1duosnuey Joyiny JHIO 1duosnuey Joyiny ¥HIO

1duasnuey Joyiny YHID

C | H R Canadian Institutes of Submitted by CIHR
& Health Research Déposé par les IRSC

(4
&

I RSC Instituts de recherche
en santé du Canada
Inflamm Res. Author manuscript; available in PMC 2013 July 12.

Published in final edited form as:
Inflamm Res. 2012 April ; 61(4): 285-292. doi:10.1007/s00011-011-0409-3.

The mast cell stabilizer ketotifen reduces joint capsule fibrosis
in a rabbit model of post-traumatic joint contractures

Michael J. Monument,
Division of Orthopaedic Surgery, Faculty of Medicine, McCaig Institute for Bone and Joint Health,
University of Calgary, 3330 Hospital Drive NW, Calgary, AB T2N 4N1, Canada

David A. Hart,
Division of Orthopaedic Surgery, Faculty of Medicine, McCaig Institute for Bone and Joint Health,
University of Calgary, 3330 Hospital Drive NW, Calgary, AB T2N 4N1, Canada

A. Dean Befus,
Department of Medicine, Pulmonary Research Group, University of Alberta, Edmonton, AB,
Canada

Paul T. Salo,
Division of Orthopaedic Surgery, Faculty of Medicine, McCaig Institute for Bone and Joint Health,
University of Calgary, 3330 Hospital Drive NW, Calgary, AB T2N 4N1, Canada

Mei Zhang, and
Division of Orthopaedic Surgery, Faculty of Medicine, McCaig Institute for Bone and Joint Health,
University of Calgary, 3330 Hospital Drive NW, Calgary, AB T2N 4N1, Canada

Kevin A. Hildebrand
Division of Orthopaedic Surgery, Faculty of Medicine, McCaig Institute for Bone and Joint Health,
University of Calgary, 3280 Hospital Drive NW, Calgary, AB T2N 426, Canada

Abstract

Objectives—Using a rabbit model of post-traumatic joint contractures, we investigated whether
treatment with a mast cell stabilizer after joint injury would lessen the molecular manifestations of
joint capsule fibrosis.

Methods—Surgical joint injury was used to create stable post-traumatic contractures of the knee
in skeletally mature New Zealand white rabbits. Four groups of animals were studied: a non-
operated control group (7= 8), an operated contracture group (n7= 13) and two operated groups
treated with the mast cell stabilizer, ketotifen, at doses of 0.5 mg/kg (n7=9) and 1.0 mg/kg (n=9)
twice daily. Joint capsule fibrosis was assessed by quantifying the mRNA and protein levels of a-
SMA, tryptase, TGF-£L, collagen I and collagen Il1. Significance was tested using an ANOVA
analysis of variance.

Results—The protein and mRNA levels of a-SMA, TGF-fL1, tryptase and collagen | and 111 were
significantly elevated in the operated contracture group compared to control (0 < 0.01). In both
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ketotifen-treated groups, protein and mRNA levels of a-SMA, TGF-1 and collagen | were
significantly reduced compared to the operated contracture group (o < 0.01).

Conclusions—These data suggest an inflammatory pathway mediated by mast cell activation is

involved in joint capsule fibrosis after traumatic injury.
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Introduction

Post-traumatic joint contractures are a remarkably common problem and very difficult to
treat. In the setting of a congruent articular surface, the joint capsule is regarded as the
critical motion-limiting anatomic structure in a developing contracture [1, 2], yet few details
of the pathologic changes occurring in the joint capsule are understood.

Joint capsule specimens from contracted elbows are thicker and less compliant than
unaffected elbows [2—4]. Histologic preparations demonstrate significant myofibroblast
hyperplasia and increased collagen synthesis and deposition [5, 6]. These changes are
characteristic of connective tissue fibrosis and are observed in numerous other human
conditions such as scleroderma, hypertrophic wound healing and renal, hepatic and
pulmonary fibrosis [7-9]. The myofibroblast, a differentiated lineage of fibroblasts, is
viewed as an effector cell in the pathogenesis of connective tissue fibrosis [10]. The precise
molecular events driving sustained myofibroblast differentiation, proliferation and activity
during post-traumatic contracture formation remain obscure.

Transforming growth factor-betal (TGF-pL) is an important regulator of connective tissue
fibrosis. In-vitro studies have demonstrated that TGF-£1 is a potent fibroblast
chemoattractant and mitogen, a key signal for the differentiation of the myofibroblast
phenotype and an upregulator of collagen synthesis [10, 11]. Recently, we have documented
chronically elevated levels of joint capsule TGF-81 protein and mRNA levels in both human
and animal models of post-traumatic contractures [12]. The precise mechanisms responsible
for this chronic increase in TGF-£L expression have not been defined. Interestingly,
increased mast cell densities are found in many fibrotic connective tissues, often in close
proximity to myofibroblasts [13]. Mast cells are also a source of numerous proteases and
growth factors that can induce fibroblast proliferation, collagen synthesis and myofibroblast
differentiation such as TGF-41 [14].

Ketotifen fumarate is an anti-allergic and anti-histaminic agent known to inhibit the calcium-
dependent degranulation of mast cells, and non-competitively blocks histamine at the H1
receptor [15]. Ketotifen has been FDA approved as an adjuvant treatment for adult and
pediatric populations with asthma for over 15 years and more recently has been FDA
approved for treatment of allergic conditions of the eye [16]. Ketotifen administration has
also been shown to impair abnormal wound fibrosis and hypercontractile scar formation in
the red Duroc pig [17]. Recently, we have shown in a rabbit model that treatment with
ketotifen significantly reduced the biomechanical severity of post-traumatic joint
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contractures [18], although the effects of ketotifen treatment at the molecular level in this
animal model have yet to be determined. The purpose of the present study was to assess the
MRNA and protein levels of key molecular markers of connective tissue fibrosis in capsular
tissue following ketotifen administration in a rabbit model of post-traumatic joint
contractures.

Group allocation

All aspects of this study were reviewed and approved by our university animal care
committee. A total of 44 rabbits were procured for this study. Upon arrival at our animal
care facility, rabbits were randomly assigned to one of four groups. Group allocation was
considered complete at 7= 8 (based on a pre-determined sample size calculation) and the
remaining animals (12) were distributed in a non-randomized fashion. Figure 1 illustrates
the group allocation used in the study: the first group consisted of rabbits untouched by any
surgical or pharmacologic interventions (non-operated control group, “CON”). In the second
group, surgical intra-articular joint injury followed by 8 weeks of immobilization was used
to create stable post-traumatic joint contractures (operated contracture group, “ORC”), as
previously described [19]. No pharmacologic interventions were given to this study group.
The third and fourth groups (experimental #1 and experimental #2) were treated with
identical surgical interventions as the operated contracture group, but additionally received a
twice daily subcutaneous dose of a mast cell stabilizer, ketotifen fumarate (KF; Sigma-
Aldrich, St. Louis, MO, USA), for the entire 8 weeks of immobilization. Two different doses
of KF were used: 0.5 and 1.0 mg/kg twice daily (groups “KF0.5” and “KF1.0”,
respectively). All rabbits were killed exactly 8 weeks from the initial day of surgery.

From the available literature, a wide range of oral, subcutaneous and intravenous doses of
ketotifen have been used to inhibit histamine liberation from mast cells in response to a
variety of allergic and anaphylactic stimuli. The rationale for the doses and route of
administration of ketotifen used in this study is based on the following: the efficacy of
subcutaneous ketotifen administration has been previously documented [20], subcutaneously
injections are technically easy to administer and provide reliable dosing, and, finally, prior
in-vivo studies using similar ketotifen doses have been shown to maximally inhibit allergen-
induced anaphylaxis and mast cell histamine liberation [20-22].

Joint interventions

The joint procedures were performed under inhalational general anesthesia, on the right or
left knee, which was randomly selected in advance. The detailed surgical procedure has been
described previously [19]. Briefly, a single lateral thigh incision was used to expose the
femur and the mobile skin was retracted distally to expose the medial and lateral aspects of
the distal femur. Medial and lateral parapatellar arthrotomies were made, taking care to
avoid the collateral ligaments. Using an osteotome, 5-mm? cortical windows were removed
from the non-articular portion of the medial and lateral femoral condyles, producing a
traumatic intra-capsular hemarthrosis while preserving the integrity of the articular surfaces.
The knee was then immobilized at 150° of flexion using a 1.6-mm diameter Kirschner wire
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(Zimmer, Mississauga, ON, Canada), which was drilled through the tibia, passed
subcutaneously behind the knee and bent around the femur (Fig. 2). After each surgery, the
rabbits were allowed free cage activity. All surgically manipulated rabbits were immobilized
for a total of 8 weeks. A broad-spectrum antibiotic and a morphine derivative were
administered for 3 days post-operatively.

Eight weeks from the initial surgery date, rabbits were killed with a barbiturate overdose and
the posterior joint capsule was harvested from the knee and partitioned into equal samples
for the determination of protein quantification (Western blots) and mRNA level assessments
(RT-PCR). Samples were snap frozen in liquid nitrogen and then stored at —80°C.

Western blot studies

Protein levels for alpha smooth muscle actin (a-SMA), TGF-g1, tryptase, and collagen type
I and 111 were assessed using Western blot techniques as previously described [23].
Harvested joint capsule tissue was powdered at liquid nitrogen temperatures, suspended in
buffer solution and centrifuged for 15 min at 50,400g. A protease inhibitor cocktail (Sigma-
Aldrich) was added to the isolated supernatant fraction, which was then concentrated 10-fold
to 100 pL. Total protein content of the sample was determined with a Bio-Rad protein assay
(Bio-Rad, Mississauga, ON, Canada). Aliquots of the protein samples were then boiled for 5
min in SDS sample buffer with 2-mercaptoethanol (Bio-Rad) as a reducing agent, and 20 g
of protein per lane was electrophoretically resolved on a 12.5% polyacrylamide pre-cast gel
(Owl Scientific, Portsmouth, NH, USA). Fractionated proteins were transferred onto
nitrocellulose membranes overnight. Non-specific binding was blocked using 5% skimmed
milk in Tris buffered saline (TBS). Fractionated proteins were then incubated with the
appropriate primary antibodies (Table 1) diluted to 2.5 pL in TBS for 2 h at room
temperature. The blots were then incubated with the appropriate secondary antibody
conjugated with horseradish peroxidase (HRP) at 1:1,000 dilution in TBS with 5% skimmed
milk powder for 1 h at room temperature. Peroxidase activity was detected with ECL
detection reagents (Amersham Pharmacia Biotech, Baie d’Urfe, QC, Canada). Band
intensities were quantified using Quantity One image analysis software (Bio-Rad) and are
reported as a ratio relative to the protein band intensity of the basal housekeeping gene,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Negative controls omitted the
primary antibodies.

Reverse transcription—polymerase chain reaction (RT-PCR)

A semiquantitative RT-PCR approach was used to assess mRNA levels in this study, as
previously described using this rabbit model [12, 23]. RNA isolation was preformed using
the TRIspin method [24]. Joint capsule specimens were powdered at liquid nitrogen
temperatures, added to 1 mL of the TRIzol reagent (Life Technologies, Gaithesberg, MD,
USA), suspended in chloroform, mixed by vortex and centrifuged. The upper aqueous phase
containing the RNA was then removed and one volume of 70% ethanol was added and
mixed thoroughly. Total RNA was extracted and purified by the addition of an RNase Free
DNase kit (Qiagen, Chatsworth, CA, USA). The RNA vyields were then quantified
fluorometrically (Perkin-Elmer, Branchburg, NJ, USA) with use of SYBR Green Il (FMC
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BioProducts, Rockland, MN, USA) and were compared to standards obtained with calf liver
ribosomal RNA.

RT-PCR was performed on all mRNA samples simultaneously to minimize variability of the
results. Reverse transcription (RT) was performed using aliquots containing 1 pg of total
RNA and the Qiagen Omniscript RT kit (Qiagen GmbH, Hilden, Germany). Random
primers (0.5 umol/L) were added to the RNA and first-strand cDNA was synthesized.
Reactions were incubated at 37°C for 1 h, followed by a 5-min incubation at 93°C. Aliquots
of cDNA were amplified in a mixture of polymerase chain reaction buffer, 10 mmol/L D-
nucleoside triphosphate mixture, 50 mmol/L MgCl,, 0.5 pymol/L of each primer and 1.25 U
of 7ag DNA polymerase (Rose Scientific, Edmonton, AB, Canada). Rabbit-specific primers
and optimal cycle conditions (Table 2) were used as previously published [12, 25]. All no-
RT controls were negative, confirming that no detectable genomic DNA was present in the
RNA samples. RT-PCR was performed on all mMRNA samples simultaneously to minimize
potential variability.

PCR products were separated by electrophoresis on 2% agarose gel and visualized with
ethidium bromide, with comparison to a standard 1-kb DNA ladder (Life Technologies).
Images were captured using the Gel-Doc image analysis system (Bio-Rad). Relative band
intensities were quantified by densitometric scanning of negatives using the Masterscan
Interpretive Densitometer (CSPI, Billerica, MA, USA). The mRNA levels for all molecules
were normalized to those for the housekeeping gene, GAPDH.

Recent studies have directly compared the results from this semi-quantitative PCR method to
those generated by real-time quantitative PCR (qPCR) and found them to be very similar
[26]. Thus, these well controlled semi-quantitative assessments are comparable to gPCR and
the findings can likely be compared to future studies using gPCR methods.

Data are presented as mean * standard deviation. All data was analyzed using an ANOVA
analysis of variance with a post-hoc Bonferroni test for comparison between individual
groups. Significance is defined as p < 0.05. Animal humbers were determined using a
sample size calculation based on a #test, using data from previous biomechanical studies
testing this animal model [19]. Measurements of joint stiffness are felt to represent the most
clinically relevant manifestation of joint capsule fibrosis and the most clinically relevant
outcome of pharmaceutical interventions. Using this information it was determined that with
seven animals in each study arm, the power to detect a difference of two standard deviations
of the biomechanical means, at a significance level of 95%, was 85-90%. Given an assumed
10% failure rate (tibia fracture, animal illness, post-operative failure to thrive) a minimum of
eight animals was deemed necessary for each study arm.

Of the 44 rabbits included in the study, five animals were ultimately excluded from the final
analysis for reasons comprising post-operative failure to thrive (7= 3; ORC, KF0.5 and
KF1.0), iatrogenic tibia fracture (n = 1; KF0.5) or premature hardware failure (n=1;
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KF1.0). No significant adverse events from the administration of ketotifen were observed
such as significant weight loss, infection, failure to thrive or wound dehiscence.

Figures 3 and 4 illustrate the average protein levels for a-SMA, TGF-p1, tryptase, collagen |
and collagen 111 relative to the average band intensity of GAPDH in the four animal groups.
In the operated contracture (ORC) group, the protein levels for a-SMA, TGF-L, tryptase,
collagen type I and collagen type 111 were all significantly elevated compared to the non-
operated control group (CON). In both ketotifen-treated groups, the protein levels for a-
SMA, TGF-p1 and collagen type | were significantly reduced compared to the ORC group
(0 <0.001). Collagen Il protein levels were reduced in both ketotifen groups compared to
the ORC group, but failed to reach statistical significance in the KF1.0 group. Similarly,
tryptase levels were reduced in both ketotifen groups relative to the ORC group (Fig. 3), but
failed to reach statistical significance in the KF0.5 group. Tryptase levels were significantly
less in the KF1.0 group compared to the ORC group (p < 0.001) and, furthermore, tryptase
levels in this group were actually less than the non-operated control group, although they did
not reach statistical significance.

Similar to the observed protein expression, the mRNA levels for a-SMA, TGF-g1, collagen
I and collagen I11 were significantly elevated in the ORC group compared to the CON group
(Fig. 5). The mRNA levels for all but collagen I11 were significantly reduced in both groups
treated with ketotifen compared to the ORC group (p < 0.01). Collagen 11l mRNA levels
were reduced in both ketotifen groups, but again failed to reach statistical significance in the
KF1.0 group when compared to the ORC group.

Discussion

The purpose of the present study was to determine if in-vivo exposure to a known mast cell
stabilizer would lessen the molecular manifestations of joint capsule fibrosis during post-
traumatic contracture formation. Using this rabbit model, we have recently shown that
ketotifen treatment reduced biomechanical contracture severity by 50% and joint capsule
myofibroblast hyperplasia by up to 65% [18]. The effect of systemic ketotifen treatment on
the expression of key molecular markers of joint capsule fibrosis has not been previously
assessed. The results presented here show reductions in the protein and mRNA levels of joint
capsule TGF-p1, a-SMA, collagen | and collagen 111 in both ketotifen-treated groups
(KFO0.5 and KF1.0) compared to the operated contracture group (ORC). These molecular
findings and the biomechanical data support the hypothesis that mast cell contributions after
joint injury are important in the molecular pathogenesis of joint capsule fibrosis and
subsequent motion loss. Furthermore, these findings demonstrate that the systemic
administration of a mast cell stabilizer after joint injury can lessen the inflammatory-
mediated mechanisms involved in post-traumatic fibrogenesis.

Mast cells are connective tissue residents, they have been observed throughout the early
inflammatory phases of fracture healing, and mast cell activation has been shown to promote
myofibroblast proliferation and increased collagen synthesis [9, 13, 27-29]. Mast cell
hyperplasia has more recently been observed within affected joint capsules harvested from
post-traumatic contractures of the human elbow and the rabbit knee [30]. Despite evidence
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linking mast cell activation to fibroproliferative disorders, very few studies have assessed
mast cell modulation with ketotifen in animal models of fibrosis. A recent study by Gallant-
Behm et al. [17] similarly looked at ketotifen administration in the red Duroc pig. This breed
of pig is known to heal full-thickness skin wounds with abnormally fibrotic, hypercontractile
scars, characterized by myofibroblast and mast cell hyperplasia [9, 17]. The oral
administration of ketotifen after dorsal skin wound induction significantly reduced the
densities of both myofibroblasts and mast cells and collagen deposition within scar tissue
compared to placebo-treated red Duroc pig scar [17]. In the present study, ketotifen
treatment significantly reduced joint capsule a-SMA (specific for the myofibroblast
phenotype), tryptase and collagen type | protein and mRNA levels compared to the operated
contracture group. These findings parallel the observations noted in the ketotifen-treated red
Duroc pig model. Interestingly, in the pig study, ketotifen treatment of Yorkshire pigs, a
breed that heals skin wounds with a normal phenotype, did not affect wound healing. This
would imply that ketotifen treatment ameliorates abnormal healing pathways but does not
adversely affect normal healing. Similarly, no significant post-operative healing
complications such as systemic infection, wound infection or wound dehiscence were
observed in the ketotifen-treated rabbits.

The expression of TGF-S1 was of particular interest given its widely implicated role in the
development of connective tissue fibrosis. Certainly, in both human and animal models of
post-traumatic contracture, joint capsule levels of TGF-gL1 protein and mRNA are
chronically elevated [12]. A variety of cell types have been shown to produce TGF-4L,
including platelets, macrophages, neutrophils, activated fibroblasts and mast cells [31, 32].
Compared to unaffected joint capsule specimens, which are sparsely populated by
fibroblasts, numerous studies from our research group have proven the fibrotic post-
traumatic joint capsule to be quite hypercellular, with mast cells and myofibroblasts
representing roughly 90% of the total cell population [18, 30]. Mast cells are a known source
of TGF-p1 and given the high densities of this cell type in contracted joint capsules it seems
quite plausible that elevated TGF-1 gene and protein expression may be a product of
increased mast cell activation. The significant reduction in TGF-g1 protein and mRNA
levels observed in the ketotifen-treated rabbits supports this hypothesis. Furthermore, the
observed reductions of protein and mRNA levels for a-SMA and collagen I in both
ketotifen-treated groups may be a manifestation of decreased TGF-1 expression in affected
joint capsules. Findings from previous work in this rabbit model documented significant
reductions in joint capsule myofibroblast numbers in rabbits treated with ketotifen [18],
which is consistent with the observed reduction of a-SMA gene and protein expression. It is
possible that the reduced TGF-SL1 expression associated with ketotifen treatment lessens
subsequent joint capsule myofibroblast hyperplasia and fibrogenesis. However, these results
do not prove a direct cause-and-effect relationship between mast cell activation, TGF-51
levels and the development of fibrosis.

There are limitations in this study that warrant mention. Firstly, ketotifen is not entirely
specific for mast cells and has been shown to inhibit basophil degranulation and impair
neutrophil migration [33, 34], although these cell types have not been identified or
implicated in fibroproliferative conditions. Furthermore, despite the reductions in TGF-51
protein and mRNA levels in animals treated with ketotifen, it cannot be assumed that TGF-
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A1 independently mediates joint capsule fibrogenesis. Other mast cell mediators such as
tryptase, the most abundant mast cell synthetic product, have been shown to induce similar
profibrotic events such as myofibroblast differentiation, matrix contraction and collagen
synthesis [35, 36]. Studies designed to selectively augment or inhibit TGF-AL and tryptase
and their respective receptors are needed to determine the relative importance of these two
mediators during the induction of joint capsule fibrosis after traumatic injury. Finally, the
different ketotifen doses chosen for this study were an attempt to potentially demonstrate a
dose response but, in retrospect, both the 0.5 and 1.0 mg/kg doses are at the upper end of the
dosing range of ketotifen based on previous in-vivo and in-vitro studies [20, 21, 37, 38].
Ideally, doses should have been staggered by an order of 10 or 100, yet despite this it was
encouraging to note that both ketotifen 0.5 and 1.0 mg/kg groups provided similar results.

In conclusion, the results of this pre-clinical study are quite encouraging, as we have shown
that the administration of an FDA-approved medication known to inhibit mast cell
degranulation can significantly reduce the expression of molecules associated with the
periarticular fibrotic changes observed in a rabbit model of post-traumatic joint contracture
formation. The precise mast cell mediators involved in the induction of joint capsule fibrosis
after joint injury remain to be identified as we search for novel strategies focused toward the
prevention and treatment of post-traumatic joint contractures.
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Fig. 1.
Overview of the study design
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Fig. 2.
Diagram depicting the contracture surgery (Adapted with permission from Hildebrand et al.

[19]
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Fig. 4.
Graphical representation of joint capsule collagen I and collagen 11 protein levels relative to

GAPDH (a) and a photograph of collagen I, collagen 111 and GAPDH protein band
intensities (b)
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Table 1

Primary mouse antibodies used in Western blot experiments

Antibody  Type Source Catalogue #
a-SMA Monoclonal ~ Sigma A2547
TGF-p1 Monoclonal ~ Santa Cruz SC-81017
Tryptase Polyclonal R&D AF1937

Col | Monoclonal ~ Santa Cruz SC-59772
Col 111 Monoclonal MEDICORP  AF5810
GAPDH Monoclonal  Invitrogen 39-8600

All reactions were incubated for 1 h at room temperature
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