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In a rat model of the andropause we aimed to examine the influence of daidzein, soy isoflavone, on
the structure and function of parathyroid glands (PTG) and the expression levels of some of the crucial
regulators of Ca%* and Pi homeostasis in the kidney, and to compare these effects with the effects of
estradiol, serving as a positive control.

Middle-aged (16-month-old) male Wistar rats were divided into the following groups: sham-operated

ie{jwords" (SO), orchidectomized (Orx), orchidectomized and estradiol-treated (Orx +E; 0.625 mg/kg b.w./day, s.c.)
Dl;idrzo;)iiuse as well as orchidectomized and daidzein-treated (Orx +D; 30 mg/kg b.w./day, s.c.) group. Every treated
Klotho group had a corresponding control group.

Parathyroid gland PTH serum concentration was decreased in Orx+E and Orx+D groups by 10% and 21% (p<0.05)
Rat respectively, in comparison with the Orx. PTG volume was decreased in Orx+E group by 16% (p <0.05),
Sodium phosphate cotransporter 2a when compared to the Orx. In Orx +E group expression of NaPi 2a was lower (p<0.05), while NaPi 2a
abundance in Orx+D animals was increased (p<0.05), when compared to Orx. Expression of PTHIR
was increased (p<0.05) in Orx+E group, while in Orx+D animals the same parameter was decreased
(p<0.05), in comparison with Orx. Klotho expression was elevated (p<0.05) in Orx +D rats, in regard to
Orx. Orx + D induced reduction in Ca%* /creatinine and Pi/creatinine ratio in urine by 32% and 16% (p < 0.05)
respectively, in comparison with Orx.
In conclusion, presented results indicate the more coherent beneficial effects of daidzein compared to
estradiol, on disturbed Ca%* and Pi homeostasis, and presumably on bone health, in the aging male rats.
© 2018 Elsevier GmbH. All rights reserved.

1. Introduction

Parathyroid glands (PTG) represent one of the main regula-
tors of mineral homeostasis, coupling their function with kidneys
and bone (Silver and Naveh-many, 2010). PTG chief cells produce
parathyroid hormone (PTH) which decreases inorganic phosphorus
(Pi) reabsorption in the epithelial cells of proximal kidney tubules
through downregulation of sodium phosphate cotransporter type
2a (NaPi 2a)(Bacic et al., 2006). PTH increases CaZ* reabsorption
in the epithelial cells of the distal convoluted tubule in the kid-
ney via upregulation of the transient receptor potential vanilloid 5
(TRPV5) Ca2* channel (de Groot et al., 2009). Recent data empha-
sizes the novel anti-aging protein Klotho as an important regulator
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of mineral homeostasis besides PTH, 1,25-dihydroxyvitamin D3
(1,25(0H),D3) and fibroblast growth factor 23 (FGF23) (Huang and
Moe, 2011; Kuro-o, 2010). Klotho upregulates TRPV5 by removing
sialic acids from N-glycan of the channel and inhibiting its endo-
cytosis (Cha et al., 2008; Chang et al., 2005). It also downregulates
the NaPi 2a cotransporter by the indirect action, as an obligatory
co-receptor for phosphaturic FGF23, or by modifying glycans inde-
pendently of FGF23 (Hu et al., 2010; Kurosu et al., 2006).

Frequent disturbances in mineral homeostasis during aging are
related to the decline in the intestinal CaZ* and Pi absorption rate,
as well as in the renal Ca%* and Pi reabsorption level (Agnusdei
et al., 1998; Cirillo et al., 2008; van Abel et al., 2006). Additionally,
confirmed changes in the concentrations of calciotropic hormones
during the aging process, precisely the decrease in 1,25(0OH),D3
(Gloth et al., 1995; Janssen et al.,, 2002) and increase in PTH
(Halloran et al., 2002), significantly interfere with the mineral
homeostasis and notably contribute to bone loss in elderly. The
established age-dependent downregulation of TRPV5 in the kidney
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as well as the low expression of transient receptor potential vanil-
loid 6 (TRPV6) and NaPi 2b cotransporter in the intestine, involved
in Ca?* and Pi handling (van Abel et al., 2006; Xu et al., 2002), could
be correlated with the impairment in sex hormone production in
advanced age. Also, gradual decrease in the serum testosterone
level of the aging men, defined as andropause, is often accompa-
nied by increased risk of osteoporosis (AjdZanovic et al.,2017; Ernst
etal.,,2011; Vance, 2003). Besides low testosterone production, the
age-related decline in aromatase activity (responsible for the con-
version of testosterone into estradiol) in males further contributes
to bone loss due to the reduction in estrogen levels (Hamden et al.,
2008; Leder et al., 2003; Oz et al., 2010; Vanderschueren et al.,
2000). Actually, bone loss in elderly men is more significantly
related to estrogen than to testosterone levels, so estrogen replace-
ment therapy was the treatment of choice for years to prevent bone
loss in men as well as in women (Gennari et al., 2003; Ockrim
et al., 2003; Rochira et al., 2000). Since estrogen replacement ther-
apy has some unfavorable effects such asincreased risk of severe
cardiovascular issues, thromboembolic toxicity and hyperphos-
phaturia (Faroqui et al., 2008; Moutsatsou, 2007; Uemura et al.,
2000), finding alternative (usually plant-originated) estrogen-like
substances and their implementation in the prevention and treat-
ment of andropausal symptoms are of outmost importance.

Daidzein, one of the main soy isoflavones besides genistein,
provokes various physiological outcomes when applied and its
pharmacological effects in this respect have been largely attributed
to the structural similarity to 173-estradiol and binding affinity for
estrogen receptors (ER) a and [3, particularly ERB (Kuiper et al.,
1996). Also, some recent literature data show that daidzein also
exerts rapid effects by interacting with the G protein-coupled estro-
gen receptor (GPR30/GPER) which activates different signaling
pathways including mitogen-activated protein kinase (MAPK) and-
phosphoinositide 3-kinase (PI-3 K), stimulates adenylate-cyclase
and cAMP production, and mobilizes intracellular CaZ* (Soltysik
and Czekaj, 2013; Yanagihara et al., 2008). The bone protective
effects of daidzein are well established (Filipovic et al., 2010;
Fonseca and Ward, 2004; Picherit et al., 2000), but data concerning
daidzein effects on the major regulators of Ca%* and Pi homeo-
stasis are scarce. Despite the lack of studies pertinent to daidzein
effects on mineral homeostasis, a few investigationsdealing with
the impact of genisteinhave uniformly suggested its inhibitory
action on aldosterone production (AjdZzanovic et al., 2009; Sirianni
et al., 2001), which certainly affects the sodium and potassium
homeostasis, while genistein-caused improvement in Pi homeo-
stasis has been evidenced in an animal model of the andropause
(Pantelic et al., 2013).

Keeping in mind the above mentioned, the systemized data as
well as the existing gap in the field of research, the aim of this study
was to investigate and elucidate potential changes in the structure
and function of PTG and the expression levels of NaPi 2a, PTHR1
and Klotho in the kidney cortex of middle-aged Orx rats, as an ani-
mal model of the andropause, after daidzein. Also, we aimed to
detect and compare the effects of this soy isoflavone with those of
estradiol, which served as positive control for daidzein action in
our experimental model.

2. Material and methods
2.1. Animals and diets

Sixteen-month-old Wistar male rats were used in the experi-
ment, and they were bred and housed (one per cage) in the Institute
for Biological Research “SiniSa Stankovic”, Belgrade, Serbia, under
constant laboratory conditions (22 + 2° C, 12-12 h light-dark cycle).
Two weeks before the experiment, the animals were fed a soy-free

Table 1
Experimental groups.

Group (n=8/group) Treatment Abbreviation
Sham-operated, Olive oil SO
control group
Sham-operated, Sterile olive SO
control group oil:absolute ethanol

(9:1)
Orx control group Olive oil Orx
Orx control group Sterile olive Oorx

oil:absolute ethanol

(9:1)
Orx group treated with 0.625 mg/kg t.m. Orx+E
estradiol-dipropionate (estradiol-

dipropionate- EDP, ICN

Galenika, Belgrade,

Serbia)
Orx group treated with 30 mg/kg t.m. Orx+D

daidzein (Daidzein — D, LC

Laboratories, MA, USA)

diet prepared according to Picherit et al. (2000), with corn oil as the
fat source, as previously described (Pantelic et al., 2013). Food and
water were available ad libitum.

2.2. Experimental groups

At the age of 15 months, animals were pre-divided in two
large groups. Under ketamine anesthesia (ketamine hydrochloride;
Richter Pharma, Wels, Austria; 15 mg/kg b.w.) the first group of ani-
mals (n=16) was sham-operated (SO), while the animals from the
second group (n=32) were bilaterally orchidectomized (Orx). After
2 weeks of recovery, the final setup of the experimental groups
(n=8, in every group) was established, implying specific subcuta-
neous (s.c.) treatments (presented in Table 1) every day for 3 weeks.
The doses of daidzein and estradiol were selected based on previous
studies of our group as the effective ones in the treatment of some
andropausal symptoms (Ajdzanovic et al., 2011; Filipovic et al.,
2013; Sosic¢-Jurjevic et al., 2015). Before sacrifice, urine samples
were collected for Ca2* and Pi analyses. The rats were decapitated
24 h after the last injection. Blood samples were collected from the
trunk and stored at —80°C until analyzed. All animal procedures
were in compliance with the EEC Directive (86/609/EEC) on the
protection of animals used for experimental and other scientific
purposes and were approved by the Ethical Committee for the Use
of Laboratory Animals of the Institute for Biological Research “SiniSa

s

Stankovic”, University of Belgrade.

2.3. Tissue preparation for histological analysis and electron
microscopy

Thyroid-parathyroid tissue was collected from eight animals
per group and fixed in Bouin’s solution for 48 h at room temper-
ature, while kidneys from eight animals per group were fixed in
formalin solution for 24 h at room temperature. All samples were
dehydrated through a series of alcohols at increasing concentra-
tions and embedded in paraplast (Histolab Product AB, Goéteborg,
Sweden). The parathyroid glands were cut serially, using a rotary
microtome (Leica, Germany), at 3 wm thickness. The sections were
stained with hematoxylin-eosin and cover slips were mounted with
DPX (Sigma-Aldrich, Co., USA). Kidneys were sectioned at 3 um
thickness on the rotary microtome (Leica, Germany) and prepared
for further immunohistochemical and immunofluorescent analy-
ses. For the electron microscopy observations, thyroid-parathyroid
glands were removed and processed as we previously described
(Pantelic et al., 2013).
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Table 2
Used primer pairs.

Gene Primer sequences

f5'-GCCACTTCTTCTTCAACATC-3'

NaPi 2a 15'-CACACGAGGAGGTAGAGG-3'
f5'-GAAAATGGCTGGTTTGTCTCG —3'
Klotho 15/~ CCTGATGGCTTTTAAGCTTTC —3'
f5'-CAAAGTTCCAAAGACAGCAGAAAA-3'
Cyclo A

r5'- CCACCCTGGCACATGAAT-3’

2.4. Stereological measurements

The volume of PTG (mm?) and volume density of PTG main com-
partments (%; chief cells and stroma, n =8 animals per group) were
estimated using Cavalieri’s principle (Gundersen and Jensen, 1987)
with a newCAST stereological software package (VIS-Visiopharm
Integrator System, version 2.12.1.0; Visiopharm; Denmark) as pre-
viously described (Pantelic et al., 2013).

2.5. Real time PCR

TRIzol Reagent (Life Technologies, USA) was used for total RNA
isolation from the rat kidney cortex (6 animals per group were
used). RNA concentration was determined by spectrophotometry
and cDNA was synthesized using reagents from the cDNA Reverse
Transcription kit (Applied Biosystems, USA). PCR amplification of
c¢DNA was performed in a real-time PCR machine, ABI Prism 7000
(Applied Biosystems, USA) with the SYBRGreen PCR master mix
(Applied Biosystems, USA) as indicated: 2 min at 50°C for dUTP
activation, 10 min at 95°C for initial denaturation of cDNA, fol-
lowed by 40 cycles, each consisting of 15 s of denaturation at 95°C
and 60s at 60°C for primer annealing and chain extension. Used
primer sequences are presented in Table 2. The expression level of
each gene was calculated using the formula 2—(€ti-Cta) \where Cti is
the cycle threshold value of the gene of interest and Cta is the cycle
threshold value of cyclophilin A. All the data were calculated from
triplicate reactions. The RNA data are presented as average relative
levels vs. cyclophilin A + SD.

2.6. SDS polyacrylamide gel electrophoresis and Western blot
analysis

Brush border membrane vesicles (BBMV) were isolated from
the rat kidney cortex (8 animals per group were used) using an
Mg2* precipitation technique, as previously described (Biber et al.,
2007). For the isolation of the whole cell extract, the whole kid-
ney cortex (n=38 animals per group were used) was shredded and
homogenized in Tris-saccharose buffer pH 7.4 (250 mM saccharose,
5mM Tris, 1 mM EDTA) using a dispersion system (Ultra-Turax T25,
Janke&Kunkel, IKA-Labortechnik) at 8000 rpm. The homogenate
was centrifuged at 14,000 rpm for 30 min at 4 °C. Proteins were sol-
ubilized in Laemmli sample buffer, subjected to 8% (BBM proteins)
or 12% (whole cell extract) SDS-polyacrylamide gel electrophore-
sis and transferred electrophoretically to polyvinylidenedifluoride
(PVDF) membranes at 5mA/cm2 with a semidry blotting system
(Fastblot B43; Bio-Rad, Goettingen, Germany). The membranes
with BBM proteins were blocked with 5% BSA in PBS with 0.1%
Tween 20 overnight, then incubated with rabbit anti-rat NaPi 2a
primary antibody (1:2000), rabbit anti-rat PTH1R primary antibody
(1:1000, Abcam, Cambridge, USA), rabbit anti-rat Klotho receptor
primary antibody (1:1000, Abcam, Cambridge, USA), and rabbit
anti-rat 3 actin (1:5000, Abcam, Cambridge, USA) overnight at
4°C. The membranes with whole cell extract proteins were also
blocked with 5% BSA in PBS with 0.1% Tween 20 overnight and incu-
bated with rabbit anti-rat phospho-MEK primary antibody (1:1000,
Cell Signaling Technology, USA), rabbit anti-rat phospho-Akt pri-

mary antibody (1:1000, Abcam, Cambridge, USA), rabbit anti-rat
MEK primary antibody (1:1000, Cell Signaling, USA), rabbit anti-rat
Akt primary antibody (1:1000, Abcam, Cambridge, USA) and rab-
bit anti-rat 3 actin (1:5000, Abcam, Cambridge, USA) overnight at
4°C. After washing, blots were incubated with secondary antibody,
ECL donkey anti-rabbit horse-radish peroxidase-linked antibody
(1:5000; Santa Cruz, USA) for 1h at room temperature. Antibody
binding was detected using a chemiluminescence detection system
(ECL; GE Healthcare). Data were quantified by densitometric anal-
ysis using Image] Image Analysis Software (v1.48) and presented as
fold increase relative to (over) (3-actin and the respective control
groups.

2.7. Immunolocalisation studies

For the immunofluorescent staining of NaPi 2a cotransporter
and PTH1R, kidney sections were deparaffinised and dehydrated.
Antigen retrieval was performed in a high power microwave
(750 W) for 8 min in 0.1 M citrate buffer, pH 6.0. Sections were
washed in PBS and pretreated with blocking normal donkey serum
(Dako, Denmark) diluted in PBS (1:10). After blocking, the sections
were incubated overnight at room temperature with rabbit anti-rat
NaPi 2a antibody (1:100; kindly donated by Dr Jiirg Biber, Insti-
tute of Physiology, University of Zurich, Zurich, Switzerland), and
rabbit anti-rat PTH1R primary antibody (1:100, Abcam, Cambridge,
USA). After rinsing in PBS, the sections were covered for 2 h at room
temperature with a secondary antibody, Alexa Fluor 555 donkey
anti-rabbitIgG (1:200; Molecular Probes, Inc., USA). Finally, the sec-
tions were rinsed five times in PBS and cover slipped using Mowiol
4-88 (Sigma-Aldrich, Co., USA). Staining was visualized with a Carl
Zeiss AxioVision microscope (Zeiss, Germany). Negative controls
were obtained by replacing the primary antibody with PBS.

For immunohistological staining of Klotho protein, 3 pwm thick
kidney sections were deparaffinised and dehydrated, which was
followed by heat-induced antigen retrieval in a high power
microwave (750 W) for 8 min in 0.1 M citrate buffer, pH 6.0. After
washing with PBS, the sections were incubated with 0.3% hydrogen
peroxide in methanol for 15 min at room temperature, for blocking
endogenous peroxidase. Sections were treated with normal swine
serum (Dako, Denmark) diluted in PBS (1:50) and incubated with
a rabbit-anti rat primary antibody for Klotho (1:100, Abcam, Cam-
bridge, USA) overnight at room temperature. After rinsing in PBS,
the sections were incubated with swine anti-rabbit secondary anti-
body (DAKO, Glostrup, Denmark) diluted in PBS (1:100) for 1h
at room temperature. Binding sites were visualized using 0.05%
diaminobenzidine (DAB; Serva, Heidelberg, Germany), counter-
stained with hematoxylin and mounted in DPX (Sigma-Aldrich, Co.,
USA). Negative controls were obtained by replacing the primary
antibody with PBS.

2.8. Biochemical analyses

Serum PTH concentration was measured in duplicate samples
without dilution, using a Rat Intact PTH ELISA Kit (Immunotopics,
Inc., San Clemente, CA, USA), within a single assay. The intra-assay
coefficient of variation (CV) was 2.4%. The lowest concentration
of rat intact PTH measurable by this kit was 1.6 pg/mL (the assay
sensitivity). Serum concentrations of Pi and Ca, and urinary con-
centrations of Pi and Ca were determined on a Hitachi 912 analyzer
(Roche Diagnostics GmbH, Mannheim, Germany). Urinary content
of Ca2* and Pi were presented as Ca%*/creatinine and Pi/creatinine
ratios (Ca%*/Pi (mmol)/creatinine (mmol)). Creatinine level in the
urine (n=8 animals per group) was determined by colorimetric-
enzymatic assay based on a cascade of enzymatic reactions
(Roche Diagnostics, Mannheim, Germany) using Cobas analyzer,
model E311 (Roche Diagnostics GmbH, Mannheim, Germany). The
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Fig. 1. Histological and stereological features of parathyroid glands (PTG) in middle-aged male rats. (a) Sham-operated rats — SO; (b) orchidectomized rats — Orx; (c)
orchidectomized rats treated with estradiol — Orx +E; (d) orchidectomized rats treated with daidzein-Orx +D; connective tissue capsule of PTG (white arrows); septa of
connective tissue (black arrows) between the chief cells (grey arrows) of PTG; hematoxylin-eosin staining, scale bar — 100 wm. (e) Volume of PTG; (f) volume density of chief
cells and stroma. All values are presented as mean + SD; p <0.05 vs. SO, *p <0.05 vs. Orx (n=8/group).

analytical sensitivity of the assay was 0.1 mmol/L. Serum con-
centration of 25(0OH) vitamin D3 (25(OH)D3, n=8 animals per
group) was measured using a chemiluminescence immunoas-
say method (CLIA-MAB) with the monoclonal antibody against
25(0H)D3 (Roche Diagnostics GmbH, Mannheim, Germany) on
Cobas analyzer, model E411. The analytical sensitivity of the assay
was <10 nmol/L.

2.9. Statistical analysis

STATISTICA® version 6.0 (StatSoft, Inc) was used for the statis-
tical analysis. All results were expressed as mean + SD. Differences
between the groups were assessed by one-way analyses of variance
(ANOVA) followed by Duncan’s multiple range tests for post hoc
comparisons between groups. Values of p<0.05 were considered
statistically significant.

3. Results

In the present study, every treated experimental group had a
corresponding control group which was treated with the solvent
only. Since no differences were noticed between the measured
parameters of either sterile olive oil or vehicle treated SO and Orx
groups, so the olive oil treated groups are displayed in Results as
representative.

3.1. Histological, ultrastructural and stereological findings in the
parathyroid gland (PTG)

Hematoxylin-eosin stained transversal sections of PTG demon-
strated laterally localized glands in thyroid lobes, manifesting oval
or elongated shape surrounded by a connective tissue capsule. PTG
in the SO animals were surrounded by an apparent connective
tissue capsule (white arrows) that extends septa (black arrows)

into the gland and separates the chief cells (grey arrows) (Fig. 1a).
The PTG of Orx rats were larger, with numerous chief cells and
noticeable connective tissue septa, when compared to the SO group
(Fig. 1b). After treatment with estradiol, PTG appeared smaller in
comparison to the Orx animals, with distinct connective tissue
between the chief cells (Fig. 1c¢). PTG after treatment with daidzein
were smaller, with less prominent connective tissue when com-
pared to the Orx rats (Fig. 1d).

Using Cavalieri’s principal, it was determined that the PTG vol-
ume of Orx animals was significantly increased by 28% (p <0.05),
compared to the SO control group (Fig. 1e). Treatment of theOrx ani-
mals with estradiol induced a significant decrease in PTG volume by
16% (p <0.05), when compared to the Orx control group. After treat-
ment with daidzein, the PTG volume was significantly decreased by
8% (p<0.05) in comparison with theOrx animals (Fig. 1e). Volume
density of PTG stoma was significantly increased after treatment
with estradiol or daidzein by 41% and 11% (p < 0.05, Fig. 1e), respec-
tively, when compared to the Orx control group.

Ultrathin sections of PTG chief cells in the control SO group
showed densely packed cells, organized in cords or clusters around
and along the capillaries, with apparent interdigitations of the cell
membrane (Fig. 2a, white arrows). The rough endoplasmatic retic-
ulum (RER, black arrows) with parallelly arranged or randomly
distributed cisternae in the cytoplasm was moderately developed,
mitochondria (grey arrows) were dispersed throughout the cyto-
plasm and the nucleus (n) was elongated and centrally located in
the chief cells in the SO animals (Fig. 2a). In the Orx animals (Fig. 2b)
the cell membrane of PTG chief cells manifested pronounced inter-
digitations in regard to the SO group. The RER in the chief cells
of Orx rats was more developed than in the SO rats, with numer-
ous mitochondria and large nuclei. Ultrastructural analysis of the
PTG chief cell of Orx animals treated with estradiol (Fig. 2c) or
daidzein (Fig. 2d) revealed similar changes in regard to the control
Orx rats. Namely, the chief cell membrane interdigitations were
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Fig. 2. Ultrastructural micrographs of PTG chief cells in (a) sham-operated rats — SO; (b) orchidectomized rats — Orx; (c¢) orchidectomized rats treated with estradiol —
Orx +E; (d) orchidectomized rats treated with daidzein — Orx +D. Interdigitations of cell membrane (white arrows), RER (black arrows), nucleus (n) and mitochondria (grey
arrows) are marked as representative structures. Observations were made on the 50 cells/animal, while there were two animals/group. Scale bar — 500 nm.

less prominent, with poorly represented RER, when compared to
the Orx group. Mitochondria were smaller and less numerous in
the Orx animals treated with estradiol (Fig. 2c) or daidzein (Fig. 2d),
compared to Orx control.

3.2. Expression and immunolocalisation of NaPi 2a cotransporter
in the kidney

As a complement to the detected effects of estradiol or daidzein
application in a rat model of the andropause, gene and protein
expression were determined of the NaPi 2a cotransporter. Rela-
tive mRNA expression levels of the NaPi 2a cotransporter were not
significantly altered in the Orx animals when compared to the SO
control group (Fig. 3a). Treatment with estradiol strongly reduced
NaPi 2a mRNA expression in comparison with the Orx animals,
whereas treatment with daidzein induced a significant increase in
the NaPi 2a mRNA expression level when compared to the Orx rats
(Fig.3a). Abundance of NaPi 2a cotransporter in BBM (white arrows)
was significantly reduced in the Orx animals when compared to the
SO control group (Fig. 3b). Also, estradiol treatment induced low
expression levels of NaPi 2a cotransporter in comparison with the
Orx rats (Fig. 3b). Furthermore, a potentially relevant finding of our
study revealed that NaPi 2a abundance was significantly enhanced
after treatment with daidzein (Fig. 3b), when compared with con-
trol Orx animals. Additionally, immunolocalisation of the NaPi 2a
cotransporter revealed a strong signal at the apical domain of the
epithelial cells of proximal tubules in the SO animals (Fig. 3c), while
in Orx rats the immunofluorescent signal was reduced when com-
pared to the SO (Fig. 3d). Treatment with estradiol tended to reduce
staining intensity of the NaPi 2a cotransporter in the apical domain
of the epithelial cells of kidney proximal tubules, compared to the
Orx (Fig. 3e). In contrast to the estradiol treatment, after daidzein
application the immunofluorescent signal for NaPi 2a cotransporter

was highly expressed at the BBM of the epithelial cells in kidney
proximal tubules in comparison with theOrx (Fig. 3f).

3.3. Expression and immunolocalisation of PTHIR in the kidney

Under our experimental conditions, the protein expression level
of PTH1R was increased after Orx when compared to the SO con-
trol group (Fig. 4a). After treatment with estradiol, the expression
level of PTH1R was further increased in relation to the Orx rats,
whereas there was a reduction in the PTH1R expression levels after
treatment with daidzein also in comparison to the Orx animals
(Fig. 4a). Immunolocalisation of PTH1R in the kidney sections of
SO rats demonstrated the expression of PTH1R in the apical (white
arrows) and basolateral (yellow arrows) domain of proximal tubule
epithelial cells (Fig. 4b). The lack of steroid hormones induced by
Orx led to an increase in signal intensity in comparison to the SO
group (Fig. 4c). Treatment with estradiol increased the abundance
of PTH1R in the apical and basolateral domain of epithelial cells
when compared to the Orx rats (Fig. 4d). However, daidzein treat-
ment induced a lower intensity of the immunofluorescence signal
for PTH1R located apically and basolaterally (Fig. 4e) when com-
pared to the Orx animals.

3.4. Expression and immunolocalisation of Klotho protein in the
kidney

Our results showed similar relative Klotho mRNA expression in
SO and Orx rats, while treatment with estradiol induced an increase
in Klotho mRNA expression when compared to the Orx animals
(Fig. 5a). Expression level of Klotho mRNA was reduced in ani-
mals after treatment with daidzein in comparison with the Orx
group (Fig. 5a). Klotho protein expression did not differ between
the SO and Orx animals, as was the case after estradiol treatment
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Fig. 3. Expression and immunofluorescentlocalisation of NaPi 2a cotransporter in the kidney sections of middle-aged male rats. (a) Expression level of mRNA for NaPi 2a
contransporter; (b) Western blotting analysis of NaPi 2a cotransporter in BBM epithelial cells of proximal kidney tubules. Densitometric analysis of data from a representative
of three experiments was presented as fold increase relative to (over) B-actin and the respective control groups. All values are presented as mean =+ SD, ep < 0.05 vs. SO, *p < 0.05
vs. Orx; (c) immunofluorescent staining of NaPi 2a cotransporter in epithelial cell of proximal kidney tubules, scale bar 10 wm. Sham-operated rats — SO, orchidectomized
rats — Orx, orchidectomized rats treated with estradiol — Orx +E, orchidectomized rats treated with daidzein — Orx +D, (n=8/group).
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Fig.4. Expression and immunofluorescentlocalisation of PTH1R in the kidney sections of middle-aged malerats. (a) Western blotting analysis of PTH1R. Densitometric analysis
of data from a representative of three experiments was presented as fold increase relative to (over) B-actin and the respective control groups. All values are presented as
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Orx, orchidectomized rats treated with estradiol — Orx +E, orchidectomized rats treated with daidzein — Orx + D, (n=8/group). (For interpretation of the references to colour

in the text, the reader is referred to the web version of this article.)

(Fig. 5b). Another potentially relevant implication of our findings is
that Klotho expression is elevated after daidzein application when
compared to the Orx group (Fig. 5b). Immunolocalisation of Klotho
in the kidney sections of SO (Fig. 5c¢) and Orx animals (Fig. 5d)
showed similar apical (white arrows) and subapical (black arrows)
presence in epithelial cells as well as similar intensity ofimmunore-
activity. After treatment with estradiol there were no significant
changes in immunopositivity in the epithelial cells, in comparison
with the Orx rats (Fig. 5e). Treatment with daidzein induced an

increase in the abundance of Klotho in epithelial kidney cells when
compared to the Orx animals (Fig. 5f).

3.5. Expression analysis of Akt and MEK signaling proteins in the
kidney

The level of Akt phosphorylation was not significantly changed
between the SO, Orx and estradiol treated animals, while treatment
with daidzein markedly increased the phosphorylation level of Akt
when compared to the Orx animals (Fig. 6a). Expression level of
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total Akt was significantly increased after estradiol treatment in
comparison with the Orx control group (Fig. 6b). MEK phospho-
rylation did not differ between the SO and Orx groups (Fig. 6¢).
However, estradiol treatment induced a significant increase in MEK
phosphorylation (Fig. 6¢), while after daidzein application the MEK
phosphorylation was not changed in comparison to the Orx ani-
mals (Fig. 6¢). Total MEK expression levels (Fig. 6d) were decreased
in animals treated with estradiol when compared to Orx.

3.6. Biochemical parameters

Serum PTH concentration was significantly increased after Orx
by 26% (p<0.05) when compared to SO control group (Fig. 7a).
Treatments with estradiol or daidzein induced a decrement of
serum PTH concentration by 10% and 21% (p <0.05) respectively,
in comparison with the Orx animals (Fig. 7a). Serum concentration
of 1,25(0H), vitamin D was decreased in Orx group by 19% (p < 0.05)
when compared to the SO control group (Fig. 7b). Treatments with
estradiol or daidzein induced and increase in 1,25(0OH), vitamin D
levels by 12% and 21% (p <0.05) respectively, in comparison with
the Orx animals (Fig. 7b). Serum Ca%* and Pi concentrations were
decreased in the Orxrats by 6% and 15% (p < 0.05) respectively, com-
pared to the same parameters in the SO group (Fig. 7c, d). Treatment
with estradiol induced an increase in the serum Ca2* concentration
by 9% (p < 0.05), while treatment with daidzein led to an increase in
the serum Ca2* concentration by 10% (p < 0.05) when compared to
the Orx group (Fig. 7c). In addition, daidzein induced an elevation
in the serum Pi concentration by 11% (p <0.05) in comparison with
the Orx rats (Fig. 7d). Analysis of Ca?*/creatinine and Pi/creatinine
ratios in the urine showed that Orx induced a significant increase
in Ca2* and Pi concentrations by 54% (p<0.05) and 16% (p <0.05)
respectively, when compared to the SO group (Fig. 7e, f). After treat-
ment with estradiol, Ca%* urine concentration was decreased by
20% (p<0.05), while Pi urine concentration was increased by 5%
(p<0.05) in comparison with the Orx animals (Fig. 7e, f). Treatment
with daidzein induced a significant decrease in Ca2* urine concen-

Orx +E, orchidectomized rats treated with daidzein — Orx+D,

tration by 32% (p <0.05) when compared to the Orx rats (Fig. 7e). In
the same manner, Pi urine concentration was decreased after treat-
ment with daidzein by 16% (p <0.05), in comparison with the Orx
animals (Fig. 7f).

4. Discussion

Homeostasis of Ca2* and Pi is impaired during the aging process
due to their disturbed absorption in the intestine and reabsorp-
tion in the kidney tubules, which together with the increased
levels of PTH (Halloran et al., 2002) and the age-related decline
in serum testosterone and vitamin D3 concentrations contributes
to the bone loss and osteoporosis in advanced age. Additionally, the
undesirable side effects of up-to-date hormone replacement ther-
apy (Faroqui et al., 2008; Moutsatsou, 2007; Uemura et al., 2000)
require a meticulous search for alternative therapeutic solutions.
Accumulated evidence suggests that soy isoflavones may represent
a promising remedy for various aging symptoms in both genders
(Sacksetal., 2006; Wang et al.,2013). Still, the potential role of puri-
fied soy isoflavones in the regulation of Ca2* and Pi homeostasis and
the following physiological implications has remained elusive. In
the present study, we used a rat model of the andropause to inves-
tigate the effects of daidzein application on the crucial regulators
of Ca%* and Pi homeostasis, important for bone health.

A deficiency of sex steroid hormones in the Orx animals resulted
in an increment of PTG volume and serum PTH concentration when
compared to the SO rats. Ultrastructural micrographs of chief cells
from the Orx group showed pronounced membrane interdigita-
tions, together with numerous mitochondria in the cytoplasm and
large nuclei, in relation to the SO group. The observed ultrastruc-
tural changes, which reflect an increased secretory activity of the
PTG chief cells (Coleman and Silbermann, 1978), along with the
observed increase in the serum PTH concentration, could imply
an important relation between the sex hormone levels and PTG
functional status. Treatment with estradiol led to a decrease in the
PTG volume and PTH serum concentration, while the volume den-
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Fig. 6. Densitometric analysis of (a) phosphorylated Akt (pAkt) normalized against total Akt expression in the same immunoblot; (b) total Akt normalized against 3-actin;
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sity of stroma was significantly increased in comparison with the
Orx rats. In the same manner as the estradiol treatment, daidzein
application reduced the PTG volume and serum PTH level when
compared to the Orx animals. The established reduction of PTG
secretory activity after estradiol and daidzein treatments was in
compliance with the chief cell ultrastructural features showing
less noticeable membrane interdigitations, poorly represented RER
and Golgi complex, and smaller/less numerous mitochondria. Since
the presence of estrogen receptors in PTG is still a controversial
issue (Carrillo-Lopez et al., 2009; Naveh-many et al., 1992), the
unambiguous effects of estradiol and estradiol-like substances on
PTG are possibly due to indirect effects, mediated by fibroblast
growth factor 23 (FGF23). Ben-Dov et al. (2007) showed that bone
derived FGF23 has an inhibitory role in PTH secretion by binding to
the FGFR-Klotho receptor complex and activating the MAPK sig-
naling pathway, whereas Carrillo-Lopez et al. (2009) found that
estradiol application has a stimulatory effect on FGF23 synthe-
sis and secretion in cultivated UMR-106 osteoblasts. Additionally,
the observed decrease in serum PTH concentration after treat-
ment with estradiol, and to a greater extent after treatment with
daidzein, could be also explained by an increased inhibitory effect
of vitamin D (Khundmiri et al., 2016) in our experimental model.
Increased serum concentration of 25(0H)Ds3, observed after treat-
ments with estradiol and daidzein, put a spotlight on inhibitory

effect of 25(0OH)D3 on the secretion of PTH. Our results showed sig-
nificant decrease in 25(0OH)D3 concentration after Orx which is in
alignment with observed increase of PTH and Ca2* urinary content,
and a decrease in Ca* serum level.

The age related decline in steroid hormone concentration has
implications on mineral metabolism in both humans and rats
(Cirillo et al., 2008; Filipovic et al., 2010; Pantelic et al., 2013; Xu
et al.,, 2002). Our results showed that after Orx, Ca2* serum con-
centrations were lower, while there was a parallel increase in the
urine content of Ca2*, compared to the SO control rats. The observed
alterations in Ca2* serum and urine content in our experimental
model could be related to impaired concentration of 25(0H)D3 doc-
umented in Orx animals. Additionally, the decrement in PTH serum
concentration in our rat andropausal model, observed after treat-
ments with estradiol or daidzein, is accompanied by a decrease
in the renal Ca?* excretion and increase in Ca?* serum concentra-
tions. Increased phosphorylation of the mitogen-activated protein
kinase kinase (MEK 1/2) observed after the estradiol treatment
of Orx animals, besides the decreased PTH serum concentration
and increased PTH1R expression level, suggests a possible acti-
vation of the PLC-PKC or adenylyl cyclase cAMP-PKA signaling
pathways (Bacic et al., 2003). Furthermore, vitamin D is known as
a stimulator of intestinal and renal Ca2* absorption/reabsorption
and upregulates the expression of TRPV6 and TRPV5 Ca2* chan-
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nels (Hoenderop et al., 2002; van Abel et al., 2006). Therefore,
an increase of 25(0OH)D3 serum level in rats after estradiol treat-
ment, and even more prominent after daidzein application shown
in our study, could lead to a upregulation of intestinal and renal
CaZ* channels. Nevertheless, direct effects of estradiol or daidzein
treatments on TRPV5 expression must not be omitted and call for
additional studies. Furthermore, the notably relevant finding of
increased Klotho expression after daidzein treatment in our study
could be of importance when it comes to reduction of CaZ* urine
wasting. A growing body of evidence supports the observation that
Klotho is a key player that integrates a ‘multi-step calcium control
system’ (Cha et al., 2008; Chang et al., 2005; Huang and Moe, 2011;
Nabeshima and Imura, 2008).

As we have demonstrated, the changes in Pi serum and urine
concentrations in middle-aged Orx rats occur due to a decrease
in the expression level of NaPi 2a cotransporter in the epithelial
cells of proximal kidney tubules (Pantelic et al., 2013). Additionally,
PTH downregulates the NaPi 2a cotransporter by internalization
via receptor-mediated endocytosis (Bacic et al., 2006; Forster et al.,

2006; Tatsumi et al., 2016), which was probably the case in our
experimental model due to the increased serum PTH concentra-
tions. Moreover, the expression level of PTH1R in the Orx animals
was increased, which additionally enables the fulfillment of NaPi
2a cotransporter downregulation by PTH. In our study, estradiol
treatment of Orx animals had a negative impact on the NaPi 2a
cotransporter mRNA and protein levels, in parallel with slightly
decreased Pi urine concentration, which is in line with the results
from previous studies (Beers et al.,, 1996; Faroqui et al., 2008).
The established increase in PTH1R expression level after estradiol
application in our experimental model contributes to the stimula-
tory effect of PTH on the internalization of NaPi 2a cotransporter
from the BBM of epithelial cells of proximal kidney tubules. We
showed that estradiol treatment resulted in MEK 1/2 activation,
which additionally contributes to the downregulation of NaPi 2a
cotransporter and increase in Pi urine content. The relevant impli-
cation of our results refers to daidzein application which resulted
in an increase of mRNA and protein level for NaPi 2a cotrans-
porter, corroborated by the observed decrease of Pi urine content
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in parallel with increase in serum Pi concentration. Also, our results
showed that daidzein treatment induced a significant decrease in
PTH1R abundance, which together with the decrease of serum PTH
concentration and downregulation of the MEK 1/2 signaling path-
way further confirms the desirable effect of this isoflavone on Pi
homeostasis and NaPi 2a cotransporter expression. It was previ-
ously mentioned that estradiol as well as estradiol-like substances
such as daidzein could exert rapid non-genomic effects by activat-
ing GPR30/GPER (AjdZanovicetal.,2015; Filardo et al.,2007; Madeo
and Maggiolini, 2010). This interaction leads to the activation of
different signaling pathways, including mitogen-activated protein
kinase (MAPK), phosphoinositide 3-kinase (PI-3 K), stimulation of
adenylyl cyclase and cAMP production, and mobilization of intra-
cellular Ca2* (Soltysik and Czekaj, 2013). We showed that estradiol
treatment resulted in MEK 1/2 activation, while the observed
downregulation of MEK 1/2 after daidzein application could be
important for the observed reduction in Pi urine content. On the
other hand, Akt activation seen after daidzein treatment could be
the consequence of FGF23-Klotho signaling as well as GPR30/GPER
activation. Besides the confirmed inhibitory effect of the mentioned
parameters, the demonstrated de novo synthesis of NaPi 2a cotrans-
porter in the kidney cortex after daidzein application probably
prevailed since the Pi urine content was decreased.

In conclusion, our study emphasizes the beneficial effects
of daidzein, in contrast to estradiol treatment, in regulation
of CaZ* and Pi homeostasis in middle aged rats. Increase of
expression levels of NaPi 2a cotransporter and anti-aging protein
Klotho in the kidney cortex of andropausal rats together with its
effects on decrease of PTH serum concentration and increment
of 25(0OH)D3 serum concentration represents favorable effects of
this soy isoflavone. Our results provide some novel insights into
the daidzein effects on Ca2* and Pi homeostasis and a deeper
understanding of the beneficial effects in andropausal symptoms
treatment. Altogether, our results suggest the potential benefit of
daidzein use in improving disturbed Ca2* and Pi homeostasis, and
consequently bone health in the aging male.
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