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Aims

Animal models have been developed that allow simulation of post-traumatic joint contrac-
ture. One such model involves contracture-forming surgery followed by surgical capsular
release. This model allows testing of antifibrotic agents, such as rosiglitazone.

Methods

A total of 20 rabbits underwent contracture-forming surgery. Eight weeks later, the animals
underwent a surgical capsular release. Ten animals received rosiglitazone (intramuscular
initially, then orally). The animals were sacrificed following 16 weeks of free cage mobilisa-
tion. The joints were tested biomechanically, and the posterior capsule was assessed histo-
logically and via genetic microarray analysis.

Results

There was no significant difference in post-traumatic contracture between the rosiglitazone
and control groups (33° (standard deviation (sp) 11) vs 37° (sD14), respectively; p = 0.4).
There was no difference in number or percentage of myofibroblasts. Importantly, there were
ten genes and 17 pathways that were significantly modulated by rosiglitazone in the poste-
rior capsule.

Discussion

Rosiglitazone significantly altered the genetic expression of the posterior capsular tissue
in a rabbit model, with ten genes and 17 pathways demonstrating significant modulation.
However, there was no significant effect on biomechanical or histological properties.
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cause of disability and complication after
joint surgery.

Peroxisome proliferator-activated receptor-
gamma (PPAR-y) agonists have shown
antifibrotic effects in other organ systems.
(PPAR-y) agonists may reduce posttraumatic
fibrosis in an animal model of fibrosis.

Key messages

There was no significant reduction in bio-
mechanical or histological fibrosis in

Potentially antifibrotic genetic changes
were observed after treatment with rosig-
litazone in this animal model.

Strengths and limitations

This study examined histological, biome-
chanical, and genetic responses to rosigli-
tazone in a standardised animal model.
Adequate drug dosing and delivery are
not quantitated in this translational fibro-
sis model.
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Introduction

Fibrosis can be a devastating complication secondary to
trauma or surgical insult. The knee and elbow joints are
particularly susceptible to post-traumatic contractures.2
An animal model has been recently developed and used
to simulate joint contractures.3” This model mimics the
biomechanical and histological presentation of clinical
contracture.>7-11

Clinically, patients who have post-traumatic elbow
contractures typically undergo a period of rehabilitation
in order to attempt to improve range of movement
(ROM).1811 [f this fails, surgical procedures (open or
arthroscopic capsular excision) are undertaken.®'3 This
typically results in excellent recovery of movement in the
operating room, with improved post-operative ROM.
Final ROM often falls short of that gained in the operating
room.'%11 Recently, our group has modified the previ-
ously used model to include a contracture release.’ In
this model, joint contracture is nearly eliminated at the
time of surgical contracture release, but significant recur-
rent contracture occurs at final time points. This model
may more closely mimic the clinical situation, which
involves the formation of fibrosis in spite of joint
remobilisation.

Pharmacologic inhibitors of arthrofibrosis may reduce
the formation of fibrosis in vivo. Transforming growth
factor — beta (TGF-) has been strongly implicated in the
pathogenesis of fibrosis, both in joint contracture and
other disease states.3#1516 Efforts to modulate TGF-$
have been effective in decreasing fibrosis in these dis-
eases. One class of agents that has been used clinically as
inhibitors of TGF-B is peroxisome proliferator-activated
receptor - gamma (PPAR-y) agonists. Several in vitro stud-
ies have demonstrated the ability of PPAR-y agonists to
decrease fibrosis.'7-29 In vivo effectiveness has also been
clearly demonstrated in a scleroderma model, using
rosiglitazone, a common oral medication for the treat-
ment of diabetes.’9:21

Pharmacological agents with antifibrogenic activity
would be an invaluable tool in the treatment of arthrofi-
brosis. The effectiveness of these agents may be aug-
mented by delivering them in therapeutic windows, such
as at the time of a surgical capsular release. As such, we
sought to determine the effectiveness of rosiglitazone in
reducing joint contracture by assessing: the biomechani-
cal effects of rosiglitazone by measuring the immediate
post-operative and final joint contractures following
16 weeks of treatment; the histological effects of rosiglita-
zone by measuring the myofibroblast count in the capsu-
lar tissue; and the genetic effects of rosiglitazone by using
a novel rabbit gene microarray.

Materials and Methods
Following institutional approval, 20 skeletally mature
New Zealand White female rabbits were randomly

divided into two study groups (control and rosiglita-
zone). Rabbits in each group underwent the same pri-
mary operation, which involves a posterior capsular
injury, and pinning of the joint in full flexion, as described
in previous studies (Fig. 1).” The animals were allowed
free cage activity for eight weeks following this
operation.

Animals in both groups underwent a second opera-
tion eight weeks after the primary operation. The sur-
geons were blinded to control versus rosiglitazone group
assignment. This second operation included removal of
the Kirschner wire (K-wire), and a capsular release (eleva-
tion of posterior capsule under tension) as per previously
described protocols.

Intra-operative fluoroscopic images were obtained of
all animals. Images were taken of the contralateral limb in
gentle forced extension, the operative limb before K-wire
removal, and the operative limb following the capsular
release procedure as described above, in gentle forced
extension (Fig. 2). Flexion contracture angles were meas-
ured on these images. This was calculated by subtracting
the operative limb from the non-operative, contralateral
limb. Flexion contracture was assessed for animals before
K-wire removal and after capsular release.

Animals in the rosiglitazone group were given 3 mg/kg
in dimethyl sulfoxide (DMSO) vehicle as a subcutaneous
injection on the day of surgery and on post-operative day
one, as oral intake is inconsistent in the peri-operative
period. Animals in the control group received placebo
injections on the day of surgery and on post-operative
day one (DMSO vehicle alone). Beginning on post-
operative day two, animals in the rosiglitazone group
were given 3 mg/kg orally each day (in apple segments)
until sacrifice. Animals in the control group were given
placebo daily (apple segments alone) until sacrifice.
Compliance with the drug regimen and placebo were
high, with no animals being excluded for lack of inges-
tion of the drug. All animals were closely monitored by
veterinary staff. There were no side effects noted from the
drug or placebo. No animal had to be withdrawn from
the study secondary to drug administration or reaction.

All animals were allowed free cage mobilisation
(0.19 m3) for 16 weeks. Following 16 weeks of remobili-
sation, all animals were sacrificed under anaesthesia. The
joints were immediately tested using a validated and cus-
tom-made testing device (Fig. 3). This device allows
mounting of the femora and tibia to fixed points. An
extension torque was then applied to the tibia through a
pulley at 1° per second to a maximum torque of 20 Ncm.”
This device measures the flexion contracture of the limb,
and is calibrated using standardised weights. It has been
documented in the literature by our group.”

Tissue collection. Following mechanical testing, the
posterior capsule of each animal was immediately dis-
sected. Half of the excised tissue was immediately snap
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Fig. 1

Intra-operative fluoroscopy of operative limb before Kirschner wire removal.

b

Fig. 2

Radiographs of a) the contralateral limb in gentle extension and b) the operative limb following limited capsular release, with a gentle extension force. (From
Barlow D, Hartzler RU, Abdel MP, et al. Surgical capsular release reduces flexion contracture in a rabbit model of arthrofibrosis. | Orthop Res 2013;31:1529-1532).4

Fig. 3

Photograph of the mechanical testing device. Following mounting of the
limb, the joint was extended at 1° per second until 20 Ncm was reached.
Fluoroscopic verification that the femoral condyles were centred over the cen-
tre of the load cell.

frozen in liquid nitrogen, and stored at -80°C for micro-
array analysis. The remaining half of the excised tissue
was placed in formalin for histological analysis.
Histological analysis. Myofibroblast identification and
quantification was completed as previously described.3
Briefly, capsule specimens were stained for o-smooth
muscle actin (SMA), and counterstained with haema-
toxylin to idenfity cell nuclei. Subsequently, three images
of joint capsule were taken at random on six serial sec-
tions of tissue (18 images total per limb). Myofibroblasts
were identified as cell nuclei associated with a-SMA stain.
Blood vessels, which also stain positive for a-SMA, were
manually excluded based on morphology.

Genetic analysis. MRNA extraction was completed as
per previously described protocols. The RNA extrac-
tion from frozen tissue was performed using a kit from
5 PRIME (Fisher Scientific, Pittsburgh, Pennsylvania).
Samples with < 100 ng of RNA or RNA integrity numbers
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(RIN) of < 6.5 were excluded. Remaining RNA was stored
at —80°C until further analysis.

After mRNA extraction, a custom microarray was used

to identify significant changes of 384 genes. A cDNA-
mediated Annealing, Selection, extension, and Ligation
(DASL) assay pool was designed and synthesised through
the lllumina, Inc. (San Diego, California) custom DASL
service that investigates 384 common rabbit (Oryctolagus
cuniculus) mRNA targets. Analysis of mRNA was con-
ducted according to the manufacturer's instructions for
the DASL assay. Quality assessment parameters were
determined to be within normal ranges before proceed-
ing to the final data reduction.
Statistical analysis. Total myofibroblast numbers, total
cell count numbers, and percentage of myofibroblasts
were measured and compared with the non-operative
limbs. Direct comparison between experimental groups
was done using a two-sample t-test assuming unequal
variances. Differences occurring with < 5% likelihood of
being due to chance were considered statistically signifi-
cant (p < 0.05). Data are represented as mean and stan-
dard deviation (sD).

The sample size was calculated assuming a 5% type 1
error and 80% power to detect an effect difference of 30°
with a sD of 20°. The knee joint flexion angles of the oper-
ated limbs in the control animals were measured and
compared with the operated limbs in the rosiglitazone-
treated animals. Comparison was performed using a
two-sample t-test assuming unequal variances. Signifi-
cance level was set at a p-value of < 0.05. Data are pre-
sented as mean and standard deviation.

Gene expression of the control animals and rosiglita-
zone-treated animals were compared. The lllumina
whole-genome genes array was used to assay 384 tran-
scripts, as previously described.* A total of six samples
were run on one array and the samples from the groups
were randomly allocated to the arrays. Gene expression
data were ‘normalised’ within treatment groups using
fastlo, the model-based method of normalisation.
Analysis was completed using log base-two expression
values and Student's t-test was used to test for differ-
ences between the mean expression levels. Results are
presented for p < 0.05.

Results

Biomechanical. Rosiglitazone did not increase the bio-
mechanical effectiveness of a limited capsular release in
this model. At the time of contracture release surgery,
there was no significant difference in the flexion con-
tracture between the rosiglitazone and control groups
(34° sp 12 vs 30° sD 8, respectively; p = 0.32). Following
16 weeks of remobilisation, the difference in flexion con-
tracture between the two groups was also not statistically
significant (33° sD 11 vs 37° sD 14, respectively; p = 0.39;
Fig. 4). When the overall change in flexion contracture
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Fig. 4

Graph showing the final flexion contracture. Flexion contracture of the limited
capsular release group compared with rosiglitazone group (mean and stan-
dard error, p = 0.39).

was assessed, as calculated by the difference in flexion
contracture intra-operatively and at the final time point,
there was no significant difference in the rosiglitazone
group compared with controls (-2° vs 7°, respectively;
p =0.059).

Histological. There were no significant differences
in myofibroblast count, total cell count, and percent-
age myofibroblasts between animals in the control
and rosiglitazone groups. There was a mean of 2%
myofibroblasts in the control group and 4% myo-
fibroblasts in the rosiglitazone group at the time of
sacrifice. When compared between the groups, this
difference was not significant (p = 0.16). The num-
ber of myofibroblasts and number of total cells
were compared between the groups, and did not
demonstrate a significant difference (p = 0.17 and
p = 0.13, respectively). Finally, there was no significant
difference between the myofibroblast count, total cell
count, or percentage of myofibroblasts in the operative
versus the non-operative limbs in either group.
Genetic. Of 384 genes tested with the microarray,
there was a significant difference detected in ten genes.
There was a significant downregulation of defensin
NP-3a, interleukin 1 beta (IL-13), angiotensin-converting
enzyme, cyclin A2, serum and glucocorticoid-regulated
protein kinase, glutathione s-transferase, and ryk for
tyrosine kinase-related protein. There was a significant
upregulation of factor XI, BCL2-like 1, and interleukin 6.
In addition, there was a nonsignificant downregula-
tion of three genes: collagen type X (fold change: -4.3;
p = 0.05), integrin alpha V (fold change =-1.5; p = 0.06),
and TGF-B 2 (fold change = -1.3; p = 0.05). There was
a nonsignificant upregulation of three genes: fertilin o
(fold change = 1.8; p = 0.06), macrophage migration
inhibitory factor-related protein 8 (fold change = 1.9;
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Table I. Gene products showing a significant difference in expression in the
posterior capsule of rosiglitazone and control animals at the final time point
(16 weeks post-remobilisation).

Name Change p-value
in fold
Defensin NP-3a —4.5 0.016
Interleukin 18 -4.0 0.024
Angiotensin-converting enzyme -2.0 0.027
Cyclin A2 -1.5 0.043
Serum and glucocorticoid-regulated protein kinase -1.5 0.042
Glutathione S-Transferase -1.2 0.022
Ryk for Tyrosine kinase-related protein -1.1 0.026
Factor XI 1.2 0.045
BCL2-like 1 3.3 0.021
Interleukin 6 7.1 0.043
Gene products showing a (0.05 < p < 0.065) a
significant difference
Collagen type X -4.3 0.052
Integrin Alpha V -1.5 0.058
TGF-B 2 -1.3 0.054
Fertilin o 1.8 0.063
Macrophage migration inhibitory factor 1.9 0.064
Apolipoprotein C 1.9 0.055

p = 0.06), and apolipoprotein C-IV (fold change = 1.9;
p =0.06) (Table I').

The bioinformatics analysis generated 15 pathways
that were significantly implicated (FDR filter 0.05)
(Table II). Pigment epithelium-derived factor (PEDF) sig-
nalling, CD40 signalling, the T 17 cell differentiation
pathway, and the macrophage migration inhibitory fac-
tor (MIF) pathway were pathways of most significance to
fibrosis formation.

Discussion
There is ongoing interest in the biomechanical, histologi-
cal and genetic processes of joint contractures. Our group
established a model that includes a surgical capsular
release at the time of remobilisation of the animals. This
model has the additional advantage of allowing therapeu-
tic agents to be carefully administered at the time of this
intervention. In this experiment, we sought to determine
the effectiveness of rosiglitazone in reducing joint con-
tracture by assessing: the biomechanical effects of rosigli-
tazone by measuring the immediate post-operative and
final joint contracture following 16 weeks of treatment;
the histological effects of rosiglitazone by measuring the
myofibroblast countin the capsular tissue; and the genetic
effects of rosiglitazone by using a rabbit gene microarray.

In this model, there was no significant difference
between the animals receiving rosiglitazone versus pla-
cebo, based on flexion contracture or histology. This is an
unexpected finding given the current literature support-
ing the role of PPAR-y agonists in TGF- modulation and
fibrosis. This may be related to low effective concentra-
tions in the joint, or inadequate drug dosage.

The genetic analysis demonstrated ten genes and 15
pathways that were significantly modulated in the rosigli-
tazone group compared with the control group. Previous

Table 1. Pathways that were significantly involved, when comparing rosigli-
tazone with control groups.

Pathway p-value
Development: PEDF signalling 1.0x10%
Immune response: role of HMGB1 in dendritic cell maturation 2.8 x 104
and migration

Immune response: Ty17 cell differentiation 4.7 x 10
Immune response: HMGB1/TLR signalling pathway 4.7 x 104
Immune response: MIF in innate immunity response 6.1 x 10
Immune response: HMGBT1 release from the cell 6.4 x 104
Immune response: IL-1 signalling pathway 7.4 x 104
Immune response: Inhibitory action of lipoxins on pro- 8.5 x 104
inflammatory TNF-alpha signalling

Immune response: Histamine signalling in dendritic cells 9.6 x 10
Immune response: HMGB1/RAGE signalling pathway 1.1x103
Immune response: TREM1 signalling pathway 1.3 x103
Immune response: IL-17 signalling pathways 1.4 x103
Transcription role of VDR in regulation of genes involved in 1.4 x103
osteoporosis

Immune response IL-15 signalling 1.6 x 103
Immune response: CD40 signalling 1.6 x 103

studies have demonstrated that TGF-p drives fibrosis
through three main processes: inflammatory cell prolif-
eration and migration, epithelial-mesenchymal transition
and matrix production.?%24 Four specific groups of path-
ways and genes warrant further discussion, for their
implications in these processes:

The PEDF signalling pathway was significantly modu-
lated in the rosiglitazone group in this study. PEDF
has been demonstrated to be antifibrogenic in pul-
monary, renal and hepatic fibrosis.2> PEDF signalling
leads to a decrease in TGF-B expression.26 Much of
this anti-TGF-B and antifibrogenic effect is modulated
by PPAR-y.27:28 Modulation of this pathway by rosigli-
tazone was confirmed in this study.

Another significant signalling pathway that was mod-
ulated in the rosiglitazone group in this study was the
CD40 pathway. This pathway is the subject of signifi-
cant ongoing research in fibrosis development.
PPAR-y agonists have been shown to decrease CD40
signalling in fibroblasts.??30 CD40 has been impli-
cated as a profibrogenic molecule, with increased
CD40 expression in patients with systemic sclerosis,
as well as lung and peritoneal fibrosis.31-33
Furthermore, decreasing CD40 activity has been
demonstrated to decrease fibrosis.3¢:37 Modulation of
the CD40 pathway is another possible therapeutic
effect of rosiglitazone demonstrated in this study.
The T,17 cell differentiation pathway and the IL-17
signalling pathways were also modulated in this
study. These pathways are intimately associated, as
Ty17 cells are lymphocytes that secrete IL-17. Previous
work has demonstrated that the PPAR-y agonists
inhibit T,;17 differentiation and T,,17 responses.383°
Although the exact fibrotic responses to IL-17 and
Ty17 are still being elucidated, the preponderance of
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evidence would indicate an antifibrogenic activity of
PPAR-y agonists. In vitro studies on human cells have
demonstrated that IL-17 increases the expression of
proinflammatory cytokines and enhances fibroblast
proliferation.4%41 Although further work on the exact
role of IL-17 and Ty17 in the role of fibrosis is required,
the modulation of this pathway by rosiglitazone
would indicate an antifibrogenic effect.

A final pathway that demonstrated a significant mod-
ulation by rosiglitazone was the MIF pathway. In
addition, MIF-related protein-8 demonstrated upreg-
ulation (fold change: 1.9, p = 0.064). MIF has been
shown to increase IL-1B expression in fibroblasts.*? It
has also been implicated in increasing inflammation
in rheumatoid arthritis. Finally, studies of kidney and
liver fibrosis have demonstrated increased MIF expres-
sion.#4344 Modulation of this pathway by rosiglitazone
has the potential to modulate fibrosis in this setting.

A limitation of this study is that joint angle measure-
ments made at the time of the operation were done using
fluoroscopic imaging at the time of operation, with gen-
tle manual extension applied by the surgeon’s hand,
rather than using the custom testing device. While this
allows a gross assessment of movement, it lacks the pre-
cision of the joint angle measuring device that is used at
final follow-up. Unfortunately, the joint angle measuring
device requires sacrifice for testing, limiting the ability to
use it at the time of the release operation. This reduces
the depth of analysis possible on the post-operative flex-
jon contracture measurements. Finally, no measure-
ments of serum or joint concentration of rosiglitazone
were performed to assess the effective drug levels.

Overall, rosiglitazone had no statistically significant
effect on biomechanical or histological properties, but
did impact the genetic expression of the posterior capsu-
lar tissue in a rabbit model of contracture, with ten gene
products and 17 pathways demonstrating significant
modulation. The effects of rosiglitazone on these path-
ways have the potential to ameliorate the formation of
fibrosis. Further work, including analysis of the genetic
pathways, more precise drug delivery, and different time
points of analysis may provide more insight into the pos-
sible therapeutic role of rosiglitazone in this disease
process.
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