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Abstract

Introduction: Studies in the spontaneous ankylosis model in aging male DBA/1 mice and in patients with
ankylosing spondylitis provide evidence that inflammation and new tissue formation leading to joint or spine
ankylosis are likely linked but largely uncoupled processes. We previously proposed the ‘entheseal stress’ hypothesis
that defines microdamage or cell stress in the enthesis as a trigger for these disease processes. Here, we further
investigated the relationship between inflammation and ankylosis by focusing on the early phase of the
spontaneous arthritis model.

Methods: Aging male DBA/1 mice from different litters were caged together at the age of ten weeks and studied
for signs of arthritis. A group of DBA/1 mice were treated daily with dexamethasone (0.5 μg/g body weight).
Severity of disease was assessed by histomorphology and by positron emission tomography (PET) using 2-[18F]
fluoro-2-deoxy-D-glucose (18F-FDG) as a tracer. Bone loss in dexamethasone-treated or control mice was
determined by in vivo dual-energy X-ray absorptiometry. Chemokine gene expression was studied ex vivo in
dissected paws and in vitro in mesenchymal cells (periosteal and bone marrow stromal cells) by quantitative real-
time PCR in the presence or absence of bone morphogenetic protein 2 (BMP2) and dexamethasone.

Results: Dexamethasone treatment did not affect incidence or severity of ankylosis, but led to an expected
reduction in inflammation in the paws at week 15 as measured by PET tracer uptake. Treatment with
dexamethasone negatively affected bone mineral density. Chemokines attracting neutrophils and lymphocytes
were expressed in affected paws. In vitro, BMP2 stimulation upregulated chemokines in different mesenchymal
joint-associated cell types, an effect that was inhibited by dexamethasone.

Conclusions: BMP signaling may be a trigger for both inflammation and ankylosis in the spontaneous model of
ankylosing enthesitis. The lack of inhibition by glucocorticoids on new bone formation while causing systemic
bone loss highlights the paradoxical simultaneous loss and gain of bone in patients with ankylosing spondylitis.

Introduction
Ankylosing spondylitis (AS) and related spondyloarthri-
tides (SpA) are common chronic inflammatory joint dis-
eases with severe impact on patients and society [1,2].
Inflammation is held responsible for many of the signs
and symptoms of disease but the long-term prognosis for
patients with AS is also determined by progressive ankylo-
sis of the spine due to new cartilage and bone formation

[3]. Remarkably, new bone formation at the bone borders
occurs simultaneously with inflammation-induced loss of
trabecular bone leading to osteoporosis [4,5].
Although traditionally viewed as a repair response, we

hypothesized that ankylosis is a specific and primary
aspect of AS and proposed the entheseal stress hypoth-
esis which explains how inflammation and ankylosis are
linked but largely uncoupled processes [6]. In this con-
cept, microdamage or cell stress in the enthesis triggers
both an inflammatory and a bone anabolic response lead-
ing to the clinical development of AS and the typical
radiographic signs of disease. Specific environmental and
genetic factors are suggested to influence chronicity of
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the inflammatory response and progression of ankylosis
[6].
The introduction of anti-tumor necrosis factor (TNF)

strategies has been a breakthrough for patients with AS
and other SpAs [2]. These drugs have an unprecedented
effect on symptoms of disease. However, recent data in
mice and men suggest that control of inflammation with
TNF blocking agents is not sufficient to prevent progres-
sive ankylosis [7-10]. Therefore, in contrast to what is seen
in patients with rheumatoid arthritis, anti-TNF appears to
fail to inhibit radiographic progression of disease in AS
[11,12].
DBA/1 mice spontaneously develop arthritis of the hind

paws characterized by entheseal ankylosis upon grouped
caging of males from different litters [13]. In this mouse
model both anti-TNF treatment using human soluble
receptor etanercept and anti-osteoclast strategies using
zoledronic acid are not sufficient to inhibit new bone for-
mation [7,14]. In contrast, overexpression of noggin, a
bone morphogenetic protein (BMP) antagonist, reduced
the incidence and severity of the murine arthritis [15].
The specific role of inflammation in this model remains

unclear. We have demonstrated a short-lived inflamma-
tory phase characterized by edema and neutrophil infiltra-
tion in the affected toes, likely preceding the remodeling
phase [13]. Here we focused on these early inflammatory
events, the interactions between BMPs and inflammation
and the complex effects of glucocorticoids, drugs with
strong anti-inflammatory and anti-bone anabolic effects,
in the spontaneous model.

Materials and methods
Animal experiments
Male DBA/1 mice were obtained from Janvier (Le Genest
St Isle, France). All experiments were approved by the
Ethics Committee for Animal Research (KU Leuven, Bel-
gium). Male mice from different litters were mixed and
caged in groups of six mice at the age of ten weeks. Mice
were treated daily with dexamethasone (0.5 mg/kg; Rotex-
medica, Trittau, Germany) or phosphate buffered saline
(PBS) by intraperitoneal injection from the age of
12 weeks onwards (n = 10 and 12 mice per group, respec-
tively). Mice were scored blindly twice a week for clinical
signs of arthritis [13,16]: 0 (no symptoms), 1 (redness and
swelling in one toe), 2 (redness and swelling in more than
one toe), 3 (toe stiffness), and 4 (deformity or ankle invol-
vement). Hind paw forefeet were studied by histomorphol-
ogy as described [13,16]: 0 (normal toe), 1 (acute
inflammation including dactylitis), 2 (entheseal cell prolif-
eration), 3 (cartilage formation), 4 (bone formation), and
5 (joint ankylosis). A cumulative score from all toes was
calculated. In additional experiments, paws of control
mice of 12 and 16-week-old DBA/1 mice were used for
gene expression analysis.

Imaging studies: small animal Positron Emission
Tomography (PET) imaging and Dual Energy X-ray
Absorptiometry (DEXA)
The mice were imaged using a Focus 220 microPET®

scanner (Concorde Microsystems Inc., Knoxville, TN,
USA). The mice were anesthetized with 2.5% isoflurane in
100% oxygen at a flow rate of 1 L/minute and 7.4 MBq of
2-[18F]fluoro-2-deoxy-D-glucose (18F-FDG) was adminis-
tered by lateral tail vein injection. One hour after injection
a ten minute static scan was acquired. Images were recon-
structed using a maximum a posteriori algorithm from the
vendor with 18 iterations and uniform resolution. The
images were displayed in Amide’s a Medical Imaging Data
Examiner (AMIDE) [17] and three-dimensional spheroid
regions of interest (ROIs) were drawn over the toes, the
paws and within a reference region (liver). The mean
radioactivity in the ROIs was converted to percent of the
injected dose per gram of tissue (%ID/g) by a calibrated
cylinder factor and after division with the injected dose
(corrected for residual and decay). Standardized uptake
values (SUV) were obtained by multiplying the % ID/g of
the toe area by the weight of the animal.
Bone mineral content was assessed by dual X-ray

absorptiometry using Piximus densitometer (Lunar,
Madison, WI, USA) [18].

Cell culture
Human periosteum-derived cells (hPDCs) were isolated as
described [19]. Human bone marrow cells (hBMCs) were
isolated by standard aspiration from freshly isolated bone
marrow as described previously [20]. hPDCs and hBMCs
were expanded in complete culture medium consisting of
high-glucose Dulbecco’s Modified Eagle Medium
(DMEM)/Glutamax (4.5 g/l of glucose) (Invitrogen, Merel-
beke, Belgium) supplemented with 10% fetal bovine serum
(Gibco, Merelbeke, Belgium), antibiotic-antimycotic solu-
tion (100 units/ml penicillin, 100 μg/ml streptomycin and
0.25 μg/ml amphotericin B; Invitrogen) and sodium pyru-
vate (Gibco). hPDCs and hBMCs were seeded at a density
of 12 × 104 c/ml in 24-well plates. After overnight adher-
ence, cells were stimulated with 3 to 30 ng/ml BMP2
(R&D Systems, Minneapolis, MN, USA) with or without 1
μM dexamethasone (Rotexmedica). After a 24-hour incu-
bation, samples were collected for RNA analysis.

RNA isolation and Real-Time RT-polymerase chain
reaction (PCR)
For gene expression analysis of mouse tissues, hind paws
of 12 and 16 week old mice were dissected just above
the ankle joint and skin was removed. Total RNA was
isolated using the standard Nucleospin RNAII kit
(Macherey-Nagel, Düren, Germany) protocol. Comple-
mentary DNA was obtained by reverse transcription of
0.5 to 1 μg of total RNA using the RevertAid H Minus
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First Strand cDNA synthesis kit (Fermentas, Rockford,
IL USA) following the manufacturer’s instructions. For
quantitative analysis, real-time RT-PCR was performed
using Perfecta qPCR FastMix (Quanta Biosciences, Inc.,
Gaithersburg, MD, USA) carried out on a Corbett
Rotor-Gene 6000 system (Corbett Research, Westburg,
Leusden, The Netherlands). The expression of the fol-
lowing genes was examined: human chemokine (C-X-C
motif) ligand 1 (CXCL1), granulocyte chemotactic pro-
tein 2 (GCP2), and inhibitor of DNA binding 1 (ID1)
and mouse homolog Cxcl1 and Gcp2 and mouse chemo-
kine (C-X-C motif) receptor 1 (Cxcr1) and Cxcr2.
Human and mouse glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH and Gapdh, respectively) were used
as housekeeping genes. Primer/probe sets for these
genes were commercially available Assay-on-demands
(Applied Biosystems, Lennik, Belgium).

Statistical analysis
For comparison between groups, Student’s t-test was
used. Results were considered statistically significant
with two-sided P-values < 0.05.

Results
Severity of arthritis in mice treated with dexamethasone
Daily injection of dexamethasone (0.5 mg/kg) from week
12 onwards did not inhibit clinical incidence or severity
of spontaneous arthritis in male DBA/1 mice as com-
pared to placebo-treated mice (Figure 1A-B). As the clin-
ical evaluation of this model can not distinguish
inflammatory and remodeling features, histomorphologi-
cal analysis was performed. We found no difference in
overall severity between dexamethasone-treated and con-
trol mice (Figure 1C). In addition, there was no signifi-
cant difference in pathological endochondral bone
formation between both groups (Figure 1D).
As expected dexamethasone treatment did signifi-

cantly affect mouse weight (Figure 2A) and total body
bone mineral content (Figure 2B), demonstrating that
local new bone formation leading to joint ankylosis can
occur simultaneously with systemic bone loss.

Control of inflammation by glucocorticoid treatment
Inflammation in the spontaneous arthritis model in
DBA/1 mice has been described previously as short-lived
and presenting as enthesitis or dactylitis. The process is
characterized by infiltration of mostly neutrophils and to
a lesser extent mononuclear inflammatory cells [13]. To
quantify inflammation in the paws in a dynamic way, ten
mice (four dexamethasone- and six placebo-treated) were
injected with 18F-FDG and uptake was measured by PET-
scan (Figure 3A). 18F-FDG has been shown to accumulate
in activated inflammatory cells (neutrophils and macro-
phages) and serves as a marker of inflammation [21].

Mice treated with dexamethasone showed significantly
lower tracer uptake at 15 weeks as compared to controls.
By week 20 uptake of the tracer was similar in both
groups (Figure 3B) and lower than at 15 weeks.

Presence of chemokines in SpAD
As neutrophils are the most common cells in the inflam-
matory reaction in this mouse model, we measured
expression of two chemokines (Cxcl1 and Gcp2) and
their receptors (Cxcr1 and Cxcr2), well-known mediators
of neutrophil migration to inflammatory sites, in male
DBA/1 mice at different time points (Figure 4A-D). Both
chemokines and their receptors are expressed in paws of
DBA/1 mice, with a proportion of the paws showing high
gene expression levels. The fold difference in gene
expression level of Cxcr1, Cxcr2, Cxcl1 and Gcp2
between the four paws with the highest level compared
to the four lowest levels was 5.0, 27.7, 7.2 and 2.5, respec-
tively at 12 weeks and 7.4, 6.3, 3.4 and 3.9 at 16 weeks. Of
note, clear clinical signs of disease in these mice were not
apparent corroborating our previous observations that
mild inflammatory changes in this model are not easily
detected by clinical observation only.

BMPs and chemokine upregulation
The entheseal stress hypothesis suggests that activation
of entheseal cells may be the initiating event in attracting
inflammatory cells [6]. Since earlier observation showed
that inhibition of BMP signaling in this model prevented
disease occurrence [15], we tested whether BMP2 could
induce neutrophil chemokines. Human progenitor cells
derived from either periost or bone marrow were stimu-
lated with different concentrations of BMP2 and treated
with 1 μM dexamethasone. Stimulation of hPDCs and
hBMCs resulted in a dose dependent increase of ID1, a
BMP target gene, and was not influenced by dexametha-
sone treatment (Figure 5A). Twenty-four hours of BMP2
stimulation induced the expression of GCP2 in hPDCs
and this induction was inhibited by dexamethasone (Fig-
ure 5B). A similar effect was suggested in hBMCs,
although the difference was not statistically significant.
CXCL1 was also significantly upregulated in hPDCs but
not in hBMCs (data not shown). Dexamethasone treat-
ment itself induced an increase in CXCL1 in vitro in both
hPDCs and hBMCs, but did not further stimulate or inhi-
bit the effect of BMP2.

Discussion
Patients who are suffering from AS show a remarkable
paradox in the skeleton. Inflammation appears associated
with osteoporosis of the trabecular bone, but also with
new bone formation occurring at the edges of the bone,
two contrasting features in close proximity. Targeted
therapies antagonizing TNF result in substantial clinical
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improvement, reduction of inflammation and inhibition
of bone loss in AS patients. In contrast, new bone forma-
tion leading to ankylosis does not appear to be inhibited
by anti-TNF therapy [7-10]. The entheseal stress hypoth-
esis challenges the paradigm that inflammation triggers
ankylosis and proposes a concept in which both inflam-
mation and new tissue formation in AS are secondary to
a common trigger, for example, cell stress or microdam-
age in the enthesis [6]. In the study presented here, glu-
cocorticoid treatment in mice developing spontaneous
arthritis characterized by ankylosing enthesitis appears to
affect inflammation without direct impact on joint remo-
deling. These observations parallel our earlier studies in
which we demonstrated that neither anti-TNF therapy
with etanercept nor osteoclast inhibition has a beneficial
effect on progression of ankylosis [7,14].
Glucocorticoid use does have a negative effect on bone

loss as demonstrated by DEXA analysis. Much like what is
seen in AS patients, loss and gain of bone appear simulta-
neously and in close proximity. This observation provides
support for the view that the molecular mechanisms of

ankylosis are disconnected from inflammation or bone
loss. These observations suggest that new bone formation
as seen in this model and also in patients with ankylosing
spondylitis is not dependent on the classical bone remo-
deling cycle essential for skeletal renewal and which is
affected in osteoporosis. Therefore, molecular mechanisms
leading to new bone formation and ankylosis are likely dif-
ferent from those guiding the physiological bone remodel-
ing cycle. Such a difference suggests that specific targeting
of ankylosis is feasible without necessarily interfering with
homeostatic bone remodeling.
We previously demonstrated that inhibition of BMP

signaling reduced the incidence and severity of sponta-
neous arthritis and ankylosis suggesting that BMP signals
are an upstream event in this mouse model [15]. Inflam-
mation in the spontaneous model is short-lived and the
clinical evaluation of the mice does not distinguish
between local joint swelling and redness caused by either
inflammation, cell proliferation or differentiation [13]. In
our experience, the inflammation phase of the model is
often discrete and not readily recognized during routine

Figure 1 Corticosteroid treatment does not affect clinical signs of spontaneous arthritis. (A) Cumulative incidence of arthritis and (B)
clinical severity score in dexamethasone-treated and control animals (n = 10 and 12 animals per group, respectively). (C) Dexamethasone
treatment does not affect histological severity of arthritis (ns: P = 0.2). Data in (B) and (C) are shown as mean ± SEM. (D) Effect of
dexamethasone treatment on different features of ankylosing enthesitis. Data in (D) are shown as percentage of affected paws exhibiting a
specific treat compared to the total number of affected paws. ns, nonsignificant; SEM, standard error of the mean.
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clinical examination of the mice. We, therefore, used 18F-
FDG PET scans to quantify inflammation in the model.
The lack of chronic inflammation is an intrinsic limita-
tion of this model, but the current observation that inhi-
bition of inflammation has no effect on ankylosis
corroborates our hypothesis that inflammation and new
tissue formation are largely independent events with a
potential common trigger.
Further experiments identified upregulation of neutro-

phil chemokines in the early phase of the model. Since
BMP inhibition was, in contrast to different anti-inflam-
matory strategies, capable of preventing clinical and his-
tomorphological signs of arthritis [15], we further

studied whether stromal cells could respond to BMPs by
upregulating specific chemokines. BMP-induced GCP2
expression occurred late after stimulation. No significant
GCP2 induction could be detected after an early time-
point (2-hour stimulation) as measured by gene expres-
sion analysis and ELISA by determination of GCP2 pro-
tein in the cell culture supernatant (data not shown).
Also, dexamethasone treatment did not affect BMP2
induced ID1 expression. Together, these results suggest
that the BMP-induced GCP2 expression is an indirect
effect.
Our data suggest that at least in this model activation

of the BMP signaling cascade can contribute to both
joint inflammation and remodeling (Figure 6). These
observations further corroborate the entheseal stress
hypothesis and provide support for a non-inflammatory

Figure 2 Dexamethasone treatment affects body weight and
whole body mineral content. (A) Body weights were measured
after two weeks of dexamethasone treatment. (B) Bone mineral
content was measured by DEXA at the end of the experiment (20
weeks). Data are shown as mean + SEM. (n = 12 control animals
and 10 dexamethasone-treated animals; * P < 0.05). DEXA, dual
energy X-ray absorptiometry; SEM, standard error of the mean.

Figure 3 Dexamethasone treatment influences the
inflammatory component of spontaneous arthritis as measured
by 18F-FDG PET scan. (A) Representative images of animals from
both treatment groups. The ‘toe’ area used for measurements is
indicated. (B) Standardized uptake values of the tracer
demonstrating a reduction in the uptake after dexamethasone
treatment at week 15. At week 20, the inflammatory component
has largely disappeared as seen in the control group. (n = 4 animals
in dexamethasone treated group and 6 control animals; * P < 0.05
dexamethasone treatment versus control group; # P < 0.05 week 20
versus week 15 in control group). 18F-FDG, 2-[18F]fluoro-2-deoxy-D-
glucose; PET, positron emission tomography.
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or non-specific primary cause of the arthritis with sub-
sequent involvement of both inflammation and remodel-
ing. In the specific entheseal micro-environment
complex feedback loops may exist in which TNF and
other cytokines stimulate the production BMP2. The
BMP2 promoter contains TNF responsive elements and
upregulation of BMP2 after TNF stimulation has been
demonstrated in different skeletal cell types [22,23].
Taking into account the broad immune-modulating

properties of glucocorticoids, we can not assume that
the presented interaction with BMP-induced chemokine
induction is the only or the main mechanism by which
dexamethasone treatment affects the inflammatory dis-
ease of the mouse model. Nevertheless, the observed
gene regulation provides an exciting link between signal-
ing pathways involved in joint remodeling and signals

contributing to inflammation. Such interactions are of
great interest when a comprehensive or system-biology
view of arthritis is developed.
A number of limitations of the current study need to be

considered. First, we preferred to use human progenitor
cells instead of mouse cells. Dissection and isolation pro-
cedures in the mouse can affect cell purity and it is also
difficult to expand mouse periost derived cells into large
amounts. hPDCs are periosteum derived progenitor cells
involved in bone development and postnatal repair pro-
cesses [19,24]. The periosteum, a fibrous tissue which
covers the bone surface, is known to participate in the
differentiation of chondrocytes and osteoblasts in frac-
ture healing [25]. Progenitor cells derived from the bone
marrow can be differentiated into osteoblasts and partici-
pate as well in bone fracture repair processes [26].

Figure 4 Quantitative PCR analysis of neutrophil chemokines and receptors in paws of male DBA/1 mice aged 12 and 16 weeks. The
expression levels of Cxcr1 (A), Cxcr2 (B), Cxcl1 (C) and Gcp2 (D) are shown. Y-axis displays gene expression values normalized to GAPDH and is
presented as log-scale (* 10-4). The average gene expression for each gene in both groups is presented by the horizontal line. PCR, polymerase
chain reaction.
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We preferred a broad non-specific anti-inflammatory
approach with glucocorticoids to target inflammation
in vivo rather than the inhibition of a specific chemo-
kine as the inflammatory events are likely driven by dif-
ferent chemokines. A number of small molecules
designed to inhibit chemokines are in clinical develop-
ment but the short-lived pharmacokinetics of such
molecules [27,28] are not suitable for the mouse model
used here as we demonstrated earlier for p38 inhibition
[29] and as suggested by human data using celecoxib in
ankylosing spondylitis [30]. Glucocorticoid treatment

allowed us to evaluate its effect on local bone formation
and systemic bone loss simultaneously.

Conclusions
This study highlights the paradoxical simultaneous loss
and gain of bone in a mouse model of AS and suggests
that BMPs may trigger both inflammation and ankylosis.
Further identification of factors that lead to the production
of BMPs in the enthesis appears, therefore, critical to
understand better the initiating events of the disease pro-
gress. Insights into these mechanisms based on functional

Figure 5 Gene expression analyses of ID1 and chemokines in human periosteal and bone marrow stromal cells. Cells were cultured for
24 hours in the presence or absence of BMP2 (3 or 30 ng/ml) and 1 μM dexamethasone. Y-axis displays gene expression levels of (A) ID1 and
(B) GCP2 normalized to housekeeping gene GAPDH. Values are expressed as fold increase relative to control condition (no BMP2, no
dexamethasone) and are presented as log scale (n = 3; * P < 0.05). BMP2, bone morphogenetic protein 2.
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and genomics studies may lead not only to the develop-
ment of new therapeutic approaches to control and
improve AS and related disorders but also to avoid radio-
graphic progression.

Abbreviations
AS: ankylosing spondylitis; BMP: bone morphogenetic protein; CXCL1:
chemokine (C-X-C motif) ligand 1; CXCR1: chemokine (C-X-C motif) receptor
1; CXCR2: chemokine (C-X-C motif) receptor 2; DEXA: dual energy X-ray
absorptiometry; ELISA: enzyme-linked immunosorbent assay; 18F-FDG: 2-[18F]
fluoro-2-deoxy-D-glucose; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; GCP2: granulocyte chemotactic protein 2; hBMCs: human
bone marrow cells; hPDCs: human periosteum-derived cells; ID1: inhibitor of
DNA binding 1; PBS: phosphate buffered saline; PET: positron emission
tomography; RT-PCR: reverse transcriptase-polymerase chain reaction; SpA:
spondyloarthritides; TNF: tumor necrosis factor.

Acknowledgements
This work was supported by a GOA grant from KULeuven, FWO grant
G.0213.07 and a Center of Excellence KULeuven grant to the Molecular Small
Animal Imaging Center (MoSAIC). KB is the recipient of a PhD fellowship
from the Institute for Science and Technology (IWT Vlaanderen). The authors
wish to thank Mrs. Inge Derese, Ann Hens, Lies Storms, and Jenny Peeters at
the Rheumatology laboratory and Mr. Peter Vermaelen at MoSAIC Leuven
for technical assistance with this study.

Author details
1Laboratory for Skeletal Development and Joint Disorders, Department of
Development and Regeneration, KU Leuven, Herestraat 49, Leuven, 3000,
Belgium. 2Division of Rheumatology, University Hospitals Leuven, Herestraat
49, Leuven, 3000, Belgium. 3Division of Nuclear Medicine, University Hospitals
and KU Leuven, Herestraat 49, Leuven, 3000, Belgium.

Authors’ contributions
KB, FL and RL participated in the design of the study. Experiments were
performed by KB. CMD participated in the analysis of PET scan data. The
manuscript was drafted by KB and was commented on and revised by RL,

FL and CMD. All authors read and approved the final manuscript for
publication.

Competing interests
KU Leuven holds a patent on behalf of FL and RL on the use of noggin for
the treatment of spondyloarthritis. The other authors declare that they have
no competing interests.

Received: 2 December 2011 Revised: 10 February 2012
Accepted: 12 March 2012 Published: 12 March 2012

References
1. Helmick CG, Felson DT, Lawrence RC, Gabriel S, Hirsch R, Kwoh CK,

Liang MH, Kremers HM, Mayes MD, Merkel PA, Pillemer SR, Reveille JD,
Stone JH, National Arthritis Data Workgroup: Estimates of the prevalence
of arthritis and other rheumatic conditions in the United States: Part I.
Arthritis Rheum 2008, 58:15-25.

2. Braun J, Sieper J: Ankylosing spondylitis. The Lancet 2007, 369:1379-1390.
3. Machado P, Landewé R, Braun J, Hermann K-GA, Baker D, van der Heijde D:

Both structural damage and inflammation of the spine contribute to
impairment of spinal mobility in patients with ankylosing spondylitis.
Ann Rheum Dis 2010, 69:1465-1470.

4. Roux C: Osteoporosis in inflammatory joint diseases. Osteoporos Int 2011,
22:421-433.

5. Carter S, Lories R: Osteoporosis: a paradox in ankylosing spondylitis.
Current Osteoporosis Rep 2011, 9:112-115.

6. Lories R, Luyten F, de Vlam K: Progress in spondylarthritis. Mechanisms of
new bone formation in spondyloarthritis. Arthritis Res Ther 2009, 11:221.

7. Lories RJU, Derese I, de Bari C, Luyten FP: Evidence for uncoupling of
inflammation and joint remodeling in a mouse model of
spondylarthritis. Arthritis Rheum 2007, 56:489-497.

8. van der Heijde D, Landewé R, Baraliakos X, Houben H, Tubergen Av,
Williamson P, Xu W, Baker D, Goldstein N, Braun J: Radiographic findings
following two years of infliximab therapy in patients with ankylosing
spondylitis. Arthritis Rheum 2008, 58:3063-3070.

9. van der Heijde D, Landewé R, Einstein S, Ory P, Vosse D, Ni L, Lin SL,
Tsuji W, Davis JC: Radiographic progression of ankylosing spondylitis
after up to two years of treatment with etanercept. Arthritis Rheum 2008,
58:1324-1331.

Figure 6 A model for the dual role of BMPs in the entheseal stress hypothesis. As a reaction to local stress (damage, strain, and so on}
BMP signaling can contribute to inflammation and ankylosis. Joint inflammation in the DBA/1 model is characterized by the presence of
neutrophils which are attracted by BMP-induced chemokines. BMP-triggering of entheseal progenitor cells leads to new tissue formation and
ankylosis in a complex cascade with multiple feedback mechanisms involving different molecular cascades. Pro-inflammatory cytokines such as
TNF are known to stimulate BMPs in mesenchymal cell types and could provide another feedback system. Entheseal cell stress may also trigger
other cascades leading to inflammation and tissue differentiation. BMP, bone morphogenetic protein; TNF, tumor necrosis factor.

Braem et al. Arthritis Research & Therapy 2012, 14:R59
http://arthritis-research.com/content/14/2/R59

Page 8 of 9

http://www.ncbi.nlm.nih.gov/pubmed/18163481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18163481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20498215?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20498215?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21574050?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19439035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19439035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17265484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17265484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17265484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18821688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18821688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18821688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18438853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18438853?dopt=Abstract


10. van der Heijde D, Salonen D, Weissman B, Landewe R, Maksymowych W,
Kupper H, Ballal S, Gibson E, Wong R, Canadian (M03-606) study group,
ATLAS study group: Assessment of radiographic progression in the
spines of patients with ankylosing spondylitis treated with adalimumab
for up to 2 years. Arthritis Res Ther 2009, 11:R127.

11. Sieper J, Appel H, Braun J, Rudwaleit M: Critical appraisal of assessment of
structural damage in ankylosing spondylitis: implications for treatment
outcomes. Arthritis Rheum 2008, 58:649-656.

12. Lories RJU, de Vlam K, Luyten FP: Are current available therapies disease-
modifying in spondyloarthritis? Best Pract Res Clin Rheumatol 2010,
24:625-635.

13. Lories RJU, Matthys P, de Vlam K, Derese I, Luyten FP: Ankylosing
enthesitis, dactylitis, and onychoperiostitis in male DBA/1 mice: a model
of psoriatic arthritis. Ann Rheum Dis 2004, 63:595-598.

14. Lories RJU, Derese I, Luyten FP: Inhibition of osteoclasts does not prevent
joint ankylosis in a mouse model of spondyloarthritis. Rheumatology
(Oxford) 2008, 47:605-608.

15. Lories RJU, Derese I, Luyten FP: Modulation of bone morphogenetic
protein signaling inhibits the onset and progression of ankylosing
enthesitis. J Clin Invest 2005, 115:1571-1579.

16. Corthay A, Hansson A-S, Holmdahl R: T lymphocytes are not required for
the spontaneous development of entheseal ossification leading to
marginal ankylosis in the DBA/1 mouse. Arthritis Rheum 2000, 43:844-851.

17. Loening A, Gambhir S: AMIDE: a free software tool for multimodality
medical image analysis. Mol Imaging 2003, 2:131-137.

18. Lories RJU, Peeters J, Bakker A, Tylzanowski P, Derese I, Schrooten J,
Thomas JT, Luyten FP: Articular cartilage and biomechanical properties of
the long bones in Frzb-knockout mice. Arthritis Rheum 2007,
56:4095-4103.

19. Roberts SJ, Geris L, Kerckhofs G, Desmet E, Schrooten J, Luyten FP: The
combined bone forming capacity of human periosteal derived cells and
calcium phosphates. Biomaterials 2011, 32:4393-4405.

20. Chuah MKL, Van Damme A, Zwinnen H, Goovaerts I, Vanslembrouck V,
Collen D, Vandendriessche T: Long-term persistence of human bone
marrow stromal cells transduced with factor VIII-retroviral vectors and
transient production of therapeutic levels of human factor VIII in
nonmyeloablated immunodeficient mice. Hum Gene Ther 2000,
11:729-738.

21. Kaim AH, Weber B, Kurrer MO, Gottschalk J, von Schulthess GK, Buck A:
Autoradiographic quantification of 18F-FDG uptake in experimental soft-
tissue abscesses in rats. Radiology 2002, 223:446-451.

22. Fukui N, Ikeda Y, Ohnuki T, Hikita A, Tanaka S, Yamane S, Suzuki R,
Sandell LJ, Ochi T: Pro-inflammatory cytokine tumor necrosis factor-α
induces bone morphogenetic protein-2 in chondrocytes via mRNA
stabilization and transcriptional up-regulation. J Biol Chem 2006,
281:27229-27241.

23. Lories RJU, Derese I, Ceuppens JL, Luyten FP: Bone morphogenetic
proteins 2 and 6, expressed in arthritic synovium, are regulated by
proinflammatory cytokines and differentially modulate fibroblast-like
synoviocyte apoptosis. Arthritis Rheum 2003, 48:2807-2818.

24. Eyckmans J, Luyten FP: Species specificity of ectopic bone formation
using periosteum-derived mesenchymal progenitor cells. Tissue Eng 2006,
12:2203-2213.

25. Colnot C: Skeletal cell fate decisions within periosteum and bone
marrow during bone regeneration. J Bone Miner Res 2009, 24:274-282.

26. Taguchi K, Ogawa R, Migita M, Hanawa H, Ito H, Orimo H: The role of bone
marrow-derived cells in bone fracture repair in a green fluorescent
protein chimeric mouse model. Biochem Biophys Res Commun 2005,
331:31-36.

27. Haringman JJ, Kraan MC, Smeets TJM, Zwinderman KH, Tak PP: Chemokine
blockade and chronic inflammatory disease: proof of concept in patients
with rheumatoid arthritis. Ann Rheum Dis 2003, 62:715-721.

28. Vieira AT, Fagundes CT, Alessandri AL, Castor MG, Guabiraba R, Borges VO,
Silveira KD, Vieira EL, Gonçalves JL, Silva TA, Deruaz M, EI Proudfoot A,
Sousa LP, Teixeira MM: Treatment with a novel chemokine-binding
protein or eosinophil lineage-ablation protects mice from experimental
colitis. Am J Pathol 2009, 175:2382-2391.

29. Braem K, Luyten FP, Lories RJ: Blocking p38 signaling inhibits
chondrogenesis in vitro, but not ankylosis in a model of ankylosing
spondylitis in vivo. Ann Rheum Dis 2011, doi:10.1136/annrheumdis-2011-
200377.

30. Wanders A, Heijde Dvd, Landewé R, Béhier J-M, Calin A, Olivieri I, Zeidler H,
Dougados M: Nonsteroidal antiinflammatory drugs reduce radiographic
progression in patients with ankylosing spondylitis: A randomized
clinical trial. Arthritis Rheum 2005, 52:1756-1765.

doi:10.1186/ar3772
Cite this article as: Braem et al.: Inhibition of inflammation but not
ankylosis by glucocorticoids in mice: further evidence for the entheseal
stress hypothesis. Arthritis Research & Therapy 2012 14:R59.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Braem et al. Arthritis Research & Therapy 2012, 14:R59
http://arthritis-research.com/content/14/2/R59

Page 9 of 9

http://www.ncbi.nlm.nih.gov/pubmed/19703304?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19703304?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19703304?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18311819?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18311819?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18311819?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21035084?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21035084?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15082495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15082495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15082495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15902307?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15902307?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15902307?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10765929?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10765929?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10765929?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14649056?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14649056?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18050203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18050203?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21421268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21421268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21421268?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10757352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10757352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10757352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10757352?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11997551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11997551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16835229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16835229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16835229?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14558086?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14558086?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14558086?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14558086?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16968161?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16968161?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18847330?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18847330?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15845353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15845353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15845353?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12860725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12860725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12860725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19893035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19893035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19893035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15934081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15934081?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15934081?dopt=Abstract

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animal experiments
	Imaging studies: small animal Positron Emission Tomography (PET) imaging and Dual Energy X-ray Absorptiometry (DEXA)
	Cell culture
	RNA isolation and Real-Time RT-polymerase chain reaction (PCR)
	Statistical analysis

	Results
	Severity of arthritis in mice treated with dexamethasone
	Control of inflammation by glucocorticoid treatment
	Presence of chemokines in SpAD
	BMPs and chemokine upregulation

	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


