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Abstract

As a major phytoestrogen of soy, genistein effectively prevents bone loss in both humans and rat models of
osteoporosis. However, although the bone-sparing effects of genistein are achieved directly through estrogen
receptors, its mode of action on bone by modulation of other endocrine functions is not entirely clear. Thus,
thyroid hormones and calcitonin (CT) have an essential influence on bone metabolism. Besides its action on
bones, in this study we examined the effect of genistein on the activity of two different endocrine cell
populations, thyroid follicular and C-cells. Fifteen-month-old Wistar rats were either bilaterally orchidectomized
(Orx) or sham-operated (SO). Two weeks after surgery, half of the Orx rats were treated chronically with
30 mg kg~ ' b.w. genistein (Orx + G) subcutaneously (s.c.) every day for 3 weeks, while the remaining Orx rats
and the SO rats were given the same volume of sterile olive oil to serve as controls. For histomorphometrical
analysis of the trabecular bone microarchitecture an Imace) public domain image processing programme was
used. Thyroid sections were analysed histologically and stereologically after visualization of follicular and C-cells
by immunohistochemical staining for thyroglobulin and CT. Thyroid follicular epithelium, interstitium, colloid
and CT-immunopositive C-cells were examined morphometrically. Serum concentrations of osteocalcin (OC),
triiodothyronine (Ts), thyroxine (T,) and CT were determined as well as urinary calcium (Ca*) concentrations.
Genistein treatment significantly increased cancellous bone area (B.Ar), trabecular thickness (TbTh) and
trabecular number (TbN) (P < 0.05), but trabecular separation (Tb.Sp) was decreased (P < 0.05) compared with
control Orx rats. In the thyroid, genistein treatment significantly elevated the relative volume density (Vv) of
the follicular cells (P < 0.05) compared with Orx, whereas Vv of the colloid was lower (P < 0.05) than in the
Orx. Evaluation of the biochemical parameters showed significant reductions in serum OC, Ts, T4 and urinary
Ca%* concentrations (P < 0.05), compared with Orx rats. These data indicate that genistein treatment improves
the trabecular microarchitecture of proximal tibia, induces histomorphometrical changes in thyroid glands, and
decreases circulating thyroid hormone levels in orchidectomized rat model of male osteoporosis.
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Introduction

Although women are more prone to osteoporosis than
men, this skeletal disease also affects older males (Penrod
et al. 2008). Regardless of gender, bone mass decreases
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progressively with advancing age due to reduced circulat-
ing sex-hormone levels. Unlike menopausal women, in
whom the decline in estrogen level is rapid, the reduction
in circulating androgens in men is slow. Therefore, together
with the greater skeletal size and bone mass in men than in
women, osteoporosis and an increased risk of fractures
appear later in life in males (Lunt et al. 1997; Nieves et al.
2005). Clinical findings have comfirmed that osteoporosis
and osteoporotic fractures occur more often after therapeu-
tic orchidectomy for prostate cancer (Daniell, 1997). Also,
animal studies showed significant bone loss in androgen-
deficient orchidectomized rats (Tuukkanen et al. 1994;
Filipovi¢ et al. 2007). Although estrogen is the dominant
sex hormone in women and testosterone in men, estrogen
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plays an important role in the regulation of bone mass in
both sexes. In men, estrogen is synthesized from circulating
testosterone by the action of the enzyme aromatase in
gonadal and peripheral tissues including bones (Roselli
et al. 1997; Simpson & Dowsett, 2002). As suggested earlier,
estrogen regulates bone resorption in men, while both
estrogen and testosterone play roles in maintaining bone
formation (Falahati-Nini et al. 2000).

Despite the effectiveness of estrogen as hormonal ther-
apy in prostate cancer, for male-to-female transsexuals or
male sexual behaviour in patients with aromatase defi-
ciency (Smith et al. 1998; Carani et al. 1999; Tangpricha
et al. 2003), its therapeutic use in men is limited. This is due
to the possibility of an increased risk of hormone-related
tumours after cross-sex hormone therapy (Mueller & Goo-
ren, 2008). As an alternative to sex hormone therapy, phy-
toestrogens that can act as selective estrogen receptor (ER)
modulators (SERMs) could be used to treat both male and
female osteoporosis. Experimental studies have demon-
strated that phytoestrogens, such as the soybean isofla-
vones, genistein and daidzein, have a bone-protective
effect in rat models of osteoporosis in both sexes (Khalil
et al. 2005; Filipovi¢ et al. 2010; Miao et al. 2012). These iso-
flavones are structurally similar to 17 p-estradiol and are
able to bind to ERa and B. ERp has a higher binding affinity
for genistein (Kuiper et al. 1997).

While sex steroids play an important role in maintain-
ing bone mass, other hormones, such as thyroid hor-
mones and calcitonin (CT), are involved in the regulation
of bone metabolism. Thyroid hormones affect bone
remodelling and an excess is associated with bone loss
(Kanatani et al. 2004). On the other hand, the hypocal-
caemic hormone CT, produced by thyroid C-cells, directly
inhibits osteoclast-mediated bone resorption (Warshawsky
et al. 1980). Therefore, in addition to recording the effect
of genistein on trabecular bone microarchitecture, the
purpose of this study was to examine the influence of
this isoflavone on the activity of thyroid follicular and
C-cells in a rat model of male osteoporosis. Their hor-
mones may be involved in indirect actions of genistein on
maintaining bone mass.

Materials and methods

Animals, diets and experimental design

The study involved 24 male Wistar rats 15 months old, bred at the
‘Sinisa Stankovi¢’ Institute for Biological Research, University of
Belgrade, Serbia. Animals were housed in groups under standard
soy-free laboratory conditions (at 22 °C, under a 12 h/12 h light/
dark cycle), with free access to water. The soy-free diet was pre-
pared in cooperation with the Department of Nutrition, School of
Veterinary Medicine, and INSHRA PKB (Belgrade, Serbia), accord-
ing to Picherit et al. (2000) with corn oil as the main source of fat.
The food contained (per 100 g): casein, 20.3 g; cornstarch, 45 g;
sucrose, 20 g; corn oil, 5.2 g; fibre (crystalline cellulose), 3.7 g;
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vitamin/mineral mix (Ca-P deficient), 1.5 g; calcium phosphate
dibasic, 1.8 g; calcium carbonate, 1 g; and b.-methionine, 1.5 g; as
well as 1.1 mg iodine per kg. Casein and crystalline cellulose were
purchased from Alfa Aesar, Johnson Matthey Gmbh & Co. KG
(Karlsruhe, Germany). The p.-methionine was obtained from the
Sigma Chemical Company (St. Louis, MO, USA). All other ingredi-
ents were from INSHRA PKB. Food and water were available ad /ibi-
tum. Animals were either bilaterally orchidectomized (Orx, n = 16)
or sham-operated (SO, n =28) under ketamine anaesthesia
(15 mg kg’1 b.w. ketamine hydrochloride, Richter Pharma, Wels,
Austria). Genistein was dissolved in a minimal volume of absolute
ethanol, then mixed with sterile olive oil. Two weeks after surgery,
eight of the Orx animals were treated chronically with 30 mg kg™’
b.w. genistein (Nutraceutica, Monterenzio, Italy) subcutaneously
(s.c.) daily for 3 weeks. The control SO (n = 8) and the second Orx
group (n = 8) were administered s.c. an equivalent volume of the
absolute ethanol and sterile olive oil vehicle. After the last injec-
tion, 24-h urine samples were collected and then all animals were
killed. Blood was separated from the trunk. Blood serum and urine
samples were frozen at —70 °C until required for biochemical anal-
ysis. All animal procedures complied with the EEC Directive (2010/
63/EU) on the protection of animals used for experimental and
other scientific purposes, and were approved by the Ethical Com-
mittee for the Use of Laboratory Animals of the ‘Sinisa Stankovic’
Institute for Biological Research, University of Belgrade, Serbia.

Histomorphometrical analysis of trabecular bone

The right tibia was collected from each animal, cleaned of soft tis-
sue and fixed immediately in Bouin’s solution for 5 days. After fixa-
tion, the bone samples were decalcified with 20% EDTA
(ethylenediaminetetra-acetic acid disodium salt), dehydrated with
an increasing ethanol concentration and embedded in Paraplast.
For structural analysis, 5-um-thick longitudinally sections were cut
using a rotatory microtome (RM 2125; Leica, Germany) with micro-
tome blades for hard section (Sakura Finetek, Japan) and stained
with Azan as previously described (Filipovic et al. 2007).

For histomorphometrical analysis, all variables were expressed
and calculated according to the recommendations of the American
Society for Bone and Mineral Research nomenclature (Parfitt et al.
1987) using an Imace) public domain image processing programme.
Data provided by the image analysis system were used to calculate
the cancellous bone area (B.Ar) and cancellous bone perimeter
(Evans et al. 1994), and trabecular thickness (Tb.Th), trabecular
number (Tb.N) and trabecular separation (Tb.Sp) were derived from
these parameters as described earlier (Filipovi¢ et al. 2007).

Immunohistochemical procedures

After isolation, the thyroid lobes were fixed in Bouin’s solution for
48 h, dehydrated through a series of increasing ethanol concentra-
tions and embedded in Paraplast. For histological and stereological
analysis, 5-um-thick thyroid longitudinal sections taken from central
part of the thyroid lobes were stained by the peroxidase-antiperox-
idase immunohistochemical (IHC) method (Sternberger et al. 1970).
Thyroglobulin (Tg) in thyroid tissue was characterized using rabbit
antisera directed against human Tg (Dakopatts, Glostrup, Denmark;
1 : 500). For IHC localization of CT in the thyroid C-cells, anti-human
CT antisera (Dakopatts, Copenhagen, Denmark; Lot No. 020; 1:500)
served as the primary antibody.

Antigen-antibody complexes were visualized with diaminoben-
zidine tetrahydrochloride (DAB; Dakopatts, Glostrup, Denmark).
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The sections were counterstained with haematoxylin and mounted
in DPX medium (Sigma-Aldrich, Barcelona, Spain).

Stereological analysis

Transversal sections of thyroid gland were analyzed by a point-
counting method (Weibel, 1979). The relative volume densities (Vv)
of follicular epithelium, interstitium, colloid and thyroid C-cells,
defined as the ratio of this component in a volume unit of thyroid
gland was calculated. The first three parameters were estimated on
50 test fields per section under a Zeiss light microscope (Jena, Ger-
many) at 400x magnification, and C-cells were measured at a mag-
nification of 1000x, using the multipurpose M42 test system.

Biochemical analyses of serum and urine

Osteocalcin (OC), triiodothyronine (Ts), thyroxine (T;) and CT con-
centrations were determined in the serum samples stored at
—70 °C. Serum OC, T3 and T4 were estimated by electrochemilumi-
nescence using a Roche Elecsys 2010 immunoassay analyser (Roche
Diagnostics GmbH, Mannheim, Germany). Serum CT levels were
measured in an immunochemiluminometric assay (Nichols, USA),
using a mouse monoclonal antihuman CT antibody marker with
acridium ester. The luminescence was quantified in a semi-auto-
mated MLA 1 chemiluminescence analyzer (Ciba-Corning). Calcium
(Ca®*) levels in 24-h urine collections were determined using a Hita-
chi 912 analyzer (Roche Diagnostics GmbH).

Statistical analysis

Statistical analysis of all data was performed using statistica 6.0 soft-
ware (Statsoft, Tulsa, OK, USA). The Kolmogorov-Smirnov proce-
dure was used to test for deviation from normal distribution,
followed by one-way analysis of variance. Duncan’s multiple range
test was used for post hoc comparisons. A probability value of
P < 0.05 was considered statistically significant for comparisons of
mean values between groups. The data are expressed as means +
standard error of the mean.

Results

Trabecular bone morphology and microarchitectural
properties

Numerous well-developed trabeculae were visible on longi-
tudinal sections from the proximal tibiae of control SO ani-
mals. After Orx, as previously described (Filipovi¢ et al.
2007), significant degradation of the trabecular tissue was
evident. This was manifested as reduction of both the num-
ber and thickness of trabeculae. The proximal tibia meta-
physes of Orx + G animals showed significant recovery of
trabecular bone tissue in comparison with those from
untreated Orx rats. Thus, as in control SO rats, numerous tra-
becular spicules were detected in Orx + G rats (Fig. 1A-C).
Genistein treatment of Orx rats increased B.Ar, Tb.Th and
Tb.N by 115, 26 and 34% (P < 0.05), respectively, but Th.Sp
was 38% lower (P < 0.05) than in the control Orx group. No
differences in B.Ar, Tb.Th or Tb.N were seen, whereas Tb.SP

had diminished by 21% (P < 0.05) when compared with the
value for control SO animals (Table 1).

Thyroid histomorphometry, Tg and CT
immunoreactivity

The thyroid glands of control SO rats were composed of fol-
licles of different size. Distended follicles filled with dense
luminal colloid surrounded by cuboidal follicular epithelium
were mostly present (Fig. 2A). After Orx, small changes in
thyroid parenchyma were evident in comparison with the
SO control (Fig. 2D), manifested by smaller amounts of col-
loid within the follicles and a more prominent capillary net-
work. Greater changes were detected in the Orx + G group
thyroid parenchyma, which was mainly composed of small
micro-follicles, characterized by reduced luminal colloid and
a well-developed surrounding capillary network (Fig. 2G).
Immunohistochemical analysis of Tg immunopositivity
revealed heterogeneity of thyroid follicles in relation to
intensity and quantity of IHC in the follicular epithelium
and colloid in all experimental groups (Fig. 2B,E,H). In
Orx + G rats the micro-follicles were characterized by strong
IHC positivity at the border of the colloid compartment,
and some follicles exhibited strong IHC positivity through-
out the whole colloid compartment (Fig. 2H). In SO animals,
thyroid C-cells immunostained for CT were numerous and
occurred in large clusters (Fig. 2C). After Orx these cells
were smaller, present either singly or in small clusters
(Fig. 2F). The immunohistochemical features of thyroid
C-cells after genistein treatment were similar to those in the
thyroids of Orx animals (Fig. 2l).

Stereological analysis showed that genistein treatment
increased relative Vv of the epithelium by 13 and 19%
(P < 0.05) compared with Orx and SO animals, respectively.
Relative Vv of the colloid was 20 and 25% lower (P < 0.05)
in the Orx + G group than in the Orx and SO controls,
respectively. Genistein treatment decreased the Vv of thy-
roid C-cells by 9% (P < 0.05) in comparison with the value
for the SO group (Fig. 3).

Biochemical findings in serum and urine

Earlier, we found that Orx markedly increased serum OC
and urinary Ca?* concentrations, whereas serum CT was
diminished (Filipovi¢ et al. 2007). In genistein-treated Orx
rats, serum OC and urinary Ca®* concentrations were
decreased by 31 and 68% (P < 0.05), respectively, in com-
parison with the Orx group, while serum OC was 51%
(P < 0.05) higher than in the SO group (Fig. 4A-B). After
Orx, we detected no significant differences in serum T3 or
T4 levels compared with SO values. Genistein administration
lowered serum T3 and T4 concentrations by 7 and 32%
(P < 0.05), respectively, in comparison with the Orx group
and by 7 and 33% (P < 0.05) in relation to SO rats (Fig. 4C,
D). No significant differences in serum CT level were
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Fig. 1 Trabecular bone structure from tibial
metaphyses in sham-operated (SO) (A),
orchidectomized (Orx) (B) and
orchidectomized rats treated with genistein
(Orx + G) (C); Azan method stain.

detected between the Orx + G and Orx groups, but values
for Orx + G rats were 51% lower (P < 0.05) than for the SO
animals (Fig. 4E).

Discussion

Age-related osteoporosis is accompanied by a decrease of
available gonadal hormones in elderly men (Gennari et al.
2003) and androgen-deficient male rats (Erben et al. 2000;
Khalil et al. 2005; Filipovi¢ et al. 2007). Therefore, orchidec-
tomized rats are the most commonly used animal model for
studies of male osteoporosis.

Although estrogens have a protective effect on bone
health and may be used to treat some diseases in men
(Smith et al. 1998; Carani et al. 1999; Tangpricha et al.
2003; Vanderschueren et al. 2014), their therapeutic use is
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limited. Thus, certain hormone-related tumours in transsex-
uals may be associated with the cross-sex hormone therapy
they had undergone (Mueller & Gooren, 2008). Therefore,
important research has focused on examining the action of
certain compounds that may serve as alternatives to hor-
mone replacement therapy in the treatment of osteoporo-
sis. The phytoestrogen genistein is a soybean isoflavone
that is a known SERM. In this study, we evaluated how it
affects trabecular bone and thyroid gland activity in
orchidectomized middle-aged male rats. Thyroid hormones
are essential for bone metabolism.

Our results showed marked increases of B.Ar, Tb.Th and
Th.N and decreased Th.Sp in our Orx rat model after genis-
tein administration. These findings, together with the
reduction of biochemical markers of bone metabolism, such
as serum OC and urinary Ca?* concentrations, clearly
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Table 1 Histomorphometry of trabecular bone in proximal tibia meta-
physis in sham-operated (SO), orchidectomized (Orx) and genistein-
treated orchidectomized (Orx + G) rats.

SO Orx Orx + G
B.Ar (%) 12.95 + 0.74 6.25 + 0.25- 13.45 + 1.66*
Tb.Th (um)  35.80 + 0.10 28.69 + 1.26 36.10 + 0.40*
Tb.N (mm) 3.62 + 0.21 2.94 + 0.04- 3.95 + 0.15%
Tb.Sp (um) 242.00 + 16.50 308.00 & 10.25+ 191.00 & 18.50+*

Data expressed as mean & SEM (n = 8). Filled circle (+): P < 0.05
vs. SO. *P < 0.05 vs. Orx.

demonstrates that genistein treatment exerts a protective
effect on trabecular bone that is normally reduced after
Orx. Protective effects of isoflavones on trabecular bone
microstructure and maintenance of bone homeostasis were
described earlier in androgen-deficient male rodents (Ishimi
et al. 2002; Khalil et al. 2005; Filipovi¢ et al. 2010). Also, iso-
flavone supplementation reduced bone resorption in men
with type 2 diabetes in whom the risk of fractures is
increased (Sathyapalan et al. 2017).

The molecular mechanisms through which genistein
affects bone metabolism involve ER-dependent pathways.
The family of ERs includes two receptor forms, ERa and Erf3
(Dahlman-Wright et al. 2006), and ERs have been detected
in both osteoblasts and osteoclasts (Bord et al. 2001; Cru-
sodé de Souza et al. 2009). Genistein has a higher binding
affinity for Erp and thus induces transcriptional activity (An
et al. 2001). The mechanisms by which genistein can have
an anabolic effect on bone include ER-dependent stimula-
tion of cell proliferation. Moreover, it induces ERa gene
expression in osteoblasts and stimulates their differentia-
tion and maturation (Pan et al. 2005; Liao et al. 2014).
Apart from acting on ERs, as a tyrosine kinase inhibitor
genistein may have a suppressive effect on osteoclasts, lead-
ing to a reduction in their number (Gao & Yamaguchi,
2000; Sliwinski et al. 2005).

As thyroid hormones have an essential role in bone meta-
bolism, we have simultaneously evaluated the effects of
genistein on thyroid follicular structure and function. In our
Orx rat model, genistein treatment modulated thyroid par-
enchyma, which was mainly composed of small follicles con-
taining less colloid. Follicular epithelium volume was
increased, whereas colloid volume was reduced after genis-
tein administration. Such findings point to enhanced thy-
roid activity (Gerber et al. 1981). However, the low serum
Tz and T, levels found after genistein treatment do not sup-
port this finding. It has been shown that isoflavones directly
inhibit thyroid peroxidase (TPO), a key enzyme in the
biosynthesis of thyroid hormones, both in vitro and in vivo,
without affecting serum thyroid hormone concentrations in
young adult rats (Divi et al. 1997; Chang & Doerge, 2000).
As a result of the age-related decline of thyroid gland

activity (Sosi¢-Jurjevi¢ et al. 2012), TPO enzymatic activity
was probably reduced, with consequently decreased levels
of circulating thyroid hormones (Sosi¢-Jurjevi¢ et al. 2010,
2014).

The action of thyroid hormones on bone is mediated by
specific receptors which have been detected in osteoblasts
and osteoclasts (Allain et al. 1996). Thyroid hormones regu-
late cell differentiation, synthesis and degradation of bone
matrix by stimulating osteoblast activity. T3 stimulates the
expression and synthesis of type | collagen, alkaline phos-
phatase (ALP) and enhances synthesis and secretion of the
bone matrix proteins osteopontin and osteocalcin in osteo-
blasts (Gouveia et al. 2001; Varga et al. 2010). In addition,
by acting on osteoblasts, T3 can indirectly affect osteoclast
activity by increasing the expression of osteoprotegerin
(OPG), which is an inhibitor of bone resorption (Varga et al.
2004). However, although osteoclasts express thyroid recep-
tors, it is not clear whether T3 affects them directly or indi-
rectly through osteoblasts. In support of the latter are
findings showing that T3 increases the expression of recep-
tor activator of nuclear factor-xB ligand (RANKL) in primary
osteoblastic cells (Miura et al. 2002), as well as interleukin-6
and interleukin-8 in human bone marrow stromal and
osteoblast-like cells in vitro (Siddigi et al. 2002). It is possible
that, in addition to osteoblasts, other bone marrow cells
can mediate the stimulatory effect of thyroid hormones on
osteoclasts (Siddiqi et al. 2002). By acting on bone cells, thy-
roid hormones can regulate the bone remodelling cycle.
Both bone formation and resorption are increased in condi-
tions of thyroid hormone excess but resorption prevails over
bone formation, resulting in reduction of bone mineral
density (Waung et al. 2012).

In this study we detected no significant differences in any
stereological or biochemical parameters indicating changed
activity of thyroid C-cells after genistein treatment. The
main product of these cells is the hypocalcaemic hormone
CT, which lowers circulating Ca®* level and affects bone
metabolism through direct inhibition of osteoclast activity
(Warshawsky et al. 1980). However, in line with other
research (Watanabe et al. 1992), daidzein treatment of Orx
middle-aged rats was found to stimulate C-cell activity
(Filipovic et al. 2010). The biological mechanism underlying
the different response of C-cells to genistein and daidzein is
uncertain, but membrane bilayer-mediated perturbations
might play a role (Ajdzanovi¢ et al. 2014). Also, the differ-
ences in the effects of these isoflavones may be either phar-
macokinetic, pharmacodynamic, differing dose-response
curves for genistein and daidzein, or a combination of these
variables.

Moreover, the evidence from this and our earlier study
(Pantelic et al. 2013) suggests that genistein affects bone
metabolism additionally by acting indirectly on the regu-
lation of thyroid hormone and PTH production, both of
which play important roles in calcium homeostasis. It has
been shown that genistein lowers serum PTH
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Fig. 2 Thyroid gland in sham-operated (SO) (A-C), orchidectomized (Orx) (D-F) and orchidectomized rats treated with genistein (Orx + G) (G-);
haematoxylin-eosin stain (A,D,G); immunohistochemical staining of thyroglobulin (Tg) (B,E,H); calcitonin-immunostained thyroid C-cells (C,F,l).

© 2018 Anatomical Society



210 The effects of genistein on the bone and thyroid, B. Filipovic et al.
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concentration and stimulates expression of PTHR1 and
sodium phosphate cotransporter 2a (NaPi 2a) in the kid-
ney as well as PTHR1 expression in bone (Miao et al.
2012; Pantelic et al. 2013). The anabolic effect of genis-
tein in osteoblasts in vitro is reflected in the stimulation
of PTH-induced ALP activity and inhibition of OPG
expression. This weakens osteoclastogenesis induction
(Chen & Wong, 2006).

In conclusion, our study has shown that the protective
effect of the phytoestrogen genistein on rat trabecular
bone, may be achieved not only directly through ERs on
bone cells but also indirectly by effects on the activity of
thyroid follicular cells. Along with provoking histomorpho-
metrical changes in the thyroid gland, genistein induced a
decrease in circulating thyroid hormones. This phytoestro-
gen had no effect on CT production from thyroid C-cells in
our animal model of osteoporosis, indicating that other
bone-sparing mechanisms, such as changes in thyroid hor-
mone concentrations, might play a more important role.
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