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ARTICLE INFO ABSTRACT

Keywords: This study was conducted to investigate effects of short-term nutritional supplementation on

Ewe concentrations of reproductive hormones in follicular fluid and on mRNA abundance in granu-

Follicular growth losa cells (GCs) during the luteal phase of ewes. Eighteen ewes were randomly assigned to

Gene expression treatment or control groups (n = 9, each group). All the ewes were subjected to estrous syn-

Nutrition chronization using a Controlled Intravaginal Releasing Device (CIDR). From the second to the
eleventh day of estrous synchronization, ewes were fed a diet with a relatively greater (treatment
group) or a maintenance (control group) energy content. Samples of follicular fluid and GCs were
collected from antral follicles of estrous ewes after CIDR removal. The results indicate mean FSH
concentration of fluid in small follicles and mean LH concentrations of fluid in large follicles of
the ewes in the treatment group were greater (P < 0.05) than that of ewes in the control group.
Follicular fluid E, concentrations were directly related (P < 0.05) to follicular diameter. The
ewes of the treatment group had greater (P < 0.05), compared with the control group, abun-
dances of Follicle Stimulating Hormone Receptor (FSHR) in small and medium follicles, and
(P < 0.05) Luteinizing Hormone Receptor (LHR), Steroid Acute Regulatory Protein (STAR), cyto-
chrome P450 (CYP17A1, CYP19A1) enzyme and Estrogen Receptor (ESR1) in large follicles. The
results of this study provide evidence for a potential mechanism by which short-term nutritional
supplementation improves follicular development possibly because of increased expression of
steroid synthesis-regulating genes in large follicles.

1. Introduction

Nutritional intake is important in regulating the reproductive performance of ewes. Nutritional supplementation has a stimulatory
effect on the selection of dominant follicles during follicular development and on follicular growth, as well as improving the quality of
oocytes, with the magnitude of these effects being dependent on the amount and duration of supplementation (Gallet et al., 2011;
Senosy et al., 2013; Vickova et al., 2014; Chavarro and Schlaff, 2018). Short-term nutritional supplementation resulted in an increase
in the concentrations of glucose, insulin and leptin (Scaramuzzi et al., 2010; Guo et al., 2019), and relatively greater concentrations of
glucose, insulin and leptin are associated with a greater ovulation rate (Vinoles et al., 2010). In ewes, greater nutritional intake can
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lead to greater circulating concentrations of FSH and ovarian steroids and increased ovulation rates (Vinoles et al., 2010). There are
functions of both FSH and 17f-estradiol (E,) in recruitment, selection and development of follicles from which ovulation occurs
(Kosior-Korzecka and Bobowiec, 2003). Alternatively, and increased intake of dietary energy 4 to 10 days before ovulation results in
an increase in production of glucose, insulin and IGF-1 within the ovary (Kosior-Korzecka and Bobowiec, 2003; Habibizad et al.,
2015; Nogueira et al., 2017) and these substrates and hormones stimulate synthesis of FSH receptors (Hand, 2011), thus, leading to
an increased ovulation rate without any increase in FSH concentrations per se. In contrast, short-term negative energy balance inhibits
follicular growth, possibly by reducing local production of reproductive hormones via reduced intra-follicular expression of ster-
oidogenic genes including those for the cytochrome enzymes (CYP17A1, CYP19A1; Ying et al., 2013).

Steroidogenesis has an important function in the development of follicles, partly because ovarian steroids affect production of LH
and FSH either by modifying the secretion of GnRH from the hypothalamus or by direct effects on gonadotropin secreting cells in the
anterior pituitary gland (Nett et al., 2002). Steroidogenic acute regulatory protein (STAR) is the rate limiting enzyme for synthesis of
steroids, with the final substrate conversion in the steroidogenic pathway being production of E, involving the cytochrome P450
aromatase (CYP19A1) and an androgen-regulated process for induction of the CYP19A1 gene in granulosa cells (GCs; Miller and
Auchus, 2011). Short-term supplementation of ewes with lipids during the late luteal phase, however, has also led to improvements in
lambing rates without affecting the steroidogenic capacity of GCs (Hashem and El-Zarkouny, 2014).

An increase in pre-mating dietary energy supply to sheep positively affects ovulation rate and this practice in livestock systems is
known as nutritional “flushing”. The mechanism by which short-term nutritional supplementation affects follicle development during
the luteal phase, however, has not been fully elucidated. The aim of the present study was to investigate the effects of short-term
nutritional supplementation of sheep on follicular fluid concentrations of key reproductive hormones and on expression of important
genes, as estimated by mRNA abundances, in GCs during an artificially induced luteal phase.

2. Materials and methods

All experimental procedures were authorized by the Guide for Animal Care and Use of Laboratory Animals of the Institutional
Animal Care and Use Committee of Hebei Agricultural University (Hebei, P.R. China; permit number DK596).

2.1. Animals and treatments

The experiment was performed at the Hengshui Shunyao Sheep Farm (Hebei, P.R. China) and 18 Dorset X Small Tail Han
crossbred ewes (9 = 0.5 months of age; 39 + 2.18 kg bodyweight) were used to conduct this study. Ewes were randomly allocated
to a treatment or control group (n = 9 per group) and were housed in individual pens with a natural photoperiod, with free access to
mineral blocks and water.

All ewes were administered an intramuscular injection of 1 ml of a prostaglandin F2a solution (PGF2a, 0.1 mg/ml; Ningbo Dier
Hormone Factory, Jiangsu, China) and stage of the estrous cycle was synchronized using intravaginal progesterone-release devices
(300 mg progesterone; Eazi-Breed CIDR, New Zealand) which were inserted for 12 days (Fig. 1). The day of CIDR insertion was
designated as Day 0. At the time of CIDR removal (Day 12) a second injection of prostaglandin F2a (as above) was administered
(Fig. 1). From Day 2-11, ewes in the treatment group were fed a diet with relatively greater energy content than the control group
which was fed a diet for maintenance of bodyweight during the study (Table 1). Estrous behavior was monitored on Day 13 using two
vasectomized rams at 0900 h and 1600 h. Ewes that were mounted by the rams were considered to be in estrus.

2.2. Collection of follicular fluid and GCs

The procedures for collecting and dissecting ovaries were described previously (Sullivan et al., 2013) with minor modifications.
Nine estrous ewes of each group were killed using humane electro-narcosis stunning procedures followed by exsanguination, which
was performed by severing the carotid and jugular arteries, and ovaries (18 in total) were obtained within 5 min of death on Day 13.
Atretic follicles were removed based on the previously reported descriptions (Moor et al., 1978). Follicular diameter was determined

Remove CIDR
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.. Sample collection
Nutritional treatment
PG CIDR A l
Experiment Experimental diet
Control Control diet

-3d 0d 2d 11d12d 13d

Fig. 1. Schematic representation of the experimental design and treatment timeline.
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Table 1
Dietary and chemical composition of diets fed to ewes with the aim of providing the
energy required for maintenance (Control) and supplemental treatment (Experiment).

Items Control Experiment

Ingredient (%)

Corn straw silage 58.38 45.29
Corn 19.65 37.67
Corn meal 10.98 8.52
Soybean meal 3.47 2.69
Wheat bran 4.62 3.59
CaHPO,4 0.58 0.45
NaHCO3 0.29 0.41
Salt 0.41 0.27
Limestone 0.49 0.27
Premix” 1.16 0.90

Diet composition

DE(MJ/day) 11.72 18.75
DP(g/day) 79.71 108.44
Ca(g/day) 6.19 6.36
P(g/day) 3.29 4.21

# The premix provides following per kg diet: 10260 IU of VA, 301 IU of VE, 2200 IU of
VD, 57.86 mg of Fe, 42.73mg of Zn, 33.65mg of Mn, 9.34mg of Cu, 0.19mg of Se,
0.76 mg of I, 0.23 mg of Co.

using a ruler. Visible follicles on the surface of each ovary were aspirated using a 26-gauge needle attached to a 1.5 mL disposable
syringes containing 1 mL of phosphate-buffered saline solution. There was collection of follicular contents using a 1.5 mL syringe
containing 1 mL PBS from each follicle. After removal of follicular fluid, each follicle was flushed three times with PBS to collect the
GCs. The follicular fluid and PBS was then pipetted into the 96-well culture plate based on diameter (small, <3.0 mm; medium,
3.0-5.0 mm; large, =5.0 mm) of the follicles from which the fluid was obtained. The GCs were obtained by sorting from other cells
using a stereoscopic microscope, after which the aspirates were pooled in centrifuge tubes according to follicular diameter (small,
medium, large). The pooled aspirates were immediately centrifuged at 12,000 g for 10 min to provide a cell-free supernatant of
follicular fluid. Quantification of hormone concentrations (subsequently described) were conducted on these cell-free supernatants
and mRNA relative abundance determinations were conducted on the centrifuged pellets which contained GCs.

2.3. Reproductive hormone quantifications

The FSH concentration of follicular fluid was quantified using a commercial radioimmunoassay (RIA) kit (HY-10024, Institute of
Beijing Sino-uk Biological Technology, Beijing, China). This assay had a sensitivity of 0.05 ug/L and the intra- and inter-assay
coefficients of variation (CVs) were < 5% and 10%, respectively. The concentration of LH was quantified using a double antibody
RIA kit (HY-10025, Institute of Beijing Sino-uk Biological Technology, Beijing, China) which had a sensitivity of 0.2-5.0 mIU/mL and
intra- and an inter-assay CVs of < 2.0%-2.4% and < 4.2%-7.5%, respectively. The E, was quantified using a RIA kit (HY-10029,
Institute of Beijing Sino-uk Biological Technology, Beijing, China) with the assay sensitivity being < 5 pg/mL and the intra- and inter-
assay CVs being < 10% and 15.2%, respectively. Concentration of progesterone (P,) was quantified using an RIA kit (HY-031,
Institute of Beijing Sino-uk Biological Technology, Beijing, China) with the assay sensitivity being < 0.01 ng/mL and the intra- and
inter-assay CVs being < 5% and 10%, respectively.

2.4. Analysis of mRNA abundances

Total RNA was isolated from GCs in the pellets obtained from the centrifuged follicular fluid that had been pooled according to
diameter of follicles from which the fluid was obtained. For both groups of ewes, the numbers of isolates analyzed were: 20 for
follicles with diameters < 3.0 mm, 13 for those with diameters 3.0 to 5.0 mm, and 11 for those > 5.0 mm in diameter for each group.
Relative abundances of mRNA were determined using the High pure RNA Tissue Kit (Takara, Dalian, China) according to the
manufacturer’s instructions. Samples with an OD 260/280 value between 1.8 and 2.0 were selected for further analysis. Reverse
transcription reagent kits (Takara, Dalian, China) were used to remove genomic DNA (gDNA Eraser, up to 1 ug/reaction, 2 min, 42 °C)
and to reverse transcribe (Master Mix, 37 °C for 15 min, 85 °C for 5s) the RNA samples.

Quantitative real-time PCR (qQRT-PCR) was performed to detect relative abundance of mRNA. Primers were designed using Oligo
software 6.0 (Oligo 6.0). The qRT-PCR was conducted in triplicate using the Light Cycler 480 SYBR Green I Master Kit (Roche Applied
Science, Penzberg, Germany) in a 20 uL reaction on an ABI 7300 Sequence Detection System (Applied Biosystems Inc., Foster City,
CA, USA), using the following program: 95 °C for 10 min; 34 cycles of 94 °C for 30, 60 °C for 30s and 72 °C for 30s; and 72 °C for
6 min). The relative abundances of mRNA for the target genes were normalized based on the mRNA transcript abundance of the
house-keeping gene, GAPDH, relative quantification of target-gene mRNA abundances was determined using the 2~ 24t method.
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Table 2
Primer sequences for q-PCR.
Target genes Primer sequence(5’-3") Product Size(bp) Accession number
GAPDH F:CAAGTTCCACGGCACAGTCA 156 bp NC_019460.2
R: CTCAGCACCAGCATCACCC
FSHR F:AATGATGTTTTCCAGGGAGC 140 bp L12767
R:TGCTGCTTGCTTTTTAGTCC
LHR F:ATCCAGAGCTGATGGCTACC 115 bp 136329
R:GCAGCTGAGATGGCAAAGAA
ESR1 F:GACAGGGAGCTGGTACACAT 104 bp AY033393
R:TCTAGCCAGGCACATTCCAA
STAR F:GGAAGTCCCTCAAGGACCAA 106 bp NM_174189
R:CGAGAGGACCTGGTTGATGA
CYP17A1 F:GCATTGGCGACCTTACCATT 115 bp NM_001009483.1
R:GCTGCCACTCCTTCTCATTG
CYP19A1 F:TCGTCCTGGTCACCCTTCTG 115 bp AJ012153

R:CGGTCTCTGGTCTCGTCTGG

The sequence and GenBank accession numbers of the primers sets used for amplification of the target genes (FSHR, LHR, ESR,
CYP17A1, CYP19A1 and STAR) are presented in Table 2.

2.5. Statistical analysis

Statistical analyses were conducted using the statistical software package SAS 9.1 (Statistical Analysis Systems Institute, Cary,
NQ). The linear mixed model was used to analyze the repeated measurements of follicular hormones (FSH, LH, E,, P,) concentration.
The model included the fixed effects of treatment, diameter and the interactions. The model was

Yijk:ll+Ti+1Mj+ TMij+C(T)ik+€ijk

1 is the average effect; T is treatment (i = 1,2), Fixed effect; M is follicular diameter (j = 1, 2, 3; small, medium, large), Fixed effect; C
is sheep (k = 1.....18), Random effects; ¢ is residual. An analysis of variance (ANOVA) was used to compare the effects of treatment
on the follicular hormone concentrations of follicles <3.0 mm, 3.0-5.0 mm and =5.0 mm in diameter. The LSD test was used to
further analyze differences between the treatment and control group. The relative abundances of mRNA in GCs were analyzed for
each follicular diameter size (small, <3.0 mm; medium, 3.0-5.0 mm; large, =5.0 mm) using an one-way ANOVA. Effects of the
nutritional treatment were determined using the LSD for the relative abundances of mRNA transcripts. When the fold change of
differential mRNA abundances was > 1.5 or < 0.67, the difference was significant.

3. Results
3.1. FSH concentrations

The mean concentration of FSH was greater (P < 0.05) in fluid from small follicles of ovaries from the ewes of the treatment than
the control group (Table 3). There was no effect on follicular fluid FSH concentration of follicular diameter and there was no
interaction between nutritional treatment and follicle diameter (P > 0.05; Table 3).
3.2. LH concentrations

The nutritional supplementation resulted in a greater mean follicular fluid LH concentration of large follicles in comparison with
follicular fluid from the ewes of the control group (P < 0.05) and there was an interaction for LH concentration between nutritional
treatment and follicular diameter (P < 0.05), but there was no effect of follicular diameter per se (P > 0.05; Table 3).
3.3. Estradiol and progesterone concentrations

Follicular fluid concentrations of 17f3-estradiol (E,) and progesterone (P,) were not affected (P > 0.05) by nutritional treatment
of the ewes (Table 3). In the case of E,, there was only an effect (P > 0.05) of follicle diameter, with the greatest concentrations in
fluid of the large follicles, and there was no treatment by follicle diameter interactions (P > 0.05; Table 3).
3.4. Relative abundances of FSHR mRNA in GCs

The relative abundance of FSHR mRNA was greater in GCs from small and medium follicles for ewes in the treatment than control

group (P < 0.05), and the relative abundance of this mRNA transcript was less in cells from large follicles (P > 0.05). In the
treatment group, ewes had a greater relative abundance of FSHR mRNA in small and medium follicles than large follicles (P < 0.05),
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Table 3
Effects of short-term nutritional supplementation of ewes on ovarian reproductive hormone concentrations.
Conc. in follicular fluid Control Experiment P-value
Treatment Diameter Treatment X Diameter
FSH(mIU/mL)
Small follicles (n = 20) 3.73 + 0.26° 4.48 + 0.13° 0.163 0.115
Medium follicles (n = 13) 3.54 = 0.16 3.97 £ 0.13 0.021
Large follicles (n = 11) 3.90 + 0.04 3.86 + 0.26
LH(mIU/mL)
Small follicles (n = 20) 2.74 = 0.14 3.51 + 0.06 0.362 0.001
Medium follicles (n = 13) 3.04 = 0.19 2.72 = 0.07 0.001
Large follicles (n = 11) 2.74 = 0.04% 3.57 + 0.08"
E(pg/mL)
Small follicles (n = 20) 13.93 = 1.23 14.45 = 0.44 < 0.001 0.844
Medium follicles (n = 13) 13.64 = 0.90 13.04 = 0.69 0.678
Large follicles (n = 11) 129.42 + 5.96 122.13 + 1.23
P4(ng/mL)
Small follicles (n = 20) 0.136 = 0.01 0.126 = 0.00 0.177 0.547
Medium follicles (n = 13) 0.166 + 0.01 0.115 + 0.00 0.075
Large follicles (n = 11) 0.177 + 0.04 0.152 = 0.01

Values with different superscripts within rows differed (P < 0.05).

but there was no difference between small- and medium-sized follicles (P > 0.05; Fig. 2A).

3.5. Relative abundances of LHR and ESR1 mRNAs in GCs

The relative abundance of LHR mRNA was less in GCs from small follicles (P < 0.05) of ewes in the treatment group than the
control group, however, the relative abundance of this mRNA transcript was greater in large follicles (P < 0.05) of the treatment
than the control group and there were no differences in abundances of mRNA transcripts in medium follicles (P > 0.05; Fig. 2B) of
the two groups. The relative abundance of LHR mRNA was greater in large follicles than small and medium follicles (P < 0.05) and
greater in medium sized than small follicles (P < 0.05). Relative abundance of ESRI mRNA transcript (Fig. 2C) was greater
(P < 0.05) in GCs from large follicles of ewes in the treatment than control group, but was comparatively less (P < 0.05) for GCs
from small and medium follicles. Relative abundance of ESR1 mRNA was greater in large follicles than small and medium follicles
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Fig. 2. Relative abundance of mRNA for genes that encode proteins related to development of follicles of different sizes; GCs were collected by
centrifugation from follicular fluid aspirated from small (<3.0 mm, n = 20), medium (3.0-5.0 mm, n = 13), large (= 5.0 mm, n = 11) from each
group; Results from real time PCR were expressed as least squares means of GAPDH mRNA abundance (2-Dhc arbitrary units) + SEM; Bars within
graphs with differing superscripts were different (P < 0.05).



Y.X. Guo, et al. Animal Reproduction Science 211 (2019) 106208

(P < 0.05), but there was no difference between small and medium follicles (P > 0.05).
3.6. Relative abundance of STAR mRNA transcript in GCs

Relative abundance of STAR mRNA (Fig. 2D) was less (P < 0.05) in GCs of small and medium follicles from ewes of the treatment
than control group, however, was greater (P < 0.05) in GCs from large follicles of ewes in the treatment as compared with control
group. The relative abundance of STAR mRNA was greater in large follicles than small and medium follicles (P < 0.05) and greater
in medium than small follicles (P < 0.05).

3.7. Relative abundance of CYP17A1 and CYP19A1 mRNA transcripts in GCs

Relative abundance of CYP17A1 (Fig. 2E) and CYP19A1 (Fig. 2F) mRNA was greater (P < 0.05) in medium and large follicles,
however, was less in GCs from small follicles (P < 0.05) in the ewes from the treatment than control group. The relative abundance
of CYP17A1 mRNA was less in small follicles than medium and large follicles (P < 0.05), however, there was no difference between
medium and large follicles in abundances of this mRNA transcript (P > 0.05). The relative abundance of CYP19A1 mRNA was
greater in large follicles than small and medium follicles (P < 0.05) and greater in medium follicles than small follicles (P < 0.05).

4. Discussion

Results of this study indicate a short-term nutritional supplementation of ewes during an artificially induced luteal phase alters
the concentrations of reproductive hormones in ovarian follicular fluid and affects relevant abundances of mRNA transcripts for these
hormones in GCs. In addition, nutritional supplementation in combination with estrous synchronization enhanced the number of
larger follicles and ovulation rate by 43% but did not affect plasma concentration of LH (Nogueira et al., 2016), FSH and 17-
estradiol (Somchit et al., 2007). The energy content of diets may affect follicular development through direct actions of nutrients on
the ovarian microenvironment (Guo et al., 2017; Grazul-Bilska et al., 2018) and development of gonadotropin receptors (Ying et al.,
2013). Short-term feeding of diets with greater energy content to ewes altered this microenvironment (Ying et al., 2011) and results
of other studies indicated that supplementary nutrition results in modulation of ovarian functions involved in modifying follicular
responses to LH and FSH (Scaramuzzi et al., 2006). As follicles develop beyond the primordial stages, there is a progressive increase
in sensitivity to FSH and LH (Webb and Campbell, 2007). In the latter stages of follicular development, the reduction in circulating
concentrations of FSH is thought to induce atresia of small follicles, whereas there is not atresia of dominant follicles because of
changes in developmental dependence from FSH to LH (Scaramuzzi et al., 2010). Results of the present study indicate there is an
enhanced response to the immediate actions of dietary nutrents on to increase the FSH concentration in the fluid of small follicles and
the LH concentration in fluid of large follicles, thereby enhancing the normal progression of changes and possibly explaining the
resultant enhanced follicular development. Follicular distribution in the control compared with the dietary-supplemented group for
small follicles was 17.11 compared with 6.78, medium follicles 3.2 compared with 4.16, large follicles 0.88 compared with1.61 in a
previous study (Guo et al., 2019). An increase in concentration of LH, therefore, in the ewes of the treatment group of the present
study may be related to an increase in the number of follicles greater than 5 mm follicles as a result of short-term dietary supple-
mentation during an induced luteal phase.

Steroid hormones (E, and progesterone) are involved in the regulation of recruitment, selection and development of ovulatory
follicles (Fernandez et al., 2018) and E, signaling may modulate coupling of reproductive functions with energy metabolism (Della
et al., 2011). In the present study, the nutritional supplementation had no effect on E, and progesterone concentrations during the
follicular phase of the estrous cycle, however, the concentration of E, was markedly increased in follicles greater than 5.0 mm in
diameter as compared with small and medium follicles. The concentrations of E, in follicular fluid in the present study were closely
related to follicular diameter and this is consistent with findings of relatively greater concentrations of E, in follicular fluid of
dominant and preovulatory follicles (Fortune et al., 2004). This hormonal milieu promotes mitosis and mitotic spindle formation in
GCs, as well as oocyte maturation (Swinbourne et al., 2014). The mean follicular fluid concentration of progesterone was less in
follicles less than 3.5 mm in diameter and concentrations of 17(3-estradiol were not different as a result of short-term nutritional
supplementation in a previous study (Somchit et al., 2007). Short-term nutritional supplementation of ewes resulted in decreased E,
concentrations in follicular fluid (= 2.5 mm) but did not affect the concentrations of progesterone (Ying et al., 2013). A similar effect
of nutrition on E, concentration was reported by (Somchit-Assavacheep et al., 2013) but was limited to the follicular phase of the
estrous cycle, whereas Gallet et al. (2011), using glucose infusion, it was reported there was an acute (within 28 h) reduction of E,
concentrations that was sustained during the luteal phase of the estrous cycle. The concentration of progesterone was affected in goat
does as a result of imposing an estrous synchronization treatment, however there was no affect of dietary supplementation. The
inconsistent results in some previous studies about the effects of nutritional supplementation were not borne out by findings in the
present study with effects in the present study being trends rather than being statistically significant. It, however, is noteworthy that
the relationship between the hormone concentrations and follicular size was observed in the present study.

The FSHR and LHR are G protein-coupled membrane receptors have a central function in the control of follicular growth. There is
activation by FSH of the hormone-sensitive adenylate cyclase (cAMP) signaling pathway by binding to the FSHR of small and medium
follicles, leading to an increase in intracellular cAMP (Jacobus and Walker, 2012; Ayoub et al., 2016). In the present study, nutri-
tional supplementation increased the abundance of the FSHR mRNA transcript of in GCs of small and medium follicles during the
luteal phase, potentially promoting the differentiation into larger, more mature follicles.
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In the ovary, the LHRs are present in theca cells where there are functions of this protein in regulation of production of androgen
production, and in luteinization of GCs and, thus, regulation of progesterone production (Huhtaniemi et al., 2002). There was
detection of an increase in abundance of LHR mRNA transcript before the development of dominant follicles (Chen et al., 2018) and
this mRNA was in greatest abundance as there was advancement of development to near the time of ovulation (Beg et al., 2001). The
newly selected dominant follicles had a greater abundance of LH receptor mRNA transcript in both theca and granulosa cells
compared with other follicles that were a part of the recruitment cohort in a wave of ovarian follicular development (Bao and
Garverick, 1998). The results of the present study indicate nutritional supplementation resulted in an increase in abundance of LHR
mRNA transcript in the large follicles and the relative abundances were associated with follicular diameter, as previously described
by Ni et al. (2011). These observations support the concept that nutritional effects resulting from short-term dietary supplementation
on growth of follicles, especially large follicles are mediated via the LH receptor.

In mammals, E, functions through a receptor (ESR1) and has marked modulatory actions in regulation of various reproductive
functions. Rovani et al. (2014) reported that FSH functioned to promote maturation of subordinate follicles into dominant follicles as
a result of increased abundances of ESR1 mRNA which is assumed to be associated with an increase in ESR1 protein. The present
findings of increased follicular fluid E, concentrations and an increased abundance of ESR1 mRNA transcript in large follicles is
consistent with these previous findings. Nutritional supplementations may improve follicular growth through enhanced actions of
ESR1 on an intra-follicular feedback loop in large follicles (Ying et al., 2013). Estrogen secretion is regulated by many factors and
there has been reported to be a positive correlation between 17f3-estradiol and glucose concentrations (Ying et al., 2011). The lack of
an effect of ewe nutritional supplementation on E, and progesterone follicular fluid concentrations in the present and a previous
study (Somchit et al., 2007) is rationale that there be some caution in reaching any conclusion about the effects of nutritional
supplementation on ovarian follicles.

There were effects of ewe nutritional supplementation on expression of steroid synthesis-regulating genes in ovarian follicular
GCs. Transcription of STAR, CYP17A1 and CYP19A1 are tightly controlled processes in the steroidogenic pathway (Lavoie and King,
2009) which is important for both follicular development and atresia. The STAR protein facilitates the translocation of cholesterol
from the outer to the inner mitochondrial membrane which is a rate-limiting process is conversion of cholesterol into androgens as a
results of actions of the CYP17A1 protein. The CYP17A1 gene is co-expressed with STAR in mouse ovaries (Wang et al., 2017)
following an LH-induced signaling (Nimz et al., 2010) and together these two proteins function in regulation of E, secretion. Nu-
tritional supplementation of ewes during the luteal phase led to a greater abundance of STAR and CYP17A1 mRNAs in follicles
greater than 2.5 mm in diameter in GCs of Hu sheep (Ying et al., 2013) and in GCs from large follicles of the crossbred sheep in the
present study. Abundance of both STAR and CYP17A1 mRNA transcripts was greater in the large follicles in the present study. This
observation indicates that nutritional supplementation could improve cholesterol uptake into GCs for subsequent androgen synthesis
during the luteal phase. Follicular sensitivity to stimulation by FSH may be augmented by the presence of androgens having actions
the androgen receptors (Nielsen et al., 2011). Also, androgens which may be primarily synthesized by thecal cells, and can activate
the androgen receptor in GCs to stimulate production of enzymes in the estrogen synthesis pathway, as well as in providing the
substrate for estrogen synthesis (Nielsen et al., 2011). This latter steroid conversion in the estrogen synthesis pathway is catalyzed by
cytochrome P450 aromatase (CYP19A1; Miller and Auchus, 2011). Results of the present study have provided evidence that these
important conversions in the estrogen synthetic pathway are enhanced in response to nutritional supplementation of ewes during the
luteal phase.

5. Conclusion

Nutritional supplementation of ewes shortly before ovulation promotes ovarian follicular development by increasing the con-
centrations of FSH in small follicles and LH in large follicles. The potential mechanism by which such treatments enhance follicular
development may involve increases in expression of STAR, CYP17A1, CYP19A1, LHR and ESR1 genes as indicated by the increased
abundance of mRNAs encoded by these genes in large follicles that is associated with an increase in FSH and LH concentrations in the
follicular fluid.
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