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Abstract: Osteoblast-activating peptide (OBAP) is a novel protein affecting osteoblast proliferation and differentia-
tion, but its ovarian expression is yet to be reported. Osteoporosis is a common disease, caused mainly by low
estrogen levels in females. We investigated whether OBAP regulates estrogen synthesis and osteoporosis. Using
immunohistochemical analyses, we studied the distribution of OBAP in different parts of the mouse ovary. We also
attempted to clarify the correlation of OBAP with ovarian steroids and calcium-regulating factors in the same ovarian
tissues, including aromatase (CYP19), 3p3-hydroxysteroid dehydrogenase (33-HSD), estrogen receptor (ER), proges-
terone receptor (PR), receptor activator of nuclear factor-kB (RANK), calmodulin, calbindin, and calcium-sensing re-
ceptor. The ovarian interstitial endocrine cells (IC) showed the greatest localization of OBAP, followed by the mature
corpus luteum and the oocytes of mature Graafian follicles (MGF), while there were strong negative correlations of
OBAP with CYP19. Strong positive correlations with 33-HSD (except MGF), RANK (except IC), and calmodulin (except
MGF and IC) were demonstrated. OBAP also showed partially positive correlations with ER and PR in the corpus
luteum and with IC and calbindin in the MGF. We conclude that OBAP might be related to estrogen synthesis and
calcium homeostasis.
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Introduction sis [5]. The low production of estrogen from the
ovaries in old age causes osteoporosis [6].
Osteoporosis can also be induced by ovariecto-
my in adult females [7], with a lack of estrogen
potentially being the main result of an ovariec-
tomy. D’Amelio, et al. [8] concluded that estro-
gen deficiency enhances osteoclast synthesis
social, clinical and public health problems [2]. by elevating the number of osteoclast precur-
In developed countries, hip fractures are asso- sors because of the high production of recep-
ciated with 30% and 40% mortality rates in the tor activator of nuclear factor-«B ligand (RANKL)
first and second years, respectively, after frac- and tumor necrosis factor-alpha (TNF-a).

ture [3]. Fragility fractures are the cause of 1%
of disabilities globally [4].

Osteoporosis is a bone disease that mainly
manifests in the elderly [1]. It is characterized
by altered bone micro-architecture, bone de-
mineralization, and bone damage. Osteoporo-
sis results in over nine million fractures per
year worldwide and causes serious economic,

Dick, et al. [9] proposed that a lack of estrogen
in older women exacerbates renal calcium de-
The leading cause of osteoporosis is elevated ficiency, thereby enhancing bone resorption.
bone degradation and decreased bone synthe- Moreover, the ovary has been reported to play a
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pivotal role in calcium hemostasis via proges-
terone and estrogen hormones [10]. Estro-
gen elevates blood calcium levels by elevating
serum 1,25(0H)2D and calcium absorption
[11], whereas progesterone lowers calcium in
the blood [12].

The aromatase enzyme, encoded by CYP19al,
synthesizes estrogens and is expressed at pre-
ovulatory follicles and large antral healthy folli-
cles [13]. Aromatase is expressed most strong-
ly in granulosa cells at the outer edge of the
antral follicles, exceeding the levels of expres-
sion found in granulosa cells near the antral
cavity [14, 15]. In rats, mature follicles at proes-
trus highly express aromatase in the granulosa
layer [16].

Seifert-Klauss and Prior [17] noted that prog-
esterone enhances bone building in peri- and
premenopausal women, so the combination of
antiresorptive effects with progesterone may
increase bone formation. During the luteal ph-
ase, elevated progesterone relative to estrogen
might be the main cause of low serum calcium
levels [18]. Ishida and Heersche [19] suggest-
ed that progesterone enhances the differentia-
tion and proliferation of osteoprogenitor cells in
adult female rats, but not in adult male rats.
Moreover, Wang, et al. [20] revealed that pro-
gesterone prevents osteoblast apoptosis by
the downstream mitochondrial pathway and
progesterone receptors (PRs). Therefore, pro-
gesterone may play a role in bone formation.
Davey and Morris [21] suggested that com-
bined treatment with estradiol and DHT en-
hanced early-phase osteoblast development
when alkaline phosphatase is detected. More-
over, Westerlind, et al. [22] suggested that the
rate of bone turnover is regulated by estrogen.

RANK (receptor activator of nuclear factor-kB)
is a cytokine activated by RANKL, regulating
bone metabolism and controlling the tumor
immune response [23]. Postmenopausal osteo-
porosis is associated with an increased rate of
bone remodeling, which leads to accelerated
bone loss and increased risk of fracture. Bone
resorption is dependent on RANKL, a TNF fam-
ily member that is essential for osteoclast
formation and activity. The catabolic effects
of RANKL are prevented by osteoprotegerin
(OPG), a TNF receptor family member that binds
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RANKL and prevents the activation of its sin-
gle similar receptor, RANK, which is found on
osteoclasts and preosteoclast precursors [24].
RANK-RANKL interactions lead to preosteo-
clast cell recruitment, fusion into multinucleat-
ed osteoclasts, and osteoclast activation and
survival. RANK-mediated responses can be in-
hibited completely by OPG [24]. OPG is a sectr-
eted protein that is detectable in the peripheral
circulation, where it binds to RANKL [24]. Cell
culture studies showed a positive effect of
estrogen [25, 26] on OPG production by human
osteoblastic cells.

Calmodulin is one of the most common Ca?*-
binding proteins, playing a pivotal role in the
transduction of various physiological respons-
es [27]. Calmodulin mRNA is expressed in the
ovary of virgin, pregnant, and postpartum mice
and has been found in mouse tissues that sup-
port pregnancy, such as the uterus, decidua,
and placenta [27]. Calbindin-D28k (CaBP28k)
is a cytosolic calcium (Ca?*)-binding protein
expressed in the intestine, kidney, and placen-
ta that mediates Ca?* homeostasis and is influ-
enced by 1,25-dihydroxyvitamin D3 [28]. It is
expressed abundantly in the immature mouse
uterus and oviduct, where its immunoreactivity
is restricted to the endometrial and glandular
epithelium of both the uterus and the oviduct.
CaBP28k is decreased markedly in the uterus
but not in the oviductal epithelium at sexual
maturity; this pattern continues in pregnant
mice. Estrogen was also shown to decrease
calbindin-D28k mRNA in the uterus but not in
the oviduct, suggesting its effect on mamma-
lian CaBP28k expression [29]. It is also ex-
pressed in the germinal epithelium and cells
surrounding the oogonia and oocytes of devel-
oping and growing ovaries of chicken embryos,
reflecting its crucial role during the early phas-
es of oogenesis [30].

The calcium-sensing receptors (CaSRs) are
transmembrane G-protein-coupled receptors
that act as sensors responsible for modulat-
ing parathormone and calcitonin release in
response to changes in blood calcium levels
[31]. The CaSRs are considered the molecular
basis for detecting the response of specialized
cells to changes in the extracellular Ca?* con-
centration. The activation of these receptors
triggers signaling pathways that modify many
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cell functions [32]. The sensitivity of CaSRs in
the epithelial cells on the ovarian surface to the
extracellular Ca?* concentration can shift the
cellular behavior from proliferation to irrevers-
ible differentiation or latency [33].

Recently, numerous antiresorptive agents have
been used to treat osteoporosis, but the only
accepted bone anabolic treatments are trun-
cated and full-length parathyroid hormone [34].
In the rat stomach, Fukushima, et al. [35]
detected a new anabolic peptide called the
osteoblast-activating peptide (OBAP), which
enhances the expression of various osteoblast
differentiation markers [35]. Interestingly, OB-
AP is localized in the distal convoluted tubules
of the mouse kidney [36] and parietal cells of
the rat stomach [37], and is reported to have a
direct relationship with calcium hemostasis
and osteoporosis [38, 39]. In this context, we
asked whether OBAP could play a role in calci-
um hemostasis in these organs, assuming that
there are relationships between OBAP, ovarian
steroid hormones, and calcium-controlling ele-
ments. We studied the ovarian distribution of
OBAP to determine its role in calcium hemosta-
sis and its relationship with the secreted ovari-
an hormones that contribute to bone for-
mation.

Materials and methods

Animals and tissue preparation

Our studies were performed according to the
NIH Guidelines for the Use and Care of La-
boratory Animals and were approved by the
Ethics Animal Care Committee of Tottori Uni-
versity, Japan (Approval No. 13-T-19). Twelve
9-week-old female BALB/cAJcl mice (21-25 g;
Shimizu Kagaku, Kyoto, Japan) were used in
this study. After determining various estrous
cycle stages using vaginal swabs [40], the ani-
mals were exposed to ether inhalation and
euthanized by cervical dislocation. The ovaries
were dissected and preserved in 4% parafor-
maldehyde in 0.1 M phosphate buffer overnight
at 4°C for immunofluorescence (IF) and immu-
nohistochemistry (IHC) studies.

Antibodies

All antibodies, sources, working dilutions, and
methods for antigen retrieval are presented in
Table 1. The immunospecific reaction of anti-
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OBAP antibody was confirmed in the supple-
mentary data provided by Noreldin et al. [37].

General routine staining and immunohisto-
chemistry

Briefly, 4-um-thick paraffin sections were depa-
raffinized with xylene and rehydrated in grad-
ed alcohol. Some sections were stained with
hematoxylin and eosin [41]. Other sections
were subjected to antigen retrieval according to
the type of antibody shown in Table 1. Next, the
sections were immersed in 0.5% TritonX-100
(Nacalai, Kyoto, Japan) in phosphate-buffered
saline (PBS) for 20 min, followed by 3% hydro-
gen peroxide in methanol for 5 min at room
temperature to block endogenous peroxidase
signals. The sections were blocked with 5%
bovine serum albumin (Cat. #A9647; Sigma-
Aldrich) diluted in 0.1 M PBS (pH 7.2) for 1 h.
The incubation with primary antibodies was
performed overnight at 4°C. In the negative
control sections, normal immunoglobulin G
(IgG) was substituted for the primary antibo-
dies at the same concentration and antibody
species. After washing, the sections were incu-
bated with biotinylated IgG antiserum (Histo-
fine kit; Nichirei, Tokyo, Japan) for 30 min at
room temperature. Then, the sections were
incubated with streptavidin-peroxidase conju-
gate for 30 min at room temperature. The
detection of antibody-streptavidin-biotin com-
plexes was performed using peroxidase/3,3-
diaminobenzidine (Peroxidase/DAB ChemMate
Detection Kit, Cat. #K5007; Dako, Real Carpin-
teria, CA, USA). Nuclear counterstaining was
performed with Mayer’s hematoxylin. Repre-
sentative micrographs were captured under a
microscope (IX71; Olympus, Tokyo, Japan) link-
ed to a digital camera (DP-71; Olympus).

Immunofluorescence

For IF analysis, the ovarian sections were first
washed with 0.5% TritonX-100 and then treated
with donkey serum (Cat. #GTX30972; GeneTex,
Irvine, CA, USA) for 30 min. After that, the sec-
tions were incubated with the combination of
specific primary antibodies reported in Table 1
at 4°C overnight. The next day, the sections
were treated with Alexa-Fluor-546-labeled
donkey anti-rabbit IgG (1:200, Cat. #NLOOG6;
Invitrogen), Alexa-Fluor-488-labeled donkey
anti-goat 1gG (1:200, Cat. #NLOOZ1; Invitrogen,
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Table 1. List of antibodies, sources, working dilutions, and methods of antigen retrieval

Antibody Source Dilution Antigen retrieval Heating condition References
Rabbit polyclonal anti-OBAP (Processed on demand, Operon Biotechnologies, Tokyo, 1:500 for IF and 1:800 for IHC No No [37]
Japan)
Goat polyclonal anti-PCNA (sc-9857, Santa Cruz, CA, USA) 1:2000 10 mM citrate buffer 95°C, 20 min [74]
(pH 6.0)
Rabbit polyclonal anti-single strand DNA (SSDNA) (A4506, Dako, USA) 1:500 No No [75]
Mouse monoclonal anti-CYP19 (sc-374176, Santa Cruz, CA, USA) 1:300 No No [53]
Mouse monoclonal anti-33-HSD (sc-515120, Santa Cruz, CA, USA) 1:200 No No [57]
Mouse monoclonal anti-ER o (sc-8005, Santa Cruz, CA, USA) 1:400 No No [76]
Mouse monoclonal anti-PR (sc-810, Santa Cruz, CA, USA) 1:300 No No [77]
Rabbit polyclonal anti-RANK (sc-9072, Santa Cruz, CA, USA) 1:100 No No -
Rabbit monoclonal anti-calmodulin (BS9898M, Bioworld Technology, Minneapolis, Minnesota, 1:300 10 mM citrate buffer 105°C, 20 min -
USA) (pH 6.0)
Rabbit polyclonal anti-calbindin antibody (E10340, Spring Bioscience, Pleasanton, CA, USA) 1:500 10 mM citrate buffer 105°C, 20 min [78]
(pH 6.0)
Mouse monoclonal anti-CaSR (sc-47741, Santa Cruz, CA, USA) 1:200 No No 9]
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Figure 1. Normal histology of the diestrus mouse ovary. (A) Light micrograph
of ovary revealing different developed ovarian follicles. (B) An inset of (A),
showing an oocyte surrounded by the zona pellucida (arrowhead). Many
liquor folliculi (arrows) are distributed between deeply basophilic stained
granulosa cells (GC). (C) An inset of (A), revealing that the immature corpus
luteum (arrow) has highly basophilic granulosa cells (GC). (D) An inset of (A),
displaying the mature corpus luteum with lightly acidophilic stained luteal

cells (LC). Scale bar = 200 um.

Eugene, OR, USA), or Alexa-Fluor-488-labeled
donkey anti-mouse I1gG (Red: Cat. #NLOO7, lot:
LZM1314091; Green: Cat. #NLOO9, lot: LZN-
0711081), according to the species of raised
primary antibody. Nuclei were counterstained
with Hoechst 33342 (1:10,000, Cat. #H3570;
Invitrogen, Eugene, OR, USA). The stained sec-
tions were examined with an Ix71 microscope
(Olympus).

Morphometry

Four ovaries at each stage of the ovarian cycle
were used for morphometry. Three representa-
tive levels of the whole ovary were cross-sec-
tioned at 100 pm intervals, and three serial
sections were obtained at each level. After IF
staining, the whole ovary was captured at 4x
magnification, and the photos were convert-
ed into grayscale. The integrated densities of
OBAP-positive areas were measured using Im-
age J (v1.46r; NIH, Bethesda, MD, USA) [42].
Differences in OBAP, calbindin, estrogen recep-
tor alpha (ER-a), PR, calmodulin, RANK, 3j3-
hydroxysteroid dehydrogenase (33-HSD), CaSR,
and aromatase (CYP19) localization between
whole ovaries and different parts of the ovaries
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obtained at each stage were
explained as the variations in
the integrated densities [43].
The single-stranded DNA (ss-
DNA) and proliferating cell nu-
clear antigen (PCNA) immuno-
reactivity was measured by the
number of positive nuclei per
mm? [43].

Statistical analyses

The data were analyzed by an-
alysis of variance using SAS
software SAS [44], and Dun-
can’s new multiple range test
was used to test for signifi-
cance. Results are presented
as the mean * standard error
(SE). Differences between me-
ans were considered signifi-
cant at P < 0.05. Pearson’s lin-
ear correlation coefficient was
calculated to determine the
correlation (R) between the
mean expression of different
proteins in the ovary (OBAP,
PCNA, SSDNA, CYP19, 3B-HSD, ER-, PR,
RANK, Calbindin, Calmodulin, and CaSR), with
R values > +0.7 considered to represent a
strongly positive/negative linear relationship,
and R values < £0.5 a weakly positive/negative
linear relationship [45].

Results

The mouse ovary comprises various developing
follicles with endocrine interstitial cells between
them (Figure 1A). Directly before ovulation, the
oocyte is surrounded by the zona pellucida that
is, in turn, surrounded by deeply basophilic
granulosa cells to form the mature Graafian fol-
licle (Figure 1B). After ovulation, the immature
corpus luteum forms deeply basophilic granu-
losa cells without an oocyte (Figure 1C). The
corpus luteum matures with lipochrome pig-
ment accumulation, so the granulosa cells turn
into faint acidophilic lutein cells (Figure 1D).

OBAP-positive cells were detected in the endo-
crine interstitial cells and oocytes of mature
Graafian follicles, but granulosa cells were neg-
ative for OBAP (Figure 2A-C). The OBAP-positive
cells were observed in the peripheral area of
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Figure 2. Distribution of osteoblast-activating peptide (OBAP)-immunoposi-
tive cells in the diestrus mouse ovary. (A) Immunofluorescence localization
of OBAP revealing the reaction of different parts of the ovary with OBAP.
(B-D) Insets of (A), showing the negativity for OBAP in the granulosa cells of
mature Graafian follicle but positivity in the oocyte (thin arrows). Moreover,
a strong OBAP reaction by endocrine interstitial cells was observed (arrow-
heads). The immature corpus luteum displays negativity for OBAP (thick ar-
rows). On the other hand, the mature corpus luteum shows a moderately
OBAP-positive reaction (asterisks). A negative OBAP reaction was seen in
the primary follicle, even its oocyte (bent line). Some OBAP-immunopositive
cells could be seen at the periphery of the mature Graafian follicle and im-
mature corpus luteum, which might involve thecal cells. Scale bar = 200
um. (E) Average integrated densities of OBAP staining for different parts
of the ovary. Data are expressed as the mean + SE. Bars with different
superscripts are significantly different (Duncan’s new multiple range test
was used to compare the means among treatments; P < 0.05). PF, primary
follicle; SF, secondary follicle; MGF, mature Graafian follicle; MCL, mature
corpus luteum; ICL, immature corpus luteum; IC, interstitial cell.

with OBAP-positive cells (Figu-
re 2D). The average integrated
densities of OBAP staining in
various parts of the ovary were
markedly lower in the primary
and secondary follicles and
immature corpus luteum, fol-
lowed by the mature Graafian
follicle (Figure 2E). Meanwhile,
the highest integrated densi-
ties of OBAP staining were
observed in the endocrine in-
terstitial cells, followed by the
MCL (Figure 2E).

The different stages of estrous
cycle of mouse was revealed in
the Supplementary Figure 1.
The number of OBAP-positive
cells was high in proestrus
(Figure 3A), decreased in es-
trus (Figure 3B), and then rose
gradually in metestrus (Figure
3C) to reach the highest num-
ber in diestrus (Figure 3D).
Interestingly, the average inte-
grated densities of OBAP stain-
ing in different phases of the
estrous cycle were significantly
lower in the estrus phase than
those in proestrus, metestrus,
and diestrus (P < 0.05) (Figure
3E). The level of OBAP in the
ovary was initially high in pro-
estrus, then declined to the
lowest level in estrus, after
which it returned to a higher
level in metestrus to reach its
peak in diestrus.

We also measured the number
of PCNA-immunopositive nucl-
ei in each region of the ovary
to determine the relationship

the immature corpus luteum, with a negative
reaction in the majority of the immature cor-
pus luteum (Figure 2B). The reaction of OBAP
within the oocyte was extensive in the oopla-
sm, except for tiny dots and the nucleus (Figure
2C). Some OBAP-immunopositive cells were
seen at the periphery of the mature Graafian
follicle and the immature corpus luteum, which
might have been thecal cells (Figure 2B and
2C). The mature corpus luteum (MCL) was filled
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between OBAP expression and the various de-
velopmental stages of ovarian follicles (Figure
4A). An abundance of PCNA-positive nuclei was
detected in the mature Graafian follicle and
immature corpus luteum (Figure 4B and 4C).
The MCL contained a small number of PCNA-
positive nuclei (Figure 4D). The fewest PCNA-
positive nuclei were observed in the interstitial
cells (Figure 4A-D). The average number of
PCNA-immunopositive nuclei peaked in the pri-
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Figure 3. Distribution of osteoblast-activating peptide (OBAP)-immunoposi-
tive cells in different mouse ovarian estrous stages: (A) proestrus; (B) estrus;
(C) metestrus; and (D) diestrus. Endocrine interstitial cells (arrowheads),
mature corpus luteum (asterisks), immature corpus luteum (thick arrows),
mature Graafian follicle (thin arrows). Scale bar = 200 ym. (E) Average in-
tegrated densities of OBAP staining for various stages of the estrous cycle.
Data are expressed as the mean + SE. Bars with different superscripts are
significantly different (Duncan’s new multiple range test was used to com-
pare the means among treatments; P < 0.05). PF, primary follicle; SF, sec-
ondary follicle; MGF, mature Graafian follicle; MCL, mature corpus luteum;

ICL, immature corpus luteum; IC, interstitial cell.

mary and secondary follicles and mature
Graafian follicles, followed by the immature cor-
pus luteum and then the MCL, whereas the
lowest PCNA staining was observed in endo-
crine interstitial cells (Figure 4E).

We next investigated the relationship between
OBAP expression and the stages of ovarian fol-
licle development by observing the number of
ssDNA-positive nuclei in different parts of the
ovary (Figure 5A). ssDNA-positive nuclei were
rarely observed in the mature Graafian follicle
and immature corpus luteum (Figure 5B and
5C), and a large number of ssDNA-positive
nuclei were detected in the MCL (Figure 5D).
The interstitial cells contained few ssDNA-posi-
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tive nuclei (Figure 5A-D). The
largest number of ssDNA-posi-
tive nuclei was detected in the
MCL, whereas the lowest was
in the primary and secondary
follicles, along with the mature
Graafian follicle and immature
corpus luteum (Figure 5E).

IF localization of CYP19 in the
mouse ovary showed that the
MCL had a negative CYP19 re-
action, whereas the immature
corpus luteum revealed a weak
reaction (Figure 6A and 6B).
The interstitial endocrine cells
(IC) showed a negative reac-
tion for CYP19 (Figure 6A and
6B), whereas the preovulatory
follicles showed an intense
CYP19 reaction (Figure 6A-D).
The average integrated densi-
ties of CYP19 in various parts
of the ovary were markedly
higher in the mature Graafian
follicle, followed by the imma-
ture corpus luteum. The lowest
values were detected in the pri-
mary and secondary follicles,
MCL, and IC (Figure 6E).

IF localization of both 33-HSD
and RANK in the mouse cor-
pus luteum showed a negative
reaction for 33-HSD but a po-
sitive reaction for RANK. The
pre-antral follicle granulosa ce-
lls were negative for RANK and
3B-HSD, except in granulosa cells around the
antral space (Figure 7A-C). Granulosa cells of
the tertiary follicle revealed an intensely posi-
tive 3B-HSD reaction but a negative reaction
for RANK, except at the follicle’s periphery
(Figure 7D-F). The IC showed a positive reac-
tion for 3B-HSD and a negative reaction for
RANK (Figure 7D-F). There were small follicles
with weak reactions for both 33-HSD and RANK
(Figure 7D-F). The highest integrated densities
of 3B-HSD were observed in the mature
Graafian follicles and endocrine interstitial
cells, followed by the immature corpus luteum
and MCL, and finally the primary and secondary
follicles (Figure 7G). The integrated density of
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Figure 4. Distribution of proliferating cell nuclear antigen (PCNA)-immu-
nopositive cells in the diestrus mouse ovary. (A) Immunohistochemical lo-
calization of PCNA showing the reaction of various parts of the ovary with
PCNA. (B) The mature Graafian follicle, (C) immature corpus luteum, and
(D) mature corpus luteum are insets of (A), revealing the high distribution of
PCNA-immunopositive nuclei in the mature Graafian follicle and immature
corpus luteum (arrows). Meanwhile, there was a very weak reaction in the
mature corpus luteum. Scale bar = 200 ym. (E) The average number of
PCNA-immunopositive nuclei per mm? for different parts of the ovary. Data
are expressed as the mean + SE. Bars with different superscripts are sig-
nificantly different (Duncan’s new multiple range test was used to compare
the means among treatments; P < 0.05). PF, primary follicle; SF, secondary
follicle; MGF, mature Graafian follicle; MCL, mature corpus luteum; ICL, im-
mature corpus luteum; IC, interstitial cell.

tion of calmodulin occurred
between ER-a-immunopositive
cells (Figure 8F and 8l). The
lowest integrated densities of
ER-a were detected in the
mature Graafian follicles and
IC, followed by the MCL (Figu-
re 8J). The average integrated
density of calmodulin was the
highest in the MCL and mature
Graafian follicles, followed by
the immature corpus luteum,
and the lowest in the endo-
crine interstitial cells and pri-
mary and secondary follicles
(Figure 8K).

Double IF analysis of the PR
and calbindin revealed a nega-
tive reaction for calbindin and
a moderately positive reaction
for PR in the corpus luteum
(Figure 9A-C). The granulosa
cells of the tertiary follicle we-
re negative for calbindin and
intensely positive for PR, but
the oocyte showed a positive
calbindin reaction. The granu-
losa cells of the secondary fol-
licle showed positive reactions
for both calbindin and PR. The
cytoplasm of the secondary fo-
llicle oocytes was positive for
calbindin, whereas the nucle-
us was positive for PR (Figure
9D-F). The immature corpus
luteum was positive for both
calbindin and PR. The IC were
positive for PR, but negative
for calbindin (Figure 9D-F). The
lowest integrated densities of

RANK was the highest in the MCL, followed by
the immature corpus luteum, but the lowest in
mature Graafian follicles, IC, and primary and
secondary follicles (Figure 7H).

The cellular localization of ER-oc and calmodulin
was determined using double IF in the mouse
ovary. The results showed that the corpus lu-
teum was moderately positive for ER-a and
intensely positive for calmodulin (Figure 8A-C).
Granulosa cells of the tertiary follicle revealed
an intensely positive reaction for ER-a, whereas
calmodulin showed a negative reaction, except
at the follicle periphery (Figure 8A-F). The reac-
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PR were detected in the mature Graafian folli-
cles and IC, followed by the MCL (Figure 9G).
Primary and secondary follicles had the highest
integrated densities for calbindin, followed by
mature Graafian follicles. The immature corpus
luteum, MCL, and IC had the lowest integrated
densities of calbindin (Figure 9H).

We found that CaSR was localized mainly in the
tertiary follicle, but was not expressed in the
corpus luteum (Figure 10A and 10B). For the
mature Graafian follicles, CaSR produced a
positive reaction only with the oocyte plasma-
lemma (Figure 10E and 10F). The average inte-
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e negative correlation with calbi-
LAl ndin (Table 2).

Discussion

In this study, we characterized
the distribution of OBAP in the
ovarian interstitial gland cells,
oocytes, thecal cells of matu-
re Graafian follicle, and lutein
cells of the MCL. Moreover, the
distribution of OBAP mostly sh-
owed an inverse relationship
with PCNA levels in all ovarian
compartments except oocytes.
On the other hand, ssDNA lev-
els revealed a positive relati-
onship with OBAP distribution,
except in the endocrine inter-
stitial gland cells. The thecal,
lutein, and interstitial gland
cells in which OBAP was local-
ized are steroid-secreting cells

Figure 5. Distribution of single-stranded DNA (ssDNA)-immunopositive cells
in the diestrus mouse ovary. (A) Immunohistochemical localization of ss-
DNA showing the reaction of different parts of the ovary with ssDNA. (B)
The mature Graafian follicle, (C) immature corpus luteum, and (D) mature
corpus luteum are insets of (A), revealing the high distribution of ssDNA-
immunopositive nuclei only in the mature corpus luteum (arrows). Scale
bar =200 um. (E) The average number of ssDNA-immunopositive nuclei per
mm? for different parts of the ovary. Data are expressed as the mean + SE.
Bars with different superscripts are significantly different (Duncan’s new
multiple range test was used to compare the means among treatments;
P < 0.05). PF, primary follicle; SF, secondary follicle; MGF, mature Graaf-
ian follicle; MCL, mature corpus luteum; ICL, immature corpus luteum; IC,

of the ovary [46]. Human chori-
onic gonadotropin can induce
the secretion of cells of the en-
docrine interstitial gland, the-
ca interna, and corpus luteum,
but not granulosa cells [47].
Androgens are the steroids se-
creted by interstitial gland tis-
sue [46], and theca interna ce-
lls are the primary androgen-

interstitial cell.

grated density of CaSR was highest in the
mature Graafian follicles, followed by the imma-
ture corpus luteum and primary and secondary
follicles. The integrated densities of CaSR we-
re the lowest in the MCL and interstitial cells
(Figure 10G).

Table 2 and Figure 11 present the correlation
coefficients of all study parameters. Notably,
correlation analyses revealed moderate posi-
tive correlations between OBAP and SSDNA,
3B-HSD, and RNAK, but strong negative co-
rrelations with PCNA and calbindin. There was
also a moderate negative correlation between
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secreting site of the ovary, with

androgen being converted into

estrogen by the granulosa cells
of the mature Graafian follicle [48]. Therefore,
the presence of OBAP in theca interna cells and
interstitial gland cells could be attributed to the
role of OBAP in androgen secretion.

In this study, PRa IF analysis revealed a mo-
derately positive reaction in the MCL and an
intensely positive reaction in the granulosa
cells of secondary and tertiary follicles. In-
terestingly, OBAP-positive cells were distribut-
ed in the MCL, suggesting the correlation bet-
ween OBAP and the secretion of the corpus
luteum. Granulosa lutein cells, which are lar-
ge cells derived from the granulosa, synthesize

Am J Transl Res 2021;13(6):5796-5814
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Figure 6. Immunofluorescence localization of aromatase (CYP19) (red) in
the mouse ovary (A-D). In (A and B), the mature corpus luteum was negative
for CYP19 (asterisks), whereas the immature corpus luteum showed a weak
reaction (arrowheads). Interstitial endocrine cells were negative for CYP19
(circles). In (C and D), the preovulatory follicles showed an intense CYP19
reaction (thick arrows). Scale bar = 200 ym. (E) The average integrated den-

OBAP secretion was the lowest
in the estrus phase and then
increased gradually to reach
its highest expression in the
diestrus phase. Nielsen, et al.
[49] detected a marked serum
elevation of the osteoblastic
bone markers osteocalcin and
alkaline phosphatase during
the metestrus and diestrus
periods. These alterations sug-
gested that osteoblastic activ-
ity is increased through these
periods. An analysis of calcito-
nin levels revealed an eleva-
tion during diestrus and met-
estrus and a decrease during
estrus [50]. Dullo and Vedi
[12] detected the highest se-
rum calcium level in the estrus
phase and the lowest level in
metestrus and diestrus, per-
haps because of the effect of
high estrogen secretion on the
parathyroid glands during es-
trus [51] and higher levels of
progesterone relative to es-
trogen during metestrus and
diestrus [18]. Therefore, there
may be a connection between
calcitonin, OBAP, serum calci-
um, and osteoblast activity
during the estrous cycle.

sities of CYP19 staining for different parts of the ovary. Data are expressed

as the mean * SE. Bars with different superscripts are significantly different
(Duncan’s new multiple range test was used to compare the means among
treatments; P < 0.05). PF, primary follicle; SF, secondary follicle; MGF, ma-
ture Graafian follicle; MCL, mature corpus luteum; ICL, immature corpus

luteum; IC, interstitial cell.

progesterone and inhibin, whereas theca lu-
tein cells secrete progesterone and androgens
[48]. Seifert-Klauss and Prior [17] determined
that progesterone prevents bone loss in peri-
and premenopausal women because of the en-
hanced differentiation and proliferation of os-
teoprogenitor cells derived from adult females
[19] and the anti-apoptotic effects of PRs
[20], enhancing bone formation. Additionally,
Christiansen, et al. [18] reported that elevated
progesterone levels might be the main cause
of low serum calcium. Therefore, OBAP and
progesterone, secreted from the corpus lute-
um, may antagonize osteoblast apoptosis and
reduce serum calcium levels, resulting in in-
creased bone formation.
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The development of the ovari-
an follicle in mice begins with
the primordial follicle, which
progresses to the mature Gr-
aafian follicle. Then, after ovu-
lation, transformation to the
corpus luteum occurs, followed by degenera-
tion to form the interstitial endocrine gland
cells from the theca lutein cells [52]. We used
PCNA and ssDNA to investigate the relationship
between OBAP positivity and ovarian follicle
development in the context of proliferation and
apoptosis. We noticed an inverse relationship
between OBAP and PCNA. However, we found a
positive relationship between OBAP and ssDNA
reactions, except at the interstitial gland cells.
Therefore, the relationship between OBAP and
ovarian follicles could not be attributed to fol-
licular development.

Our results clarified the negativity for the
expression of CYP19 in the MCL and the IC, a

Am J Transl Res 2021;13(6):5796-5814
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Figure 7. Immunofluorescence localization of 3B-HSD (red) and RANK (green) in the mouse ovary (A-F). In (A-C), the
corpus luteum shows a positive reaction for RANK but a moderately positive reaction for 33-HSD (asterisks). Granu-
losa cells of pre-antral follicle reveal a negative reaction for RANK and 3B3-HSD, except for granulosa cells around
the antral space (thin arrows). In (D-F), granulosa cells of the tertiary follicle reveal an intensely positive reaction
for 3B-HSD (thick arrows), whereas RANK shows a negative reaction, except at the follicle periphery (thick arrows).
Interstitial endocrine cells show a positive reaction for 33-HSD but a negative reaction for RANK (circles). Scale bar
=200 um. (G) The average integrated densities of staining for different parts of the ovary for 33-HSD. (H) The aver-
age integrated densities of staining for different parts of the ovary for RANK. Data are expressed as the mean + SE.
Bars with different superscripts are significantly different (Duncan’s new multiple range test was used to compare
the means among treatments; P < 0.05). PF, primary follicle; SF, secondary follicle; MGF, mature Graafian follicle;
MCL, mature corpus luteum; ICL, immature corpus luteum; IC, interstitial cell.

weak reaction in the immature corpus luteum, thin the granulosa cells inside follicles [55],
and an intense CYP19 reaction in the preovula- indicating the cooperative actions of these dis-
tory follicles. This localization is inverse to that tinct cell types in controlling estrogen synthe-
of OBAP expression in interstitial gland cells sis. The interstitial gland cells in mouse ovaries
and the MCL. These findings are consistent are also steroidogenic, possessing functions
with those reported by Ishimura, et al. [53]. like those of thecal cells [56]. This functional

Moreover, the granulosa cells of preovulatory
follicles are the primary site of androgen to
estrogen conversion, supplied by the interstitial
gland cells and the theca interna cells [53].
Estrogen is produced in the ovary by progres-

correlation of OBAP to steroidogenesis in the
ovary is supported by the distribution of OBAP,
which was reported to be enriched in ovarian
steroidogenic interstitial gland cells [57].

sive reactions mediated by several enzymes, The present study demonstrated the cellular
including 3B-HSD and CYP19 [54]. The 33-HSD localization of 3B-HSD in the mouse ovary,
enzyme is expressed within thecal cells sur- which showed a negative reaction for 33-HSD
rounding follicles, whereas CYP19 is found wi- in the corpus luteum. Marked immunoreactivity
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Figure 8. Immunofluorescence localization of estrogen receptor o (ER-c) (red; A, D, and G) and calmodulin (green;
B, E, and H) in the mouse ovary. In (A-C), the corpus luteum reveals a moderately positive reaction for ER-ac and an
intensely positive reaction for calmodulin (asterisks). The immature corpus luteum shows positivity for ER-a and
negativity for calmodulin (bent line). In (D-F), granulosa cells of tertiary follicle reveal an intensely positive reaction
for ER-a, but a negative reaction for calmodulin, except at the periphery of the follicle (thick arrows). In (G-I), the re-
activity for calmodulin is located between the ER-a-immunopositive cells (arrowheads). Scale bar = 200 ym. (J) The
average integrated densities of staining for different parts of the ovary for ER-a. (K) The average integrated densities
of staining for different parts of the ovary for calmodulin. Data are expressed as the mean + SE. Bars with different
superscripts are significantly different (Duncan’s new multiple range test was used to compare the means among
treatments; P < 0.05). PF, primary follicle; SF, secondary follicle; MGF, mature Graafian follicle; MCL, mature corpus
luteum; ICL, immature corpus luteum; IC, interstitial cell.

was observed in luteinized thecal and granulo-
sa cells of the corpus luteum [58]. The granu-
losa cells of the pre-antral follicle also revealed
a negative reaction for 33-HSD, except for gran-
ulosa cells around the antral space, whereas
the granulosa cells of the tertiary follicle re-
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vealed intense positivity for 3-HSD. The IC
showed a positive reaction for 33-HSD, which
has been used as a marker for steroidogenic
cells in the gonads [57]. Indeed, OBAP and
3B-HSD were detected immunohistochemically
in the interstitial cells of the ovary. We observed

Am J Transl Res 2021;13(6):5796-5814
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Figure 9. Immunofluorescence localization of progesterone receptor (PR) (red; A and D) and calbindin (green; B and
E) in the mouse ovary. The corpus luteum was negative for calbindin and moderately positive for PR (asterisks).
In (A-C), granulosa cells of tertiary follicle reveal a negative reaction for calbindin, but the oocyte shows a positive
reaction (thin arrows). Granulosa cells of tertiary follicle reveal an intensely positive reaction for PR (thin arrows). In
(D-F), Granulosa cells of the secondary follicle were positive for both calbindin and PR (thick arrow). The cytoplasm
of the secondary follicle oocytes was positive for calbindin, whereas the nucleus was positive for PR (thick arrows).
Interstitial endocrine cells show positivity for PR but negativity for calbindin (circles). Scale bar = 200 um. (G) The
average integrated densities of staining for different parts of the ovary for PR. (H) The average integrated densities
of staining for different parts of the ovary for calbindin. Data are expressed as the mean * SE. Bars with different
superscripts are significantly different (Duncan’s new multiple range test was used to compare the means among
treatments; P < 0.05). PF, primary follicle; SF, secondary follicle; MGF, mature Graafian follicle; MCL, mature corpus
luteum; ICL, immature corpus luteum; IC, interstitial cell.

3B-HSD only in the theca interna, but it became of the tertiary follicle and the corpus luteum
recognizable in the membrana granulosa with were positive for RANK. RANK is a member of
follicular development [58]. One to several lay- the TNF receptor family, which was initially dis-
ers of theca interna cells just beneath the covered in a bone marrow-derived dendritic cell
membrana granulosa showed no immunoreac- cDNA library. It plays an essential role in osteo-
tivity. These unstained theca interna cells did clastogenesis and acts as a receptor for os-
not appear to be directly involved in ovarian teoclast differentiation factor [60]. Moreover,
steroidogenesis and might be designated as RANK is thought to facilitate the RANKL-me-
enzymatically inactive theca interna cells [58]. diated promotion of the survival of cultured
Granulosa cell release of progesterone could dendritic cells [61]. The essential role of RANK
be inhibited by troglitazone by the direct com- in bone resorption was confirmed by studies
petitive inhibition of 3B-HSD [59]. in RANK-knockout mice, which showed a high

bone mass phenotype and an almost complete
Our results revealed that the pre-antral and ter- lack of osteoclasts [62, 63]. RANK- and RANKL-
tiary follicle granulosa cells and the IC were knockout mice were virtual phenocopies of ea-
RANK-negative. Meanwhile, the peripheral cells ch other [62, 63], confirming that RANK and
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Figure 10. Immunofluorescence localization of the calcium-sensing recep-
tor (CaSR) (red; A, C, E and merge; B, D, and F) in the mouse ovary. In (A
and B), the mature corpus luteum reveals a weak CaSR reaction (asterisks),
whereas the mature follicle shows an intense reaction (thick arrows). In (C
and D), the immature corpus luteum reveals a weak CaSR reaction (arrow-
heads). In (E and F), CaSR reveals a positive reaction only with the plasma-
lemma of the oocyte (thin arrows). Interstitial endocrine cells were negative
for CaSR (circles). Scale bar = 200 uym. (G) The average integrated densities
of staining for different parts of the ovary for CaSR. Data are expressed as
the mean + SE. Bars with different superscripts are significantly different
(Duncan’s new multiple range test was used to compare the means among
treatments; P < 0.05). PF, primary follicle; SF, secondary follicle; MGF, ma-
ture Graafian follicle; MCL, mature corpus luteum; ICL, immature corpus
luteum; IC, interstitial cell.

RANKL have a minimal function beyond their
mutual interaction.

trations [64]. It is thought to
regulate several intracellular
processes, including cell prolif-
eration, and act as an essen-
tial cell cycle regulator [65].
One of the most common me-
chanisms by which elevated
intracellular calcium regulates
cellular events is its associa-
tion with calmodulin [66].

The cellular localization of ER-&
and calmodulin in the corpus
luteum showed a moderately
positive reaction for ER-a and
an intensely positive reaction
for calmodulin. Granulosa cells
of the tertiary follicle revealed
an intensely positive reaction
for ER-&, whereas calmodulin
showed a negative reaction,
except at the follicle periph-
ery. Calmodulin reactivity was
located between the ER-o-im-
munopositive cells. Calmodu-
lin expression was also con-
stant in the uterus, decidua,
and placenta during different
pregnancy stages, while other
Ca?*-binding proteins such as
osteopontin and osteocalcin
differed with the gestational
stage [27].

Calbindin, a high-affinity calci-
um-binding protein, is regulat-
ed closely by 173-estradiol and
other steroid hormones, includ-
ing 1,25-dihydroxyvitamin D3,
glucocorticoids, and progest-
erone [67, 68]. In the present
study, the MCL and granulosa
cells of the tertiary follicle were
negative for calbindin, but the
oocyte was positive for calbin-
din. The granulosa cells of the
secondary follicle showed posi-
tive reactions for both calbin-
din and PR. In oocytes of the

secondary follicle, the cytoplasm was positive
for calbindin, whereas the nucleus was positive

for PR. The immature corpus luteum showed

Calmodulin is an essential protein that acts as
a receptor to sense changes in calcium concen-
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positive reactions for both calbindin and PR.
The interstitial endocrine cells showed a posi-
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Table 2. Correlation coefficient (r) between the examined parameters

OBAP PCNA  SSDNA CYP19 3B-HSD ER alpha PR RANK Calbindin  Calmodulin CaSR
OBAP 1
PCNA -0.897 1
SSDNA 0.4189 -0.448 1
CYP19 -0.312 0.4920 -0.210 1
3B-HSD 0.4123 -0.209 -0.307 0.6116 1
ER o 0.2655 -0.223 -0.335 0.6118 0.9247 1
PR 0.1859 -0.180 -0.319 0.6440 0.8799 0.992 1
RANK 0.4366 -0.456 0.9951 -0.2860 -0.35 -0.403 -0.394 1
Calbindin -0.623 0.6577 -0.417 -0.3024 -0.620 -0.701 -0.705 -0.353 1
Calmodulin  0.0890 0.0425 0.7125 0.5252 0.111 0.059 0.093 0.661 -0.481 1
CaSR -0.493 0.6800 -0.336 0.9714 0.484 0.473 0.508 -0.400 -0.069 0.418 1
PCNA
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Figure 11. The proposed mechanism of action of OBAP

in the local regulation of calcium signaling. Based on the

correlation analysis, the interaction of calcitonin with OBAP is illustrated.

tive reaction for PR but a negative reaction for
calbindin. The estrogen-responsive [69] and
progesterone-responsive elements in the calbi-
ndin promoter mediate the transcriptional regu-
lation of CaBP-28k in the rat uterus [70, 71].
Calbindin immunoreactivity was localized to the
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luminal epithelial cells of the fallopian tube of
mature rats, with no staining observed in other
tissue layers of the tube [72]. Calbindin-D28k
may play a role in the transcellular movement
of calcium across the fallopian tube epithelium
in the fallopian tube lumen to regulate the

Am J Transl Res 2021;13(6):5796-5814
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extracellular concentration of calcium needed
for fertilization [72].

The current investigation showed that the CaSR
was localized mainly in the tertiary follicle, but
was not expressed in the corpus luteum. For
the mature Graafian follicle, CaSR was detect-
ed only in the plasmalemma of the oocyte. Ca?*
is the universal activator of development at fer-
tilization, playing an essential role in early
events, accompanied by a block of polyspermy,
the egg-to-embryo transition, and egg activa-
tion by the completion of meiosis [73]. CaSR
acts as a key mediator of cellular responses to
physiologically relevant changes in extracellu-
lar Ca2* [33]. The distribution of OBAP in the
oocyte ooplasm of the mature Graafian follicle
and not in the primordial or primary follicle sug-
gests the pivotal role of OBAP in oocyte matura-
tion immediately before ovulation.

Conclusions

In conclusion, we clarified that OBAP is
expressed in a population of steroidogenic the-
cal and interstitial gland cells in adult mouse
ovaries. It was positively correlated with ssDNA,
calmodulin, and steroidogenic markers (ER, PR,
3B-HSD, and RANK), but had strong negative
correlations with PCNA and aromatase (Figure
11). These findings suggest a possible role of
OBAP in association with ovarian steroids and
Ca?*-binding proteins in regulating bone forma-
tion, bone remodeling, and osteoporosis and
suggest a local role of OBAP in regulating calci-
um signaling in specific phases of the estrous
cycle. Further mechanistic studies and the dis-
covery of OBAP receptors are required to eluci-
date the possible relationship between OBAP
and ovarian steroids and Ca?* homeostasis.
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Supplementary Figure 1. Cytological assessment of mouse vaginal smears to identify the estrous cycle stages: (A)
proestrus; (B) estrus; (C) metestrus; and (D) diestrus. Arrowheads in (B-D) refer to representative cornified squa-

mous epithelial cells. Thin arrows in (C and D) refer to representative leukocytes. Thick arrows in (A and D) highlight
representative nucleated epithelial cells. Scale bar = 50 ym.



