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Brucella abortus Invasion of Osteoblasts Inhibits Bone Formation

Romina Scian,®® Paula Barrionuevo,®® Carlos A. Fossati,® Guillermo H. Giambartolomei,>® and M. Victoria Delpino®®

Instituto de Estudios de la Inmunidad Humoral (IDEHU), Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires, Buenos Aires, Argentina,® and Laboratorio de
Inmunogenética, Hospital de Clinicas José de San Martin, Facultad de Medicina, Universidad de Buenos Aires, Buenos Aires, Argentina®

Osteoarticular brucellosis is the most common presentation of the active disease in humans. Loss of bone is a serious complica-
tion of localized bacterial infection of bones or the adjacent tissue, and brucellosis proved not to be the exception. The skeleton is
a dynamic organ system which is constantly remodeled. Osteoblasts are responsible for the deposition of bone matrix and are
thought to facilitate the calcification and mineralization of the bone matrix, and their function could be altered under infectious
conditions. In this article, we describe immune mechanisms whereby Brucella abortus may invade and replicate within osteo-
blasts, inducing apoptosis, inhibiting mineral and organic matrix deposition, and inducing upregulation of RANKL expression.
Additionally, all of these mechanisms contributed in different ways to bone loss. These processes implicate the activation of sig-
naling pathways (mitogen-activated protein kinases [MAPK] and caspases) involved in cytokine secretion, expression of activat-
ing molecules, and cell death of osteoblasts. In addition, considering the relevance of macrophages in intracellular Brucella sur-
vival and proinflammatory cytokine secretion in response to infection, we also investigated the role of these cells as modulators
of osteoblast survival, differentiation, and function. We demonstrated that supernatants from B. abortus-infected macrophages
may also mediate osteoblast apoptosis and inhibit osteoblast function in a process that is dependent on the presence of tumor
necrosis factor alpha (TNF-a). These results indicate that B. abortus may directly and indirectly harm osteoblast function, con-

tributing to the bone and joint destruction observed in patients with osteoarticular complications of brucellosis.

Osteoarticular brucellosis is the most common presentation of
the active disease in humans, affecting up to 85% of patients.
The three most common forms of osteoarticular involvement are
sacroileitis, spondylitis, and peripheral arthritis (1, 11, 33, 34, 57).
Loss of bone is a serious complication of localized bacterial infec-
tion of bones or the adjacent tissue. Although Brucella bacteria
have the ability to induce bone loss and despite the fact that clin-
ical and imaging aspects of osteoarticular brucellosis have been
described widely, the mechanisms involved in this process have
not yet been completely elucidated (33, 34).

The skeleton is a dynamic organ system which is constantly
remodeled. These processes involve the coordinated effort of os-
teoblasts and osteoclasts (18). Together, these cells function to
ensure healthy bone, giving strength and rigidity to the skeletal
system. Osteoblasts are responsible for the deposition of bone
matrix and are thought to facilitate the calcification and mineral-
ization of the bone matrix. In contrast, osteoclasts drive the re-
sorption of bone by acidification and the release of lysosomal en-
zymes (18).

We have recently partially deciphered potential mechanisms
for the bone damage caused by Brucella. We first demonstrated
that Brucella spp. can infect and survive within human osteoblasts
and that this infection elicits the secretion of proinflammatory
cytokines and chemokines, as well as matrix metalloproteases
(MMPs), that might be involved in the osteoarticular manifesta-
tions of brucellosis (42). More recently, we have demonstrated
that Brucella infection induced an increase in the number of oste-
oclasts (defined as pathological osteoclastogenesis), resulting in
excessive bone resorption (12).

However, at present it has not been investigated whether Bru-
cella infection may inhibit osteoblast differentiation and function.
Therefore, this study was undertaken to investigate whether Bru-
cella abortus infection inhibits osteoblast differentiation and func-
tion and by this contributes to bone loss. In particular, we exam-
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ined signaling pathways (mitogen-activated protein kinases
[MAPK] and caspases) involved in cytokine secretion, the expres-
sion of activating molecules, and cell death of osteoblasts.

In addition, considering the relevance of macrophages in in-
tracellular Brucella survival and proinflammatory cytokine secre-
tion in response to infection and taking into account that osteo-
blasts secrete monocyte chemoattractant protein 1 (MCP-1) in
response to Brucella infection (42), we also investigated the role of
these cells as modulators of osteoblast survival, differentiation,
and function. Here, we present the results of this study.

MATERIALS AND METHODS

Bacterial culture. Brucella abortus S2308 and its isogenic virBI0 polar
mutant (kindly provided by Diego Comerci) were grown overnight in 10
ml of tryptic soy broth (Merck, Buenos Aires, Argentina) with constant
agitation at 37°C. Bacteria were harvested by centrifugation for 15 min at
6,000 X g at 4°C and washed twice in 10 ml of phosphate-buffered saline
(PBS). The numbers of bacteria in stationary-phase cultures were deter-
mined by comparing the optical densities at 600 nm (ODy,) with a stan-
dard curve obtained in our laboratory. To prepare inocula, cultures were
diluted in sterile PBS to the desired bacterial concentration on the basis of
the optical density readings, but the precise concentrations of inocula
were determined by plating cells onto tryptic soy agar. All live Brucella
manipulations were performed in biosafety level 3 facilities located at the
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Cell culture. Primary osteoblasts were isolated from newborn-mouse
calvaria using the method described by Wong and Cohn (54). Briefly,
calvaria were subjected to sequential 15-min digestions in an enzyme
mixture containing 0.05% trypsin and 0.1% collagenase at 37°C. Cell frac-
tions 3 to 5 were pooled and resuspended in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml of
penicillin, and 100 pg/ml of streptomycin (complete medium).

Cells were plated at a density of 5 X 10° cells/well, and the medium was
changed 24 h later. For differentiation, alpha minimum essential medium
(a-MEM) containing 10% FBS, 50 mg/ml ascorbic acid, and 4 mM b-
glycerophosphate (differentiation medium) was used and the medium
was changed every other day thereafter to day 30. All animal-related ex-
periments were performed according to the rules and standards for the
use of laboratory animals of the U.S. National Institutes of Health. Animal
experiments were approved by the Ethical Committee of the IDEHU.

The mouse clonal MC3T3-E1 preosteoblastic cell line, a standard os-
teoblast cell line used routinely for the assessment of osteoblasts under
different culture conditions (35, 38, 51), and murine macrophage-like
J774.A1 cells (ATCC, Middlesex, United Kingdom) were used in some
experiments. All cells were cultured in standard tissue culture flasks con-
taining complete medium. The medium was replaced every 3 or 4 days,
and after confluence, cells were harvested using trypsin and resuspended
in complete medium.

Cellular infection. Primary mouse osteoblasts and MC3T3-E1 cells
were infected with B. abortus at different multiplicities of infection (MOI),
and J774.A1 cells were infected at an MOI of 100. After the bacterial
suspension was dispensed, the plates were centrifuged for 10 min at 2,000
rpm and then incubated for 2 h at 37°C under a 5% CO, atmosphere. Cells
were extensively washed with DMEM to remove extracellular bacteria and
incubated in medium supplemented with FBS (10%) and with 100 pg/ml
gentamicin and 50 pg/ml streptomycin to kill extracellular bacteria. At
different times (see below), osteoblast cells were harvested to determine
apoptosis or to measure osteocalcin, collagen, and calcium deposition or
alkaline phosphatase (ALP) activity. Supernatants from J774.A1 cells were
harvested at 24 h postinfection (p.i.) to be used as conditioned medium.

Stimulation with conditioned medium. Culture supernatants from
J774.A1 macrophages infected with B. abortus at an MOI of 100 were
harvested at 24 h p.i,, sterilized by filtration through a 0.22-pm nitrocel-
lulose filter, and used to stimulate noninfected primary mouse osteoblasts
or MC3T3.E1 cells. Supernatants were used diluted 1/2, 1/5, or 1/10 in
complete medium. After 24 h, the cells were harvested to determine apop-
tosis, or they were assayed at 7, 14, or 30 days to measured osteocalcin,
collagen, and calcium deposition or ALP activity.

Signaling pathway. To study the potential involvement of different
signaling pathways in the production of MCP-1, keratinocyte chemoat-
tractant (KC), MMP-2, and MMP-9 and apoptosis by osteoblasts, phar-
macological inhibitors (§B203580, a p38 MAPK inhibitor, and PD98059,
an extracellular signal-regulated kinase 1 and 2 [ERK1/2] MAPK inhibi-
tor) or vehicle (dimethyl sulfoxide [DMSO]) were added at the beginning
of culture. Inhibitors (Calbiochem, San Diego, CA) were used at a con-
centration of 10 WM, based on previous reports (1, 27). Cell viability after
incubation with these inhibitors was higher than 90%, as assessed by
staining with trypan blue. To account for any possible effect of DMSO on
cell viability, cell cultures not treated with the inhibitors were treated with
the highest final concentration of DMSO used in these studies (0.01%),
and the results were compared to those for cell cultures not exposed to
DMSO. In addition, inhibitors do not have a toxic effect on bacterial
survival since the levels of invasion and replication were similar to the
levels in untreated cells.

p38 and ERK1/2 activation assessment by Western blotting. Infected
osteoblast cells or osteoblasts stimulated with 200 mM phorbol 12-myris-
tate 13-acetate (PMA) (positive control) were lysed in ice-cold lysis buffer
consisting of 20 mM HEPES, pH 8.5 mM EDTA, 10 mM EGTA, 5 mM
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NaF, 10% glycerol, 1 mM dithiothreitol, 400 mM KCl, 0.4% Triton X-100,
20 mM sodium B-glycerophosphate, and protease inhibitor cocktail
(Sigma-Aldrich de Argentina S.A.). Lysates were incubated on ice for
10 min and cleared by centrifugation at 13,000 X g for 10 min. Protein
concentrations were measured in the supernatants by the Bradford
method (6), and equal amounts of proteins were loaded onto electropho-
resis gels. After separation, proteins were transferred to a nitrocellulose
membrane (GE, Little Chalfont, United Kingdom) and blocked for 1 h
with 5% milk protein—0.1% Tween 20. Then, membranes were incubated
with primary anti-MAPK antibodies (1:1,000 dilution) (Santa Cruz Bio-
technology, Santa Cruz, CA) overnight at 4°C. After washing, the mem-
brane was incubated with peroxidase-conjugated secondary antibody (1:
2,000 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h.
Protein bands were visualized using Hyperfilm ECL (GE, Little Chalfont,
United Kingdom) enhanced chemiluminescence. The results from West-
ern blotting were analyzed by densitometric analysis (Image ] software;
National Institutes of Health).

Zymography. Gelatinase activity was assayed by the method of Hibbs
et al. with modifications (17, 42). Briefly, proteins from osteoblast culture
supernatants were separated on 10% SDS-PAGE gels containing 1 mg/ml
gelatin (Sigma-Aldrich de Argentina S.A.). Following electrophoresis, gels
were washed with 50 mM Tris-HCI, pH 7.5, 2.5% Triton X-100 for 30 min
and 50 mM Tris-HCI, pH 7.5, 2.5% Triton X-100, 5 mM CaCl,, 1 pM
ZnCl, for 30 min and incubated with 50 mM Tris-HCI, pH 7.5, 2.5%
Triton X-100, 10 mM CaCl,, 200 mM NacCl for 48 h at 37°C. This dena-
turation/renaturation step promotes MMP activity without proteolytic
cleavage of pro-MMP. Gelatin activity was visualized by staining gels with
0.5% Coomassie blue and destaining with methanol-acetic acid.

Measurement of cytokine concentrations. The secretion of interleu-
kin-1B (IL-1B), IL-6, tumor necrosis factor alpha (TNF-a), and mono-
cyte chemotactic protein 1 (MCP-1) in the supernatants was quantified
with an ELISA kit from BD, and chemokine keratinocyte chemoattractant
(KC) and RANKL were quantified with ELISA kits from R&D Systems,
Inc. (Minneapolis, MN).

Blocking of TNF-a.. Neutralization experiments were performed with
an anti-TNF-a neutralizing antibody or its isotype control (both from BD
Biosciences, San Diego, CA).

RANKL expression. Osteoblasts were infected at MOIs of 100, 250,
500, or 1,000 or stimulated with supernatants from B. abortus-infected
J774.A1 macrophages for 24 h. As a positive control, cells were infected
with Staphylococcus aureus at an MOI of 100. At the end of culture, cells
were washed and were lysed in ice-cold lysis buffer consisting of 20 mM
HEPES, pH 8, 5 mM EDTA, 0.4% Triton X-100, and protease inhibitor
cocktail (Sigma-Aldrich de Argentina S.A.). The resulting protein was
removed and centrifuged at 10,000 X g for 10 min. RANKL was detected
in culture supernatants and lysates using an ELISA kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instructions.

Apoptosis assays. Primary osteoblasts were infected with B. abortus or
its isogenic virBI10 polar mutant and were harvested 24 h later. Cells were
washed, and the percentage of apoptotic cells was assessed by using the
annexin V-FITC (fluorescein isothiocyanate) (Sigma-Aldrich) assay with
fluorescence-activated cell sorting (FACS) analysis. Apoptosis was also
assessed by FACS analysis using the terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) assay per-
formed with the fluorescein-FragEL DNA fragmentation detection kit
(Calbiochem, San Diego, CA). The percentage of apoptotic cells was as-
sessed by fluorescence microscopy after labeling of the cells by the TUNEL
assay or staining with Hoechst 33342 dye. A concentration of 4% parafor-
maldehyde (PFA) was used as a positive control for apoptosis.

To block caspase activity, osteoblasts (5 X 10° cells per well) seeded in
24-well plates were treated with or without 50 uM general caspase inhib-
itor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[ O-methyl]-fluo-
romethylketone; R&D Systems) for 2 h and then infected with B. abortus
at an MOI of 100 and treated with 4% PFA or medium. Apoptosis was
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determined by fluorescence microscopy after staining with Hoechst 33342
dye after 24 h as described above.

Osteoblast differentiation. Osteoblast differentiation includes the ex-
pression of genes involved in the specific function of osteoblasts to secrete
mineral and organic matrix. To elucidate this, we studied phosphatase
alkaline activity, including calcium, collagen, and osteocalcin deposition.
On days 7, 14, and 30 of differentiation, cultures of osteoblast cells were
seeded onto glass coverslips and were infected with B. abortus as described
above (MOI of 100) or they were stimulated with supernatants from B.
abortus-infected macrophages.

Assessment of collagen deposition by Sirius red staining. Collagen
deposition was quantified by using Sirius red (Sigma-Aldrich de Argen-
tina S.A.), a strong anionic dye that binds strongly to collagen molecules
(52). Sirius red was dissolved in saturated aqueous picric acid at a concen-
tration of 0.1%. Bouin’s fluid (for cell fixation) was prepared by mixing 15
ml saturated aqueous picric acid with 5 ml 35% formaldehyde and 1 ml
glacial acetic acid.

Cell layers were extensively washed with PBS before they were fixed
with 1 ml Bouin’s fluid for 1 h. The fixation fluid was removed and the
culture plates were washed 3 times with deionized water. The culture
dishes were air dried before adding 1 ml Sirius red dye reagent. The cells
were stained for 18 h with mild shaking. The stained cell layers were
extensively washed with 0.01 N hydrochloric acid to remove all unbound
dye. After rinsing, coverslips were mounted in PBS-glycerine (9:1 [vol/
vol]) and were analyzed by light microscopy. For quantitative analysis, the
stained material was dissolved in 0.2 ml 0.1 N sodium hydroxide by shak-
ing for 30 min. The dye solution was transferred to microtiter plates, and
the optical density (OD) measured with a microplate reader (Metertech,
Inc., Taiwan) at 550 nm against 0.1 N sodium hydroxide as a blank.

Osteocalcin deposition. To determine extracellular osteocalcin depo-
sition, osteoblasts were seeded at a density of 1 X 10* cells/well in 24-well
culture plates. At 7, 14, and 30 days, cells were fixed in 4% buffered for-
malin, followed by three 5-min washes in PBS. Cells were stained with
antiosteocalcin antibody (sc-7449; Santa Cruz Biotechnology, Santa Cruz,
CA), followed by goat anti-rabbit IgG conjugated to FITC at a dilution of
1:200 in 0.5% PBS—bovine serum albumin (Invitrogen, Carlsbad, CA).

Alizarin red S staining. To determine calcium deposition, we used
alizarin red staining. Osteoblast cells seeded onto glass coverslips were
infected with B. abortus as described above (MOI of 100). On days 7, 14,
and 30 of the culture’s differentiation, osteoblasts were fixed in 4% PFA
for 10 min at room temperature. The cells were washed with deionized
water and stained with 2% (wt/vol) alizarin red S and were visualized by
light microscopy or extracted to perform quantitative analysis.

Alkaline phosphatase staining. On days 7, 14, and 30 of the culture’s
differentiation, ALP staining was carried out with BCIP (5-bromo-4-
chloro-3-indolylphosphate)-NBT (nitroblue tetrazolium) solution
(Sigma-Aldrich de Argentina S.A.) according to the manufacturer’s
instructions.

Statistical analysis. Statistical analysis was performed with one-way
analysis of variance, followed by the post hoc Tukey test, using GraphPad
Prism 4.0 software. Data are represented as means * standard deviations
(SD).

RESULTS

B. abortus invades and multiplies in primary mouse osteoblas-
tic cells. We have previously demonstrated that B. abortus may
invade and replicate within human osteoblast cell lines (14, 42).
Since immortalized cells may have phenotypical modifications
with respect to normal cells, in the present work, we decided to
expand these results to a primary osteoblast culture. To this end,
we infected primary mouse osteoblasts from mouse calvaria. In-
fection experiments showed that B. abortus cells were internalized
by primary mouse osteoblast cells and the MC3T3 murine cell line
in vitro. The magnitude of the infection (intracellular CFU) was
directly related to the MOI used, but both infection and intracel-

July 2012 Volume 80 Number 7

B. abortus Inhibits Osteoblast Function

lular replication were observed for MOlIs as low as 100 (Fig. 1A).
These results indicate that the ability of B. abortus to infect both
murine osteoblast cell lines and primary cell cultures was similar
to that previously found for human cell lines (14, 42), supporting
their use for functional experiments.

B. abortus induces phosphorylation of p38 and ERK1/2 in
osteoblasts. Mitogen-activated protein kinases (MAPK) play a
key role in the regulation of cell development, growth, and sur-
vival, as well as the regulation of proinflammatory cytokine pro-
duction (25, 29). Thus, we explored the possibility that MAPK
could play a role in mediating apoptosis and chemokine and MMP
secretion. As a first step, we investigated whether p38 and ERK1/2
MAPK were phosphorylated in osteoblasts when these cells were
infected with B. abortus. Phorbol myristate acetate (PMA) stimu-
lation was used as a positive control. Upon infection of primary
osteoblasts, B. abortus induced significant (P < 0.1) p38 and
ERK1/2 phosphorylation when these cells were infected with
MOIs of 100 and 1,000 (Fig. 1B). This indicates that the p38 and
ERK1/2 MAPK pathway could be involved in the pathological
responses induced by B. abortus infection of osteoblasts.

p38and ERK1/2 signaling pathways are involved in the secre-
tion of KC, MCP-1, and MMPs by B. abortus-infected primary
osteoblasts. We next decided to investigate the ability of mouse
osteoblasts to secrete chemokines and MMPs upon infection with
B. abortus. In agreement with previous studies using human cell
lines (14, 42), we found that primary osteoblasts and the MC3T3
cell line secrete MCP-1, KC, and MMPs in response to B. abortus
infection. Moreover, we also investigated whether specific inhibi-
tion of p38 and ERK1/2 MAPK could inhibit KC and MCP-1
production.

Therefore, inhibition experiments on the p38 and ERK1/2
MAPK signaling pathways were performed with the specific in-
hibitors SB203580 and PD98059, respectively. As shown in Fig. 2,
MCP-1 and KC were significantly inhibited (P < 0.01) by either
the p38 or ERK1/2 inhibitor and completely abrogated when both
inhibitors were used together, indicating that both the p38 and the
ERK1/2 MAPK pathways participate in the production of chemo-
kine mediators elicited by B. abortus infection.

Infections of primary osteoblast cells with B. abortus were per-
formed at MOIs of 50, 100, 250, 500, and 1,000. Significantly in-
creased levels of MMP-2 and MMP-9 were detected at 48 h p.i. in
the supernatants from infected cells (Fig. 3A). The p38 MAPK
pathway participated in the secretion of MMP-9 induced by B.
abortus infection since SB203580 inhibited MMP-9 production.
In contrast, PD98059 was unable to inhibit MMP-9 production,
indicating that the ERK1/2 MAPK pathway does not play a rele-
vant role in the production of MMP-9. In addition, when both
inhibitors were used, the inhibition of MMP-9 production was
similar to that produced by SB203580, corroborating that MMP-9
production is mainly dependent on the p38 MAPK pathway and
independent of the ERK1/2 pathway (Fig. 3B). In contrast,
MMP-2 secretion was not affected by SB203580 or PD98059, in-
dicating that p38 and ERK1/2 do not participate in the MMP-2
secretion induced by B. abortus infection (Fig. 2B).

B. abortus infection induces osteoblast apoptosis. Osteoblast
apoptosis is known to be involved in bone loss and results in the
elimination of the cells responsible for matrix deposition (20, 36).
We then investigated whether B. abortus could also induce osteo-
blast apoptosis. To test this hypothesis, primary mouse osteoblasts
were infected with B. abortus, and after 24 h, the cells were stained
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FIG 1 B. abortus infection in primary mouse osteoblasts induces p38 and ERK1/2 phosphorylation. (A) Infection and replication of B. abortus within primary
mouse osteoblasts (P.O.) and the MC3T3 cell line. After infection at an MOI of 100, cells were incubated with antibiotics to kill extracellular bacteria. Cell lysates
obtained at different times p.i. were plated on agar to determine intracellular CFU. (B) Activation of ERK1/2 and p38 MAPK in primary mouse osteoblasts. Cells
were infected with B. abortus (Ba) at an MOI of 1,000 or 100 or treated with PMA as a positive control. MAPKs were determined by Western immunoblotting.
(C and D) Densitometric analysis of results from two independent experiments performed as described for panel B. The data shown are from a representative
experiment of five performed. P values for comparison with the results for uninfected cells (Control) are as follows: *, P < 0.1; **, P < 0.01; ***, P < 0.001.

with annexin V-phosphatidylinositol (PI) and analyzed by flow
cytometry. Paraformaldehyde (PFA) at 4% was used as a positive
control. B. abortus infection induced osteoblast apoptosis in an
MOI-dependent manner (Fig. 4A). The occurrence of apoptosis
was confirmed by TUNEL (Fig. 4B and D) and Hoechst 33342
staining (Fig. 4C and E). Apoptosis was dependent on the expres-
sion of a functional type four secretion system (T4SS), since the
percentage of apoptotic cells did not differ significantly between
osteoblast cells infected with a B. abortus virB10 polar mutant and
uninfected controls (Fig. 5A). In addition, apoptosis was depen-
dent on the p38 MAPK pathway since the phenomenon was sig-
nificantly (P < 0.01) inhibited when we performed the infection
in the presence of SB203580, a specific p38 inhibitor. On the con-
trary, there was not a significant difference in apoptosis levels
between B. abortus-infected osteoblasts and B. abortus-infected
osteoblasts in the presence of PD98059, a specific ERK1/2 inhibi-
tor (Fig. 5B).

B. abortus-mediated apoptosis has been reported for a variety
of cells, including astrocytes and hepatocytes (13, 15). In particu-
lar, it has been demonstrated that astrocyte apoptosis induced by
B. abortus infection involves caspase activation (15). To determine
the role of caspases in osteoblast apoptosis induced by B. abortus,
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these cells were treated with a general caspase inhibitor (Z-VAD-
FMK) and then infected with B. abortus at an MOI of 100. Apop-
tosis was assessed by staining cells with Hoechst stain and analyz-
ing them with fluorescence microscopy. Z-VAD-FMK inhibited
the osteoblast apoptosis induced by B. abortus infection (Fig. 5C).
Altogether, these results indicate that B. abortus infection induces
osteoblast apoptosis and that p38 MAPK and caspases participate
in cell death.

B. abortus induces RANKL in osteoblasts. RANKL is a key
molecule implicated in bone remodeling. Once expressed on os-
teoblasts, it initiates bone resorption, since RANKL-expressing
osteoblasts are the main osteoclastogenesis-supporting cells (46).
Moreover, RANKL is upregulated in other bacterial osteomyelit-
ides (10). Therefore, we investigated whether B. abortus infection
leads to RANKL expression in osteoblasts. Quantitative analysis of
RANKL expression on osteoblast lysates 24 h p.i. revealed that B.
abortus was able to induce the upregulation of RANKL expression
with respect to the level in unstimulated cells in an MOI-depen-
dent fashion (Fig. 5D). As we expected, Staphylococcus aureus in-
fection also induced upregulation of RANKL expression (Fig. 5D)
(10). In contrast, RANKL was not found in culture supernatants
from B. abortus-infected osteoblasts (not shown). This indicates
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FIG 2 p38 and ERK1/2 signaling pathways are involved in the secretion of KC
and MCP-1 by B. abortus-infected primary osteoblasts. Effects of SB23850
(SB), a p38 MAPK inhibitor, and PD98059 (PD), an ERK1/2 inhibitor, on B.
abortus induction of MCP-1 (A) and KC (B), respectively, are shown. Levels of
MCP-1 and KC production by primary mouse osteoblasts were measured at 48
h after infection with B. abortus at an MOI of 100 by ELISA. P values for
comparison with results for untreated infected cells (Untreated) are as follows:
**, P <0.01; ***, P < 0.001. Data shown are from a representative experiment
of five performed.

that B. abortus-induced upregulation of RANKL could contribute
to bone destruction through activation of osteoclasts.

B. abortus infection inhibits osteoblast differentiation. It has
been reported that alkaline phosphatase (ALP) is an osteoblast
phenotype marker and an essential enzyme for mineralization (4).
In addition, the expression of ALP is closely associated with osteo-
blastic differentiation (23). We thus measured ALP activity during
osteoblast differentiation. B. abortus infection reduced ALP activ-
ity in an MOI-dependent manner both in MC3T3-E1 cells and
primary osteoblasts (Fig. 6B and D) on days 7, 14, and 30. These
results indicate that B. abortus infection can effectively inhibit os-
teoblast function.

B. abortus inhibits mineralization of osteoblasts. Osteoblast
differentiation in vivo and also in vitro can be characterized by the
deposition and mineralization of bone matrix, leading to the ri-
gidity of the skeletal system (7, 30). Mineralization takes place
between day 7 and day 10 and can be detected by staining the
mineral deposits on the osteoblasts. We next investigated the ef-
fect of B. abortus infection on the mineralization of osteoblasts by
staining calcium-rich deposits on the osteoblasts with alizarin red
S staining. Both B. abortus-infected and uninfected MC3T3-E1
cells and primary osteoblasts progressively deposited more min-
eral with time, but the infected cells produced significantly (P <
0.001) less mineral than the control in an MOI-dependent fashion
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FIG 3 p38 signaling pathway is involved in MMP-9 secretion. (A) MMP-9
and MMP-2 production by primary mouse osteoblasts infected with B. abortus
at different MOIs (50 to 1,000) or not infected (Control). (B) Effects of
SB23850 (SB), a p38 MAP kinase inhibitor, and PD98059 (PD), an ERK1/2
inhibitor, on MMP production by B. abortus-infected (MOI of 100) primary
mouse osteoblasts. Data shown are from a representative experiment of five
performed.

ondays 7, 14, and 30 (Fig. 6A and C), demonstrating an inhibition
of osteoblast mineralization by B. abortus.

B. abortus inhibits deposition of organic matrix. Collagen
comprises 85 to 90% of the total organic bone matrix (41). Bones
show a variety of structural organizations that are related to the
balance between the amount of collagen and mineral (28). How-
ever, not only mineral matrix deposition is essential to ensure a
healthy bone, giving strength and rigidity in the skeletal system;
the adequate deposition of organic matrix also contributes to
bone architecture. Therefore, experiments were conducted to de-
termine whether B. abortus infection inhibits organic matrix de-
position. Collagen was stained by adding Sirius red, a strong
anionic dye that binds strongly to collagen molecules. Both B.
abortus-infected and uninfected MC3T3-E1 cells progressively
deposited more collagen with time, but infected cells produced
significantly (P < 0.001) less collagen than the control in an
MOI-dependent fashion on days 7, 14, and 30 (Fig. 7A and C),
demonstrating the inhibition of osteoblast collagen deposition
induced by B. abortus infection. To determine whether these
results could be extended to another protein present in the
organic bone matrix, we decided to study the effect of B. abor-
tus infection on the expression of osteocalcin. Osteocalcin is a
noncollagenous, highly conserved and secreted protein that is
associated with the mineralized matrix of bone (30). Using a
specific antiosteocalcin antibody, we demonstrated that B.
abortus infection could also inhibit the deposition of osteocal-
cin in an MOI-dependent fashion (Fig. 7B).

TNF-a« is a key cytokine involved in RANKL expression in
osteoblasts induced by supernatants from B. abortus-infected
macrophages. In view of the ability of Brucella-infected osteo-
blasts to secrete MCP-1 (Fig. 2), a key cytokine involved in mono-
cyte/macrophage migration, we hypothesized that macrophages
could be attracted to the site of infection (14). Thus, we decided to
investigate the effect of cytokines present in supernatants from B.
abortus-infected macrophages on the production of RANKL by
osteoblasts. Therefore, supernatants from B. abortus-infected
macrophages were harvested at 24 h postinfection, sterilized by
filtration, and used to stimulate osteoblasts. The addition of su-
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FIG 4 B. abortus infection induces osteoblast apoptosis. Apoptosis induced by B. abortus infection in primary mouse osteoblasts. Osteoblastic cells were infected
at different MOIs (100 to 1,000) or were treated with 4% paraformaldehyde (PFA) as a positive control, and apoptosis was evaluated by the annexin V, TUNEL,
and Hoechst 33342 techniques. (A) Flow cytometry analysis of apoptotic cells by annexin V-FITC binding. (B to E) Fluorescence microscopy analysis of apoptotic
cells by TUNEL (B, C) and Hoechst 33342 staining (D, E). P values for comparison with results for uninfected cells (Control) are as follows: **, P < 0.01; ***, P <

0.001. Data shown are from a representative experiment of five performed.

pernatants from B. abortus-infected macrophages in different
proportions (1/2 to 1/10) induced RANKL expression in osteo-
blasts in a dose-dependent manner compared to its expression in
unstimulated cells or cells stimulated with supernatants from un-
infected macrophages (Fig. 8A). It has been proposed that TNF-a
may induce RANKL expression in a variety of cell types (16, 24, 40,
53, 55). To verify that the TNF-a levels present in supernatants
from B. abortus-infected macrophages can stimulate RANKL ex-
pression by osteoblasts, these cells were incubated in the presence
of supernatants from B. abortus-infected macrophages preincu-
bated or not for 1 h with either an anti-TNF-a neutralizing anti-
body or an isotype control. As shown in Fig. 8B, neutralization of
TNF-a significantly reduced (P < 0.001) the ability of superna-
tants to stimulate RANKL expression by osteoblasts, whereas the
isotype control had no effect. Altogether, these results indicate
that macrophage infection could alter bone homeostasis by induc-
ing the expression of RANKL in osteoblasts and that TNF-a is
involved.

TNF-a present in supernatants from B. abortus-infected
macrophages induces apoptosis of osteoblasts through caspase
coupling. Macrophages have been shown to produce tissue injury
in different organs, including bone, through the release of MMPs
and proinflammatory cytokines (50). To analyze whether factors
secreted by B. abortus-infected macrophages could induce osteo-
blast injury, we studied the effects of conditioned medium from
infected macrophages on osteoblast cells. Supernatants from B.
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abortus-infected macrophages added to osteoblast cells induced
osteoblast apoptosis in a dose-dependent manner. In contrast, the
apoptosis levels in osteoblasts stimulated with conditioned me-
dium from uninfected macrophages were similar to the levels in
unstimulated cultures (Fig. 8C).

TNF-a is a proinflammatory cytokine that induces apoptosis
in a number of cell systems, including osteoblasts (21, 50). To test
the effect of TNF-« present in supernatants from B. abortus-in-
fected macrophages on osteoblast apoptosis, we stimulated osteo-
blasts with supernatants from B. abortus-infected macrophages
pretreated with a neutralizing anti-TNF-a antibody or an isotype
control. As shown in Fig. 8D, neutralization of TNF-a partially
inhibited the ability of supernatants to induce osteoblast apopto-
sis, whereas the isotype control had no effect.

TNF-a signaling via tumor necrosis factor receptor 1 (TNFR1)
has been known to induce apoptosis through the coupling of
caspase-8 with TNFR superfamily 1A (TNFRSF1A)-associated via
death domain (TRADD) which, in turn, activates caspase-3 (9).
To determine whether caspases are involved in the apoptosis in-
duced by supernatants from B. abortus-infected macrophages, os-
teoblasts were pretreated with a general caspase inhibitor (Z-
VAD-FMK) and then stimulated with supernatants from B.
abortus-infected macrophages. Apoptosis was assessed by staining
cells with Hoechst stain and analyzed by fluorescence microscopy.
Z-VAD-EMK inhibited the osteoblast apoptosis induced by su-
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FIG 5 B. abortus induces RANKL expression on osteoblasts and apoptosis of these cells in a way that is dependent on a functional T4SS, MAPKs, and caspases.
(A) Analysis by fluorescence microscopy of apoptotic cells by Hoechst 33342. Primary mouse osteoblasts were infected at an MOI of 100 with either wild-type B.
abortus (WT) or its isogenic virB10 mutant (VirB10). **, P < 0.01 versus the results for cells infected with the virB10 mutant. Paraformaldehyde (PFA) was used
as a positive control for apoptosis. (B) Primary mouse osteoblasts were infected at an MOI of 100 with B. abortus and treated or not with ERK1/2 inhibitor
PD98059 (PD), p38 inhibitor SB23850 (SB), or both inhibitors administered together (PD-SB). **, P < 0.01 versus the results for cells treated with inhibitors. (C)
Primary mouse osteoblasts were treated with a general caspase inhibitor, Z-VAD-FMK, and 2 h later, cells were infected with B. abortus. **, P < 0.01 versus the
results for cells treated with the general caspase inhibitor. (D) RANKL production by primary mouse osteoblasts infected with B. abortus at different MOIs (100
to 1,000) or not stimulated (Control). Staphylococcus aureus at an MOI of 100 was used as a positive control. P values for comparison with the results for
uninfected cells (Control) are as follows: **, P < 0.01; ***, P < 0.001. Data shown are from a representative experiment of five performed.

pernatants from B. abortus-infected macrophages, whereas super-
natants from uninfected macrophages did not (Fig. 8D).

Supernatants from B. abortus-infected macrophages inhibit
mineralization and organic matrix deposition of osteoblasts
due largely to TNF-a.. Inflammation has positive effects on the
immune response against pathogens; however, persistent inflam-
mation may have negative consequences, such as inhibition of
tissue regeneration. We have previously demonstrated that mac-
rophages secrete proinflammatory cytokines in response to B.
abortus infection and produce bone damage through osteoclasto-
genesis induction (12). In addition, these macrophages could in-
duce bone injury inhibiting osteoblast differentiation. To test this
hypothesis, we added supernatants from B. abortus-infected mac-
rophages to osteoblast cells. The addition of supernatants from B.
abortus-infected macrophages in different proportions (1/2 to
1/10) to uninfected osteoblasts significantly inhibited, in a dose-
dependent manner, the capacity of the osteoblasts to secrete min-
eral and organic matrix deposition compared to that of osteoblasts
stimulated with supernatants from uninfected macrophages or
unstimulated cultures, both of which were also grown in differen-
tiation medium (not shown).

It has been reported (31) that TNF-a plays a main role in
impeding osteoblast differentiation. To assess whether the levels
of TNF-a present in supernatants from B. abortus-infected mac-
rophages could inhibit osteoblast differentiation, these cells were

July 2012 Volume 80 Number 7

incubated in the presence of supernatants from infected macro-
phages preincubated or not for 1 h with either an anti-TNF-a
neutralizing antibody or an isotype control. As shown in Fig. 9,
neutralization of TNF-a reduced the ability of supernatants to
inhibit osteoblast differentiation, whereas the isotype control had
no effect. These results indicate that TNF-a plays a key role in
inhibiting osteoblast differentiation, thereby contributing in an-
other way to bone loss.

DISCUSSION

Bone is normally resistant to infection. However, Brucella spp.
have a tropism for osteoarticular localization. Accordingly, osteo-
articular brucellosis is the most common localization of active
brucellar disease (1, 11, 33, 34, 57). Although the clinical aspects of
this form of the disease have been described widely (33, 34), the
molecular pathogenic mechanisms have only recently been par-
tially described (14, 42).

In this article, we describe the modifications that occurred in
osteoblast metabolism when these cells were infected by B. abortus
and how this response inhibited osteoblast differentiation and
function, leading to bone loss. First, we demonstrated that B. abor-
tus may invade and replicate in primary mouse osteoblasts and the
murine cell line MC3T3.E1, as has been previously described for
human osteoblasts (14, 42). The parallelism between mice and
humans underscores the usefulness of the mouse model devel-
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FIG 6 B. abortus infection inhibits mineral matrix deposition by osteoblasts. Effects of B. abortus infection (MOI of 100) on mineral deposition at different days
of primary mouse osteoblast cultures are shown. (A) Calcium deposition revealed by alizarin red S staining. (B) ALP activity revealed with BCIP-NBT solution.
(C) Quantification of alizarin red S showed that inhibition of calcium deposition was in an MOI-dependent manner. (D) Quantification of ALP activity showed
that inhibition of the activity was in an MOI-dependent manner. P values for comparison with results for uninfected cells (Control) are as follows: *, P < 0.1, **,
P < 0.01; ***, P < 0.001. Data shown are from a representative experiment of five performed.

oped in this investigation for future studies of immune mecha-
nisms that may be implicated in the pathogenesis of the osteoar-
ticular forms of human brucellosis.

To our knowledge, there are no reports on the ability of Bru-
cella to infect human osteoblasts in vivo. This may be explained in
part by ethical restrictions, since a biopsy of the affected bone may
be justified only in very select cases. Nevertheless, in the few pub-
lished studies performed in dogs in which culture of bone tissue
samples was performed, Brucella organisms were isolated from
such samples (22, 43). Also, during experimental infections per-

2340 iai.asm.org

formed on mice, intracellular bacteria have been found in the
epiphysis and metaphysis of peripheral joints, as well as in the
subchondral region of vertebrae (32). All these result give rele-
vance to our in vitro finding that B. abortus is able to invade and
replicate in osteoblasts.

Using primary cultures of mouse osteoblasts, we showed here
that B. abortus infection readily induces p38 and ERK1/2 MAPK
phosphorylation, thus enlisting these pathways among the kinase
pathways that Brucella may address as it invades the osteoarticular
system. Using specific inhibitors, we determined that these path-
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FIG 7 B. abortus infection inhibits organic matrix deposition by osteoblasts. Effects of B. abortus infection (MOI of 100) on collagen and osteocalcin deposition
at different days of primary mouse osteoblast cultures. (A) Collagen deposition revealed by Sirius red staining. (B) Osteocalcin deposition revealed by immu-
nofluorescence with a specific antibody. (C) Quantification of Sirius red showed that inhibition of collagen deposition was in an MOI-dependent manner. P
values for comparison with the results for uninfected cells (Control) are as follows: ¥, P < 0.1**, P < 0.01; ***, P < 0.001. Data shown are from a representative
experiment of five performed.

ways are implicated in chemokine and MMP production and also
in the induction of apoptosis of osteoblasts by B. abortus. The
MAPK signaling cascade, an important group of signaling path-
ways, has been implicated in bacterial pathogenesis (19, 44, 47,
48), and in this model, Brucella has not been the exception.
Osteoarticular brucellosis, including spondylitis and arthritis,
may be destructive and associated with osteopenia and cartilage
damage (11). Such tissue damage may be due to a direct effect of
Brucella infection on osteoblasts and/or a result of the ongoing
inflammatory response. In line with the first proposed mecha-
nism, we showed that B. abortus infection can induce apoptosis of
primary mouse osteoblasts. Whether pathogen-induced apopto-
sis is harmful or beneficial to the host has been a considerable
source of debate (26, 56). Osteoblast apoptosis may be responsi-
ble, at least in part, for the damage produced by Brucella infection
to bone since apoptosis would reduce the number of osteoblasts in
bone. It may seem contradictory that B. abortus is able to induce
osteoblast apoptosis when it has been reported that Brucella spe-
cies are able to inhibit macrophage apoptosis (8). However, this
finding is not particularly surprising since Brucella spp. are mainly
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adapted to establish chronic infections in macrophages (3). Thus,
our results suggest that osteoblasts do not constitute a survival
niche for long-term Brucella persistence in osteoarticular localiza-
tion and go along with the fact that B. abortus can induce apoptosis
of cell types other than macrophages (13, 15). We hypothesize that
apart from resident macrophages, other monocytes/macrophages
could be attracted to the site of osteoarticular infection through
MCP-1 secretion mediated by B. abortus-infected osteoblasts, in-
creasing the likelihood of finding a replicative niche.
Mineralization is a process in which phosphate and calcium
become deposited in bone, and the adequate deposition of organic
matrix also contributes to bone architecture (18). This gives the
bones additional strength and rigidity. During B. abortus infec-
tion, osteoblasts become less differentiated and decrease the activ-
ity of a specific marker of differentiation involved in bone miner-
alization, ALP. Also, mineral and organic matrix deposition are
inhibited, contributing to the bone loss observed in osteoarticular
pathology. Altogether, our results indicate that B. abortus infec-
tion can affect bone formation by at least two mechanisms, by
rendering osteoblasts less differentiated and therefore less able to
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FIG 8 Effects of supernatants from B. abortus-infected macrophages on osteoblast differentiation and function. (A) RANKL production by primary mouse
osteoblasts stimulated with supernatants from B. abortus-infected macrophages (added at a 1/2, 1/5, or 1/10 proportion) or from macrophages that were not
infected (N.I.) was determined in cell lysates by ELISA. (B) Inhibition of the stimulating effect by pretreatment of supernatants with an anti-TNF-a neutralizing
antibody or an isotype control for 1 h before addition to osteoblasts. (C) Fluorescence microscopy analysis of apoptosis using the Hoechst 33342 technique in
primary osteoblasts stimulated with conditioned medium from macrophages infected or not with B. abortus. (D) Analysis of inhibition of apoptosis induced by
supernatants from B. abortus-infected macrophages. Supernatants were pretreated with a neutralizing antibody to TNF-a or an isotype control or with a general
caspase inhibitor for 1 h before addition to primary osteoblasts. Apoptotic cells were determined by fluorescence microscopy analysis using the Hoechst 33342
technique. P values for comparisons with the results for unstimulated cells (Control) are as follows: ¥, P < 0.1; **, P < 0.01; ***, P < 0.001. The data shown are

from a representative experiment of five performed. (C, D) Paraformaldehyde (PFA) was used as a positive control for apoptosis.

deposit mineral matrix and/or by entering the apoptotic pathway
and dying.

Another mechanism to induce bone damage is through path-
ological induction of osteoclastogenesis; in this way, RANKL is a
homotrimeric molecule displayed on the membrane of osteo-
blasts that stimulates differentiation of osteoclasts and is a key
induction molecule involved in bone resorption, leading to bone
destruction (5). As occurs with other bacterial osteoarticular in-
fections (10, 45, 49), B. abortus induced an increase in RANKL
expression in osteoblasts. The increase in RANKL is likely to trig-
ger osteoclast-induced bone resorption and bone destruction and
may help to explain why patients with brucellar osteomyelitis have
significant bone loss (1, 11, 33, 34, 39, 57).

In addition, macrophages (the ones that dwell in the bone or
the ones that could be attracted to the site of infection) also con-
tributed to bone damage through apoptosis induction via TNF-a
and caspases. TNF-a appeared to be the main cytokine involved in
osteoblast apoptosis induced by supernatants from B. abortus-
infected macrophages, because apoptosis was inhibited when su-
pernatants from B. abortus-infected macrophages were preincu-
bated with a neutralizing anti-TNF-a antibody. The fact that a
pancaspase inhibitor also inhibited Brucella-induced apoptosis
underscores the relevance of TNF-a in this phenomenon, because
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apoptosis induced by TNF-a has been known to involve caspase
activation (9).

TNF-a from B. abortus-infected macrophages may affect os-
teoblast metabolism by inhibiting mineral and organic matrix de-
position, since the inhibition was reversed when supernatants
were pretreated with neutralizing anti-TNF-a antibody. These re-
sults are in concordance with previous reports demonstrating that
TNF-a may modulate bone mineralization (37).

As mentioned above, the increase in RANKL is likely to trigger
osteoclast-induced bone resorption and bone destruction; even
though B. abortus infection may induce upregulation of RANKL
on the osteoblast membrane, macrophages may also contribute to
this mechanism. We found that soluble mediators secreted by B.
abortus-infected macrophages could contribute to RANKL ex-
pression on osteoblast membrane. This induction depended on
the presence of TNF-a in supernatants from B. abortus-infected
macrophages, since pretreatment with a neutralizing anti-TNF-o
antibody abrogated the response. These results are consistent with
the observation that TNF-a triggers osteoclast differentiation and
subsequent bone destruction (2).

In summary, the results presented here, together with our pre-
vious observations (12, 14, 42), are shedding light on how the
interactions of B. abortus with cells involved in bone metabolism
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FIG 9 TNF-« is involved in inhibitory effects induced by supernatants from B. abortus-infected macrophages. Pretreatment of supernatants from B. abortus-
infected macrophages harvested at 24 h p.i. with a neutralizing anti-TNF-a antibody inhibited the effects of the supernatants on osteoblast mineralization and
organic matrix deposition. (A to D) Alizarin red S staining (A), ALP activity revealed with BCIP-NBT (B), Sirius red staining (C), and osteocalcin deposition
revealed by immunofluorescence (D). (E to G) Quantitative analysis of alizarin red S (E), relative ALP activities (F), and Sirius red staining (G). *, P < 0.1 versus
the results for unstimulated cells (Control). Data shown are from a representative experiment of five performed.

and its intermingling with cells involved in innate immunity play
a role in the pathogenesis of osteoarticular brucellosis. B. abortus
may infect osteoblasts, inhibiting their differentiation and func-
tion. B. abortus-infected osteoblasts also upregulate the expression
of RANKIL, a cytokine that has been indicated as the major cyto-
kine regulating osteoclast differentiation by interacting with
RANK on the surface of osteoclast precursors, inducing patholog-
ical bone resorption. Since osteoblasts play a key role in healthy
bone balance, we submit that osteoblast dysfunction would be
another mechanism contributing to the bone damage observed in
osteoarticular brucellosis.

Upon infection with B. abortus, osteoblasts also release MCP-1
(14, 42), which can attract macrophages to the site of infection. In
the in vivo situation, attracted and resident infected monocytes/
macrophages can respond to Brucella infection with the produc-
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tion of proinflammatory cytokines such as TNF-q, inducing in-
creases in the expression of RANKL by osteoblasts and osteoblast
apoptosis and inhibiting osteoblast function and differentiation.
Based on the results obtained in the present study, we hypoth-
esize that B. abortus may harm osteoblast function directly and
indirectly, contributing to the bone and joint destruction ob-
served in patients with osteoarticular complications of brucellosis.
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