vaginal progesterone insert (CIDR, Zoetis, Florham
Park, NJ) for 7 d and with a PGF,, injection (25 mg,
Lutalyse, Zoetis) was administered at CIDR removal.
Cows were monitored for estrus every 12 h and were ar-
tificially inseminated using semen from a single bull 12
h after the onset of estrus. On d 40 of gestation, cows
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were housed in 30 m” individual pens, of which 8 m’
were covered with concrete flooring. Pens had individual
feed bunks and an automatic water system. On d 55 of
gestation, the pregnancy was verified, fetal sexing was
performed by using transrectal ultrasound (Aloka 500
with a 5-MHz linear probe Aloka, Wallingford, CT),
and 27 pregnant cows were randomly selected from the
62 for this experiment. The nutritional regimens were
provided from d 60 of gestation until cows achieved
their previously designated days of gestation (DG),
when they were euthanized for sampling.

Twenty-seven multiparous dry cows with an average
initial BW of 480 + 10.1 kg and an age of 5 + 0.5
yr were fed either high (H, ad libitum) or moderate
(M) intake of the same diet during their gestation. The
moderate level was designed to meet 100% of require-
ments for maintenance, which was considered to be
1.15% of BW (DM basis) as reported by our research
group before Rotta et al. (2014). Every 28 d, cows were
weighed in the morning before feeding and after a 16
h fast to obtain the shrunk BW. The shrunk BW was
estimated after collecting all of the feed in the feed-
ers, 16 h before weighing, to standardize the BW. Feed
intake was adjusted based on values of shrunk BW to
maintain a moderate level throughout the entire gesta-
tion period. The high level was designed to meet 190%
of requirements for maintenance as reported by our
research group (Rotta et al., 2014). Cows fed ad libitum
(H) were considered obese in this current study; H cows
had an ADG about 3.8 times greater than M intake
cows. Also cows fed ad libitum had an increased rib fat
thickness during gestation, whereas M intake cows had
a constant amount of rib fat thickness (for details on
weight and fat measurements, see Rotta et al., 2014).
All cows were fed corn silage and concentrate-based
diet at a ratio of 93:7 on a DM basis as a TMR twice
daily, with 60% of the amount offered in the morning
and 40% in the afternoon feeding (DM basis). All cows
had ad libitum access to water. The composition of the
experimental diet is presented in Supplemental Table
S1 (http://dx.doi.org/10.3168/jds.2015-9673).

To evaluate the effects of different DG on pituitary-
gonadal developments of female and male fetuses, preg-
nant cows were euthanized at selected time points. Six
cows from either H or M intake carrying female fetuses
were randomly divided for euthanasia at 199 and 268 d
of gestation. The 4 groups of treatments therefore com-
prised H-199DG, M-199DG, H-268DG, and M-268DG
with 3 cows for each treatment. Six H and 9 M intake
cows carrying male fetuses were randomly divided for
euthanasia at 139, 199, and 241 DG. The 6 groups of
treatments thus comprised H-139DG, M-139DG, H-
199DG, M-199DG, H-241DG, and M-241DG with 2
cows from H and 3 cows from M intake for each DG.
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Time points set for euthanasia represent important
windows of gonadal development in male and female
fetuses. We evaluated the female fetuses at 199 and 268
DG to represent 2 stages of ovarian fetal development.
The initial folliculogenesis and steroidogenesis occur at
130 to 140 DG, the greater wave of apoptosis occurs
at 120 to 150 DG, and antral follicles are first seen
in bovine fetal ovaries aged 230 DG (Erickson, 1966;
Chavatte-Palmer et al., 2014). Thus, at 199 DG, initial
folliculogenesis and apoptosis would have occurred, but
no antral follicles would be present. We evaluated male
fetuses at 139, 199, and 241 DG because the respective
time points represent the mid- and late-stage of gesta-
tion where testicular architecture becomes more differ-
entiated, the proliferation of pre-spermatogonia arrests
at 200 DG (Wrobel, 2000), and from 210 to 285 DG the
interstitium greatly expands, whereas the number of
fetal Leydig cells are reduced (Abd-Elmaksoud, 2005).
Therefore, we hypothesized that the maternal nutrition
could affect these important events during ovarian and
testicular development.

Euthanasia procedures were performed on the same
calendar day for each DG. Feed was withheld overnight,
but cows had ad libitum access to water. Cows were
euthanized at the Universidade Federal de Vigosa by
stunning with a captive bolt and subsequent exsangui-
nation. The gravid uterus was sectioned at the cervix,
and the fetuses were immediately removed and weighed.
As soon as possible after euthanasia, the reproductive
organs and pituitary gland of fetuses were removed and
the reproductive organs weighed.

The left ovaries and testicles from the fetuses were
promptly dissected, weighed, and immersion fixed in
Bouin’s solution for 24 h and then stocked in ethanol
70°C. The right ovaries, testicles, and pituitary were
immediately immersed in 10 mL of RNAholder (Bio-
Agency, Sao Paulo, Brazil) to protect and conserve
the expression profiles of these tissues. After 16 h,
the collected material were removed from RNAholder,
drained, and stored in an ultra-freezer (—80°C) until
RNA extractions were carried out.

Gonadal Histology

Left ovaries and testis were sliced crosswise in 3-mm-
thick blocks, which were dehydrated in increasing
concentrations of ethanol (70, 95, and 100°C), cleared
in xylene and embedded in paraffin wax. Paraffin-
embedded blocks were sectioned serially at 5-pm-thick
slices and stained with hematoxylin-eosin for examina-
tion of germ cell development. An average of 30 go-
nadal sections was examined per fetus. After qualita-
tive evaluation of the slides, images of stained ovarian
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sections were retrieved from a video camera linked to
light microscope (EVOS XL Core Cell Imaging System,
Life Technologies, Carlsbad, CA) at a magnification
of 40x and these images were analyzed with ImagelJ
1.48 software (National Institutes of Health, Bethesda,
MD). The width of the cortical layer was measured at
20x magnification.

Twenty randomly selected fields per section were
examined in each fetal ovary. Ovarian structures were
classified as primordial follicles (germ cells surrounded
by flattened follicular cells), primary follicles (enlarged
oocyte completely surrounded by 1 to 2 layers of cuboi-
dal follicular cells), preantral follicles (enlarged oocyte
surrounded by 2 or more layers of granulosa cells with
no antrum), and antral follicles (distinguished by the
presence of an antrum within the granulosa cell lay-
ers enclosing the oocyte) as described by Cheng et al.
(2002). Only primordial, primary, preantral, and antral
follicles with a spherical nucleus that was visible in the
section were counted (Figure 1). The number of each
type of follicle was corrected according to the nuclear
diameter and thickness of the cut, as described by Gou-
geon and Chainy (1987) and the following formula:

no. corrected = follicle counted

cut thickness

X
) (dm)2
cut thickness + T —

(am)”
4

where dm = nuclear diameter.

After qualitative evaluation of the slides, images
of testicular parenchyma were retrieved from a video
camera linked to light microscope (EVOS XL Core
Cell Imaging System) and were analyzed with Im-
age J1.48 software (National Institutes of Health) at
magnification of 40x (Figure 2). Testicular volume of
bovine fetuses was equal to fresh left testis weight (g),
assuming testicular density is 1 (Russell et al., 1990).
The volumetric proportion of testicular parenchyma
components was measured by counting points. Twenty
randomly selected fields per fetal testis were used.
Briefly, a grid of 450 evenly distributed test points was
superimposed over the screen image of every micro-
scopic field studied. In each fetus, the number of test
points overlying the component of interest (seminifer-
ous cords or interstitium) was counted. The volumetric
proportions, described in percentages, were calculated
based on a total of 9,000 points per fetus.

The diameter of the seminiferous cords was estimated
as the average value of measuring 2 perpendicular di-
ameters (maximum and minimum) from 30 randomly
chosen cross-sections of seminiferous cords per testis.
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B

Figure 1. Fetal ovary of a representative bovine fetus from the (A) high- and (B) moderate-intake cows at 268 d of gestation. Color version

available online.

Seminiferous cords were assumed to be cylindrical and
their lengths (L) were estimated as described by Mar-
shall and Plant (1996) in the following formula:

L= Vs/[‘ﬁ X (Ds/2)2]7

V, = (volumetric proportion of seminiferous cords)

X (testicular volume),

where D, is the diameter of the seminiferous cords.

A

Quantitative Real-Time Transcription PCR Analysis

Total RNA was isolated from 50 mg of right ova-
ries and testicles by using RNeasy Mini Kit (Qiagen,
Valencia, CA) according to the manufacturer’s recom-
mendations. Additional treatment with DNase was
performed on the columns using the RNase-free DNase
Set (Qiagen), according to the manufacturer’s recom-
mendations. The RNA concentrations were checked
by NanoVue Plus Spectrophotometer (GE Healthcare,
Munich, Germany) with an optimal 260/280 ratio be-

B

Figure 2. Testicular parenchyma in a bovine fetus from (A) high- and (B) moderate-intake cows at 199 d of gestation. Each seminiferous
cord is composed of pre-spermatogonia (*) centrally located in the middle of the cord and pre-Sertoli cells (arrows) located at the periphery.

Color version available online.
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tween 1.8 and 2.1. Intact 28S and 18S rRNA subunit
integrity was assessed by agarose gel electrophoresis to
detect degradation of the RNA.

Reverse transcription was performed using GoScript
Reverse Transcription System (Promega, Madison,
WI) and oligo (dT) primers (Invitrogen, Carlsbad,
CA). The cDNA concentrations from the samples were
estimated on a NanoVue Plus spectrophotometer (GE
Healthcare). Finally, the cDNA samples were stored at
—20°C for analysis.

The gene target and reference sequence was recov-
ered from Bos taurus nucleotide sequences obtained
from the GenBank database. The following genes were
evaluated in the fetal ovary: ESR-o, FHSR, BMPR-2,
GDF-9, TGFGR1, TGFB1, Bax, CASP3, Bcl2, StAR,
and P450arom. In the fetal testis, samples were evalu-
ated for the following genes: AR, LHCGR, IGF1, IG-
FI1R, IGF2, Bax, Bcl2, CASP3, StAR, and HSD1733.
In fetal pituitary samples, FSHB and the LHB genes
were analyzed. These gene sequences were used to con-
struct primers by the PrimerQuest program provided
by Integrated DNA Technologies, Inc. (Coralville, TA).
Glyceraldehyde 3-phosphate dehydrogenase and (3-2-
microglobulin (B2M) genes were used as the reference
gene for normalization in pituitary and gonadal tissues,
respectively. These genes had the lowest gene-stability
measure (M) compared with (3-actin and ubiquitin C
using geNorm program (Vandesompele et al., 2002).
The GAPDH and B2m had M = 0.3 versus (-actin and
ubiquitin C with M = 0.8. The primer pairs of each
target and reference genes are listed in Table 1.

Quantitative real-time PCR (qRT-PCR) reactions
were performed in different wells and in duplicates us-
ing SYBR Green detection with GoTaq PCR Master
Mix (Promega) following the manufacturer’s instruc-
tions in an ABI Prism 7300 Sequence Detection System
thermocycler (Applied Biosystems, Foster City, CA).
The reaction consisted of an initial step at 95°C for 10
min, a second step of 40 cycles with the same tempera-
ture for 15 s, and a final extension step at 60°C for 60
s. After the amplification cycles, an additional gradient
step from 60 to 95°C was used to obtain a melting
curve. The measurement in qRT-PCR experiment is
expressed in cycles to threshold (C,) of PCR, a relative
value that represents the cycle number at which the
amount of amplified cDNA reaches the threshold level.
Prior to quantification by qRT-PCR, the amplification
efficiency and optimal primer concentration were deter-
mined for each gene using serial dilution of cDNA. The
PCR efficiencies for all primers pairs were obtained
using the formula E = 10759 % 100, where E is ef-
ficiency and slope is the gradient of dilution series and
are summarized in Table 1.
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Statistical Analysis

The experimental design was completely randomized
with a 2 x 2 (female fetuses) and 3 x 2 (male fetuses)
arrangement of treatments. Fetal BW, the weight of
their reproductive organs, and histological data were
analyzed by using the GLM procedures (SAS Institute
Inc., Cary, NC). Day of gestation, maternal intake, and
their interaction were included as fixed effects in the
model. Means were compared by the Tukey test to the
level of 5%.

Statistical analysis of C; data for each fetal sex was
realized using the %QPCR_MIXED macro (https://
www.msu.edu/~steibelj/JP_files/QPCR.html)  devel-
oped to generate codes in SAS PROC MIXED suitable
to analyze data from qRT-PCR, assuming independent
random effects for reference and target genes in each
biological replicate (Steibel et al., 2009). This statistical
method is more accurate, powerful, and flexible than
existing alternatives for analysis of relative quantifica-
tion qRT-PCR data (Steibel et al., 2009). The following
model was used:

ygikr = Tqu + qu'k + Dik + egikr:

where y,;, corresponds to the C; value obtained from
the thermocycler software for the gth gene (reference or
targets) from the rth well, which corresponds to the kth
animal submitted to the ith treatment (days of gesta-
tion and maternal intake combination); T'G,; is the ef-
fect of the ith treatment on the expression of gene g;
Cour ~ N (O, aé) is the gene-specific random effect of the
kth animal; D, ~ N (O, 0123) is the sample-specific ran-
dom effect (common to reference and target genes); and
€yitr ™~ N(O, 03) is the residual term.

Relative mRNA abundance (fold change) was esti-
mated using the 272 method of Livak and Shmittgen
(2001). For each target gene, the comparison of gene
expression across treatments, inside each fetal sex,
was performed by the CONTRAST statement of the
GLM procedure using Student’s t-test to the level of
5%. Relative mRNA expression for genes that exhibited
differential expression across treatments were presented
in box plots graphs (median, maximum, minimum, and
interquartile range). The entire statistical results for
each pairwise contrast of interest across treatments
are shown in Supplemental Tables S2 and S3; http://
dx.doi.org/10.3168/jds.2015-9673). To validate our
gene expression results facing the limited sample size,
permutation test-based P-values (Supplemental Tables
S2 and S3; http://dx.doi.org/10.3168/jds.2015-9673)
were calculated using 1,000 resamplings (Manly, 1997;



Sun et al., 2014). These permutations were performed
by shuffling Ct values from different treatments, ma-
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ternal intake, and days of gestation, separately within
each gene. These analyses confirmed the consistency
of our qRT-PCR results. Analogously, the mentioned

permutation tests were also applied to fetal repro-

ductive organs weight and histological data analysis

(Supplemental Table S4; http://dx.doi.org/10.3168/
jds.2015-9673) and have also confirmed the significant

RESULTS

Table 1. Gene names, primer pair sequences, annealing temperatures, and amplification efficiencies of each target
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statistical results. Despite this, the authors suggest the
use of larger sample sizes in future research.

Fetal Growth and Gonadal Development

Fetal and reproductive organs weights in females and
males are presented in Tables 2 and 3, respectively.

Gene symbol*

. 2
Accession number

Primer sequence (5'-3)*

Amplicon (bp)

Efficiency (%)

ESRo NM_001001443.1 F: CTCTCTGCCTTTGCTACCTTAC 114 98.87
R: CCCGGGTCACAAATAGCTAAA

FSHR NM_174061.1 F: CATGCTCATCTTCACCGACTT 112 98.89
R: GACCAGGAGGATCTTTGACTTG

BMPR2 NM_001304285.1 F: GTACCGGCATGACCACTATATC 120 99.94
R: AGTCTTCTTCGGTCAGTTGTAAG

GDF9 NM_174681.2 F: GCCTTGATTCTCAGCCTTCTA 113 98.99
R: AGGTCTGTGTCTCCCATCTA

TGFBR1 NM_174621.2 F: TGGGACTAGTATTCTGGGAAGTA 102 98.97
R: CTGATGGATCGGAAGGTACAAG

TGFB1 NM_001166068.1 F: CGTCAGCTCTACATTGACTTCC 133 98.08
R: GGACCTTGCTGTACTGTGTATC

P450arom NM_174305.1 F: GTGTCCGAAGTTGTGCCTAT 101 98.74
R: GACCTGGTATTGAGGATGTGTC

StAR NM_174189.2 F: TGGAGTCTATTCTGCCCTCTTA 101 98.67
R: CACCTTCTTCCAGCCATCTC

Bax NM_173894.1 F: TCTGACGGCAACTTCAACTG 119 99.65
R: CCATGATGGTCCTGATCAACTC

Bel2 NM_001166486.1 F: TGGATGACCGAGTACCTGAA 124 99.96
R: GAGACAGCCAGGAGAAATCAAA

CASP3 NM_ 001077840.1 F: CCTGAATGTCAGCCCGTAAA 108 98.90
R: TCTTCTGCAAAGGATGGATGAG

AR NM_001244127.1 F: TGAGTGTCAGCCCATCTTTC 123 98.98
R: CCCAGTTCATTGAGGCTAGAG

LHCGR NM_174381.1 F: GAGTGGCTGGGATTATGACTATG 127 99.87
R: CAGCCAAATCAGGACTCTAAGG

IGF1 NM_001077828.1 F: AGCAGTCTTCCAACCCAATTA 103 100.21
R: ACAGGGCCAGATAGAAGAGA

IGFI1R NM_001244612.1 F: GTATGGAGGAGCCAAGCTAAA 123 99.76
R: GTCTTGGCCTGAACGTAGAA

HSD17B% NM_001076439.2 F: GCTGTCATTCTGAGCCTGAT 100 100.08
R: TGGCATTCTTCTTGAGGTAGTC

IGF2 NM_174087.3 F: AGCGATTAGAAGTGAGCCAAAG 107 100.02
R: GGGATTTCAGAGAGAGACCTAGT

IGF2R NM_174352.2 F: GGTGGTGGCCAGAAGATAATAA 119 100.06
R: CGCCACTCAAACTCGTAGAA

FSHB NM_174060.1 F: GTCACCACTCAGACCTGTATTC 120 100.08
R: GGGATTGCCTGAGAGGATTT

LHB NM_173930.1 F: CTGCCCTGTCTGTATCACTTT 126 100.12
R: AAGCGCAGCTCATGGTAG

B2M NM_173893.3 F: ACCTGAACTGCTATGTGTATGG 134 99.76
R: GTGGGACAGCAGGTAGAAAG

GAPDH NM_001034034.2 F: GATGCTGGTGCTGAGTATGT 113 99.79
R: GCAGAAGGTGCAGAGATGAT

"Estrogen receptor o (ESR ), follicle stimulating hormone receptor (FSHR), bone morphogenetic protein receptor, type I (BMPR2), growth
differentiation factor (GDFY), transforming growth factor beta 1 (TGFBI), transforming growth factor 3 receptor 1 (TGFBR1I), cytochrome
P450 aromatase (P450arom), steroidogenic acute regulator (Star), BCL2-associated X protein (Baz), B cell/lymphoma-2 family (Bcl2), andro-
gen receptor (AR), luteinizing hormone/choriogonadotropin receptor (LHCGR), insulin-like growth factor 1 (IGF1I), insulin-like growth factor 1
receptor (IGFIR), 17-beta-hydroxysteroid dehydrogenase 3 (HSD17B3), insulin-like growth factor 2 (IGF2), insulin-like growth factor 2 receptor
(IGF2R), follicle stimulating hormone, 3 polypeptide (FSHB), luteinizing hormone 3 polypeptide (LHB), 3-2-macroglobulin (B2M).
?Accession number at GenBank (http://www.ncbi.nlm.nih.gov).

3
F = forward; R = reverse.
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Table 2. Effects of maternal intake and days of gestation on bovine female fetuses characteristics

Maternal intake Days of gestation P-value
Ttem Moderate High 199 268 SEM DG! MI? MI x DG?
Fetal weight (kg) 21.15 23.15 10.94" 34.00" 1.06 <0.001 0.480 0.495
Reproductive organ weight (g) 24.06 21.28 10.85" 34.50" 2.27 <0.001 0.558 0.217
Ovarian weight (mg) 299.83 326.67 257.33" 369.17* 0.08 0.041 0.712 0.543
Maximum cortical layer width (pum) 240.23 256.84 258.25 238.82 8.49 0.286 0.357 0.375
Minimum cortical layer width (pum) 200.86 218.84 218.11 201.59 5.25 0.154 0.124 0.170
Number of primordial follicles 332.56" 220.90" 216.92 229.94 27.59 0.497 0.045 0.620
Number of primary follicles 79.27" 99.98" 80.81 90.45 11.53 0.062 0.044 0.951
Number of preantral follicles 4.0 8.5 4.06" 7.93% 0.60 0.036 0.041 0.688
Number of antral follicles 1.50 5.80° 3.5° 6.2" 0.80 0.048  0.038 0.551
Total number of follicles 417.33" 332.88" 305.29 334.52 28.46 0.062 0.026 0.877

*PDifferent lowercase letters represent statistical difference (P < 0.05) between maternal intakes.
ABDifferent uppercase letters represent statistical difference (P < 0.05) between days of gestation.

"Days of gestation main effects.
*Maternal intake main effects.
3Interaction between maternal intake and days of gestation.

Irrespective of the sex of fetuses, no effect was found of
maternal intake on fetal or reproductive organ weights
and no interaction between maternal intake and DG. In
contrast, a DG effect was found on fetal, reproductive
organs, and ovarian and testicular weights as expected
due to normal fetal growth during gestation.

The estimated numbers of primordial and total fol-
licles were lower (P = 0.045; P = 0.026, respectively)
in fetuses from H than M intake cows (Table 2). No
difference was found (P = 0.497) between DG on num-
ber of primordial follicles. Interestingly, a tendency
appeared to occur for the number for primary follicles
to increase (P = 0.062) with fetal age corresponding to
DG. We did not observe an interaction between mater-
nal intake and DG on primordial (P = 0.620), primary
(P = 0.951), preantral (P = 0.688), and antral (P =
0.551) follicle numbers (Table 2). Primary (P = 0.044),
preantral (P = 0.041), and antral follicle (P = 0.038)
numbers were higher in fetal ovaries derived from H in-
take cows, with no interaction between maternal intake
and DG. Moreover, DG affected preantral (P = 0.036)
and antral follicles (P = 0.048) numbers, as these were
higher at 268 DG.

Maternal nutrition affected diameter (P = 0.034),
lengths (P = 0.042), and volumetric proportion of
seminiferous cords (P = 0.035), but no effect of inter-
action between maternal intake and DG was detected.
Diameter and length of seminiferous cord did not differ
(P = 0.446; P = 0.524, respectively) with DG (Table
3). Moreover, volumetric proportion of seminiferous
cords was decreased (P = 0.045) with DG, whereas
interstitium volumetric proportion was higher (P =
0.034) at 199 and 241 DG compared with 139 DG
(Table 3).
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Fetal Pituitary LHB and FSHPB Gene Expression

Maternal nutrition altered the expression levels of
FSHB (P = 0.004) in fetal pituitary of females, whereas
LHB gene expression did not differ (P = 0.18) with ma-
ternal intake. The FSHB gene had greater (P < 0.05)
values in the fetal pituitary of females from H intake
cows compared with M intake cows, at 199 and 268
DG (Figure 3). We observed interaction (P = 0.008)
between maternal intake and DG on FSHB gene ex-
pression in female fetuses. The FSHB expression was
higher (P < 0.01) at 268 than at 199 DG in female
fetuses from both maternal intake groups (Figure 3).

The FSHB gene expression levels were similar be-
tween maternal intake in fetal pituitary of males (P =
0.59), with an effect of DG (P = 0.012) and no signifi-
cant interaction between maternal intake and DG (P
= 0.42). As observed for FSHB, no difference in LHB
gene expression levels (P = 0.25) was detected between
maternal intake groups, but an effect (P = 0.001) of
DG was found. The expression level of FSHB and LHB
was higher (P < 0.01) at 199 and 241 DG compared
with 139 DG in male fetuses from both maternal intake
groups (Figure 4).

Fetal Ovary Gene Expression

Maternal nutrition altered ovarian P450arom, StAR,
BMPR2, TGFBR1, GDF9, FSHR, Bax, and CASP3 ex-
pression levels. Ovarian fetuses from H intake cows had
higher (P < 0.05) expression of these genes compared
with M intake cows, at 199 and 268 DG (Figure 5).
The gene expression levels of P/50arom and StAR were
higher (P < 0.01) at 268 than 199 DG in both maternal
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Table 3. Effects of maternal intake and days of gestation on bovine male fetuses characteristics

P-value

Days of gestation

Maternal intake

MI x DG?

SEM DG! MI?

199 241

139

High

Moderate

Ttem

0.654
0.607
0.100
0.577
0.541
0.377
0.124

0.397
0.342
0.460
0.035
0.042
0.034
0.042

0.045
0.034
0.446
0.524

<0.001
<0.001
<0.001

0.79
1.66
0.08
0.78
0.80
0.26
0.004

42.808

57.48%

41.50
0.033

0.032

0.031

10.25
20.57
797.56
41.43"
58.57"
38.76"
0.030°

11.33
17.30
0.037*

865.33
46.17"

53.83"
42.60"

Reproductive organ weight (g)

(%)
Seminiferous cord diameter (pm)
Seminiferous cord length (cm/g of testis)

Fetal weight (kg)
Testicular weight (mg)
Seminiferous cords
Interstitium (%)*

*"Different lowercase letters represent statistical difference (P < 0.05) between maternal intakes.
A CDifferent uppercase letters represent statistical difference (P < 0.05) between days of gestation.

*Interaction between maternal intake and days of gestation.

1 . .
% = volumetric proportion.

"Days of gestation main effects.
*Maternal intake main effects.
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intake groups. In contrast, CASP3 and Bax genes had
greater (P < 0.001) values at 199 DG compared with
268 DG in both maternal intake groups (Figure 5).

Fetal Testis Gene Expression

Maternal nutrition altered testicular expression of
StAR and HSD17B3 genes. Fetuses from M intake cows
had higher expression (P < 0.01) of these genes com-
pared with H intake cows at 139 and 199 DG (Figure
6). As observed for expression of key steroidogenic
enzymes, IGF1, IGF2, and IGFIR genes had greater
expression in fetal testis derived from M intake than
H intake cows, irrespective of DG. Moreover, testicular
expression of IGF1, IGF2, and IGF1R were higher at
139 DG than at 199 DG and at 241 DG than at 199 DG
in both maternal intake groups (Figure 6).
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DISCUSSION

Maternal nutrition has been considered as a major
cause of developmental programming (Chavatte-Palm-
er et al., 2014; William et al., 2014). To our knowl-
edge, the current study is the first to provide evidences
regarding the effects of maternal overnutrition on
pituitary-gonadal gene expression and gonadal germ
cell development in cattle fetuses at mid- and late-
gestation. It is noteworthy, however, that small sample
size was a major limitation of this study. Overnutri-
tion during gestation resulted in upregulation of genes
involved in ovarian folliculogenesis, steroidogenesis, and
pro-apoptosis. Moreover, we observed a reduction in
the estimated numbers of primordial and total follicles
and increased primary, preantral, and antral follicles in
fetuses from H intake cows compared with M intake. In
contrast, we observed downregulation of steroidogenic
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Figure 5. Box plot graphs (median, maximum, minimum, and interquartile range) for relative mRNA abundance of (A) StAR, (B) P450arom,
(C) BMPR2, (D) TGFBR1 (E) GDF9, (F) FSHR, (G) CASP3, and (H) Baz in fetal ovaries from high- (H) and moderate- (M) intake cows at
199 and 268 d of gestation (DG). * “Different lowercase letters represent difference (P < 0.05) between maternal intakes within DG. * PDifferent
uppercase letters represent difference (P < 0.01) between DG within maternal intake.
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and growth factors genes in male fetuses from H intake
cows compared with M intake. This downregulation
of gene expression was accompanied by a decrease in
diameter, length, and volumetric proportion of seminif-
erous cords.

The effects were not accompanied by changes in fetal
BW and reproductive organ and gonad weights, be-
cause weights were not affected by maternal nutrition
and reinforce the concept that maternal nutrition can
affect fetal development independent of changes in fetal
weight or in organ mass (Harding and Johnston, 1995;
Hawkins et al., 2000). The effects might persist until
adulthood according to literature evidence in other spe-
cies (Bernal et al., 2010; Connor et al., 2012; Guzmén
et al., 2014) and should be the focus of future research
in cattle. Our data point to distinct effects of maternal
overnutrition according to the sex of the fetus.
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Although we did not measure fetal or maternal
endocrine profiles, it is likely that the availability of
nutrients, insulin, and IGF-I is high in the circulation
of overnourished cows and would result in a higher fe-
tal nutrient supply with subsequent changes, not only
in fetal hormones levels (e.g., insulin, IGF-I) but also
in metabolic pathways, which in turn could alter gene
expression in fetal gonads. Indeed, animal studies have
shown that maternal overnutrition alters fetal endo-
crine status (Zhang et al., 2011; Seet et al., 2015) and
gene expression (Bruce et al., 2009; Tong et al., 2009).
In humans, maternal obesity is associated with altera-
tion in the homeostasis of cytokines and adipokines,
such as adiponectin (Schmatz et al., 2010). Adiponectin
influences placental transfer of nutrients and placental
insulin-stimulated AA uptake in pregnancy (Aye et al.,
2013). Moreover, in animal models, Tenenbaum-Gavish
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Figure 5 (Continued). Box plot graphs (median, maximum, minimum, and interquartile range) for relative mRNA abundance of (A) StAR,
(B) P450arom, (C) BMPR2, (D) TGFBR1 (E) GDF9, (F) FSHR, (G) CASP3, and (H) Baz in fetal ovaries from high- (H) and moderate- (M)
intake cows at 199 and 268 d of gestation (DG). *“Different lowercase letters represent difference (P < 0.05) between maternal intakes within
DG. *PDifferent uppercase letters represent difference (P < 0.01) between DG within maternal intake.
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and Hod (2013) reported that adiponectin administra- the adiponectin receptor-2 on the trophoblast cell and
tion causes downregulation of activity and expression activates p38 MAPK and PPAR-«, which inhibits the
of key placental nutrient transporters; it also binds to insulin/IGF-I signaling pathway. Overall, the effects
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of overnourished cows on fetal pituitary-gonadal gene
expression and development should be further investi-
gated.

Effects of Maternal Nutrition on Fetal Pituitary Gland

In our study, maternal H intake was associated with
enhanced expression of FSHB gene in the pituitary
gland of female fetuses. We observed expression F'SHB
was higher at 199 and 268 DG in female fetuses from H
intake cows, which indicates that the FSHB expression
may be affected by timing of maternal overnutrition.
This supports the study by Rhind et al. (2001), which
showed that development of the hypothalamic-pituitary
axis and the synthesis of gonadotropins can be sensitive
to pre-natal nutrition in the sheep fetus. By contrast,
the expression of FISHB in the pituitary gland of male
fetuses in our study was similar between H and M intake
groups, which suggest that gonadotroph cells of male
and female fetuses respond differently to maternal nu-
trition. No effect was found of maternal intake on LHB
gene expression in both fetal sexes, which suggests that
this hormone is not involved in the observed nutrition-
ally induced changes in ovarian and testis development
during the gestational period evaluated.

Effects of Maternal Nutrition on Fetal Gonads

Maternal over nutrition during mid- and late-gesta-
tion disturbs ovarian follicular growth and number of
follicles with an increment in the number of primary,
preantral, and antral follicles and reduction in the
estimated number of primordial and total follicles, re-
gardless of DG. These changes may be underpinned
by observed alterations in the expression levels of key
genes involved in folliculogenesis (BMPR2, TGFBRI1,
GDFY9, and FSHR), steroidogenesis (P450arom and
StAR), and apoptosis (Baz, CASPS).

Increased ovarian F'SHR and pituitary FSHB expres-
sion may also positively affect preantral and antral
follicular numbers. The hormone FSH and its receptor
FSHR play an important role in follicle progression
from primary to advanced stages of follicular develop-
ment (Richards, 1994). Our results are consistent with
previous studies where FSH and its receptor stimulated
follicular growth in ovaries of bovine fetuses (Bao et
al., 1997; Tanaka et al., 2001). The emerging hypoth-
esis from our study is that maternal overnutrition may
trigger increased pituitary expression of FISHB and in-
creased ovarian expression of FSHR with consequence
to folliculogenesis, observed as increased numbers of
preantral and antral follicles.

The reduction in the total number of ovarian fol-
licles at both DG in fetuses from H compared with
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fetuses from M intake cows can be largely attributed to
a reduction in the number of primordial follicles. These
results may reflect a decrease in proliferation as well as
an increase in atresia of germ cells that begins at 60 DG
and finishes between 150 to 170 DG, when the number
of germ cells in the bovine ovary is fixed (Erickson,
1966). This hypothesis is supported by a previous study
that reported maternal high-fat diet induced follicular
apoptosis in rabbit’s female offspring (Léveillé et al.,
2014). Bcl2, its antagonist Bax, and CASP3 are key
regulators of apoptosis (Hussein, 2005), and they are
expressed in ovaries of mouse fetuses, suggesting their
role in atresia (Nandedkar and Dharma, 2001). The
CASP3 pathways seem to be one of the most important
cell death mechanisms in human fetuses (Poljicanin et
al., 2013). We observed increased Baz and CASP3 ex-
pression with no alteration of Bcl2 expression in fetal
ovaries from H intake cows. The imbalance of anti- and
pro-apoptotic genes could explain the reduction of pri-
mordial and total number of follicles in fetuses from
H intake cows. Previous studies reported that in rats
(Yoon et al., 2002) and humans (Kugu et al., 1998),
increased Bax expression was correlated with follicular
atresia. Moreover, studies in mouse fetal ovary showed
that apoptosis of germ cells is correlated with increased
levels of Baz in the absence of any change in Bcl2 levels
(Felici et al., 1999). It is possible that maternal overnu-
trition could lead to oxidative stress resulting in greater
loss of germ cells and follicles during gestation, which in
turn may reduce ovarian reserve and subsequent fertil-
ity in their offspring.

Genes of TGFB superfamily are essential growth
factors that regulate mammalian folliculogenesis (Para-
dis et al., 2009; Piotrowska et al., 2013). The TGFBI
expression did not differ between the maternal intake
groups and DG. However, the differential expression
of GDFY is likely to underpin the observed differences
in follicular growth. Higher numbers of follicles in ad-
vanced stages of follicular growth were observed in H
intake cows. In agreement, previous studies have shown
that GDF9 is required for primordial to primary transi-
tion in bovine and rat follicular growth (Bodensteiner
et al., 1999; Vitt et al., 2000). Also, GDF9 enhances the
progression of early- to late-stage follicular growth in
rats (Nilsson and Skinner, 2002; Martins et al., 2008).
We detected higher expression of BMPR2 and TGF-
BR1 genes in fetuses from H intake cows. These results
indicate that these receptors could interact with GDF9
to stimulate the observed follicular growth, because
GDF9 has its biologic effect by binding to TGFBRI1
and BMPR2 on the membrane of target cells (Vitt et
al., 2002; Mazerbourg et al., 2004). Collectively, these
results corroborate the suggestion that the underlying
mechanism of maternal overnutrition stimulus on fetal
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ovaries is the increased abundance of GDF9, BMPR2,
and TGFBR1 that would lead to stimulate the follicu-
logenesis.

No changes in FRa expression levels were observed.
However, the expression of the Pj/50arom and StAR
gene was higher in ovaries of fetuses from H than M
intake cows. The enzyme StAR is a rate-limiting en-
zyme in steroidogenesis (Lin et al., 1995). The enzyme
P450arom catalyzes the conversion of androgens to
estrogens (Meinhardt and Mullis, 2002), and it is found
in granulosa cells of primary, preantral, and antral fol-
licles in fetal bovine ovaries at 190 DG (Burkhart et
al., 2010). Upregulation of the P450arom and StAR
genes could be the factor in the increment of primary,
preantral, and antral follicle numbers in fetuses from H
intake cows. This observation corroborate early studies
that reported estrogens regulated early follicular growth
(Britt et al., 2000; Drummond et al., 2002) and have a
direct effect on the number and size of ovarian follicles
(Nayudu and Osborn, 1992; Hulshof et al., 1995).

Maternal overnutrition did not affect testis weight
probably because not all types of testicular tissue
were affected equally, as demonstrated by quantitative
histological analysis. Volumetric proportion as well as
length and diameter of seminiferous cords were lower,
but interstitium volumetric proportion was higher in
the fetal testis from H intake cows. Although we did
not measure pre-Sertoli cell numbers, the lower semi-
niferous cords measurement could be related to lower
numbers of pre-Sertoli cells, because in fetal testis the
seminiferous cords contain only pre-Sertoli cells and 1
or 2 pre-spermatogonias (Orth, 1993). Sertoli cells pro-
liferate before and after birth coordinating testicular
development in primates (Plant and Marshall, 2001).
Their numbers are highly correlated with adult testicu-
lar size and sperm production, and alterations of their
development directly affect other testicular cells such
as Leydig and fetal germ cells, leading to disorders in
human adulthood (Sharpe et al., 2003).

The IGF-1 plays a major role in the proper develop-
ment and function of the testis (Baker et al., 1996;
Froment et al., 2004; Griffeth et al., 2014), and it is
produced by Leydig, Sertoli, and germ cells; and IGF1R
is found in the germ cells and somatic testicular cells
in human and rats (Vannelli et al., 1988; Cailleau et
al., 1990). Pitetti et al. (2013) reported that inactiva-
tion of IGF1R in mouse pre-Sertoli cells reduced its
proliferation during late gestation, which resulted in
79% reduction in daily sperm production in adulthood.
Our results suggest that lower expression of IGF1I,
IGF2, and IGFIR receptor genes in fetal testis from
H intake cows could explain detrimental changes in
testicular structure. Less seminiferous cord tissue could
mean lower proliferation of pre-spermatogonia and pre-
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Sertoli cells, consistent with earlier studies in rats that
reported IGF1 and IGF2 as regulators of germ cell pro-
liferation and survival/maturation of Sertoli and Ley-
dig cells during testis development (Soder et al., 1992;
Pitetti et al., 2013). Moreover, according to Hochereau-
de Reviers et al. (1987), the diameter of seminiferous
tubules in adults is highly correlated with the number
of germ cells, so the smaller seminiferous cord diameter
observed in our study may affect the number of germ
and Sertoli cells per seminiferous tubule at postnatal
age. Because each Sertoli cell has a fixed capacity for
the number of germ cells that it can support (Orth et
al., 1988), reduction of Sertoli cell numbers is likely to
detrimentally affect offspring fertility. Upregulation of
IGF may explain the increased expression of StAR and
HSD17B3 genes. In vitro, studies have demonstrated
that IGF1 influenced the expression of key steroido-
genic enzymes in the mouse testis during prenatal de-
velopment (Villalpando and Lopez-Olmos, 2003).

Effects of Days of Gestation on Fetal Growth,
Pituitary Gland, and Gonadal Development

As expected, fetal BW and reproductive organs
measured increased in weight during progress of ges-
tation; greater masses were observed at 268 DG for
female fetuses and at 241 DG for male fetuses. The
greater number of primary, preantral, and antral fol-
licles with DG is consistent with Santos et al. (2013)
that characterized folliculogenesis in bovine fetal ovary
and revealed that as fetal age increased, primary and
secondary follicles tended to increase in number. In
male fetuses, the volumetric proportion of seminifer-
ous cords decreased during gestation; the greater value
was observed at 139 than 199 and 241 DG, whereas
interstitium volumetric proportion increased with DG.
Moreover, diameter and length of seminiferous cords
were similar during gestational period evaluated, con-
sistent with reported by Abd Elmaksoud (2005) that
showed an increase in testicular differentiation and size
during mid- and late-gestation in bovine fetuses.

We observed an increased in FSHB gene expres-
sion with DG in both sexes, consistent with a previ-
ous study in bovine fetuses demonstrating a gradual
increase in pituitary content of FSH for both sexes
with DG (Workewych and Cheng, 1979). Furthermore,
the expression level of LHB was increased with DG in
male fetuses, but it was not differentially expressed in
female fetuses. Our results differed from Workewych
and Cheng (1979), who reported increase in pituitary
content of LH for both sexes with DG.

The lower expression of Bax and CASPS genes in
female fetuses at 268 DG compared with 199 DG, ir-
respective of maternal intake, is consistent with the
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tendency for the total number of follicles to decrease at
199 DG. These results are supported by Erickson (1966)
and Santos et al. (2013), who reported waves of follicu-
lar degeneration occurring at this stage of gestation in
the bovine fetal ovary. Moreover, the higher expression
of StAR and P/50arom genes at 268 than at 199 DG,
irrespective of maternal intake, could be explained by
greater number of follicles at late stage that are secret-
ing estrogen. As the follicles grow and differentiate, the
production of estrogen increases (Fortune, 1994).

The greater expression of IGF1, IGF2, and its re-
ceptor at 139 DG compared with 199 DG may reflect
differences in the age of fetuses associated with stage
of testicular development and also a stimulatory effect
of these growth factors during testis development by
increasing cell proliferation and differentiation, which
in turn increased testicular size. Similarly, the greater
expression of IGF1, IGF2, and IGF1R at 241 DG than
at 199 DG observed in our study could reflect an in-
crease in connective tissue related to fetal growth (Abd
Elmaksoud, 2005). Despite IGF upregulation, StAR
and HSD17B3 expression was decreased at later stages
of gestation and may reflect differences in steroidogenic
capacity across stages of testicular development. In
later stages of gestation, pre-Leydig cells are reduced
due to regression or dedifferentiation to mesenchymal
cells (Abd Elmaksoud, 2005).

CONCLUSIONS

This is the first study to demonstrate that maternal
overnutrition during mid-late gestation might alter go-
nadal development and gene expression in cattle, for
both male and female fetuses. Maternal overnutrition
affected ovarian follicular growth and the number of
follicles in female fetuses, which in turn may reduce
their ovarian reserve and subsequent fertility. In male
fetuses, testicular development was disturbed, which
could have lasting effects on daily sperm production.
The underlying mechanism seems to involve differential
expression of multiple genes: P450 aromatase, StAR,
BMPR2, TGFBR1, GDF9, FSHR, Bax, CASP3, HS-
D17B3, IGF1, IGF2, and IGF1R. The functional mean-
ing of the observed differential gene expression in terms
of offspring reproductive potential should be the focus
of further investigations, especially considering a larger
sample size to reduce the chances of type I errors as the
small sample size was a major limitation of this study.
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