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Introduction

Insulin-like peptide 3 (INSL3) is produced exclusively by testicular Leydig cells in
males and by theca interna cells of ovarian antral follicles and luteal cells in females.
INSL3 is considered a hormone owing to its ability to circulate in the peripheral blood
in male animals including bulls. However, information regarding circulating INSL3
levels in female cattle is very limited due to its lower concentrations. Hence,
introducing sandwich immunoassays, utilizing two antibodies for enhanced sensitivity
and specificity, is crucial for accurately quantifying peripheral INSL3 levels in female
cattle. No previous studies have examined changes in circulating INSL3 levels during
growth from calves to cows, across different reproductive conditions, including
follicular and luteal phases, and in the presence of ovarian disorders in cows. Moreover,
INSL3 secretions in bovine dominant follicles and corpus luteum throughout the estrus
cycle have not yet been investigated.

It has been suggested that biological actions of INSL3 in target cells are mediated
through relaxin family peptide receptor 2 (RXFP2) located on the cell surface. RXFP2
mRNA was detected in bovine ovarian follicular theca cells, oocytes and corpus luteum.
Until now, there have been no reports to quantitate the RXFP2 protein in bovine
oocytes of antral follicles in differing sizes. The RXFP2 protein was previously
detected in bovine spermatozoa from frozen semen. However, quantitative comparison
of RXFP2 protein in bovine sperm between normal and abnormal semen has not been
carried out.



In Chapter 1 of this study, changes of circulating INSL3 concentrations were
determined in female Japanese Black beef cattle across different age groups and
reproductive conditions with a newly developed sandwich time-resolved fluorescence
immunoassay. In Chapter 2, INSL3 was quantified in dominant follicles and corpora
lutea during the estrus cycle and in the follicular cysts in beef heifers. Then, RXFP2
expressions were analyzed in bovine oocytes of antral follicles and in spermatozoa in
normal and abnormal semen of beef bulls in Chapter 3.

Chapter 1: Circulating INSL3 concentration in female beef cattle: changes with
age and their associations with ovarian conditions

The objectives of the present study were to 1) develop a sandwich time-resolved
fluorescence immunoassay (TRFIA) with higher detectability to measure blood INSL3
concentrations in female cattle, 2) determine INSL3 concentrations in female cattle
among age groups and reproductive conditions, and 3) explore associations between
INSL3 levels and ultrasonographic ovarian measurements. Blood was collected
repeatedly from Japanese Black beef female calves (0—8 mo), heifers (10—-26 mo) and
cows (27-200 mo). Blood was taken from cows at follicular, postovulatory, and luteal
phases, and from cows with follicular cysts. Ultrasonography of ovaries was conducted
in the calves and the cows without ovarian diseases. The number and diameters of
antral follicles > 2 mm were determined in each ovary.

The new sandwich TRFIA detected a difference in plasma INSL3 between calves
(0.01 ng/mL) and heifers (0.18 ng/mL). However, the conventional assay showed
similar levels for calves and heifers (1.82 vs 2.07 ng/mL). Plasma INSL3 and
testosterone concentrations increased from calves to heifers (P < 0.0001), but only
INSL3 rose from heifers to cows (P < 0.0001). INSL3 and testosterone concentrations
did not change across the estrus cycle in cows, and the levels of both hormones in
follicular cystic cows did not differ from those in the follicular phase. Plasma INSL3
concentrations correlated positively with the total volumes of all follicles in calves (P
< 0.05) and cows (P < 0.05), whereas testosterone concentrations did not correlate with
ovarian follicular measurements.

In conclusion, plasma INSL3 concentrations measured by the proposed sandwich
TRFIA showed a clear increase from female calves to cows in beef cattle. These results
suggest that circulating levels of INSL3, but not of testosterone, are associated with
the total volume of all antral follicles in both ovaries per animal in female cattle.

Chapter 2: Quantitative analyses of INSL3 and sex steroid hormones in dominant
follicles and corpora lutea during the estrus cycle and in follicular cysts in beef
heifers

In the initial chapter, our research revealed consistent plasma INSL3 concentrations
across various stages of the bovine estrus cycle, including cows with follicular cysts
when compared to those in the follicular phase. The consistent INSL3 levels in blood
during the estrus cycle indicate a possibility that INSL3 may function as a local
hormone acting on the ovary itself and nearby genital tracts in female cattle. This
chapter is dedicated to measuring ovarian INSL3 secretion, focusing on the turnover of
dominant follicles and follicular maturation during the bovine estrus cycle, follicular
cyst formation, and luteal development and regression. Paired ovaries from beef
heifers were classified, by their morphological features, either into four stages of the
estrus cycle (Day 1 = day of ovulation, Day 20 = day of estrus) as Stage I (Days 1-4),



Stage II (Days 5-10), Stage III (Days 11-17), and Stage IV (Days 18-20) or follicular
cystic. Cysts were subdivided into estrogen-active and estrogen-inactive cysts.

INSL3, testosterone, and estradiol-17 concentrations in the dominant follicular
fluid of Stage IV were higher than those in Stages II and III (P < 0.05). INSL3
concentrations in the cystic fluid were like those in dominant follicles at Stage IV,
whereas testosterone and estradiol-17p concentrations were lower in cysts (P < 0.05).
INSL3 content per estrogen-inactive cyst was higher than that of Stage IV (P < 0.05).
INSL3 and progesterone concentrations in luteal tissue and contents per corpus luteum
were higher in Stages II and III (P < 0.05).

In conclusion, INSL3 secretion in bovine dominant follicles increased with
maturation. Follicular cysts may retain the production of INSL3 during their formation
but tend to lose the capacity for testosterone secretion. Estrogen-inactive cysts
subjected to advanced atresia may accumulate more INSL3. INSL3 production in
bovine corpora lutea is enhanced during maturation.

Chapter 3: RXFP2 protein expression in oocytes of bovine antral follicles and in
spermatozoa in normal and abnormal semen of beef bulls

The Chapter 2 revealed greater INSL3 secretion in the preovulatory follicles during
the estrus cycle. In the preovulatory follicles, which are fully matured antral follicles
grown up from small antral follicles, INSL3 may stimulate oocytes directly to assist
their maturation process during follicular development and maturation prior to
ovulation. Given that preovulatory follicles eventually outpour oocytes with follicular
fluid containing large amount of INSL3 into the oviduct, the hormone might affect
sperm waiting for the forthcoming fertilization. In this chapter, the following studies
were performed to elucidate the expression levels of RXFP2 protein in oocytes from
bovine antral follicles and in sperm of fresh semen from beef bulls.

Section I: RXFP2 in bovine oocytes of antral follicles differing in size

INSL3 exerts its effects by binding to the RXFP2. The RXFP2 mRNA expression
was previously detected in bovine oocytes, whereas it remains poorly studied in
RXFP2 protein expression in bovine oocytes in different sizes of antral follicles. The
objective of this section is to characterize the protein expression of RXFP2 in bovine
oocytes derived from small (2-8 mm in diameter) and large (10-18 mm in diameter)
antral follicles. Protein expression of RXFP2 of the oocytes was assessed by the
immunofluorescence with confocal laser microscopy and obtained images were
quantified by an image-analyses software. INSL3, testosterone, and estradiol-17f
concentrations in small and large follicles were measured by either TRFIA, or EIA.

As the results, RXFP2 protein was found in the bovine oocytes, with higher total
RXFP2 expression observed in oocytes from small follicles compared to those from
large follicles (P < 0.05). Higher concentrations of INSL3 and testosterone were found
in the small follicular fluid than in the large follicular fluid (P < 0.05), whereas
estradiol-17p levels were lower in the small follicular fluid (P < 0.05).

These results suggest that bovine oocytes are direct target cells for INSL3. Higher
INSL3 concentrations in small follicular fluid and greater expression of its receptor
protein in oocytes from small follicles may imply some roles in the germ cells of the
follicles.

Section II: RXFP2 in sperm and INSL3 in seminal fluid between normal and



abnormal semen of beef bulls

It has been shown that RXFP2 is expressed on head and neck parts of bovine sperm.
However, an association of RXFP2 protein on bovine sperm with its morphology is
unknown. Also, INSL3 levels in seminal fluid of bulls are yet to be determined. The
objective of this section is to examine the relationships of RXFP2 expression in sperm
and the testicular hormonal concentrations in seminal fluid with sperm morphology in
fresh semen from beef bulls. Ejaculates were collected from yearling Japanese Black
beef bulls. Collected semen was evaluated for its sperm morphology and categorized
into three groups: High (normal morphology > 80 %), Mid (<80 % & > 65 %) and Low
(< 65 %). Sperm was subjected to the same immunofluorescence method used for the
oocytes to determine the expression levels of RXFP2. The seminal plasma composition
was analyzed for INSL3 and testosterone using TRFIA and EIA respectively.

The results showed that RXFP2 protein was expressed at the acrosome, equatorial,
post-acrosomal regions in the head part and at the neck part of the sperm in all groups.
RXFP2 expressions at the acrosomal and post-acrosomal regions, and at the neck part
in Low group were lower than those in High and Mid groups (P < 0.05) whereas the
expression at the equatorial region was similar among all three groups. Total RXFP2
expression in the sperm of the Low groups was also reduced compared to those in High
and Mid groups (P < 0.05). Seminal INSL3 concentrations were higher in the Low
group compared to the High and Mid groups (P < 0.05) whereas testosterone
concentrations did not show any difference among the groups. Seminal fluid INSL3
concentrations negatively correlated with the sperm morphological normality (P <
0.05) whereas testosterone concentrations did not.

Our findings underscore differential expression levels and distribution of RXFP2
expression in relation to sperm morphology, suggesting possible roles in sperm
capacitation. Abnormal semen with more malformed sperm exhibited reduced RXFP2
expression, suggesting that the higher INSL3 levels in the seminal fluid occurred due
to less INSL3 binding on sperm in the abnormal semen. Seminal INSL3 levels were
negatively correlated with sperm morphological normality, whereas testosterone did
not, highlighting potential values of seminal INSL3 as a biomarker to assess bulls’
fertility.

Overall conclusions

1. Plasma INSL3 concentrations measured by the newly developed sandwich TRFIA
showed a clear increase from female calves to cows in beef cattle.

2. Circulating levels of INSL3, but not of testosterone, were associated with the total

volume of all antral follicles in both ovaries per animal in female cattle.

INSL3 secretion in bovine dominant follicles increased with maturation.

4. Bovine follicular cysts may retain the production of INSL3 during their formation
and corpus luteum might produce more INSL3 upon full maturation.

5. INSL3 may directly act on bovine oocytes and have potential roles in the germ
cells.

6. RXFP2 was reduced in the head and neck parts of bovine sperm in abnormal semen
with more malformed sperm. Thus, INSL3 may have possible roles in sperm
capacitation.

7. Seminal INSL3 levels might have potential values as a biomarker to assess bulls’
fertility.
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