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Background: Patella baja, or patella infera, consists of a low-lying patella that results in a limited range of motion, joint pain,
and crepitations. Patellofemoral joint osteoarthritis (PFJOA) is a subtype OA of the knee. This study aimed to
develop a reproducible and reliable rat model of PFJOA.

Material/Methods: Three-month-old female Sprague-Dawley rats (n=24) included a baseline group (n=8) that were euthanized
at the beginning of the study. The sham group (n=8), and the patella ligament shortening (PLS) group (n=8)
were euthanized and evaluated at ten weeks. The PLS model group (n=8) underwent insertion of a Kirschner
wire under the patella tendon to induce patella baja. At ten weeks, the sham group and the PLS group were
compared using X-ray imaging, macroscopic appearance, histology, immunohistochemistry, TUNEL staining for
apoptosis, and micro-computed tomography (micro-CT). The patella height was determined using the modi-
fied Insall-Salvati (MIS) ratio.

Results: The establishment of the rat model of patella baja in the PLS group at ten weeks was confirmed by X-ray. In the
PLS group, patella volume, sagittal length, and cross-sectional area were significantly increased compared with
the sham group. The PFJ showed typical lesions of OA, confirmed macroscopically and histologically. Compared
with the sham group, in the rat model of PFJOA, there was increased cell apoptosis, and immunohistochemis-
try showed increased expression of biomarkers of osteoarthritis, compared with the sham group.

Conclusions: A rat model of PFJOA was developed that was confirmed by changes in cartilage and subchondral bone.
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Background

ANIMAL STUDY

Material and Methods

Osteoarthritis (OA) is the most common chronic joint disease
and affects more than 100 million people worldwide [1]. As the
population ages and the rate of obesity increases, the prev-
alence of OA is projected to double by the year 2020 [2]. The
knee joint is commonly affected OA and is a tricompartmen-
tal structure comprising the patellofemoral joint (PFJ) and me-
dial and lateral tibiofemoral joints (TF)s). Previous studies of
OA of the knee have focused on the TFJs, while the PF) has
rarely been studied. However, isolated patellofemoral joint os-
teoarthritis (PFJOA) is common and has a high prevalence in
women (17.1-34.0%) and men (18.5-19.0%) more than 55-60
years old [3,4].

Patella baja, or patella infera, is a congenital or acquired low-
lying patella that results in a limited range of motion (ROM),
joint pain, and crepitations. Clinically, patella baja is a com-
mon cause of PFJOA and often occurs as a severe complication
following knee surgery and trauma. Patella baja can result in
patellar ligament shortening (PLS), fibrosis of Hoffa’s fat pad,
and other complications. There is a lack of data regarding the
pathogenesis and mechanism of PFJOA, despite the important
role that the PFJ plays in OA of the knee [5]. This finding may
be because studies of PFJOA in humans are restricted by the
slow rate of disease progression and the limited opportuni-
ties to investigate the tissue changes over time. Therefore, the
study of animal models of PFJOA remains important for the un-
derstanding of approaches to clinical management.

Models of spontaneous PFJOA are characterized by slow disease
progression, long study duration, and variable outcome [6-8].
Intra-articular administration of monosodium iodoacetate (MIA)
in rats [9], which is considered to be a model of joint inflam-
mation is caused by chemically-induced chondrocyte death,
may not be a representative model of OA [10]. However, the
MIA model has been primarily used for the study of pain as-
sociated with OA [11]. Surgically-induced models of OA mod-
els have been used mainly to study tibiofemoral joint osteo-
arthritis (TFJOA), and there have been few reported studies on
PFJOA [12-14]. Also, previous animal models of PFJOA have in-
cluded large animal and have involved major surgical proce-
dures. The need for a new animal model of PFJOA in a small
animal prompted the present study.

Therefore, this study aimed to establish a rat model of PFJOA
induced by patella baja using PLS by minimally invasive sur-
gery. The animal model was evaluated at multiple levels, using
imaging, histology, and immunohistochemistry including the
pathological changes in the cartilage, subchondral bone, and
periarticular soft tissue.

Animals

The experiments were performed on 3-month-old female
Sprague-Dawley rats (249.0+6.5 g) (n=24) (Vital River
Experimental Animal Technical Co,, Ltd., Beijing, China). The rats
were housed under standard 12-hour light and dark cycle, with
ad libitum access to food and water. All experiments were con-
ducted according to the Animal Research Reporting of in Vivo
Experiments (ARRIVE) guidelines [15] and were approved by
the institutional Animal Care and Use Committee (Approval
No. 2017086).

Sprague-Dawley rats (n=24) included a baseline group (n==8)
that were euthanized at the beginning of the study, after an
X-ray examination. The sham group (n=8), and the patellar lig-
ament shortening (PLS) group (n=8) were euthanized and eval-
uated at ten weeks. The sample size was determined by sam-
ple size calculations with a large effect size of Cohen’s d (1.58)
according to a priori power analysis based on bone mineral
density (BMD) results (desired power=0.8; a=0.05).

Surgery

The rats were anesthetized by intraperitoneal injection of pen-
tobarbital, and knee surgery was performed (either PLS or sham
surgery). Antibiotic prophylaxis with penicillin (150 1U/kg) was
administered before and 3 days following surgery. For the per-
formance of PLS, the skin was shaved and disinfected, and the
right knee joint was exposed through a medial parapatellar ap-
proach with an approximately 1 cm incision from the patella
to the tibial tuberosity. Care was taken to ensure that the pa-
tellar ligament was separated. A Kirschner wire measuring
7 mm in length and 2 mm diameter was used with 1-0 nylon
sutures on the groove at 1 mm medial to both ends and was
inserted under the patellar tendon from the medial to lateral
region, and the sutures crossed each other at the proximal
end of the patellar tendon. The sutures were then passed un-
der both grooves, and the ligature in the patellar ligament was
tightened with the knee in a position of maximum extension.
Finally, the skin was closed with 3-0 nylon sutures (Figure 1).
In the sham surgery rat group, the patellar ligament was left
intact and only a skin incision was made, and then closed.

At 10 weeks postoperatively, all rats in each group underwent
evaluation of patella baja by X-ray analysis under anesthesia.
The rats were euthanized for macroscopic joint scoring,
micro-computed tomography (micro-CT) scanning, and stan-
dard decalcification, paraffin-embedding and tissue sectioning
for histological procedures.
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Figure 1. The surgical procedure of patellar ligament shortening (PLS) in the rat model of patellofemoral joint osteoarthritis (PFJOA).
(A) The 1 cm longitudinal medial para-articular incision, performed after sterilizing the skin. (B) Blunt separation of the
patella tendon. (C) Kirschner wire, 7 mm in length and 2 mm in diameter, with a groove with a 1-0 nylon suture at both ends
at a distance of 1 mm, was inserted under the patella tendon from medial to lateral. (D) The sutures crossed each other at
the proximal end of the patella tendon. (E-G) The sutures were passed under both grooves, and the ligature in the patella
ligament was tightened with the knee in a position of maximum extension. (H) The skin was closed with 3-0 nylon sutures.

Radiography and manual palpation

The knees of the rats in the sham group and the PLS group
were radiographed under general anesthesia. The rats were po-
sitioned in approximately 90° flexion with a specific right-angle
device, and digital images of the knee joint were taken at 75 kV
and 50 Hz using an Opera Swing X-radiography system (General
Medical Merate, Via Partigiani, Seriate BG, Italy). Three indepen-
dent observers measured and scored the images, according to
the protocol previously described [16]. Figure 2Aa shows the
method used to assess patellar height and the modified Insall-
Salvati (MIS) ratio (g/f). Immediately after radiography, the rats
were manually manipulated to move the Kirschner wire side-
ways and to determine the stabilization of the joint fixation.

Macroscopic findings

The rats in the sham group and the PLS group were killed after
manual palpation. The femoral trochlea and patella of the right
knee were photographed with a Canon 550D digital camera
(Canon, Tokyo, Japan) and fixed in 10% formalin. Gross mor-
phologic grading of the patella and trochlea was performed
separately based on the scale previously described [17], and as
follows: grade 0 (normal appearance); grade 1 (slight yellowish
discoloration of the chondral surface); grade 2 (small carti-
lage erosions in load-bearing areas); grade 3 (large erosions
extending down to the subchondral bone); and grade 4 (large
erosions with exposure of large areas of subchondral bone).

Micro-computed tomography (micro-CT) imaging

To investigate the alterations in the subchondral bone micro-
architecture, the patellofemoral joint (PFJ) was imaged using
micro-computed tomography (micro-CT) with a SkyScan 1176
scanner (Bruker, Kontich, Belgium) with a resolution of 18 um
per voxel, after macroscopic analysis. Both regions of interest
(ROIs) of the trochlea and patella were located under the sub-
chondral bone plate at the cross-sectional level, excluding the
cortical shell. The bone mineral density (BMD), bone volume
to total volume fraction (BV/TV fraction), trabecular number,
trabecular thickness, the trabecular separation, the structure
model index, trabecular pattern factor, and degree of anisot-
ropy were calculated. The sagittal length and cross-sectional
area at different locations distant from the proximal patella
were used to investigate the damage of the patellar structure.

Histology

In the rats, the right patellofemoral joints were harvested,
cleaned of the soft tissues, fixed in 10% formalin, decalcified,
dehydrated in a graded series of ethanols and embedded in
paraffin wax according to standard protocols. The tissue blocks
were then sectioned in the horizontal plane at 6 um in thick-
ness. Tissue sections were stained for light microscopy with
hematoxylin and eosin (H&E) to evaluate the pathological
changes in the synovium and infrapatellar fat pad, using the
Osteoarthritis Research Society International (OARSI) score [10],
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Figure 2. Imaging findings of the patella baja created by patellar ligament shortening (PLS) surgery in the rat model of patellofemoral

joint osteoarthritis (PFJOA). (A) X-radiograph images of the patella baja and changes of patella structure induced by

PLS surgery. a) Radiographies of the lateral right knee in approximately 90° flexion with a specific right-angle device.

b) X-radiographs of the sagittal length of the patella. c), d), e), representative cross-sectional micro-computed tomography
(micro-CT) images at 4500 pm, 2700 um, and 900 um distal from the proximal region of the patella, respectively. f) The
length of the patellar articular surface. g) The distance from the inferior edge of the patella articular surface to the end of
the patella tendon. (B) The modified Insall-Salvati (MIS) ratio. (C) The patella length. (D) The analysis of cross-sectional area
at different locations distant from the proximal region of the patella. Data are expressed as the mean + standard deviation

(SD). * P<0.05 versus the baseline group. * P<0.05 versus the sham group.

and the percentage of the area that included adipose cells
was determined. Cartilage degradation was assessed using
Safranin O for glycosaminoglycans in cartilage and fast green
counterstain for protein and scored using a semi-quantita-
tive histopathological grading system based on OARSI score
(Table 1) [18,19]. Six different ROIs of the articular cartilage,
including both the load-bearing and non-load-bearing areas
of the trochlea and patella, were scored and summed to give
a maximum possible score of 36.
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Immunohistochemistry

Immunohistochemistry was performed with primary antibod-
ies to collagen type Il (COL2A1) (1: 100) (DSHB Hybridoma
Product 1I-116B3, from Linsenmayer TF), matrix metallopro-
teinase-3 (MMP-3) (1: 100) (Bioss Inc., Beijing, China), signal
transducer and activator of transcription 3 (STAT3) (1: 200)
(Proteintech, Wuhan, China), cathepsin K (1: 100) (Affinity
Bioscience, OH, USA), and osteoprotegerin (OPG) (1: 200)
(Abcam, Cambridge, UK). Briefly, deparaffinized tissue sections
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Table 1. The Osteoarthritis Research Society International (OARSI) semi-quantitative scoring system for osteoarthritic change.

Score Key feature
0 Normal
Y Loss of Safranin O staining without structural changes
"""""" 1 Smallfibrils without loss of cartilage
"""""" 2 Vertical clefts down to the layer immediately below the superficial layer and some loss of surface lamina
"""""" 3 Vertical clefts/erosions in the calcified cartilage involving <25% of the articular surface
"""""" 4 Vertical clefts/erosion in the calcified cartilage involving 25-50% of the articular surtface
"""""" 5 Vertical clefts/erosion to the calcified cartilage involving 50-75% of the articular surface
"""""" 6 Vertical clefts/erosion to the calcified cartilage involving 575% of the articular surface

were rehydrated with ethanol, digested with 0.05% trypsin,
treated with 3% hydrogen peroxide, and incubated with the
primary antibodies overnight at 4°C. Immunohistochemistry
was performed according to the instructions provided by the
PV-6000 Polink-1 horse-radish peroxidase (HRP) DAB Detection
System (ZSGB-Bio Corp., Beijing, China) and the ZLI-9018 DAB
kit (ZSGB-Bio Corp., Beijing, China). Finally, the slides were coun-
terstained with hematoxylin. The results were expressed as
an average intensity of optical density (I0D/mm?), according
to the method previously described [20,21].

TUNEL staining

The ApopTag® Peroxidase in Situ Apoptosis Detection Kit (Merck
Millipore, Burlington, MA, USA) was used to detect apoptotic
chondrocytes in cartilage, according to the manufacturer’s in-
structions. The apoptotic cells were evaluated as the percent-
age of TUNEL-positive cells in the cartilage by using Image)
software (National Institutes of Health, Bethesda, MD, USA),
as previously described [22].

Statistical analysis

All data were presented as the mean + standard deviation
(SD), with the exception of the macroscopic and histological
data, which were presented as the median and interquartile
range (IQR). One-way analysis of variance (ANOVA) followed by
Fisher’s least significant difference (LSD) t-test or Dunnett’s T3
test were used for pairwise comparison of data with a Gaussian
distribution and homogeneity of variance. Kruskal-Wallis and
Mann-Whitney non-parametric analysis were used for non-
Gaussian distributed data, as appropriate. The level of statis-
tical significance was established at P<0.05. Statistical analy-
sis of data was performed using SPSS version 19.0 (SPSS Inc.
Chicago, IL, USA).

Results

The rats in the sham group (n=8), and the patellar ligament
shortening (PLS) group (n=8) responded well to anesthesia
and showed signs of swelling, limping, and limb withdrawal at
72 h postoperatively. No difference in the walking pattern was
found in the sham group and PLS group after one week postop-
eratively. None of the rats showed signs of bacterial infection
in the knee and no rats died during the experimental period.

Assessment of radiographic findings and Kirschner wire
position

As shown in Figure 2Aa, according to the radiographic evalua-
tion and manual palpation, the Kirschner wire provided stable
fixation with no detachment. The rats in the PLS group showed
a significantly lower position of the patella, as evaluated using
the modified Insall-Salvati (MIS) ratio (MIS ratio, 2.76+0.34)
compared with the sham group (MIS ratio, 3.59+0.28; P<0.001)
and with the baseline group (MIS ratio, 3.68+0.24; P<0.001).
The MIS ratio was not significantly different between the base-
line group and the sham rat group (P>0.05) (Figure 2B).

Patellar structure

Changes in the patellar structure were investigated in the rat
model, as shown in Figure 2Ab—e. The sham group also showed
a significantly shorter sagittal length of the patella compared
with the PLS group (P<0.001), which was significantly longer
than the baseline group (P<0.05) (Figure 2C).The cross-sectional
area of the patella was significantly smaller in the sham group
compared with the PLS group (P<0.001 for 2700 pm, 4500 pm,
and the mean), and significantly larger than the baseline group
(P<0.001 for 4500 pm and mean) (Figure 2D).
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Figure 3. The pathological and structural changes in the subchondral bone of both the patella and trochlea induced by patellar
ligament shortening (PLS) surgery in the rat model of patellofemoral joint osteoarthritis (PFJOA). (A) The pathological
changes in the subchondral bone of both the patella and trochlea induced by patella ligament shortening (PLS) surgery.

(B) Micro-computed tomography (micro-CT) analysis of the trabecular bone mineral density (BMD). (C) Bone volume
fraction, or bone volume (BV)/total volume (TV). (D) Trabecular number (Tb.N). (E) Trabecular thickness (Tbh.Th). (F) Trabecular
separation distance (Tb.Sp). (G) Trabecular pattern factor (Tb.Pf). (H) Structure model index (SMI). (I) The degree of
anisotropy (DA). Red bars=100 pm. Black bars=250 pm. Data are expressed as the mean + standard deviation (SD).

Micro-computed tomography (micro-CT) measurement of
subchondral bone

Three-dimensional reconstructed images of the subchondral
bone of both the patella and trochlea are shown in Figure 3A.
The results showed a significant decrease in the bone mineral
density (BMD) (P<0.001 for both), bone volume to total vol-
ume (BV/TV) fraction (P<0.001 for both), trabecular number
(P<0.01 for the patella; P<0.001for the trochlea), and the tra-
becular thickness (P<0.001 for both), a significantly increased
trabecular separation (P<0.01 for both), degree of anisotropy
(P<0.01 for the patella), the trabecular pattern factor (P<0.001
for both), and structure model index (P<0.001 for both) in the
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PLS group compared with the sham group. There was no sig-
nificant difference in the results between the baseline and the
sham rats (P>0.05 for both) (Figure 3B-).

Macroscopic findings of cartilage lesions

In the macroscopic findings, as shown in Figure 4A, the car-
tilage of the joints in the baseline and sham groups showed
no cartilage erosion and had smooth glistening surfaces.
In contrast, the cartilage in the rats with PLS-induced osteoar-
thritis (OA) showed a rough articular surface and marked car-
tilage erosion, which was more severe in the weight-bearing
areas of the trochlea and at the inferior pole of the patella.
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Figure 4. The macroscopic images and scores in the patella and trochlea induced by patellar ligament shortening (PLS) surgery in the
rat model of patellofemoral joint osteoarthritis (PFJOA). The macroscopic images (A) and scores (B) of injury in the patella
and trochlea. a) The baseline group (n=8). b) The sham group (n=8). ¢) The patella ligament shortening (PLS) group (n=8).
The macroscopic images of the cartilage surface of both the patella and trochlea in the rats that underwent PLS surgery-
induced patella baja showed cartilage erosion when compared with normal cartilage in the sham group. Black arrows
indicate large cartilage erosion. Data are expressed as the median and interquartile range (IQR).
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Figure 5. Photomicrographs of the histology of the patella and trochlea induced by patellar ligament shortening (PLS) surgery in
the rat model of patellofemoral joint osteoarthritis (PFJOA). (A) Representative histological images of the infrapatellar
fat pad (IFP) and synovial membrane (SM). Hematoxylin and eosin (H&E). (B) Analysis of the histological results of the
infrapatellar fat pad (IFP) and synovial membrane (SM), respectively. The black arrow indicates the loss of adipocytes with an
inflammatory cell infiltration. The green arrow indicates fibroplasia. The blue arrow indicates synovial cell proliferation. Blue
bars=200 pm. Green bars=500 pym. Yellow bars=50 pm. Data are expressed as the mean + standard deviation (SD), with the
exception of the scores of the synovial membrane (SM), which are presented as the median and interquartile range (IQR).

The macroscopic scores of the trochlea, patella in total were
significantly higher in the PLS group compared with the sham
group (all P<0.01). Also, the baseline group scores did not dif-
fer significantly when compared with the sham group (all
P>0.05) (Figure 4B).

Histology, immunohistochemistry, and apoptosis of
cartilage tissues

Light microscopy of the tissue sections stained with hematox-
ylin and eosin (H&E), Safranin O for glycosaminoglycans in car-
tilage, and fast green counterstain for protein showed typical
destruction of the soft tissues and cartilage in the patellofem-
oral joint (PFJ), consistent with OA. Light microscopy with H&E
staining showed synovial hyperplasia with a chronic inflam-
matory cell infiltrate with few lymphocytes. The same trend
was found in the infrapatellar fat pad, which was characterized
by necrosis and loss of adipocytes and widespread fibroplasia
(Figure 5A). The findings in both the synovium and infrapatel-
lar fat pad were more severe in the PLS group compared with

the sham group (P<0.05 for the synovium; P<0.001 for the in-
frapatellar fat pad), and no significant difference was seen be-
tween the baseline and the sham groups (all P>0.05) (Figure 5B).

Safranin O and fast green histochemical staining showed ir-
regularity of the surface of the articular cartilage with signif-
icant injury, which was more severe in the load-bearing re-
gions of the trochlea and all regions of the patella in the PLS
rat group. Also, patellar cartilage injury was present, including
cartilage fibrils, chondrocyte swelling, horizontal clefts and de-
nudation. Trochlear cartilage injury was characterized by large
areas of erosion with fibrous tissue proliferation and chon-
drocyte clones in the load-bearing regions, while the non-
load-bearing areas of the trochlea mainly showed irregular-
ity of the surface of the articular cartilage. The tissue in the
sham group appeared normal with only a slight decrease in
Safranin O staining (Figure 6A). The Osteoarthritis Research
Society International (OARSI) score in all regions of the pa-
tella and trochlea, including weight-bearing and non-weight-
bearing regions, were significantly increased in the PLS group
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Figure 6. Photomicrographs of the histology of the patella and trochlea induced by patellar ligament shortening (PLS) surgery in the
rat model of patellofemoral joint osteoarthritis (PFJOA). (A) Representative histological sections stained with Safranin O/fast
green of the patellofemoral joint (PFJ) in the three rat study groups. Bilateral weight-bearing areas (a, lateral; ¢, medial) and
non-weight-bearing areas b) of the patella and trochlea. (B) Analysis of the Osteoarthritis Research Society International
(OARSI) score of the patella, trochlea, and both, respectively. The green arrow indicates reduced Safranin O staining. The red
arrow indicates horizontal clefts and denudation. The black arrow indicates cartilage swelling. The yellow arrow indicates
chondrocyte clones. The red arrowhead indicates irregularities in the cartilage surface. The short black arrow indicates
a large erosion with fibrous tissue proliferation. Red bars=500 pm. Black bars=100 pm. Data are expressed as the median
and interquartile range (IQR).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]

This work is licensed under Creative Common Attribution- . . .
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) 2 7 1 o {gémg?iﬁgﬁ?&;}g]ﬂ Dozt iabINTE]| |/ GRS e e




Bei M. et al.:
Rat model of patellofemoral OA
© Med Sci Monit, 2019; 25: 2702-2717

ANIMAL STUDY

A Trochlea
oLl
Baseline
Sham
MMP-3 =
Baseline
Sham
oy e
B =
500000 7 Patella 400000 # Trochlea
i
z : z .- — ¢
400000 # i
E * £ 300000 . .
e e hd .
£ 300000 E garte o £
g % {*"} € 000004 Jo ", -%_ o I .
S S * °
3 zooooo- 3 . . EI!
g S '} n % - o
=4 S 100000 P3R4 LI¢
3 100000 % % } 3
0 @ Baseline 0
Lateral Middle Medial Il Sham Lateral Middle Medial Total
1500000 7 , Patcla RS 1500000 Trochlea
# M # # i #
= [ —
T I . . T — - I '
£ - £ * M i
S 1000000 * S 1000000 4 *>
H H :
i K . . ? . .
q;.; =3 oo & *
2 5000004 S 500000 ¢ % . .
- % ES ‘H Sy
= _I; @. = . 3 { :
0 0
Lateral Middle Medial Lateral Middle Medial Total

Figure 7. Photomicrographs of the immunohistochemistry of the patella and trochlea induced by patellar ligament shortening (PLS)
surgery in the rat model of patellofemoral joint osteoarthritis (PFJOA). (A) Immunohistochemistry staining for collagen type Il
(COL2A1) and matrix metalloproteinase-3 (MMP-3) expression in the bilateral weight-bearing areas (a, d, lateral; c, f, medial)
and non-weight-bearing areas b, e) of cartilage in the patella and trochlea among the groups. (B) Quantification of protein
expression of COL2A1 and MMP-3 in the patella and trochlea, respectively. Bars=100 pm. Data are expressed as the mean
+ standard deviation (SD). P<0.05 versus the sham group.
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Figure 8. Photomicrographs of the TUNEL staining for cell apoptosis and immunohistochemistry for STAT3 of the patella and trochlea
induced by patellar ligament shortening (PLS) surgery in the rat model of patellofemoral joint osteoarthritis (PFJOA).
(A) Images of both the TUNEL staining and immunohistochemistry for STAT3 expression in the bilateral weight-bearing
areas (a, d, lateral; ¢, f, medial) and non-weight-bearing areas (b, e) of cartilage in the patella and trochlea in the rat groups.
(B) The quantified percentage of TUNEL-positive chondrocytes and protein levels of STAT3 in the patella and trochlea,
respectively. Bars=100 pm. Data are expressed as the mean + standard deviation (SD).# P<0.05 versus the sham group.
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Figure 9. Photomicrographs of the immunohistochemistry for cathepsin K and osteoprotegerin (OPG) of the patella and trochlea
induced by patellar ligament shortening (PLS) surgery in the rat model of patellofemoral joint osteoarthritis (PFJOA).
(A) Representative immunohistochemical images of both cathepsin K and osteoprotegerin (OPG) in the subchondral bone.
(B) The quantified protein levels of cathepsin K and OPG in the subchondral bone. The red arrow indicates the expression of
cathepsin K-positive-stained cells. The purple arrow indicates the expression of OPG-positive cells. Blue bars=200 pm. Yellow
bars=50 pym. Data are expressed as the mean # standard deviation (SD).

compared with the sham group (all P<0.05), and no significant
difference was seen between the baseline group and the sham
group (all P>0.05) (Figure 6B).

Molecular changes that regulate the metabolism and apop-
tosis of the chondrocytes in cartilage at the molecular level
were present in this rat model (Figures 7, 8A). Compared with
the protein expression in the patella and trochlea in the sham
group, collagen Il as the main matrix component, was signif-
icantly down-regulated in the PLS group (both P<0.05 for all
but for the middle region of the trochlea). In contrast, the ma-
trix-degrading protease, matrix metalloproteinase 3 (MMP-3)
was upregulated in the PLS group and was mainly expressed
in the chondrocytes adjacent to the lesions (both P<0.01, for
all regions) (Figure 7B). The expression of STAT3 was signifi-
cantly increased in the PLS rat model compared with the sham
rats. Also, TUNEL staining showed a larger number of apoptotic
chondrocytes in cartilage in the PLS group compared with the
sham group (both P<0.001 for all regions) (Figure 8B). The re-
sults of these indicators did not differ significantly between
the sham group and the baseline group (all P>0.05 for all re-
gions) (Figures 7, 8B).

To further understand the molecular events underlying the
destruction of the subchondral bone following PLS surgery,
the expression of cathepsin K and osteoprotegerin (OPG) in
the subchondral bone was evaluated (Figure 9A). The expres-
sion of cathepsin K-positive cells was significantly reduced,
whereas the expression of OPG was significantly increased
in the sham group compared with the rats in the PLS group
(P<0.01), and did not reach statistical significance when com-
pared with rats in the baseline group (P>0.05) (Figure 9B).
These findings indicated that the activity of osteoclasts in-
creased in rats in the PLS group.

Discussion

In this study, multiple approaches were used to evaluate a new
rat model of patellofemoral joint osteoarthritis (PFJOA) that was
successfully established by inducing patella baja using patel-
lar ligament shortening (PLS). First, radiographic imaging and
calculation of the modified Insall-Salvati (MIS) ratio supported
that this approach successfully established a patella baja
model. Second, the histological findings showed that patella
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baja induced the formation of typical osteoarthritis (OA) le-
sions in the patellofemoral joint (PFJ), including degenerative
changes in the articular cartilage of the patella and trochlea,
synovitis, and fibrosis of the infrapatellar fat pad. Third,
immunohistochemistry demonstrated an imbalance between
the anabolism and catabolism of cartilage with increasing of
osteoclast activity and decreasing of osteoblast activity in the
subchondral bone, and apoptotic chondrocytes were demon-
strated by TUNEL staining. Finally, micro-computed tomography
(micro-CT) confirmed deterioration of the microarchitecture
of the trabecular bone, which is a feature of early OA, and al-
terations of the patellar structure in cross-sectional area and
length. To the best of our knowledge, this is the first study to
demonstrate that PLS can effectively induce OA-like lesions in
the PFJ in a rodent model.

There have been previously described animal models of PFJOA.
The most thoroughly characterized animal models involving
PFJOA is the anterior cruciate ligament transection model in
cats [12,14], rabbits [13], and rats [23]. Other surgical models
involve changes to muscle strength [24,25] and realignment
of the patella [26]. Although these surgical models induced
the occurrence of PFJOA, the process destroyed the integrity
of the joint capsule and exposed the joint cavity. Spontaneous
PFJOA models are characterized by a slow disease process
with a longer study period and more variable outcome [6-8].
Although intra-articular injection of monosodium iodoacetate
(MIA) could induce the onset of the PFJOA in rats [9], which is
considered to be a model of cartilage damage, aggressive sub-
chondral bone lesions, and inflammation is caused by chem-
ically-induced chondrocyte death rather than a model of OA
that is typical of the disease [10], and have been primarily
used to investigate behaviors related to OA-induced pain [11].

Currently, there is no ideal animal model for OA that considers
the differences in size, anatomy, histology, biochemical param-
eters, and physiology between animals and humans [27,28].
In the present study, we established a low-cost small animal
model that exhibited changes similar to a degenerative PF)
using a relatively less invasive manipulation without exposing
the joint cavity. However, this study had several limitations.
First, because the PFJOA model was established using rats,
the animal was smaller and less comparable with human than
larger animal models, especially with respect to the composi-
tion of the cartilage [8]. Second, the rapid course of PFJOA in
this model made it less responsive to interventions than spon-
taneous OA models [29], in contrast to the natural course of
OA in humans, which is characterized by slow disease progres-
sion. Third, data were lacking regarding patella baja at differ-
ent time points, and this will be the subject of future studies.
However, data from cartilage and subchondral bone at both
the tissue and molecular levels have established a reference
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In this study, the histological scores demonstrated that carti-
lage degradation with synovitis and fibrosis of the infrapatel-
lar fat pad were evident in the PLS rat group, which were find-
ings supported by those from a previous study [9]. The damage
to patellar cartilage in the present study was characterized by
the formation of cartilage fibrils, swelling, horizontal clefts, and
denudation. Large areas of cartilage erosion were seen in the
weight-bearing areas of the trochlea, with fibrous tissue pro-
liferation, which were histological findings supported by pub-
lished clinical studies in PFJOA [30-32]. Previous studies of the
effect of PLS on the PFJ have focused on the patellofemoral
alignment [33], and kinematics [34,35]. Histological changes
in matrix staining and damage to the subchondral bone of the
PFJ have seldom been previously evaluated. Also, the present
study showed marked synovial inflammation and infrapatellar
fat pad fibrosis with thickening of the synovial cell layers and
loss of adipocytes separated by fibrous tissues following PLS.
The previous studies by Bondeson et al. and Clockaerts et al.
showed that inflammation of the synovium and the infrapatellar
fat pad might play a role in OA of the knee [36,37]. The findings
of the present study were similar to previously published find-
ings in post-traumatic OA, in that these changes facilitated the
development of cartilage damage [38,39]. The findings of the
present study complement the current literature on what is
known of the effect of PLS on the PFI.

To investigate the mechanism underlying damage to the joint
cartilage in the protocol for the development of this animal
model, metabolism and apoptosis of cartilage were assessed,
as these are important factors in the pathogenesis of OA. The
findings from the immunohistochemistry and TUNEL staining
showed the presence of chondrocyte apoptosis, increased ex-
pression of matrix metalloproteinase-3 (MMP-3) and signal
transducer and activator of transcription 3 (STAT3), and reduced
expression of collagen type Il (COL2A1), which were consistent
with the presence of OA. Type Il collagen is the major compo-
nent of articular cartilage, and the loss of expression is a char-
acteristic of OA [40]. MMP-3 has been shown to play a crucial
role in cartilage destruction by activating other MMPs and de-
grading extracellular matrix [41]. Expression of the catabolic
protein MMP-3 was increased, whereas expression of the an-
abolic protein collagen Il was decreased in the present study.
These findings were supported by those of Akhtar et al., who
showed increased expression of MMP-3 mRNA but reduced
expression of collagen Il mRNA in a model of post-traumatic
OA [42]. Cartilage degeneration also results from chondrocyte
apoptosis, and in the present study, TUNEL-positive cells were
significantly increased in the rat model of PFJOA. This finding
is supported by the findings from Zhang et al. in a study that
showed that apoptotic chondrocytes were significantly in-
creased in cartilage in OA [43].
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STAT proteins are involved in mediating cellular responses to
cytokines [44]. Recently, Liu et al. and Latourte et al. demon-
strated activation of the STAT3 pathway in human chondrocytes
and destabilization of the medial meniscus in a mouse model
of OA [45,46]. The phosphorylated STAT3 (phospho-STAT3)-
positive chondrocytes increased six weeks after destabilization
of the medial meniscus (DMM), and administration of Stattic,
an inhibitor of STAT3, significantly inhibited IL-6-induced chon-
drocyte apoptosis and phosphorylation of STAT3 in chondro-
cytes when compared with controls [46]. The present study also
showed that the STAT3 increased 10 weeks after PLS, which
is similar to the findings reported by Latourte et al. [46]. Also,
activation of the STAT3 pathway mediates increased expres-
sion of MMPs, including MMP-1, MMP-3, and MMP-13 in chon-
drocytes [47,48]. Therefore, it may be proposed that the acti-
vation of STAT3 in cartilage in the patella baja-induced PFJOA
rat model may be involved in the upregulation of MMP-3 ex-
pression and chondrocyte apoptosis, resulting in catabolic me-
tabolism of cartilage found in this model.

A strength of the present study was the degree of detail re-
garding the evaluation of the changes present in subchondral
bone. Micro-computed tomography (micro-CT) analysis showed
marked deterioration of the microstructure of the subchondral
bone in PLS rats, characterized by a significantly lower bone
mineral density (BMD), bone volume to total volume (BV/TV)
fraction, the trabecular number, and the trabecular thickness
and a significantly increased trabecular separation, degree of
anisotropy, trabecular pattern factor, and structure model in-
dex compared with the sham rats. Burr et al. and Hayami et al.
previously showed that subchondral bone abnormalities were
present in the early stage of OA with high bone turnover and
subsequent loss of bone mass [49,50], and the subchondral
bone microstructure was destroyed with cartilage destruc-
tion [51]. These findings suggest that subchondral bone plays
a critical role in the progression of OA.

In the present study, it was further demonstrated that osteo-
clast expression was increased in PLS rats by immunohisto-
chemical detection of the osteoclast marker, cathepsin K [52].
The findings from the present study are supported by those of
Liu et al. [53], who found that tartrate-resistant acid phospha-
tase (TRAP)-positive cells were enhanced in an animal model fed
a large diet due to abnormal load on the temporomandibular
joint (TMJ). Also, the expression of osteoprotegerin (OPG) was
significantly reduced in the PLS rat group, which was a finding
supported by Yang et al. who showed that reduced expres-
sion of OPG mRNA in a model of chemically-induced OA [54].
As a glycoprotein secreted by osteoblasts, OPG expression in
osteoblasts blocks osteoclastogenesis and reduces mature os-
teoclast activity [55]. In the present study, the rats in the PLS
group showed bone loss and deterioration in trabecular bone,
which may be attributed to enhanced osteoclast activity and
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reduced osteoblast activity caused by abnormal stress, and bone
may adapt more rapidly than cartilage in response to altered
mechanical stress [56]. Also, loss of trabecular bone may ex-
ert abnormal stress on the articular cartilage, and this change
in the mechanics may initiate OA by destroying the physical
integrity of the cartilage or altering cartilage metabolism [57].

Although the present study did not include quantitative anal-
ysis of osteophytes, a previous clinical study showed that the
increased bone area in the medial and lateral compartments
in TFJOA occurred in parallel with the increased grade of os-
teophytes [58]. The findings of the present study confirmed
that the cross-sectional area and the patellar length in the
sham rat group were significantly greater after 10 weeks of
growth compared with the rats in the baseline group. There
were similar findings in the rats in the PLS group when com-
pared with rats in the sham group, which might be explained
by two mechanisms. First, abnormal biomechanical traction fol-
lowed by PLS might trigger an alteration in the patellar struc-
ture in the sagittal plane. Second, the further bone loss might
reduce patellar skeletal adaptations and stimulate the growth
of osteophytes, and the abnormal loads caused by patella baja
might initiate the structural damage in the horizontal plane.

The radiographic results in this study demonstrated that
patella baja was successfully induced by PLS in the rat model.
The pathogenesis of PFJOA is linked to abnormal patellar kine-
matics, which catalyzes its initiation. Patella baja is defined as
a short patellar tendon and is often caused by complex regional
pain syndrome [59], trauma, immobilization or surgical proce-
dures such as an opening wedge high tibial osteotomy [60].
Patellar misalignment caused by patella baja changes the
patellofemoral contact pressure, increasing the joint reactive
forces on both the patella and trochlea. Such abnormal loads
may initiate the structural damage associated with PFJOA [61].
However, the intra-articular pressure was not measured in the
present study, and although the patellar height can be eval-
uated on radiographs with numerous methods, no method
is regarded as the gold standard [62]. The rats in this animal
model were positioned with approximately 90° knee flexion
to radiographically assess the patellar height, which differed
from that in clinical radiographs taken to assess the patellar
height at approximately 30° flexion of the standard weight-
bearing lateral knee. The MIS ratio was significantly lower af-
ter PLS than after sham surgery, which is similar to a previous
report of patients who underwent total knee arthroplasty [63].
To our knowledge, no data on the measurement of patella baja
in rats is currently available, and so the findings from the pres-
ent study may provide a reference.

This study has two main limitations. First, the rat model was
established by PLS using Kirschner wires, which would inevi-
tably cause damage to the infrapatellar fat pad and synovium
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and change the walking pattern, as shown by limping and limb
withdrawal. The effects of inflammatory factors in the synovial
fluid and gait changes on the progression of PFJOA were not
evaluated in this study. Second, although the mechanical prop-
erties of cartilage and intra-articular pressure were factors that
cannot be ignored in this animal model, they were not fully in-
vestigated in this study due to the limitations of a study that
included small numbers of patients. Further studies are needed
to assess these complex factors in the progression of PFJOA.

Conclusions

A rat model of patellofemoral joint osteoarthritis (PFJOA) was
developed using patellar ligament shortening (PLS), and the
model was confirmed by investigating the changes in carti-
lage and subchondral bone. The model was developed at a low
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cost and during a short duration. The study describes the de-
velopment of the animal model and the evaluation of the al-
terations in the cartilage, subchondral bone, and soft tissues
and has demonstrated similarity with findings described clin-
ically in PFJOA. It is hoped that this animal model may be use-
ful for future studies of PFJOA.
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