Life Sciences 146 (2016) 174-183

Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

Osteogenic markers are reduced in bone-marrow mesenchymal cells and
femoral bone of young spontaneously hypertensive rats

@ CrossMark

Thamine Landim de Barros P, Victor Gustavo Balera Brito 2, Caril Constante Ferreira do Amaral P,
Antonio Hernandes Chaves-Neto ¢, Ana Paula Campanelli , Sandra Helena Penha Oliveira abx

@ School of Dentistry of Aragatuba, UNESP — Univ Estadual Paulista, Campus Aragatuba, Department of Basic Sciences, Sdo Paulo, Brazil

" Programa de Pés-graduacdo Multicéntrico em Ciéncias Fisiolégicas — SBFIS/FOA — Aragatuba, Department of Basic Sciences School of Dentistry of Aracatuba, UNESP — Univ Estadual Paulista,
Aragatuba, Department of Basic Sciences, Sdo Paulo, Brazil

€ School of Dentistry of Bauru, USP — Universidade de Sdo Paulo, Campus Bauru, Department of Biological Science, Sdo Paulo, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 2 September 2015

Received in revised form 23 December 2015
Accepted 9 January 2016

Available online 13 January 2016

Aims: Spontaneously hypertensive rats (SHR) and normotensive rats (W) has significant changes in bone metab-
olism. The purpose of this study was to investigate whether, the genetic predisposition, is sufficient to induce
changes in the osteoblast differentiation and osteogenic markers in the BMSCs or in the femoral bone. For this
we use young SHR rats without hypertension, but, with genetic predisposition in compared with young W.
Main methods: BMSCs were cultured in a proliferation medium (MEM) or osteogenic medium. Osteogenic differ-
entiation was analyzed by proliferation, total protein, alkaline phosphatase, mineralization, and the mRNA
expression of RUNX-2, 3-cathenin, osterix, bone morphogenetic protein-2 (BMP-2), osteocalcin (OCN), bone
sialoprotein (BSP), collagen type I (Col I), and osteopontin (OPN).

Key findings: Osteoblast differentiation in SHR BMSCs (SHRC) had an increased proliferation compared with W
BMSCs (WC). After osteogenic induction, there was greater reduction in proliferation in SHR (SHROM) than in
W, in the same condition (WOM). On day 7, although no significant difference in the ALP activity was observed
between SHROM and WOM, poor mineralization and osteoblast differentiation was noted in SHROM. The Osterix
and PB-catenin are involved in the reduced osteoblast differentiation in SHROM. The decreased expression of
osteoblast-associated proteins such as OCN, BSP, COL I and OPN revealed poor quality of extracellular matrix
(ECM) in SHROM. In the femoral bone, the immunostaining of COL1, BALP, OPN and OCN in SHR was decreased
compared with the W. TRAP-positive immunoreactions were observed in major extension in the SHR femur.
Significance: This study is the first to compare osteoblast differentiation in vitro and femoral bone from SHR and
W rats. Our results demonstrated that young SHR (4 weeks old), without hypertension, but with genetic predis-
position, had alterations in osteoblast differentiation of BMSCs and in the femoral bone when compared with
their progenitor strain, W.
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1. Introduction

Bone marrow mesenchymal stem cells (BMSCs) are multipotent
stem cells that have the ability to differentiation into osteoblasts and
other cellular types, such as chondrocytes and adipocytes [1,2]. During
in vitro osteogenesis, BMSCs form a multilayer and synthesize extracel-
lular matrix with a bone tissue-like organization [3,4]. This process
can be divided into three periods: (i) proliferation, (ii) extracellular
matrix maturation and (iii) mineralization [5]. In the active proliferation
stage, cells synthesize growth factors, collagen and transcription factors
activation. After this stage, there is protein production related to
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extracellular matrix maturation and later mineralization, such as
osteocalcin (OCN), bone sialoprotein (BSP), and alkaline phosphatase
(ALP). The cessation of growth and extracellular matrix accumulation
are maturation signals of the osteoblast phenotype [6]. All these pro-
teins are expressed at maximal levels in the subsequent stage of dif-
ferentiation at the onset of mineralization, considered a functional
in vitro endpoint reflecting advanced cell differentiation [7].
Spontaneously hypertensive rats (SHR) are a model of human essen-
tial hypertension developed by Okamoto and Aoki [8]. This strain was
obtained from Wistar rats (W) with a blood pressure above the average.
Cardiac hypertrophy, diastolic dysfunction [9], metabolic acidosis [10],
constitutive cytokine and chemokine production [11] and significant
changes in bone metabolism, such as increased bone turnover and re-
duction in cortical and trabecular bone mass [12-15] are characteristics
of this animals. This strain develops hypertension after 6 weeks of
age and is therefore, a model of hypertension associated with bone
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problems. The hypertensive genotypic influence on the hyperpro-
liferation activity on the smooth muscle cells (SMC) of young, four-
week-old SHR has been demonstrated in [16]. The purpose of this
study was to investigate whether, the genetic predisposition, is suffi-
cient to induce changes in the osteoblast differentiation and osteogenic
markers in the BMSCs or in the femoral bone. For this we use young SHR
rats (4 weeks old) without hypertension, but, with genetic predisposi-
tion in compared with young W. The results demonstrated that there
are differences in several parameters: A) SHR BMSCs have increased
proliferative rate; B) Mineralization was lower in the SHROM (osteo-
genic medium) in comparison with the WOM; C) Reduced osteoblast
differentiation was observed in SHROM and D) TRAP-positive immuno-
staining was higher in SHR than in W in the femur.

2. Materials and methods
2.1. Animals and ethical aspects

The Experimental Procedures were reviewed and approved by the
Institutional Animal Welfare Committee at the School of Dentistry of
Aracatuba (UNESP — Univ. Estadual Paulista, Sdo Paulo, Brazil — Process
No. 00716-2012). A total of 12 male W and 12 male SHR, 4 weeks old,
weighing between 100 and 160 g, were employed. W rats were used
with control, because SHR was obtained from this strain [8]. The age
of animals was selected to study the genetic predisposition. Tests with
adult animals are part of another study from the laboratory to be
published soon. These animals were kept in cages under constant
and controlled room temperature (22 + 2 °C) and humidity
(55% 4 3%) in a 12-hour light-dark cycle, and received water and
standard food ad libitum. In order to obtain pool of Bone Marrow
Mesenchymal Stem Cells (BMSCs) used in this study, the rats were
euthanized with an overdose of halothane (Tanohalo; Cristalia,
Campinas, SP, Brazil).

2.2. Isolation and culture of bone marrow mesenchymal stem cells

Bone marrow was obtained from both femora, and flushed out using
20 mL of minimal essential medium (MEM) containing 10% fetal bovine
serum (FBS), 2 mM L-glutamine, and 1% antibiotics (100 U/mL penicillin
G, 100 pg/mL streptomycin and 0.3 pg/mL amphotericin B (Sigma).The
cell suspension was filtered through a 70-um size cell strainer and
through 22 and 26-gauge needles. After rapid centrifugation, the cell
pellet was suspended in culture medium and then seeded in 75 cm? tis-
sue culture flasks (Santa Cruz Biotechnology). The cells were grown in a
humidified atmosphere containing 5% CO, at 37 °C. After 10 days, once
confluent, the cells were harvested using trypsin-EDTA solution
(Sigma). Nucleated cells were counted and then seeded in a subculture
at 4.0 x 10° cells/well in 24-well tissue culture plates (Santa Cruz Bio-
technology). Again, under subconfluence (80%), the cells were cultured
in a proliferation medium (MEM) or osteogenic medium (MEM supple-
mented with 10 nM B-glycerophosphate, 50 pg/mL ascorbic acid and
10 nM dexamethasone). Thus, the cells were divided into 4 groups:
1) WC (BMSCs of Wistar cultivated in proliferation medium, without
osteogenic induction); 2) WOM (BMSCs of Wistar cultivated in
osteogenic medium, with osteogenic induction); 3) SHRC (BMSCs of
SHR cultivated in proliferation medium, without osteogenic induction)
and 4) SHROM (BMSCs of SHR cultivated in osteogenic medium, with
osteogenic induction. These experimental conditions were used for all
the experiments.

2.3. Flow cytometry

After obtaining a pool of bone marrow cells of each of the two strains,
the cells were cultivated with proliferative medium until the 2" passage
in 75 cm? tissue culture flasks (Santa Cruz Biotechnology). Therefore, the
cells were harvested after detachment with 0.25% trypsin (Gibco) and

were fixed with 4% paraformaldehyde. There was approximately
1 x 10° cells/tube. Next, the cells were incubated for 30 min. at 4 °C
with 10 mg/mL of rat anti-mouse monoclonal antibody (CD90:RPE;
CD29:RPE; CD54:FITC; CD45:FITC; or CD31:FITC AbDSerotec, Kidlington,
Oxford, OX5 1 GE, UK). After this, the cells were centrifuged, the superna-
tant medium was removed and 200 L of uncompleted medium was
added. Data were acquired with the Attune™ acoustic focusing cytometer
system (Applied Biosystems®, Foster City, CA, USA). Negative control IgG
was used to exclude the auto fluorescence.

2.4. Markers of osteogenic differentiation

24.1. MTT reduction assay
The culture cell proliferation and viability of BMSCs were measured
at time intervals of 0, 7 and 14 days using the classical MTT method [17].

24.2. Total protein content
The total amount of protein after time intervals of 0, 7 and 14 days
was quantified using the Lowry [18] method.

24.3. Alkaline phosphatase activity

The Alkaline Phosphatase (ALP) activity was assessed as the release
of Thymolphthalein from Thymolphthalein monophosphate using a
commercial kit (Labtest Diagnostica SA, Ribeirdo Preto, SP, Brazil), a
modification of the Roy method [19]. Values were normalized against
protein concentration [18].

24.4. Mineralization assay

Mineralization in osteoblast cultures was determined by Alizarin
Red S staining (Sigma) after 10 and 14 days in culture. Staining was
quantified by adaption of the method described by Gregory [20].

2.5. Real-time qPCR

Total RNA were isolated using TRIzol reagent (Invitrogen, Life
Technologies, Grand Island, NY, USA) according to the manufacturer's
instructions. The total RNA from each sample was treated with DNAse
I and reverse transcribed to complementary DNA (cDNA) using
SuperScript™ Il Reverse Transcriptase (Invitrogen) according to the
manufacturer's protocol.

The relative mRNA levels were evaluated by quantitative RT-PCR
using StepOne™ Real-Time PCR System (Applied Biosystems, Life
Technologies, United Kingdom) and TagMan ® (Applied Biosystems,
Life Technologies, USA). To use this reaction, inventoried assays labeled
with FAM fluorophore provided by the same company: Osteocalcin
(Bglap — Rn00566386_g1), osteopontin (SPP1 — Rn00563571_m1),
bone sialoprotein (Ibsp — Rn00561414_m1), type 1 collagen
(COL1A1 — Rn01463848_m1); Runx2 (Runx2 — Rn01512298_ml),
osterix (osterix Rn02769744_s1 Sp7), P-catenin (CTNNB1 —
Rn00584431_g1); were used in parallel with fluorophore VIC, provided
by the same company: [3-actin (ACTB-Rn00667869_m1).

2.6. Immunohistochemistry

The femurs were removed and fixed in 4% neutral formalin
solution for 48 h, then demineralized by immersion for 45 d in a solution
containing 10% ethylenediaminetetracetic acid. After this procedure, the
femurs were dehydrated and embedded in paraffin. Semiserial
longitudinal 3-pm thick sections were obtained and stained to
determine the production of collagen type 1 (Col1), bone alkaline
phosphatase (BALP), osteopontina (OPN), osteocalcina (OCN) and
tartrate-resistant acid phosphatase (TRAP). Staining with hematoxylin
and eosin was performed, and then analyzed by light microscopy to
establish bone characteristics. For immunohistochemistry (IHC),
the sections were deparaffinized and rehydrated in phosphate
buffered saline (PBS). A primary antibody, diluted 1:250 in PBS and
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Fig. 1. BMSC characterization. Histograms of flow cytometry data evaluated during the second passage of the cells. (A) Pool of bone marrow cells of SHR and (B) Pool of bone marrow cells of W. The results are expressed as percentage of positive cells.
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Fig. 2. Cell proliferation (A), alkaline phosphatase activity (B) and total protein content
(C). These parameters were analyzed as a function of time (days) during the osteogenic
differentiation process. Proliferation assay was expressed by OD (optical density).
Alkaline phosphatase activity was expressed by amount of enzymatic activity per
milligram of protein, the enzymatic activity unit (U) is the amount of ALP that catalyzes
the transformation of 1 umol of substrate per minute at 37 °C and pH 10.15. The total
protein content was expressed in mg/mL. The results are expressed as mean 4 SEM.
Groups were defined as: (WC) W BMSCs cultivated in proliferation medium; (WOM) W
BMSCs in osteogenic medium; (SHRC) SHR BMSCs in proliferation medium; (SHROM)
SHR BMSCs in osteogenic medium. Values *p < 0.05 versus WC; **p < 0.05 versus SHRC;
***p < 0.05 versus WOM. Triplicate samples were analyzed. Statistical analysis was
performed using the two-way ANOVA test, followed by Bonferroni test.
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Fig. 3. Mineralization. Alizarin red staining analyses were performed after 14 days in culture.
(A) 24-well cell culture plate, image captured by scanner; (B) WC group; (C) WOM group;
(D) SHRC group; (E) SHROM group; (B-E) images captured by inverted microscope, 200x
magnification. (F) Mineralization quantification, performed with colorimetric assays by
extracting the alizarin red stain. The results are expressed as mean + SEM. Groups were
defined as: (WC) W BMSCs cultivated in proliferation medium; (WOM) W BMSCs in
osteogenic medium; (SHRC) SHR BMSCs in proliferation medium; (SHROM) SHR BMSCs
in osteogenic medium. Values *p < 0.05 versus WC; **p < 0.05 versus SHRC; ***p < 0.05
versus WOM. Triplicate samples were analyzed. Statistical analysis was performed using
the two-way ANOVA test, followed by Bonferroni test.

0.1% bovine serum albumin (BSA), was performed at 4 °C for 16 h.
Then, it was incubated with a second antibody, diluted in PBS and
BSA 0.1%, for 60 min at room temperature. The avidin-biotin
complex (Dako Corp., Carpinteria, CA, USA) was used to amplify the
signal of the reaction developed with diaminobenzidine (Dako
Corp.) as the chromogen. The procedure was completed by nuclear
counterstaining using Harry's hematoxylin. All samples were accom-
panied by a negative control. Selected images were digitalized at high
and low magnifications using a light microscope (Stemi 2000-C; Carl
Zeiss do Brasil Ltda.) coupled with a digital camera (Axio Cam MRc5;
Carl Zeiss do Brasil Ltda., Rio de Janeiro, R], Brazil). The background
originating from digitalization, color balance, brightness, and contrast
was corrected.


Image of &INS id=
Image of Fig. 3

178 T. Landim de Barros et al. / Life Sciences 146 (2016) 174-183

2.7. Western blot

For Western blot analysis, cellular lysates were prepared and
Western blot analysis was performed as previously described [21]. Cell
extracts (75 pg of protein) were separated by SDS-PAGE on 10% poly-
acrylamide gels and transferred to PVDF membranes. The appropriate
primary antibody (ERK1/2, p-ERK1/2Thr202/Tyr204, SAPK/JNK, p-
SAPK/JNKThr183/Tyr185, p38, p-p38Thr180/Tyr182 e 3-actina) (Santa
Cruz, SC, CA, USA) was used at a 1:1000 dilution; and anti-mouse or
anti-goat horseradish peroxidase-conjugated secondary antibodies
diluted to 1:2000. Immunoreactive bands were detected with enhanced
chemiluminescence. At least three Western blots were performed
for each protein and the bands were quantified by densitometric analy-
sis using the software program Image Analysis Scion (Scion Corp,
Frederick, MD, EUA). The protein levels were expressed relative to
B-actin.

2.8. Statistical analysis

All data were displayed as means + standard error of mean (SEM),
analyzed by two-way ANOVA followed by Bonferroni post hoc test.
The statistical software program GRAPHPAD PRISM 5.0 (GraphPad Soft-
ware Inc., San Diego, CA, USA) was used. Values of p < 0.05 were consid-
ered significant.

3. Results

3.1. Positive expression of CD90, CD29 and CD54 characterized the
phenotype of bone marrow mesenchymal stem cells

Flow cytometry analysis was performed to characterize the pheno-
type of bone marrow cells obtained from W and SHR femurs. The results
were positive for CD90, CD29 and CD54, specific surface markers of
BMSCs, in both strains. In addition, the data were negative for CD45, he-
matopoietic surface marker, and for CD31, epithelial surface marker, in
both strains (Fig. 1).

3.2. Reduced proliferative rate was more pronounced in SHR BMSCs
cultivated in osteogenic medium

A time-dependent increase in proliferation rate was observed in
both W and SHR C groups, indicating the ability to maintain prolifera-
tion during long-term culture. Nevertheless, the SHRC group showed a
higher proliferation rate than the WC group. However, a reduced prolif-
eration rate was observed in the OM groups compared with C groups,
mainly at 14 day. When only the OM groups were compared, a poor pro-
liferation rate was observed in the SHROM group when compared with
the WOM group (Fig. 2A).

3.3. The ALP activity peaked on day 7 in WOM and SHROM

ALP, an early osteoblast marker, is thought to increase and then de-
crease when mineralization was well in progress. In Fig. 2B, ALP activity
reflects the ALP concentration normalized by total protein content. In
WC and SHRC, the ALP activity decreased in a time-dependent manner.
The enzyme activity peak for WOM occurred at the 7th day and for
SHROM a slight increase was observed at day 7, decreasing at 10 to
14 days.

3.4. The total protein content was reduced in SHROM in comparison with
WOM

The determination of Total Protein Contents is important in order
to evaluate the amount of organic matrix. The pattern of response of
total protein (Fig. 2C) in both C groups was similar to the pattern of
response of the proliferation assay (Fig. 2A), with a continuous
increase during the time of culture. In the SHROM group the total
protein levels were lower in comparison with those of WOM in all
periods analyzed.

3.5. Mineralization was reduced in SHROM

Alizarin red staining was used to evaluate the presence of minerali-
zation nodules. Mineralized nodules were observed only in cells cul-
tured in osteogenic medium. Alizarin Red staining resulted in marked
differences between W and SHR cultures at 14 days confirming osteo-
blast differentiation. However, in the SHROM group, mineralization
was reduced in comparison with the WOM group (Fig. 3).

3.6. Transcription factors osterix and (3-catenin were reduced in the
osteoblastic differentiation in SHROM

To investigate the transcription factors involved in the osteoblast
differentiation gene expression, real-time PCR analysis was performed.
Runx2 expression (Fig. 4A) was similar between WOM and SHROM.
However, the Osterix expression (Fig. 4B) was increased in WOM
compared with SHROM and WC, but in SHROM Osterix expression
was decreased when compared with SHRC. Moreover, the 3-catenin ex-
pression (Fig. 4C) was increased in the WOM group in comparison with
the SHROM group, but the expression in the SHROM group was reduced
when compared with the SHRC group.

3.7. Extracellular matrix proteins expression were was lower in SHROM

Osteoblast-associated expression of ECM proteins, such as OCN
(Fig. 4D), BSP (Fig. 4E), COL I (Fig. 4F) and OPN (Fig. 4G) was
increased in WOM compared with SHR OM. The expression of these
proteins was enhanced in OM groups in comparison with the
C groups. The Col I expression was also increased in WC and SHRC
group where we had only femur BMSCs without osteogenic medium
(Fig. 4F).

3.8. TRAP-positive cells immunostaining is more pronounced in SHR femur

To confirm whether SHR shows poor extracellular matrix with less
immunostaining to bone markers and more TRAP immunostaining-
positive cells, we analyzed the trabecular zone localized in the
metaepiphyseal portion of the femoral bone by the immunohistochem-
istry of some bone-relevant marker genes, including Col1, BALP, OPN,
OCN and TRAP. In H&E histology showed that there are more space in
the trabecular bone in SHR compared with the W animals (Fig. 5A, B).
Col I-immunoreaction cells were detected in the bone-marrow, in pre-
osteoblast and osteoblast, on both groups, however, the major immuno-
staining can be observed in W compared with the SHR (Fig. 5C, D).
BALP-immunoreaction cells were observed in osteoblasts near bone
matrix, in higher intensity in W (Fig. 5E, F). OPN-immunostaining
became more intense in bone-marrow, in pre-osteoblast and osteo-
blast from W compared with the SHR, although in these animals the

Fig. 4. Bone markers expression. Relative mRNA expression levels quantified by real-time-PCR analysis: (A) Runx2; (B) Osterix; (C) B-catenin; (D) osteocalcin (OCN); (E) bone sialoprotein
(BSP); (F) collagen type 1 (COLI) and (G) osteopontin (OPN). The results are expressed as mean + SEM. Groups were defined as: (WC) W BMSCs in proliferation medium; (WOM) W
BMSCs in osteogenic medium; (SHRC) SHR BMSCs in proliferation medium; (SHROM) SHR BMSCs in osteogenic medium. Values *p < 0.05 versus WC; **p < 0.05 versus SHRC;

sk

followed by Bonferroni test.

p < 0.05 versus WOM. Expression levels were normalized to 3-actin, and triplicate samples were analyzed. Statistical analysis was performed using the two-way ANOVA test,
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Coll

BALP ©

OPN

Fig. 5. Photomicrograph at the trabecular zone localized in the metaepiphyseal portion of the femoral bone from normotensive (W) and hypertensive rats (SHR). H&E staining in (A and B),
collagen type 1 (col1) immunostaining in (C and D), BALF immunostaining in (E and F), OPN immunostaining in (G and H), OCN immunostaining in (I and ]J) and TRAP immunostaining
(K and L). Original magnification: 100x.

pattern of immunoreaction was significant (Fig. 5G, H). In W animals, space (Fig. 51, J). In the TRAP-positive immunoreaction is visible pro-
OCN-immunoreaction is more pronounced in osteoblast, compared nounced increase in the number of osteoclast in SHR compared with
those observed in the SHR osteoblast, in minor amount near marrow W (Fig 5K, L).
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Fig. 6. Expression and phosphorylation of MAPKs (ERK1/2, p-ERK1/2Thr202/Tyr204, SAPK/JNK, p-SAPK/JNKThr183/Tyr185, p38, p-p38Thr180/Tyr182); PI3K and p-PI3KY607 in bone
marrow BMSCs after 7 days of osteogenic induction by Western blot. The films were scanned (A) and the bands were quantified (B) by densitometric analysis using the Image
Analysis Scion (Scion Corp, Frederick, MD, USA) software program. The results are expressed as mean + SEM. Groups were defined as: (WC) W BMSCs in proliferation medium;
(WOM) W BMSCs in osteogenic medium; (SHRC) SHR BMSCs in proliferation medium; (SHROM) SHR BMSCs in osteogenic medium. Values *p < 0.05 versus WC; **p < 0.05 versus
SHRC. Triplicate samples were analyzed. Statistical analysis was performed using the two-way ANOVA test, followed by Bonferroni test.

3.9. Activation of MAPKs phosphorylated in OM groups during osteogenic

differentiation

To investigate the intracellular signaling pathways involved in the
osteogenic differentiation of BMSCs, we analyzed the MAPKs and PI3K

signaling pathways via Western blotting (Fig. 6). An increase in the

phosphorylation of ERK 1/2, JNK 1/2 and p38 was observed in the OM
groups when compared with the respective controls. The activation of

ERK 1/2 was greater in WOM and SHROM groups in comparison with
the other MAPKs. Furthermore, a pronounced increase in ERK 1/2 and
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JNK 1/2 phosphorylation was observed in the SHROM group in the peri-
od analyzed. However, there was greater p38 phosphorylation activity in
the WOM group. With regard to PI3K activity, a higher level of phosphor-
ylation was observed in the WOM group compared with the WC group,
and in the SHRC group when compared with the SHROM group.

4. Discussion

These finding are the first to compare osteoblast differentia-
tion in vitro and femoral bone from SHR and W rats. Our results demon-
strated that young SHR (4 weeks old), without hypertension, but with
genetic predisposition, had alterations in osteoblast differentiation of
BMSCs and in the femoral bone when compared with their progenitor
strain, W.

First of all, to confirm the purity of BMSCs, characterization was
performed showing positivity for CD29, CD90 and CD54 markers, indi-
cating the presence of BMSCs in the pool of bone marrow cells [22,23].
However, the percentage of BMSCs suggests subculture heterogeneity
in the study period. This may be due to low passage cells (passage
2) used for characterization. Studies have reported that the greater is
the passage of the cells, the best cell purity will be obtained [24,25].
An important point was the negativity for CD31 and CD45, markers
for epithelial and hematopoietic cells [26], respectively, once again
showing that the pool of cells present in bone marrow is mesenchymal
stem cells.

The SHRC and WC are groups with undifferentiated BMSCs. They
sustained continuous growth and showed proliferation ability, which
was maintained during long-term culture. Nevertheless, SHRC showed
higher proliferation rates than WC, showing evidence of hyperpro-
liferation of SHR from BMSCs. The hypertensive genotype influence,
on the hyperproliferation, was also observed in SMC and fibroblast
from thoracic aorta of 4-week-old SHRs, where changes in growth pat-
terns of aortic cells isolated from young prehypertensive SHR seem to be
restricted to SMC and fibroblasts [16]. In our data, in the first three days
of the differentiation, in OM groups were observed grown during the
onset of osteogenesis, in proliferative period [5]. After this period
(days 7 and 10), a continuous proliferation rate was noted in WOM
and SHROM, demonstrating that the BMSCs stopped the proliferation
process, to begin differentiating into osteoblasts [27], decreasing after
day 14. In SHR BMSCs submitted to osteogenic induction (SHROM)
the proliferation rate decreased more than it did in W, in the same con-
dition, compared with the respective control, demonstrating greater
sensitivity to osteogenic induction in SHR BMSCs. In previous experi-
ments with a lower density, the osteogenic induction caused the
death of SHR BMSCs, therefore we had to increase the density of cells
to perform this study. This death occurred because the SHR BMSCs is
more sensitive to osteogenic medium than the W BMSCs.

The cessation of growth and accumulation of extracellular matrix
(ECM) are maturation signals of the osteoblast phenotype reflected by
up regulation of alkaline phosphatase (ALP), an essential marker for ma-
trix mineralization [27], characterizing the second stage of osteogenesis,
in the extracellular matrix maturation period [5]. In our results, in OM
groups, higher ALP activity was observed on day 7, and mineralization
was noted in both cultures on day 10 (data not shown), confirming
that the enhanced ALP levels were an early marker of mineralization.
Nevertheless, there was no difference in ALP activity between WOM
and SHROM on day 7, indicating that ALP activity was not responsible
for the lower mineralization in SHROM. Another observation was
lower total protein content in SHROM in comparison with WOM. This
result suggests the poor quality of the extracellular matrix in SHROM.
This can be confirmed with the expression of mRNA, since demonstrate
osteogenic markers is decreased in SHROM. In studies using osteogenic
cultures, mineralization is considered a functional in vitro endpoint
reflecting advanced cell differentiation [7]. In the mineralization assay,
the detection of mineralized nodules was lower in SHROM when com-
pared with WOM in the same conditions. Taken together, we suggest

that greater decrease in proliferation rate and lower total protein con-
tent after osteogenic induction in comparison with the respective con-
trol could be evidence of a lower level of differentiation. Consequently,
the lower degree of mineralization in SHROM may be due to poor qual-
ity ECM and a lower level of differentiation, and not due to weak ALP
activity.

Up to now, these finding indicate that, in comparison with W, SHR
showed a lower level of osteoblast differentiation of BMSCs and conse-
quently a lower degree of mineralization. After these initial results, we
decided to evaluate the expression of osteogenic markers. First of all,
the transcription factors Runx2, Osterix and (3-catenin were analyzed.
Runx2 is an important transcription factor necessary for the initiation
of osteoblast differentiation and bone formation [28]. In our results,
the relative quantification of Runx2 was higher in OM groups than in
C groups, but no differences were observed between SHROM and
WOM, suggesting that Runx2 is not the signal that causes reduced dif-
ferentiation in SHROM. Osterix functions occur and are downstream
from Runx2 during osteoblast differentiation, and several transcription
factors regulate osteoblast differentiation by regulating Osterix [29], in-
cluding B-catenin, a transcription cofactor dependent on the Wnt sig-
naling pathway. In our results, although there was no difference in the
Runx2 expression activation between SHROM and WOM, Osterix ex-
pression was decreased in SHROM, suggesting that this transcription
factor could be responsible for the lower differentiation in SHROM,
and it could be done via p-catenin [30], whereas the B-catenin expres-
sion was also lower in SHROM. The [3-catenin also contributed directly
to osteoblast differentiation [31,32], therefore this was another tran-
scription cofactor shown to be lower in SHROM. Together, these results
confirm the reduced osteoblast differentiation of SHR BMSCs.

With regard to the osteoblast-associated proteins, our study re-
vealed differences between the ECM of SHROM and WOM. Among
these proteins, we evaluated OCN, which binds calcium and promotes
bone matrix calcification [27]; BSP, a hydroxyapatite nucleator [33];
OPN, associated with cell attachment [34] and Col I. These proteins are
the main EMC components that support proliferation, matrix formation
and mineralization. Our data showed that all proteins were decreased in
SHROM when compared with WOM, confirming the poor quality of
ECM of SHR demonstrated by lowest total protein content and de-
creased expression of osteogenic markers mRNA. These results were
confirmed using in situ study, where we observed that immunostaining
to Col I, BALP, OPN, OCN in femur from W was higher than in SHR. Fur-
thermore, we found that Col I, in vitro, is overexpressed in the WC and
SHRC group without osteogenic medium. [-Collagen protein is the
most abundant extracellular protein in bone and is expressed during
all stages of osteoblast development [35]. In our study, in situ, using
femoral bone, the BMSCs from W and SHR are also able to produce a
great amount of Col [, we can correlate this fact observing an increase
of Col-I-immunostaining in the femoral bone from W, mainly in the
pre- and osteoblast, compared with SHR. It suggests that there are
higher amount of osteogenic products may be important to improve
the matrix mineralization in W than in the SHR (Fig. 5). Furthermore,
the amount of TRAP-positive immunoreactions was higher in SHR
than W, showing the increase in the amount of osteoclast cells in the
bone matrix instead osteoblast. TRAP is secreted in large quantities by
osteoclasts, demonstrated by histochemical studies, so that it is consid-
ered a biochemical marker of osteoclast function [36]. These cells may
contribute, at least in part, to the bone resorption process, since their ad-
herence to bone is associated with an increased true osteoclast [37]. In
conclusion, we suggest that SHROM had a lower level of differentiation
and poor quality ECM resulting in lower mineralization.

After elucidation of the differences in ECM between WOM and
SHROM groups in relation on constituents of bone matrix, we investi-
gated whether the intracellular signaling pathways of MAPKs and
PI3K could be involved in the process. The results showed the involve-
ment of MAPKs, ERK 1/2, JNK 1/2 and p38 in the differentiation of
BMSCs in both strains, because there was increased phosphorylation
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in the OM groups. The ERK 1/2 phosphorylation in the OM groups was
shown to be pronounced in comparison with other MAPKs, in the
study period (day 7). Studies have reported that in the early periods
of osteogenic differentiation, ERK 1/2 shows a marked increase in phos-
phorylation, indicating active participation in this period, as has been
noted by other authors [38,39]. Moreover, corroborating our data,
these authors reported that JNK 1/2 and p38, which showed more dis-
crete activity compared with ERK 1/2 at the 7th day, were more active
later during osteogenic differentiation [38,39]. Although there was
lower expression of matrix proteins and mineralization in SHRMO
group, there were no remarkable correlations to MAPK signaling path-
ways, suggesting that these pathways are not responsible for such sig-
naling responses. However, these pathways could be related to other
cellular events such as cell proliferation [38]. Thus, further studies are
necessary to elucidate other possible signaling pathways involved in
the SHRMO response.

In summary, our findings indicate that SHR, without hypertension,
but with genetic predisposition, showed decreased osteoblast differen-
tiation of the BMSCs, poor quality of the ECM, lower mineralization and
weak femoral bone. However, more studies are needed to show the
mechanism involved in the bone metabolism of young SHR.
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