
Osteoarthritis and Cartilage 27 (2019) 1518e1525
Clinical Trial
Disruption of glucocorticoid signalling in osteoblasts attenuates
age-related surgically induced osteoarthritis

J. Tu y z a, P. Zhang y x a, Z. Ji y k a, H. Henneicke y ¶#, J. Li y yy, S. Kim y z, M.M. Swarbrick y z,
Y. Wu x, C.B. Little zz, M.J. Seibel y z xx, H. Zhou y z *

y Bone Research Program, ANZAC Research Institute, The University of Sydeney, Sydney, NSW, Australia
z Concord Clinical School, The University of Sydney, Sydney, NSW, Australia
x Department of Acupuncture, Tuina and Traumatology, The Sixth People's Hospital Affiliated to Shanghai Jiaotong University, Shanghai, China
k Department of Orthopaedics, The First Affiliated Hospital of Xi'an Jiaotong University, Xi'an, Shaanxi, China
¶ Department of Medicine III & Center for Healthy Aging, Technische University Dresden Medical Center, Dresden, Germany
# Center for Regenerative Therapies Dresden, Technische University, Dresden, Germany
yy Key Laboratory for Space Bioscience & Biotechnology, Institute of Special Environmental Biophysics, School of Life Sciences, Northwestern Polytechnical
University, Shaanxi, China
zz Raymond Purves Laboratories, Kolling Institute and Institute of Bone and Joint Research, The University of Sydney, Royal North Shore Hospital, St.
Leonards, NSW, Australia
xx Department of Endocrinology & Metabolism, Concord Hospital, Sydney, NSW, Australia
a r t i c l e i n f o

Article history:
Received 17 December 2018
Accepted 27 April 2019

Keywords:
Glucocorticoids
Osteoarthritis
Osteoblasts
Osteocytes
DMM
* Address correspondence and reprint requests to:
NSW 2139, Australia. Tel: 61-2 9767-9100; fax: 61-2

E-mail addresses: jinwen.tu@sydney.edu.au (J. T
lijingbao@nwpu.edu.cn (J. Li), sarah.kim1@sydney.edu
sydney.edu.au (C.B. Little), markus.seibel@sydney.edu

a These three authors contributed equally.

https://doi.org/10.1016/j.joca.2019.04.019
1063-4584/© 2019 Osteoarthritis Research Society In
s u m m a r y

Objective: Aging is a major risk factor for osteoarthritis (OA). Skeletal expression and activity of the
glucocorticoid-activating enzyme 11b-hydroxysteroid-dehydrogenase type 1 increases progressively
with age in humans and rodents. Here we investigated the role of endogenous osteocytic and osteo-
blastic glucocorticoid (GC) signalling in the development of osteoarthritic bone and cartilage damage in
mice.
Methods: We utilized transgenic (tg) mice in which glucocorticoid signalling is disrupted in osteoblasts
and osteocytes via overexpression of the glucocorticoid-inactivating enzyme, 11b-hydroxysteroid-de-
hydrogenase type 2. Osteoarthritis was induced in 10- and 22-week-old male transgenic mice (tg-OA,
n ¼ 6/group) and their wildtype littermates (WT-OA, n ¼ 7e8/group) by surgical destabilization
of the medial meniscus (DMM). Sham-operated mice served as controls (WT- & tg-Sham, n ¼ 3e5 and 6
e8/group at 10- and 22-weeks of age, respectively).
Results: Sixteen weeks after DMM surgery, mice developed features of cartilage degradation, sub-
chondral bone sclerosis and osteophyte formation. These changes did not differ between WT and tg mice
when OA was induced at 10-weeks of age. However, when OA was induced at 22-weeks of age, cartilage
erosion was significantly attenuated in tg-OA mice compared to WT-OA littermates. Similarly, sub-
chondral bone volume (�5.2%, 95% confidence intervals (CI) -9.1 to �1.2%, P ¼ 0.014) and osteophyte size
(�4.0 mm2, 95% CI -7.5 to �0.5 mm2, P ¼ 0.029) were significantly reduced in tg-OA compared to WT-OA
mice.
Conclusion: Glucocorticoid signalling in cells of the osteoblast lineage promotes the development of
surgically-induced osteoarthritis in older, but not younger, male mice. These data implicate osteoblasts
and osteocytes in the progression of DMM-OA, via a glucocorticoid-dependent and age-related pathway.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Osteoarthritis (OA) is a common chronic condition, with age as
one the major risk factors1,2. In line with the aging world popula-
tion, the prevalence of OA has increased across all ethnicities. The
physical health as well as social consequences of OA account for a
large proportion of health care expenditure worldwide. This indi-
vidual and societal socioeconomic burden is accentuated by a lack
of effective non-surgical treatments for OA. Thus, symptomatic
therapies, including oral or transdermal analgesics or intra-
articular injections of glucocorticoids have limited long-term
efficacy. More importantly, there are currently no medical in-
terventions that effectively prevent or delay the development of
progressive OA structural damage. While intra-articular injections
of glucocorticoids at pharmacological doses are commonly used for
pain relief and to control inflammation3e7, the role of endogenous
glucocorticoids in the pathogenesis of OA is unknown.

Glucocorticoid actions in cells and tissues depend not only on
plasma hormone concentrations and receptor expression, but also
on local glucocorticoid metabolism within target cells. This ‘pre-
receptor’ regulation of glucocorticoid availability is determined by
the interconversion of hormonally active and inactive ligands by
two 11b-hydroxysteroid dehydrogenase (11bHSD) isoenzymes8.
Thus, 11bHSD1 type 1 (11bHSD1) catalyses the conversion of
inactive cortisone (in humans) and 11-dehydrocorticosterone
(in rodents) to active cortisol and corticosterone, respectively.
Stimulation of 11bHSD1 activity therefore leads to increased
intracellular levels of active glucocorticoids. Conversely, 11bHSD
type 2 (11bHSD2) inactivates cortisol & corticosterone, and thus
decreases the intracellular availability of active glucocorticoids8.
While 11bHSD1 is expressed widely, including in osteoblasts, adi-
pocytes and hepatocytes, 11bHSD2 is only expressed in mineralo-
corticoid target tissues, such as the kidney, and is not normally
present in murine bone cells9,10.

Interestingly, 11bHSD1 expression and activity increases pro-
gressively in osteoblasts with increasing age in both humans and
rodents. As a result, the local activation of endogenous glucocorti-
coids in bone increases significantly with age11,12. Allelic variants of
Hsd11b1 (the gene for 11bHSD1) that are associated with low
11bHSD1 activity have been linked to increased bone density and
reduced fracture risk in humans13. However, it is not clear if the
cellular metabolism of endogenous glucocorticoid in osteoblasts
and osteocytes modulates OA progression.

To address this question, wemade use of a transgenic (tg) mouse
model in which expression of the glucocorticoid inactivating
enzyme, 11b-hydroxysteroid-dehydrogenase type 2 (11bHSD2), has
been targeted exclusively to osteoblasts and osteocytes, using a
2.3 kb collagen type Ia1 promoter (Col2.3-11bHSD2 tg mice). Tar-
geted overexpression of 11bHSD2 represents a highly specific
means of disrupting glucocorticoid signalling in osteoblasts and
osteocytes. Using the destabilization of the medial meniscus
(DMM) surgical mouse model of osteoarthritis, the current study
aims to investigate the role of age-associated changes in endoge-
nous glucocorticoid signalling in osteoblasts and osteocytes in
osteoarthritis.

Materials and methods

Transgenic mouse model

Col2.3-11bHSD2 tg mice were generated in a CD1 background as
described previously9 and were a gift from Dr Barbara Kream
(University of Connecticut, USA). Mice were maintained at the
animal facilities of the ANZAC Research Institute, Sydney, in
accordance with institutional Animal Welfare Guidelines and all
in vivo study procedures were approved by the Sydney Local Health
District Animal Welfare Committee.

Mouse osteoarthritis model

Individual male wild-type (WT) and Col2.3-11bHSD2 tg (tg)
littermates were assigned to experimental groups (sham, OA) using
the random number generating function in Microsoft Excel. Oste-
oarthritis (OA) was induced in 10- and 22-week-old mice litter-
mates by DMM of the right knee14. Briefly, the anterior fat pad was
dissected to expose the anterior medial menisco-tibial ligament,
which was then severed. The knee was flushed with saline and the
incision closed (n ¼ 6e8/group). Mice were anaesthetized by
inhalation of isoflurane (3% induction and 2% maintenance) in 1L/
min oxygen during surgery. The mice were fully mobile within
3 min following withdrawal of isoflurane. Joints subjected to sham-
operation (capsulotomyonly, n¼ 3e8/group)were used as controls.
Only male mice were used to avoid sex-related differences in dis-
ease severity15. Miceweremaintained in their pre-operative groups
(2e5/cage) and allowed unrestricted cage exercise. For both age
groups, mice were humanely killed 16 weeks post-surgery.

Tissue collection and micro-CT

After harvesting, knee joints were dissected and fixed in 4%
paraformaldehyde/PBS. Micro-CT analyses were performed using a
Skyscan 1,172 scanner (SkyScan, Kontich, Belgium) as previously
described16. The tibiae were positioned firmly into place with
low-density foam in a sample holder topped with PBS. Scanning
was performed at 60 keV, 167 mA, 1,475 ms without using a filter. In
total, approximately 1,300 projections were collected at a resolu-
tion of 7.59 mmper pixel. Reconstruction of sections was performed
using GPU Accelerated NRecon software (SkyScan, Kontich,
Belgium). After reconstruction, samples were analysed using CTAn
software (CTAn1.8, Skyscan). A region of interest (ROI) focusing on
the subchondral bone in the middle third of the medial tibial
plateau (MTP) was selected from the original reconstructed images.
Morphologic measurements of the ROI were performed and the
bone volume fraction (BV/TV) was obtained.

Histological scoring

Following micro-CT analysis, the knee joints were decalcified
with 10% EDTA and embedded in paraffinwith the patella down for
coronal sections. The entire knee joint was cut in serial sections of
5 mm thickness and every 5th and 6th slide was stained with
toluidine blue and Haematoxylin and Eosin (H&E), respectively.

Two observers (JT and CBL) blinded to genotype and treatment
group scored cartilage aggrecan loss and structural damage of all
four quadrants of the knee joint, i.e., the medial and lateral femoral
condyles (LFC), and the medial and lateral tibial plateaus (LTP).
Scoring was performed in multiple sections throughout the joint
according to the OARSI histopathology initiative recommendations
for the mouse17, as follows: 0, normal; 0.5, loss of toluidine blue
without structural changes; 1, small fibrillations without loss of
cartilage; 2, vertical clefts down to the layer immediately below the
superficial layer and loss of surface lamina; 3, vertical clefts/erosion
to the calcified cartilage extending to <25% of the articular surface;
4, vertical clefts/erosion to the calcified cartilage extending to
25e50% of the articular surface; 5, vertical clefts/erosion to the
calcified cartilage extending to 50e75% of the articular surface; 6,
vertical clefts/erosion to the calcified cartilage extending >75% of
the articular surface.

The maturity of osteophytes formed in the MTP was scored as
follows: 0, none; 1, predominantly cartilaginous; 2, mixed cartilage
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and bone with active vascular invasion and endochondral ossifi-
cation; 3, predominantly bone.

Subchondral bone sclerosis of the MTP area and synovitis
activity in the medial joints (pannus, bone invasion, synovial hy-
pertrophy, sub-synovial cell infiltrate and exudate) were scored as
follows: 0, normal; 1, mild; 2, moderate; 3, severe.

All scoring was done on coded digital images in each animal,
with the maximal score recorded. The scores generated indepen-
dently by the two observers had a concordance rate of 82%. The
scores were averaged and used as the final score. Kappa statistics
for each of the following variables were: for MTP score,
kappa ¼ 0.458, SE ¼ 0.098, P < 0.0001; for medial femoral condyle
(MFC) score, kappa ¼ 0.331, SE ¼ 0.091, P < 0.0001; for LTP score,
kappa¼ 0.147, SE ¼ 0.090, P¼ 0.112; for LFC score, kappa ¼�0.075,
SE ¼ 0.109, P ¼ 0.482; and for osteophyte maturity, kappa ¼ 0.559,
SE ¼ 0.133, P < 0.0001.

Histomorphometric analysis

Subchondral bone volume and osteophyte size were measured
by histomorphometric analysis using OsteoMeasure XP Version
1.01 (OsteoMetrics. Inc, Atlanta, GA, USA). Three consistent levels of
sections from each knee joint were chosen to present anterior,
middle and posterior levels of MTP area. Subchondral bone volume
and osteophyte size were measured and averaged for each animal.

Immunohistochemistry

Immunolocalization of rat 11bHSD2 transgene was performed
on 5 mmparaffin sections using a polyclonal rabbit anti-rat 11bHSD2
primary antibody (RAH23), at concentration of 1 g/ml9,10,18 after
heat-induced citrate buffer antigen retrieval10. A biotinylated goat
anti-rabbit secondary antibody (1:150 dilution) in combination
with the ABC kit and DAB substrate (Vector Laboratories, CA, USA)
were used. Samples were counterstainedwith Harris haematoxylin.

Quantitative RT-PCR

Total RNA was extracted from the tibiae of 2, 6 and 12 months
old WT and tg male mice. Bone marrow was flushed from the tibia
prior to isolation using Trizol (Invitrogen, Carlsbad, CA, USA) fol-
lowed by an on-column RNA clean up (NucleoSpin RNA Kit,
Machery-Nagel, Düren, Germany). cDNA was generated from RNA
samples using SuperScript III (Invitrogen). Real-time PCR was per-
formed for the determination of changes in the expression of 11b-
HSD1 (F: 50-GGAGCCGCACTTATCTGAA-3’; R: 50-GACCTGGCAGT-
CAATACCA-30) and glucocorticoid receptor (F: 50-GTTCATGGCGT-
GAGTACCTC-3’; R: 50-AGAGTTTGGGAGGTGGTCC-30). 18S (F: 50-
CATGATTAAGAGGGACGGC-3’; R: 50-TTCAGCTTTGCAACCATACTC-30)
was used for normalisation and analysis was performed using the
comparative Ct method.

Statistical analysis

All analyses were performed and graphically presented using
GraphPad Prism 7 software (GraphPad Software Inc., La Jolla, CA,
USA) and SPSS v.22 (IBM Corporation, New York, NY, USA). A priori
sample size power calculations based on unbiased, continuous
variables (e.g., BV/TV%) in wild-type mice indicated the following:
assuming amean BV/TV (%) of 78.9 ± 5.2 (mean ± SD), a sample size
of sevenmice per groupwould provide us with 80% power to detect
a difference of 10% in BV/TV (%) between groups, with a two-sided
a ¼ 0.05. It was not possible for us to perform equivalent power
calculations based on histological scores, as they are ordinal
variables.
Prior to analysis, the distributions of continuous variables were
checked for normality by analysis of QeQ plots. To examine the
relationships between skeletal Hsd11b1 mRNA expression, age and
genotype, we used a General Linear Model. Log2-transformed
skeletal Hsd11b1 mRNA expression was included as the dependent
variable, age was included as a fixed factor (coded as three levels,
2M, 6M and 12M), and genotype was included as a dichotomous
covariate (WT, tg). The effects of age, genotype and age � genotype
interactions on skeletal mRNA expression were reported. This
analysis was also performed for skeletal Nc3r1 (glucocorticoid re-
ceptor) mRNA, which was normally distributed.

Histopathology scores between groupswere analysed using non-
parametric ranked ManneWhitney tests. When continuous vari-
ables (BV/TV (%) and osteophyte size) were normally distributed,
differences between genotypes were compared using unpaired
Student's t-tests. In all cases, a two-tailed P < 0.05 was significant.
Unless stated otherwise, data is presented asmean± 95% confidence
intervals (CI).
Results

Expression of 11bHSD1 in bone increase with age in mice

We firstly examined the mRNA expression levels of Hsd11b1,
encoding 11bHSD1, the glucocorticoid-activating enzyme, in bones
obtained from young and aged WT and Col2.3-11bHSD2 transgenic
mice. Similar to previous findings11,12, we observed a significant
age-related increase (95% CI of difference between 2 and 12
months: 2.27- to 8.49-fold) in skeletal Hsd11b1 mRNA expression,
independent of genotype (95% CI of difference between wild-type
and tg mice: 0.67- to 2.75-fold, Fig. 1(A)). This model explained
~65% of the variation in skeletal Hsd11b1 expression, and there was
no significant age � genotype interaction. In contrast, the expres-
sion of glucocorticoid receptor (Nr3c1) mRNA was maintained at
similar levels in bone during aging (95% CI of difference between 2
and 12 months: 0.15- to 1.19-fold, relative to 2 month-old mice),
although there was a significant effect of genotype, with lower
expression overall in tg mice (95% CI of difference: 0.08e0.67-fold
of wild-type). 11bHSD2 transgene expressions in knee joints
following DMM were also determined by immunohistochemistry.
11bHSD2 was exclusively expressed in bone cells of subchondral
bone at similar levels in both age groups of the tg mice, but not
detectable in chondrocytes of articular cartilage [Fig. 1(C)].
Surgically induced osteoarthritis in 10-week-old mice

Sixteen weeks after DMM surgery, both WT and tg mice
developed proteoglycan loss and cartilage structural damage in the
MFC and MTP, with more severe cartilage degradation observed in
the MTP [Fig. 2(A)e(C)]. In contrast, there was little change seen in
cartilage of the LFC or LTP [Fig. 2(A)]. Subchondral bone sclerosis
was observed in the MTP of both WT- and tg-OA mice, as evaluated
by micro-CT analysis [Fig. 2(D)]. In addition, the MTP of both WT-
and tg-OA joints displayed osteophyte formation. Notably, in these
younger animals, differences in cartilage degradation, subchondral
bone changes and osteophyte formation between WT and tg mice
were not significant. Mean differences (and their 95% confidence
intervals) were as follows: for MFC, mean difference in OA ¼ 0.10
(�1.91 to 2.11); for MTP, mean difference in OA ¼ 0.003 (�1.008 to
1.014); for subchondral bone of MTP, mean difference in OA¼ 0.981
(�4.238 to 6.201); for osteophyte size, mean difference in
OA ¼ �0.34 mm2 (�6.82e6.14 mm2); and for osteophyte maturity
score, mean difference in OA ¼ 0.25 (�0.34 to 0.84). These results
are shown in Fig. 2(B)e(F).



Fig. 1. Age-associated expression of 11®-HSD1, GR and 11®-HSD2. A-B, Gene expression analysis of Hsd11b1 (encoding 11®-HSD1) and Nr3c1 (encoding GR) of the bone shafts of
the tibiae harvested from 2, 6 and 12 months WT and tg male mice. Genes of interest have been normalised with a housekeeper (18S) and expressed relative to 2MWT mice. Scatter
plots display values for each mouse and mean (horizontal bar) ± 95% confidence intervals (CI). For skeletal Hsd11b1 mRNA, the effect of age was significant (F(2,21) ¼ 19.469,
p < 0.0001), but the effect of genotype was not (F(1,21) ¼ 3.882, p ¼ 0.064). For skeletal Nr3c1 mRNA expression, the effect of genotype was significant (F(1,25) ¼ 7.394, p ¼ 0.013), but
the effect of age was not (F(2,25) ¼ 2.247, p ¼ 0.13). C, Expression of 11bHSD2 transgene in WT- and tg-OA joints of 10-week and 22-week detected by immunohistochemistry
staining. Scale bars, 500 mm.
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Surgically-induced osteoarthritis in 22-week-old mice

When DMM surgery was conducted in 22-week-old WT and tg
mice, the cartilage erosion, subchondral bone sclerosis and osteo-
phytosis were clearly observed 16 weeks post-surgery.
Cartilage damage
In contrast to mice operated at 10 weeks of age (Fig. 2), pro-

teoglycan loss and cartilage structural damage in mice undergoing
DMM at 22 weeks of age developed to the same extent in the MFC
and MTP in OA mice [Fig. 3(A)e(C)]. However, while vertical clefts
and erosion extended to the calcified cartilage layer and included
>75% of the articular surface in WT mice [Fig. 3(A)e(C)], this was
significantly attenuated in tg-OA mice (in the MFC (P ¼ 0.008) but
not MTP (P ¼ 0.10); [Fig. 3(A)e(C)]. Similar to mice having surgery
at 10 weeks, there was no significant cartilage damage observed in
the LFC (P¼ 0.26) or LTP (P¼ 0.46) of WTor tg mice [Fig. 3(D)&(E)].
These results indicate that disruption of skeletal glucocorticoid
signalling protects the older mice from DMM-induced cartilage
damage.
Subchondral bone sclerosis
The middle third of the subchondral bone of the MTP was

selected as the ROI for micro-CT analysis [Fig. 4(A)]. When
compared with WT-OA mice, subchondral bone sclerosis was
significantly attenuated in tg-OA mice, in which glucocorticoid
signalling was disrupted in the cells of the osteoblast lineage
[Figs. 4(C) and 95% CI of the difference: �0.37 to �10.07%,
P ¼ 0.014]. Similar results were obtained by histomorphometric
analysis of the same ROI of the MTP [Fig. 4(B)], with the sub-
chondral bone volume reduced in tg-OA compared to WT-OA mice
[Fig. 4(D), P ¼ 0.007]. This difference was statistically significant
when specimens were evaluated by quantitative analysis, but not
when subchondral bone sclerosis was assessed using a semi-
quantitative histological score (Fig. 4(E), P ¼ 0.58), despite the
pattern between group differences being similar to that seen with
micro-CT [Fig. 4(C)].
Osteophyte formation
Osteophytes developed on the anterior-medial aspect of the

tibial plateau following DMM surgery and were significantly
smaller (95% CI of the difference: �1.28 to �6.69 mm2, P ¼ 0.029)
and more mature (P ¼ 0.021) in tg-OA than in WT-OA mice
[Fig. 5(A)e(C)].
Synovial activity
Despite the severe osteoarthritic changes observed in both

cartilage and subchondral bone, DMM surgery resulted in only mild
synovitis in both genotypes, compared to sham-operated mice
[Fig. 6(A)]. Pannus (P ¼ 0.23), bone erosion (P ¼ 0.59), synovial
hypertrophy (P ¼ 0.73) and sub-synovial cell infiltrates (P ¼ 0.46)



Fig. 2. Destabilization of themedialmeniscus (DMM) conducted in 10-week-oldmice: joint pathology 16weeks post-surgery. A, Toluidine blue/Fast green stained representative
sections of knee joints from sham-operated (“sham”) joints and aftermedial meniscus destabilization (DMM) induced osteoarthritis (“OA”) inWTand tgmice. Scale bars, 500 mm.B&C,
Histological score of cartilage aggrecan loss and structural damage in medial femoral condyle (MFC) (B) and medial tibial plateau (MTP) (C) of WT and tg mice. D, Micro-CT analysis of
the MTP subchondral bone volume (BV/TV) from sham and OA joints in WT and tg mice. E, Histomorphometric analysis of the size of osteophytes. F, Histological score of osteophyte
maturity.MFC,MTP, lateral femoral condyles (LFC) and lateral tibial plateau (LTP) are indicated in the sham joint section. Red arrows indicate sites of cartilage degradation. Scatter plots
display values for each mouse and mean (horizontal bar) ± 95% CI. Comparisons between groups connected by line with exact p values for each comparison above line.

Fig. 3. DMM conducted in 22-week-old mice: cartilage damage of the knee joints 16 weeks post-surgery. A, Toluidine blue stained representative sections of articular cartilage
from sham-operated (“sham”) joints and after medial meniscus destabilization induced osteoarthritis (“OA”) in WT and tg mice. Scale bars, 500 mm. B-E, Histological score of
cartilage aggrecan loss and structural damage in MFC, MTP, LFC and LTP of WT-sham, tg-sham, WT-OA and tg-OA mice. Red arrows indicate sites of cartilage degradation. Semi-
quantitative results are presented as mean ± 95% CI. Scatter plots display values for each mouse and mean (horizontal bar) ± 95% CI. Comparisons between groups connected by line
with exact p values for each comparison above line.
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Fig. 4. DMM conducted in 22-week-old mice: subchondral bone sclerosis on the anterior-medial aspect of the tibial plateau 16 weeks post-surgery. A, Representative
reconstructed images from micro-CT scan of sham-operated (“sham”) joints and after medial meniscus destabilization induced osteoarthritis (“OA”) in WT and tg mice. B, Toluidine
blue stained representative sections of MTP areas from Sham and OA joints in WT and tg mice. Scale bars, 500 mm. The rectangles indicate region of interest (ROI) for subchondral
bone analysis. C, Micro-CT analysis of the MTP subchondral bone volume (BV/TV) from Sham and OA joints in WT and tg mice. D, Histomorphometric analysis of the MTP sub-
chondral bone volume from Sham and OA joints in WT and tg mice. E, Histological score of MTP subchondral bone volume from sham and OA joints in WT and tg mice. Scatter plots
display values for each mouse and mean (horizontal bar) ± 95% CI. Comparisons between groups connected by line with exact p values for each comparison above line.

J. Tu et al. / Osteoarthritis and Cartilage 27 (2019) 1518e1525 1523
were not significantly different between WT- and tg-OA mice
[Fig. 6(B)e(E)].

Discussion

Our results indicate that disruption of endogenous glucocorti-
coid signalling in mature osteoblast and osteocytes attenuates the
Fig. 5. DMM conducted in 22-week-old mice: osteophyte formation on the anterior-m
representative sections of MTP areas from sham-operated (“sham”) joints and after medial
500 mm. B, Histomorphometric analysis of the size of osteophytes. C, Histological score of
values for each mouse and mean (horizontal bar) ± 95% CI. Comparisons between groups c
development of global joint pathology in OA, including cartilage
damage, subchondral bone sclerosis and osteophyte formation.
Importantly, disruption of endogenous glucocorticoid signalling in
osteoblasts and osteocytes resulted in attenuated joint pathology
only when DMM surgery was conducted in 22-week-old mice, but
not in 10-week-old mice. We and others11,12 have observed that
the skeletal expression of 11bHSD1, the enzyme that activates
edial aspect of the tibial plateau 16 weeks post-surgery. A, Toluidine blue stained
meniscus destabilization induced osteoarthritis (“OA”) in WT and tg mice. Scale bars,
osteophyte maturity. Red circles indicate the size of osteophytes. Scatter plots display
onnected by line with exact p values for each comparison above line.



Fig. 6. DMM conducted in 22-week-old mice: synovial activity of the joints 16 weeks post-surgery. A, Haematoxylin and eosin stained representative sections of sham-operated
(“sham”) joints and after medial meniscus destabilization induced osteoarthritis (“OA”) in WT and tg mice. Scale bars, 500 mm. B-E, Histological score of synovial activity around the
sham-operated (“Sham”) joints and after medial meniscus destabilization induced osteoarthritis (“OA”) in WT and tg mice. This score was focused on pannus (B), bone invasion (C),
synovial hypertrophy (D), and sub-synovial cell infiltrate (E). Scatter plots display values for each mouse and mean (horizontal bar) ± 95% CI. Comparisons between groups
connected by line with exact p values for each comparison above line.
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glucocorticoids, increases with age. These findings indicate that the
elevated skeletal activity of 11bHSD1 in aging mice leads to
increased local glucocorticoid generation, and that this age-
dependent enhancement in glucocorticoid signalling in cells of the
osteoblast lineage is critical to the development of DMM surgery-
induced OA.

In line with others’ findings19,20, we have also observed that
DMM surgery resulted in more severe cartilage loss, greater sub-
chondral bone thickening, and bigger osteophyte formation in
older mice (22 weeks at DMM surgery) compared to young mice
(10 weeks at DMM surgery) (Supp Fig. 1(A)e(C)). Thus, endogenous
glucocorticoid signalling in bone cells mediating the DMM-OA
development may not be only related to age but also to the
severity of lesions. A time point later than 16 weeks post-surgery in
young mice could potentially lead to more severe OA phenotypes,
and enable us to see the protective effects of the transgene, if
present. Of note, consistent with our previous studies10,21,22,
endogenous glucocorticoid signalling was only blocked in mature
osteoblasts and osteocytes in the tg mice, as 11bHSD2 was exclu-
sively expressed in bone cells of subchondral bone, but not in
chondrocytes of articular cartilage in both age groups [Fig. 1(C)].
Despite this, there was amelioration of cartilage, as well as bone
pathology following DMM in older mice, indicating that the cells of
the osteoblast lineage can regulate, or at least influence OA pro-
gression not only in subchondral bone sclerosis. Irrespective of the
molecular mechanisms, the age-specific effects of 11bHSD1 eleva-
tion highlights the importance of age when considering the results
of OA studies using animal models. The current study, as with
others that have used genetically-modifiedmice to study the role of
specific genes in OA23, indicates the functions of genes and path-
ways in the OA process may change with age and may be missed if
only young animals are used.

Our current study indicates that endogenous glucocorticoid
signalling in bone cells plays a role in mediating the adverse ef-
fects of DMM-OA development in aged mice. This raises the
question as to the appropriacy of the use of intra-articular
glucocorticoid injections in the treatment of OA. Intra-articular
glucocorticoids have been used for pain relief and functional
improvement, however, the effectiveness and safety of these
treatments remains controversial3e7. Jüni et al. conducted a sys-
tematic review of the effects of intra-articular corticosteroids on
pain, function, quality of life, and safety compared with sham
injection or no treatment in people with knee OA. However, they
failed to draw a conclusion based on the generally highly
discordant results across studies, which was mainly based on
small studies of low quality24. A recent 2-year randomized
controlled trial indicated that among patients with symptomatic
knee OA, repeated intra-articular triamcinolone injections resul-
ted in significantly greater cartilage volume loss with no signifi-
cant difference in knee pain, compared to intra-articular saline25.
In line with the results from this clinical trial, our findings suggest
that endogenous glucocorticoids, which are present and act at
much lower concentrations than therapeutic glucocorticoids,
promote the development of osteoarthritic joint damage in a
model of mechanical joint failure.

A limitation of this study is that despite identifying that age-
associated increases in skeletal glucocorticoid signalling plays a
role in OA progression, we assessed the phenotype of mice only at
one time point (16 weeks post-DMM induction). Earlier time points
may give insights into the mechanism that leads to the attenuated
phenotype in our tg-OA mice and will be the subject of further
investigation.

In conclusion, our results indicate that glucocorticoid signalling
in mature osteoblasts and osteocytes promotes the development of
OA in a mouse model of surgically-induced osteoarthritis. As the
role of local skeletal glucocorticoid signalling in the pathogenesis of
osteoarthritis has never been recognised before, our findings may
open new avenues for innovative approaches to an unsolved
problem of great medical and social significance.
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