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1 | INTRODUCTION

Osteoporosis is a metabolic bone disorder characterized by the dis-

ruption in the balance between bone formation and resorption,

| Marcio M. Beloti

Abstract

Osteoporosis is characterized by decreased bone mass and adipocyte accumulation
within the bone marrow that inhibits osteoblast maturation, leading to a high risk of
fractures. Thus, we hypothesized that osteoblasts, besides being negatively affected
by interacting with adipocytes, reduce the differentiation of neighboring osteoblasts
through the same mechanisms that affect osteoblasts under osteoporotic conditions.
We investigated the effect of osteoporosis on osteoblast differentiation and the
effect of the conditioned medium of osteoblasts cocultured with adipocytes on the
differentiation of other osteoblasts. Osteoporosis was induced by orchiectomy in
rats and bone marrow mesenchymal stromal cells (MSCs) were differentiated into
osteoblasts. Also, the bone marrow and adipose tissue MSCs were obtained from
healthy rats and differentiated into osteoblasts and adipocytes, respectively. Mes-
senger RNA expression, in situ alkaline phosphatase activity, and mineralization
confirmed the inhibitory effect of osteoporosis on osteoblast differentiation. This
harmful effect was mimicked by the in vitro model using the conditioned medium
and it was demonstrated that osteoblasts keep the memory of the negative impact
of interacting with adipocytes, revealing an unknown mechanism relevant to the
osteoporotic bone loss. Finally, we showed the involvement of acetyl-histone 3
(AcH3) in bone homeostasis as its reduction induced by osteoporosis and condi-
tioned medium impaired osteoblast differentiation. The AcH3 involvement was
proved by treating osteoblasts with Trichostatin A that recovered the AcH3 ex-
pression and osteoblast differentiation capacity in both situations. Together, our
findings indicated that AcH3 might be a target for future studies focused on

epigenetic-based therapies to treat bone diseases.
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leading to a decreased bone mass and a high risk of fractures.
Although it is more common in women and the elderly, it also affects
men and people of all age groups (Hahn, 1988; Vondracek &
Linnebur, 2009). A peculiarity observed in both aging and the
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osteoporotic condition is the accumulation of medullary adipocytes
with increasing bone loss (Al Saedi et al., 2020; Justesen et al., 2001;
Meunier et al., 1971). This phenomenon is attributed to the fate
decision of mesenchymal stromal cells (MSCs) in favor of adipocytes
at the expense of osteoblasts (Bennett et al, 1991). Fortunately,
there are also regulators in these lineages to balance the cell fate
switching, promoting osteoblastogenesis while suppressing adipo-
genesis (Muruganandan et al., 2009; Takada et al., 2007).

Within the bone tissue microenvironment, osteoblasts, osteoclasts,
and osteocytes secrete signaling molecules that act as autocrine, para-
crine, and endocrine signals for the maintenance of skeletal homeostasis
and architecture (Han et al., 2018). Remarkably, adipocytes either
cohabiting with this heterogeneous population or from distant sites
secrete factors, such as adiponectin, leptin, and proinflammatory cyto-
kines, including tumor necrosis factor-o (TNF-o) and interleukin-6 (IL6)
that negatively impact osteoblast differentiation (Abuna et al., 2016;
Rosen & Bouxsein, 2006). Several of these factors can disrupt bone
homeostasis in which some cytokines are associated with osteoporosis
(Kotrych et al., 2016; Manolagas et al, 1995; Tyagi et al, 2012).
Additionally, the microenvironment acts on the epigenetic regulation of
the cells, affecting the expression of genes that drive bone biology and
diseases (Montecino et al., 2015). The deletion of histone deacetylase
(HDAC) 3 in mice prevents limb lengthening and affects signaling
pathways involved in endochondral and intramembranous bone for-
mation (Feigenson et al., 2017). The inhibition of HDACs in human
periodontal ligament cells enhances bone repair when implanted in
mouse calvarial bone defects (Huynh, Everts, Nifuji, et al., 2017). In
culture cell models, components in the serum can regulate histone
modifications and the dynamics of the chromatin that controls gene
expression (Zippo et al., 2009). MSCs cultured in autologous serum
increased osteogenic differentiation; whereas, MSCs cultured in fetal
bovine serum have increased adipogenic potential, both regulated by
different profiles of histone modifications at the promoter of gene
targets that were influenced by different serum conditions (Fani
et al,, 2016).

In osteoporosis and aging, adipocytes accumulate within the
bone marrow and affect bone remodeling, partly by inhibiting os-
teoblast activity (Al Saedi et al., 2020). We hypothesized that as a
consequence of their interactions with adipocytes, osteoblasts impair
the differentiation of neighboring osteoblasts, and this contributes to
osteoporotic bone loss. Additionally, the underlying cellular me-
chanisms were hypothesized to be the same as those that affect
osteoblasts under osteoporotic conditions. To test these hy-
potheses, firstly, we evaluated the osteogenic potential of MSCs
derived from osteoporotic rats that continued to switch their dif-
ferentiation in favor of adipogenesis even when cultured in an os-
teogenic medium. Then, we created an in vitro model to determine
the effects of a conditioned medium of osteoblasts cocultured with
adipocytes on osteoblasts grown in nonconditioned medium. Our
results demonstrated that osteoblasts indeed retained the impact of
interacting with adipocytes, which inhibited the differentiation of
other osteoblasts in the same way as osteoporosis, that is, by redu-

cing histone acetylation.

2 | MATERIALS AND METHODS
2.1 | Animals and experimental design

All procedures involving animals were approved by the Committee of
Ethics in Animal Research of the School of Dentistry of Ribeirdo
Preto, University of S3o Paulo (Protocol #2018.1.30.58.8) and fol-
lowed all national/international guidelines for animal care. In this
study, 24 male 4-week-old Wistar rats with approximately 150 g of
body weight were used. During the entire period, the animals were
kept under constant temperature (22 + 2°C) and received food and
water ad libitum. The whole experimental design is presented in
Figure S1.

2.2 | Effect of osteoporosis on bone morphometric
parameters

2.2.1 | Surgical procedure to induce osteoporosis

Osteoporosis was induced in eight rats through bilateral orchiectomy
surgery (ORX). The animals were anesthetized with intraperitoneal
injections of coopazine anesthetic solution (xylazine; Agibrands do
Brasil Ltda.) and the analgesic muscle relaxant dopalen (ketamine;
Agibrands) at dosages of 0.6 mg/100g and 7.5mg/100g of body
weight, respectively. Preoperative analgesia was performed with
flunixinmeglumine, 0.25mg/100g of body weight (banamine;
Schering-Plough) to proceed with the standard orchiectomy techni-
que (Zarrow et al., 1964). The anterior region of the scrotum was
incised, and the vaginal tunic opened to exteriorize the testicles.
Subsequently, the spermatic funicles were connected with 3-0 silk
thread (Ethicon Ltda.) and sectioned at the height of the vas deferens.
The testicles and epididymis were removed, and the skin of the
scrotum was sutured. Eight animals, designated as Sham, underwent
a fictitious orchiectomy surgery; wherein, an incision was made in the
scrotum to expose the testicles followed by the closure. Thereafter,
the animals were medicated with a single dose of flunixinmeglumine
100 mg/100 g of body weight (Schering) and an antibiotic solution
containing benzyl benzylpenicillin (156,000 1U/100 g of body weight),
benzylpenicillin procaine (78,000 1U/100 g of body weight), benzyl-
penicillin potassium (78,000 1U/100g of body weight), dihydros-
treptomycin base sulfate (65mg/100g of body weight), and
streptomycin base sulfate (65 mg/100 g of body weight) (pentabiotic;
Fort Dodge). The animals were kept in the animal facilities for 90
days postoperatively, a period necessary for developing osteoporosis.

2.2.2 | Bone morphometry by microcomputed
tomography (UCT) analysis

Osteoporosis was confirmed by microtomographic and morpho-
metric analyses of the femurs from ORX and Sham rats. The region

selected for measurements started at the metaphysis, 0.5 mm from
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the end of the growth plate, and continued for 2 mm toward the
diaphysis. The measurements were done in the trabecular region as
the initial bone loss associated with sex-steroid deficiency is re-
portedly observed in that region predominantly, and only with aging
is the cortical bone affected (Riggs et al., 2008). After euthanasia
(n =6 per group), the femurs were removed and stored in 10% for-
malin buffered with 0.1 M sodium cacodylate, pH 7.0 (Merck, HE).
The high-resolution SkyScan 1172 microtomograph (Bruker) and the
NRecon software (version 1.6.10.4; Bruker) were used to scan the
samples and reconstruct the images, respectively. The parameters of
the uCT scan acquisition were: voxel size, 9.92 um®; source voltage,
59 kVp; source current, 165 mA,; filter, Al 0.5 mm; exposure, 610 ms;
rotation step, 0.3° frame averaging, 4n; and random movement, 10.
Thereafter, the morphometric parameters, namely, bone volume
(BV), bone volume/total volume (BV/TV), bone surface (BS), bone
mineral density (BMD), trabecular number (Th.N), trabecular thick-
ness (Th.Th), and trabecular separation (Th.Sp), were analyzed by the
CTAnN software (version 1.15.4.0; Bruker). The uCT analysis was done
following previously described guidelines (Bouxsein et al., 2010;
Dempster et al., 2013).

2.3 | Effect of osteoporosis on osteoblasts

2.3.1 | Harvesting, culture, and osteoblast
differentiation of bone marrow MSCs

To obtain bone marrow MSCs, after euthanasia of Sham and ORX
rats (n =4 per group), 90 days postoperatively, the femurs were re-
moved, both epiphyses were cut, and the medullary canals were
flushed. The cells were cultured in a growth medium, composed of
alpha minimum essential medium («-MEM; Gibco), 10% fetal calf
serum (Gibco), 1% penicillin-streptomycin (Gibco), and 0.3 mg/ml
fungizone (Gibco) until 80% confluence. Then, the cells were en-
zymatically detached and osteoblast differentiation was induced for
up to 17 days by plating them in six-well culture plates (Corning
Incorporated) at a cell density of 1x 10° cells/well in an osteogenic
medium, comprising growth medium, 50 pg/ml ascorbic acid (Gibco),
(Sigma-Aldrich), and 107M dex-
amethasone (Sigma-Aldrich). The medium was replaced every 2 days
and cells were kept in an incubator at 37°C, 95% O,, and 5% CO..

7mM  B-glycerophosphate

2.3.2 | Messenger RNA (mRNA) expression
by real-time polymerase chain reaction (RT-gqPCR)

Transcripts corresponding to key osteoblast and adipocyte markers,
as well as cytokines and histone components (Table 1), were analyzed
by RT-qPCR on Day 10. Total RNA was extracted with Trizol reagent
(Invitrogen) and the complementary DNA (cDNA) was generated
from 1ug extracted RNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Then, RT-gPCR (n=3) was

carried out in Step One Plus Real-Time PCR system (Thermo Fisher
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TABLE 1 TagMan probes for real-time polymerase chain reaction

Gene Gene name Identification

Runx2 Runt-related transcription factor 2

(Runx2)

Rn01512298_m1

Sp7 Sp7 transcription factor (Osterix, Sp7) Rn02769744 s1

Alpl Alkaline phosphatase (Alp) Rn01516028_m1

Ibsp Integrin-binding sialoprotein (Bone Rn00561414 m1

sialoprotein, Bsp)

Spp1 Secreted phosphoprotein 1 Rn00681031_m1

(Osteopontin, Opn)

Pparg  Peroxisome proliferator-activated
receptor gamma (Ppary)

Rn00440945_m1

Fabp4 Fatty acid-binding protein 4 (Adipocyte Rn00670361_m1

protein 2, Ap2)
Retn Resistin (Retn) Rn00595224_m1

Adipog Adiponectin, C1Q, and collagen
domain-containing (Adipoq)

Rn00595250_m1

Tgfbl  Transforming growth factor-beta 1 (Tgf31) Rn00572010_m1
1110 Interleukin 10 (/110) Rn01483988 g1

1B Interleukin 1 beta (1113) Rn00580432_m1

16 Interleukin 6 (116) Rn01410330_m1
Tnf Tumor necrosis factor (TNF-a) Rn01525859 g1
Nfkb1 Nuclear factor of kappa light polypeptide Rn01399572_m1

gene enhancer in B-cells 1 (NF-xb)

Sirt1  Sirtuin 1 (Sirt1) Rn01428096_m1

Hdacl Histone deacetylase 1 (Hdac1) Rn01519308_g1

Hdac2 Histone deacetylase 2 (Hdac2) Rn01193634 g1

Actb Actin beta (B-actin) Rn00667869_m1

Scientific) using TagMan PCR Master Mix (Applied Biosystems) and
probes for the target genes. All transcripts were normalized to Actb
and the data were expressed as relative mRNA expression by using
the cycle threshold method (2-44Ct),

2.3.3 | In situ alkaline phosphatase (ALP) activity
by fast red staining

In situ ALP activity was evaluated on Day 10 by fast red staining.
Briefly, a solution of Fast Red-TR reagent (Sigma-Aldrich) and
Naphthol AS-MX phosphate (Sigma-Aldrich) was added to the sam-
ples for 30 min, following which they were washed and dried at room
temperature. Images of the samples were acquired in an epi-
fluorescence light microscope Axio Imager M2 Zeiss (Carl Zeiss, Inc.).
The average of five random stained areas of three wells (n=5) was
used to quantify the pixels by using the Image) 1.52 software
(National Institute of Mental Health) and the data were expressed as

a percentage of area.
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2.3.4 | Extracellular matrix mineralization by
alizarin red S staining

The extracellular matrix mineralization was evaluated on Day 17
using alizarin red S staining (Sigma-Aldrich). The cells were fixed
with 70% alcohol for 1h, at 4°C, followed by the addition of ali-
zarin red S solution for 15 min. Thereafter, the samples were wa-
shed and dried at room temperature and images of the samples
were acquired as described for ALP activity. The calcium content
was detected using a colorimetric assay (Gregory et al., 2004).
Briefly, the staining was extracted by 10% acetic acid; the resulting
solution was vortexed, heated at 85°C, cooled at 4°C, and cen-
trifuged at 13,000g for 15 min. The supernatant was mixed with
10% ammonium hydroxide and this solution was read at 405 nm in
a plate reader pQuant (Bio-Tek Instruments Inc.). The data (n=5)
were expressed as absorbance.

2.3.5 | HDAC1 protein expression by western blot
analysis

The Western blot analysis analysis was carried out on Day 12, following
the conventional protocol. Primary mouse monoclonal antibody anti-
HDAC1 (5356S, 10E2, 1:1000; Cell Signaling) was used to detect HDAC1
protein, followed by the secondary anti-mouse immunoglobulin
G-horseradish peroxidase (IgG HRP)-linked antibody (7076S, 1:2000;
Cell Signaling). As a control, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) protein was detected with a primary rabbit polyclonal anti-
GAPDH antibody (sc25778, FL335, 1:2000; Santa Cruz Biotechnology).
The images were acquired using G-Box gel imaging (Syngene) and the
proteins were quantified (n=23) by counting pixels and normalized by
GAPDH.

2.3.6 | Acetyl-histone 3 (AcH3) and nuclear
factor-kB (NF-kB) protein expression by
immunofluorescence labeling

The AcHS3 protein was detected on Day 12 by indirect immuno-
fluorescence with the primary rabbit monoclonal antibody anti-AcH3
(Lys9, C5B11, 1:400; Cell Signaling), followed by Alexa Fluor 594-
conjugated secondary anti-rabbit IgG HRP antibody (7074S, 1:800;
Cell Signaling). The nuclei were stained with blue fluorescent
4’ ,6-diamidino-2-phenylindole dihydrochloride (DAPI; D3571, 1:300;
Molecular Probes). Three samples were observed, and random
images were acquired as described above.

The NF-xB protein expression is presented as a supplemental file
and it was detected on Day 12 with primary rabbit monoclonal an-
tibody NF-xB (D14E12, 1:50; Cell Signaling), followed by Alexa Fluor
594-conjugated secondary anti-rabbit IgG HRP antibody (7074S,
1:800; Cell Signaling). The actin cytoskeleton was stained with Alexa
Fluor 488-conjugated phalloidin (A12379, 1:200; Molecular Probes)
and the nuclei with DAPI as described above.

2.4 | Effect of conditioned medium of osteoblasts
cocultured with adipocytes on osteoblasts

2.4.1 | Harvesting, culture, and adipocyte
differentiation of adipose tissue MSCs

After euthanasia of four healthy 4-week-old Wistar rats, the inguinal
adipose tissue was harvested to obtain MSCs. Briefly, the enzymatic di-
gestion of the tissue was done by using 0.075% collagenase type I
(Gibco), at 37°C for 40 min. The fat was centrifuged, the supernatant
containing floating adipocytes were discarded, and the pellet was re-
suspended in growth medium and cultured until 80% confluence.
Thereafter, the cells were enzymatically detached and adipocyte differ-
entiation was induced for up to 7 days by plating them in six transwell
porous filters (Corning Incorporated) at a cell density of 2 x 10° cells/well
in an adipogenic medium comprising Dulbecco's modified Eagle medium
(DMEM,; Gibco), 10% fetal calf serum (Gibco), 1% penicillin-streptomycin
(Gibco), 0.3 mg/ml fungizone (Gibco), 10 M dexamethasone (Sigma-
Aldrich), 0.5 uM 3-isobutyl-1-methylxanthine (Sigma-Aldrich), 10 mg/ml
of insulin (Sigma-Aldrich), and 0.1 M indomethacin (Sigma-Aldrich). This
medium was reported to be suitable for inducing adipocyte differentia-
tion of adipose tissue MSCs (Abuna et al.,, 2016; Freitas et al., 2020). It
was replaced every 2 days and the cells were kept in an incubator at
37°C, 95% O, and 5% CO..

2.4.2 | Coculture and generation of the conditioned
medium

After obtaining osteoblasts and adipocytes as described above,
they were indirectly cocultured. This was done by placing the
adipocytes that were in the transwell porous filters into the six-
well culture plates (Corning Incorporated) containing osteoblasts
and keeping them in the osteogenic medium for 3 days. There-
after, the transwell porous filters containing adipocytes were
removed and to generate the conditioned medium, the previously
cocultured osteoblasts were cultured in serum-free a-MEM
(Gibco) supplemented with 1% penicillin-streptomycin (Gibco)
and 0.3 mg/ml fungizone (Gibco) for 24 h. This conditioned med-
ium was supplemented to an osteogenic medium and was used
(100% conditioned medium) to culture another pool of osteo-
blasts that had already been cultured for 7 days, for an additional
3 days. Hence, the total culture period was 10 days. The osteo-
blasts were not treated with CM before Day 7 to prevent inter-
ference with the initial events of osteoblast differentiation of
bone marrow MSCs. The use of a conditioned medium during this
specific stage of the cell culture was based on a previous study
where we demonstrated that 3 days of coculture was suitable to
elicit the negative effect of adipocytes on osteoblast differ-
entiation (Abuna et al., 2016). The osteogenic conditioned med-
ium was then replaced by an osteogenic medium and the
osteoblasts were cultured up to day 17. Osteoblasts grown in an

osteogenic medium during the entire period were used as control.
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The medium was replaced every 2 days or when indicated, and
the cells were kept in an incubator at 37°C, 95% O,, and 5% CO,.
The same assays used to evaluate the effect of osteoporosis on
osteoblasts were also performed to evaluate the effect of con-
ditioned medium of osteoblasts cocultured with adipocytes on
osteoblasts.

2.5 | Participation of histone acetylation on
decreased osteoblast differentiation induced by
osteoporosis and conditioned medium of osteoblasts
cocultured with adipocytes

To investigate if AcH3 reduction is involved in the decreased os-
teoblast differentiation induced by osteoporosis in vivo or the
conditioned medium in vitro, bone marrow MSCs from Sham and
ORX rats were cultured for 10 days in osteogenic medium, as
described above, and treated with 100 nM trichostatin A (TSA;
Sigma-Aldrich), an inhibitor of HDAC, in the last 24 h. Also, bone
marrow MSCs from healthy rats were cultured in osteogenic
medium for 7 days, followed by 3 days in conditioned medium and
an additional day in osteogenic medium supplemented with
100 nM TSA (Sigma-Aldrich). Thereafter, the protein expression of
AcH3 and runt-related transcription factor 2 (RUNX2) were
evaluated by Western blot analysis and the in situ ALP activity was

detected as described above.
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2.5.1 | AcH3 and RUNX2 protein expression by
Western blot analysis

The Western blot analysis was carried out on Day 11, following
the conventional protocol. Primary rabbit monoclonal antibodies
anti-RUNX2 (8486 S, D1H7, 1:2000; Cell Signaling) and anti-
AcH3 (Lys9, 9649, 1:1000; Cell Signaling) were used to detect
RUNX2 and AcH3 proteins, respectively. For both, a secondary
antirabbit 1gG HRP antibody (1:4000; Cell Signaling) was used. As
a control for RUNX2, GAPDH protein was detected with a pri-
mary rabbit polyclonal anti-GAPDH antibody (sc25778, FL335,
1:2000; Santa Cruz Biotechnology). As a control for AcH3, anti-
Histone 3 (H3) protein was detected with a primary rabbit
monoclonal anti-H3 (4499S, D1H2, 1:4000; Cell Signaling). The
images were acquired using G-Box gel imaging (Syngene) and the
proteins were quantified (n=3) by counting pixels and normal-
ized by GAPDH or H3.

2.6 | Statistical analysis

The data were analyzed by either the Student's t test or one-way
analysis of variance, followed by Student Newman Keuls posttest.
The significance level was established at p <.05. All experiments
were performed a minimum of three times to ensure the validity of
the data.
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FIGURE 1 Effect of orchiectomy on the osteogenic and adipogenic potential of osteoblasts differentiated from mesenchymal stromal cells.
Messenger RNA (MRNA) expression of the bone markers Runx2, Sp7, Alp, Bsp, and Opn (a), in situ alkaline phosphatase (ALP) activity on Day 10
(b), and extracellular matrix mineralization on Day 17 (c) of osteoblasts derived from Sham and orchiectomy surgery (ORX) rats. mRNA
expression of the adipocyte markers Ppary, Ap2, Retn, and Adipoq of osteoblasts derived from Sham osteoporotic (ORX) rats on Day 10 (c). The
data of mRNA (n = 3), in situ ALP activity (average of five random stained areas of three wells, n = 3), and extracellular matrix mineralization
(n=15) are presented as mean + standard deviation. *Statistically significant differences between osteoblasts derived from Sham and ORX

rats (p <.05)
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3 | RESULTS
3.1 | Effect of osteoporosis on osteoblasts

Ninety days postoperatively, the osteoporotic condition was confirmed
by uCT analysis and bone morphometric parameters (Figure S2). To in-
vestigate if osteoporosis affected the osteogenic potential of MSCs dif-
ferentiating into osteoblasts, we evaluated the mRNA expression of key
bone markers and found it to be downregulated for Runx2 (p =.0009),
osterix (Sp7; p=.0094), Alp (p=.0173), and bone sialoprotein (Bsp; p =
0029), whereas that of osteopontin (Opn; p = .0614) was not affected on
Day 10 (Figure 1a). Additionally, osteoporosis reduced the in situ ALP
activity (p=.0002) on Day 10 (Figure 1b) and the extracellular matrix
mineralization (p =.0180) on Day 17 (Figure 1c). Confirming the inverse
relationship between bone and fat formation, the mRNA expression of
the adipocytic markers, peroxisome proliferator-activated receptor
gamma (Ppary; p =.0201), adipocyte protein 2 (Ap2; p=.0013), resistin
(Retn; p=.0010), and adiponectin (Adipog; p =.0032), was upregulated by
osteoporosis on Day 10, even under osteogenic condition (Figure 1d).

It is known that osteoporosis may affect the synthesis of cytokines

and growth factors by osteoblasts and that the epigenetic state
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FIGURE 2 Effect of orchiectomy on the expression of cytokines, histone deacetylases, and AcH3 by osteoblasts differentiated from MSCs.
mRNA expression of the cytokines Tgff1, 1110, 113, I-6, NF-xB, TNF-a, and Sirt1 and histones deacetylases Hdac1 and Hdac2 on Day 10 (a),
HDAC protein expression on Day 12 (b), and AcH3 protein expression on Day 12 (c) of osteoblasts derived from Sham and orchiectomy surgery
(ORX) rats. The data of mMRNA (n = 3) is presented as mean * standard deviation. AcH3, acetyl-histone 3; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; HDAC1, histone deacetylase; MSC, mesenchymal stromal cell; mRNA, messenger RNA. *Statistically significant difference
between osteoblasts derived from Sham and ORX rats (p <.05)
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interferes with the cell fate (Noda et al., 1987). Herein, we evaluated
and demonstrated that IL6 (p=.0034), TNF-a (p=.0034), Nf-xB
(p=.0002), sirtuin 1 (Sirt1; p=.0364, histone deacetylase 1 (Hdacl,;
p=.0013), and histone deacetylase 2 (Hdac2; p =.0006) were upregu-
lated, whereas transforming growth factor-beta 1 (Tgf31; p=.3375)
interleukin 10 (110; p =.8995), and interleukin 1 beta (ll13; p =.3248)
were not affected by osteoporosis on Day 10 (Figure 2a). Additionally,
the expression of HDAC1 protein was increased (p =.0003) by osteo-
porosis on Day 12 (Figure 2b). As we found an upregulation of the
transcripts Hdacl and Hdac2 and the HDAC1 protein level, we eval-
uated the AcH3 protein expression on Day 12 that was reduced by
osteoporosis (Figure 2c).

3.2 | Effect of conditioned medium of osteoblasts
cocultured with adipocytes on osteoblasts

Adipocytes from bone marrow may have self-promotive cap-
abilities, inducing MSCs to differentiate into adipocytes at the
expense of osteoblasts and metabolically suppressing osteo-

blastogenesis through the synthesis of cytokines, such as TNF-a
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(Abuna et al., 2016; Rosen et al., 2009). We designed an in vitro
model attempting to mimic the effect of osteoporosis on osteo-
blasts by using a conditioned medium of osteoblasts cocultured
with adipocytes in osteoblasts grown in nonconditioned medium.
The mRNA expression of Sp7 (p =.0025), Alp (p =.0146), and Bsp
(p =.0141) was downregulated, whereas that of Runx2 (p =.6538)
and Opn (p =.0626) was not affected by the conditioned medium
on Day 10 (Figure 3a). Additionally, the conditioned medium re-
duced the in situ ALP activity (p=.0003) on Day 10 (Figure 3b)
and the extracellular matrix mineralization (p =.0018) on Day 17
(Figure 3c). As observed under osteoporotic condition, in osteo-
blasts cultured in conditioned medium, the mRNA expression of
Ppary (p=.0259), Ap2 (p=.0460), Retn (p=.0049), and Adipoq
(p =.0004) was upregulated (Figure 3d).

As osteoporosis impacted osteoblasts in terms of cytokines and
histone acetylation, we investigated if the conditioned medium could
reproduce this effect on osteoblasts. The mRNA expression of 113
(p=.0086), ll6 (p=.0038), TNF- (p=.0034), NfxB (p=.0002), Sirtl
(p=.0354), Hdacl (p=.0013), and Hdac2 (p=.0006) was upregu-
lated, whereas that of Tgf31 (p=.0788) and 1110 (p=.1834) was not af-
fected by the conditioned medium on Day 10 (Figure 4a). The expression
of HDAC1 protein was increased (p =.0005) (Figure 4b), whereas that of
AcHS3 protein was reduced on Day 12 (Figure 4c). Together, these results
indicated that the proposed in vitro model recapitulated the effect of
osteoporosis on osteoblasts in which the role of histone acetylation may

be relevant in explaining the bone phenotype.
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3.3 | Role of histone acetylation on decreased
osteoblast differentiation induced by osteoporosis
and conditioned medium of osteoblasts cocultured
with adipocytes

As we observed reduced AcH3 expression concurrently with the
decreased osteoblast differentiation induced by both osteoporosis
and the conditioned medium, it is plausible that these two events
shared the same mechanism. Histone deacetylation, catalyzed by
HDAC, is associated with chromatin condensation and repression of
transcriptional activity (Huynh, Everts, & Ampornaramveth, 2017).
We hypothesized that AcH3 restauration by inhibiting HDACs re-
verts the disruption of osteoblast differentiation induced by osteo-
porosis and the conditioned medium, confirming the involvement of
AcH3 in this process. We treated the osteoblasts with 100 nM TSA
and analyzed the protein expression of AcH3 and RUNX2 as well as
in situ ALP activity. The osteoporosis downregulated (p =.0011) the
AcH3 protein expression that was recovered and increased
(p=.0001) by TSA treatment (Figure 5a). The RUNX2 protein ex-
pression was not affected by osteoporosis (p=2.0352) and it was
upregulated (p =.0004) by TSA treatment under osteoporotic con-
dition (Figure 5c). The in situ ALP activity was reduced (p =.0009) by
osteoporosis that was increased (p =.0004) by TSA treatment but not
fully restored (Figure 5e).

The effect of TSA treatment on osteoblasts cultured in the

conditioned medium was similar to that on osteoblasts from
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FIGURE 3 Effect of adipocytes (conditioned medium) on the osteogenic and adipogenic potential of osteoblasts differentiated from
mesenchymal stromal cells. Messenger RNA (mRNA) expression of the bone markers Runx2, Sp7, Alp, Bsp, and Opn (a), in situ alkaline
phosphatase (ALP) activity on Day 10 (b), and extracellular matrix mineralization on Day 17 (c) of osteoblasts cultured in nonconditioned
medium (OBs) and osteoblasts cultured in conditioned medium (OBs-CM). mRNA expression of the adipocyte markers Ppary, Ap2, Retn, and
Adipog of OBs and OBs-CM on Day 10 (d). The data of mRNA (n = 3), in situ ALP activity (average of five random stained areas of three wells,
n=3), and extracellular matrix mineralization (n = 5) are presented as mean + standard deviation. *Statistically significant differences between

OBs and OBs-CM (p < .05)
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osteoporotic rats. The conditioned medium reduced the AcH3
(p=.0029) and RUNX2 (p =.0001) protein expressions that were
recovered and increased (p=.0001 for AcH3 and p=.0001 for
RUNX2) by TSA treatment (Figure 5b,d). The in situ ALP activity
was reduced (p =.0009) by the conditioned medium that was in-
creased (p=.0001) by TSA treatment, but not totally restored
(Figure 5f). Together, these results confirmed our hypothesis and
indicated the crucial involvement of loss of histone acetylation,
mediated by the accumulation of HDAC, in the downregulation of
osteoblast differentiation induced by osteoporosis that is mi-
micked by the conditioned medium generated by osteoblasts

previously cocultured with adipocytes.

4 | DISCUSSION

Disruption of bone homeostasis can lead to bone loss and fat gain
within the bone marrow microenvironment, ultimately contributing to a
high risk of fractures as observed in osteoporosis (Al Saedi et al., 2020;
Hahn, 1988; Muruganandan et al., 2009). We confirmed that osteo-
porosis reduced osteoblast differentiation of MSCs concomitantly with

increased adipogenic potential. Further, we established an in vitro
model to determine the effects of a conditioned medium of osteoblasts
cocultured with adipocytes on osteoblasts grown under osteogenic
conditions. Interestingly, our findings indicated that osteoblasts seemed
to retain their memory of their negative interaction with adipocytes
that inhibits the differentiation of other osteoblasts, at least partly,
through the same cellular mechanisms as osteoporosis, that is, by re-
ducing AcH3 (Figure 6).

Steroid hormone deficiency produces osteoporosis type |,
whereas age-related bone loss causes osteoporosis type Il, and
both are related in terms of fat gain at the expense of bone mass,
irrespective of gender (Feng & McDonald, 2011; Horstman et al.,
2012). In our study, despite the use of young animals that could be
considered as a limitation, it was confirmed that the development of
osteoporosis induced by orchiectomy resulted in reduced osteoblast
differentiation concomitantly with the increased adipogenic potential
of MSCs. Besides, we demonstrated the same pattern in terms of
osteoblast differentiation and adipogenic potential in osteoblasts
cultured in a conditioned medium of osteoblasts previously co-
cultured with adipocytes. These findings suggested that adipocytes
differentiated from adipose tissue MSCs could induce modifications
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FIGURE 4

Effect of adipocytes (conditioned medium) on the expression of cytokines, histone deacetylases, and AcH3 by osteoblasts

differentiated from MSCs. mRNA expression of the cytokines Tgf31, 1110, 113, Il-6, NF-xB, TNF-a, and Sirt1, and histones deacetylases Hdac1 and
Hdac2 on Day 10 (a), HDAC1 protein expression on Day 12 (b), and AcH3 protein expression on Day 12 (c) of osteoblasts cultured in
nonconditioned medium (OBs) and osteoblasts cultured in conditioned medium (OBs-CM). The data of mRNA (n = 3) are presented as

mean + standard deviation. AcH3, acetyl-histone 3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HDAC, histone deacetylase;

MSC, mesenchymal stromal cell; mRNA, messenger RNA. *Statistically significant differences between OBs and OBs-CM (p < .05)
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FIGURE 5 Role of acetyl-histone 3 (AcH3) in the osteoblast differentiation downregulation induced by orchiectomy and adipocytes
(conditioned medium). Effect of trichostatin A (TSA) on the protein expression of AcH3 (a,b) and RUNX2 (c,d) and in situ alkaline phosphatase
(ALP) activity (e,f) of osteoblasts derived from Sham and orchiectomy surgery (ORX) rats and on osteoblasts cultured in nonconditioned
(OBs) and conditioned medium (OBs-CM) on Day 11. The data on protein expression (n = 3) and in situ ALP activity (average of five random
stained areas of three wells, n = 3) are presented as mean * standard deviation. The space between the last and middle band (a,c) indicates
splicing for the purpose of the presentation. *Statistically significant differences among osteoblasts derived from either Sham, ORX, and ORX
treated with TSA or among OBs, OBs-CM, and OBs-CM treated with TSA (p <.05)

in the intracellular machinery of osteoblasts and that the negative
impact of osteoporosis on bone mass is due to not only an imbalance
of MSCs fate but also to an impairment of osteoblast differentiation
induced by adipocytes (Abuna et al., 2016; L. Hu et al., 2018). Con-
sidering that the adipose tissue from bone marrow contains a het-
erogeneous cell population that may be affected by several
pathophysiological conditions with consequences to the function of
adipocytes (Aparisi Gomez et al., 2020), the extrapolation of our
results to all these situations is complex, as, in our study, the adi-
pocytes had differentiated from the adipose tissue MSCs of healthy
animals. Additionally, it remains to be determined whether the os-
teoblast modifications induced by adipocytes significantly contribute
to the bone loss in osteoporosis, if these modifications are perma-
nent, and by what means can these modifications be reverted. The
latter would open new therapeutic possibilities to treat osteoporosis.

As the participation of cytokines in bone loss induced by osteo-

porosis is well documented, and we too confirmed that some of them,

such as TNF-a and NF-xB (Figure S3), are upregulated in osteoblasts
under osteoporotic condition, we focused our study on epigenetic me-
chanisms that could be involved in the inhibition of osteoblast differ-
entiation induced by osteoporosis. It has been shown that bone loss
cannot be induced by gene polymorphisms alone but is also influenced by
the epigenetic regulation of gene and protein expression without changes
in the inherited DNA sequence (Hamam et al.,, 2014; Hsu & Kiel, 2012;
Huang et al, 2010). This machinery includes DNA methylation, post-
transcriptional microRNA regulation, and posttranslational histone mod-
ifications (Gibney & Nolan, 2010). Histone acetylation, mediated by
histone acetyltransferases, is a widely studied histone modification re-
sponsible for transcriptional activation, whereas HDACs are transcrip-
tional repressors promoting the loss of acetylation (Zardo et al., 2008). As
the class Il HDACs, Hdac1 and Hdac2 mRNAs, and HDAC1 protein were
upregulated in both osteoblasts from osteoporotic animals and osteo-
blasts cultured in the conditioned medium, we analyzed and confirmed

the lower expression of the AcH3 at Lys9 residue (H3K9ac), revealing a
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plausible epigenetic mechanism to explain the reduced osteoblast dif-
ferentiation induced by osteoporosis as well as by the in vitro model of
the conditioned medium. Interestingly, the reduced AcH3 expression in-
duced by osteoporosis was observed even after taking cells out of the in
vivo osteoporotic condition and exposing them to an in vitro cell culture
environment, probably due to the epigenetic adaptation of the cells in-
duced by osteoporosis.

Acetylation of specific lysine residues is associated with the pro-
motion of transcription, DNA replication through the synthesis of new
histones and mature chromatin assembly (Kimura & Horikoshi, 1998).
Specifically, H3K9ac acts on chromatin assembly by recruiting tran-
scriptional modulators with bromodomains or tandem PHD domains
(Sobel et al, 1995; Zhao et al, 2007). Although the specific role of
acetylation on bone diseases remains unclear, the consequence of aber-
rant lysine acetylation may be highlighted through deacetylation studies.
It has been demonstrated that the deletion of HDAC1 in zebrafish pro-
duces severe defects in skeletogenesis due to dysregulation of the Wnt
signaling pathway, and that Runx2 is regulated by HDAC4 to promote
skeletal development (Pillai et al., 2004; Vega et al.,, 2004). Additionally,
Hdacl and Hdac2 transcripts are downregulated in normal osteo-
blastogenesis (Lee et al., 2006), and therefore, the higher expression of
Hdacl and Hdac2 could be involved in the downregulation of AcH3
triggered by osteoporosis and the conditioned medium that resulted in
the impaired osteoblast differentiation reported in our study. To in-
vestigate this, osteoblasts were treated with TSA, an HDAC inhibitor that
binds to the zinc-containing catalytic site of HDAC. Confirming our hy-
pothesis, TSA treatment restored the expression of AcH3 and the

downregulated osteoblast differentiation caused by osteoporosis and the

conditioned medium, proving that our in vitro model mimicked the cel-
lular mechanisms by which osteoporosis impairs osteoblast differentia-
tion. Corroborating the positive effect of TSA on osteoblasts, it was
demonstrated that the histone hyperacetylation at the osteocalcin gene
promoter, observed during osteoblast differentiation, can be increased by
HDAC inhibition (X. Hu et al.,, 2013; Shen et al., 2003; Xu et al., 2013).
Additionally, TSA may upregulate Runx2 expression and ALP activity and
accelerate calcium deposition in cultures of osteoblastic cells (Schroeder
& Westendorf, 2005).

We have reported the inhibitory effect of osteoporosis on os-
teoblast differentiation. Also, by creating an in vitro model using the
conditioned medium of osteoblasts cocultured with adipocytes, it
was demonstrated that osteoblasts retained their memory of the
negative impact of their interaction with adipocytes. To the best of
our knowledge, it was an unknown harmful effect of osteoporosis.
Additionally, our results revealed the involvement of AcH3 in bone
homeostasis, as its reduction, induced by osteoporosis and indirectly
by adipocytes (conditioned medium), impaired osteoblast differ-
entiation that was recovered by an HDAC inhibitor. Together, these
findings indicated that AcH3 might be a target for future studies
focused on epigenetic-based therapies to treat bone diseases.
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