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Abstract: Objective: Patellofemoral arthritis is a common type of knee osteoarthritis and a prime cause of anterior
knee pain and disability. Most of the existing research on knee osteoarthritis focuses on tibial-femoral arthritis,
while studies on patellofemoral arthritis are relatively rare. This study aims to observe changes in osteochondral
and subchondral bone structure over time in the patella and femoral trochlea in an animal model of spontaneous
patellofemoral arthritis. Methods: A total of 24 1-, 3- or 5-month-old healthy female Hartley guinea pigs were used
for experiments. No intervention was applied, and the mechanical pain threshold was assessed prior to euthanasia.
Bilateral knee joints were collected in the animals at the different ages, and the patellofemoral joints were taken
to evaluate the bone microstructure of patellofemoral articular cartilage and subchondral bone by macroscopy, his-
topathology and micro-computed tomography (micro-CT). Results: There was a significant difference in the severity
of femoral trochlea injury assessed by the Macro score between 5- and 1-month-old groups (P<0.01), as well as in
patellar cartilage damage (P<0.05). The mechanical pain threshold of lower extremities in each group was statisti-
cally different between different age groups (P<0.05). The OARSI articular cartilage histopathological scores, includ-
ing patella and femoral trochlea, were significantly different among 1-, 3- and 5-month-old groups. The 5-month-old
group exhibited statistically lower values of bone volume/trabecular volume, trabecular number and trabecular
thickness in the femoral subchondral bone and evidently higher structure model index than the 1-month-old group.
Conclusions: This study demonstrated that 3- to 5-month-old female Hartley guinea pigs can develop early-to-mid-
stage spontaneous patellofemoral arthritis that causes significant cartilage degeneration and loss of subchondral
bone. In addition, the bone microarchitecture of the femur is more severely degraded.
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Introduction medial and lateral tibiofemoral joints [3].
Traditional understanding of KOA focuses on

Knee osteoarthritis (KOA) [1], a high-incidence
degenerative disorder featured by knee pain,
and is associated with various risk factors su-
ch as age, sex, obesity and fatigue. The popu-
lation aging and increased obesity rate have
driven a rise in the prevalence of KOA, as well
as the increasing burden of KOA on patients
and society [2]. However, its pathogenic mech-
anism remains elusive, with relatively limited
treatment options. Therefore, more research is
needed to understand this disease.

The knee joint is a three-chambered structure
comprising the patellofemoral joint and the

tibiofemoral osteoarthritis (TFOA) [4]. However,
patellofemoral osteoarthritis (PFOA) has attract-
ed increasing clinical attention in recent years.
Previous studies [5, 6] have shown that chang-
es in PFOA, which accounts for about 65% of
KOA patients, even precedes changes in TFOA
in some cases. Symptomatic KOA is an impor-
tant cause of knee pain [7], and its pain correla-
tion is greater than TFOA. PFOA has a predilec-
tion for the middle-aged and elderly. The inci-
dence of PFOA in Chinese people aged over 50
is increasing annually, with a 3-fold incidence in
females than in males [8]. The first clinical sign
of PFOA is anterior knee pain [9], which is aggra-
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vated when the knee is bent during weight-
bearing activities. Pathological changes inclu-
de cartilage degeneration, subchondral bone
remodeling and hyperosteogeny, etc. According
to the 2016 patellofemoral pain consensus
statement [10], PFOA may be a precursor of
degenerative joint changes that eventuate in
KOA. It is speculated that the main cause of
PFOA is cartilage and subchondral bone-relat-
ed lesions [11]. With the development of intel-
ligent science and technology, the imaging
research on KOA is becoming increasingly ma-
ture [12]. Micro-computed tomography (micro-
CT), with the advantages of high-resolution
images and two-dimensional (2D) and three-
dimensional (3D) reconstruction of bone struc-
ture, has become the main means to detect the
pathological morphology of bone tissue [13].
While micro-CT greatly assists in studying the
underlying mechanism of KOA, most of the
studies only demonstrated changes in bone
micro-structure in TFOA but not the changes of
cartilage and subchondral bone micro-struc-
ture in PFOA [14].

At present, the establishment of a KOA animal
model has become relatively mature [15]. An
animal model of PFOA is mainly constructed by
inducing joint injury, but there are few sponta-
neous PFOA animal models that are character-
ized by slow disease progression, long study
duration and variable outcomes [16-18]. Har-
tley guinea pigs, with pathological features
similar to the degenerative changes of human
osteoarthritis, are ideal animals to model the
natural degeneration of human joints. The
Osteoarthritis Research Society International
(OARSI) has developed guidelines for histolo-
gical examination of this species [18, 19].
Accordingly, this research aims to investigate
the early and mid-term changes in patellofemo-
ral cartilage and subchondral bone in female
Hartley guinea pigs from different age groups.
The novelty is to provide a basis for PFOA ani-
mal experiments and references for clinical
treatment of PFOA by analyzing behavior chang-
es, macromorphology and histopathology as
well as micro-CT image of Hartley guinea pigs.

Material and methods
Experimental animals and groups

Twenty-four 1-, 3- or 5-month-old healthy fe-
male Hartley guinea pigs with a body weight of
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(350.0£8.3) g, (535.0+15.5) g, and (648.0%
18.3) g, respectively, were used for experi-
ments, with 8 pigs in each age group. All ani-
mals are provided by Xixian New area Jiadong
New City Experimental Animal Farm (license
number: SCXK (Shaanxi) 2018-001). The
Experimental Animal Ethics Committee at
Shaanxi University of Traditional Chinese Me-
dicine ratified the experimental scheme.
Animals were kept in a hygienic, well-ventilated
environment and a 12-hour light/12-hour dark
regime, with the temperature and relative
humidity controlled at 22+2°C and 60%+20%,
respectively, and were fed with special feed
and vegetables. All animals were sacrificed
within the corresponding months of age.

Experimental specimen collection and macro-
scopic observations

Animals were anesthetized and maintained
with a mixture of 1.5 to 3% isoflurane and oxy-
gen. The anesthetized animals were then
immediately transferred to a carbon dioxide
chamber for euthanasia. The knee joints of
both hind limbs were stripped and washed with
0.9% sodium chloride solution (3B20070201,
Qidu Pharmaceutical Industry), and the speci-
mens were recorded by digital camera (Olym-
pus, Japan). The patella and femoral trochlea
were scored and summarized based on the
Guingamp [20] naked eye lesion grading. The
specific grades are as follows: 0: normal ap-
pearance; 1: yellowish discoloration of the car-
tilage surface; 2: erosion into the surface or the
middle area; 3: downward erosion to the sub-
chondral bone area; 4: large erosion, large
area of subchondral bone exposure.

Mechanical pain threshold evaluation

The mechanical withdrawal threshold (MWT) of
the guinea pigs was measured using a preci-
sion sensory evaluation instrument (VonFrey
filament pain meter, Hong Kong Shengchang
Co., Ltd.) [21]. To keep the environment quiet,
the guinea pigs were placed in 30 cm x 20 cm
x 25 cm glass compartments (with foot mats)
to adapt to the environment for 30 min.
According to the up & down method, VonFrey
filaments (0.08, 0.2, 0.4, 0.6, 1.4, 2.0, 4.0, 6.0,
8.0, 15.0, 26.0 g, 60.0 g, 100.0, 180.0 g) were
stimulated from 2.0 g (4.31 MN) to stimulate
the center of both feet of guinea pigs vertically,
and the fibers were bent to “C” or “S” for 4-10
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seconds. Claw withdrawal or foot licking was
considered a positive response. The mean
MWT values were obtained after 3 repeated
experiments at 0, 4, 8, 12, 16, 20 and 24 days,
respectively.

Observation of cartilage pathological morphol-
ogy

The left knee joint was fixed in 4% parafor-
maldehyde solution (AR1068, Wuhan Bosher
Biological Technology Co., LTD., China) for ab-
out 48 h, followed by decalcification in 10%
Ethylene Diamine Tetraacetic Acid (EDTA,
XK-011-00008, Tianjin Hedong District Hong-
yan Reagent Factory, China) for about 6 weeks.
The decalcified solution was replaced every
other week when about half of the decalcifica-
tion process was done. The joint was cut open
with a sharp blade (guided by the trochlear
groove), and then the two halves of the joint
were put back into the decalcifying solution.
After that, the tissue was taken out and rinsed
properly with running water for 5 min, followed
by three PBS rinses that lasted for 5 min each
time. After fine cutting of the tissue around the
knee joint, the knee joint was resected in the
sagittal plane, dehydrated with gradient con-
centrations of ethanol, transparentized with
xylene and embedded in paraffin. The speci-
mens were cut into 3-um slices, with at least
6 sections taken from each embedded wax
block. After hematoxylin and eosin (H&E,
Solabio biotechnology co., Ltd., China) staining,
fuchsin fast green staining and toluidine blue
staining, the cartilage structure was observed
under 40-, 100- and 400-fold light micro-
scopes. Capture 2.2.1 microscopic image anal-
ysis software was utilized to collect pictures.
Meanwhile, OARSI articular cartilage histopath-
ological scoring [22] (score range: 0-24) was
used to evaluated the degree of cartilage
lesions based on the three histologic staining
approaches (H&E, fuchsin fast green and tolu-
idine blue staining), with higher scores repre-
senting more serious damage.

Micro-CT scan imaging

The right knee joint was peeled and fixed with
4% paraformaldehyde solution for about 48
hours. After 30 min of rinsing with running
water, the right knee joint was placed in 30%
ethanol for 48 h, 50% ethanol for 24 h, and
70% ethanol for 2 hours, followed by immersion
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in 1% phosphotungstic acid solution for 1-3
days. Microtomography system (Skyscan1276,
Bruker, Belgium) was used to image the patel-
lofemoral joint. The parameters were 75 kV and
200 pA, and the resolution was 18 ym. The
regions of interest (ROIs) of patellar cartilage
and femoral trochlear cartilage were deter-
mined to be located in the medial center of the
patella and the trochlear, with an area of a rect-
angle (1.2 x 2 mm), while the two ROIs of the
subchondral bone were located in the cross
section under the subchondral plate of the
patella and the femur. After the scan, the
parameters were analyzed and calculated with
the matching software. In addition, cartilage
analysis (bone volume, BV; bone surface, BS;
trabecular thickness, Th.Th) and subchondral
bone analysis (bone volume/trabecular vol-
ume, BV/TV; trabecular number, Th.N; trabecu-
lar thickness, Tb.Th; structure model index,
SMI) were performed to study patellofemoral
structure damage.

Statistical processing

The experimental results were statistically pro-
cessed by GraphpadPrism 8.0 (GraphPad, Inc.,
San Diego, CA, USA). Data (denoted by x * s)
were analyzed by one-way analysis of variance
(ANOVA) plus Bonferroni post-hoc test and
t-test to conduct multi-group and between-
group comparisons, respectively. Data at differ-
ent time points were compared by repeated
measures ANOVA, followed by the Bonferroni
post-hoc test. P<0.05 was the significance
level.

Results
Macro score

In the 1-month-old group, the patellar surface
and femoral trochlear surface cartilage were
smooth, translucent, regular and non-eroding.
The patellar surface in the 3- and 5-month-old
groups became smooth and yellow, with no
crack. The condition in the 5-month-old group
became worse, with smooth patellar surface
cartilage, flat edge, and obviously thin and
rough femoral trochlear surface, while there
was partial erosion and no gloss (Figure 1). The
macroscopic score of patellar facial cartilage
was similar in the 3- and 5-month-old groups
(P>0.05), which was significantly increased
when compared with the 1-month-old group
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Figure 1. Macroscopic observation and macroscopic scores of the patellofemoral joint of guinea pigs in each group.
A: Macroscopic observation; B: Macroscopic score of patellar facial cartilage; C: Macroscopic score of trochlear
cartilage of the femur. Compared to the 1-month-old group, "P<0.05, “P<0.01; Compared to the 3-month-old group,

##P<0.01.
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Figure 2. MWT of the hind limbs of guinea pigs in each group ("P<0.05;

#P<0.05). MWT: Mechanical Withdrawal Threshold.

(P<0.05). The 5-month-old group showed high-
er macroscopic scores of the femoral trochlear
cartilage than the 1- and 3-month-old groups
(P<0.05).

Evaluation of mechanical pain threshold

On the first day, there was no significant differ-
ence in the MWT of guinea pigs among groups
(P>0.05), but there was significant difference in
MWT of lower extremities in 5-, 3-and 1-month-
old groups from the fourth day (P<0.05). From
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the fourth day, MWT at each

-~ 1-month-L time point in the 3- and 5-
= l-month-R month-old groups was signifi-
+ 3-month-L (iantly Ir(])wledr than that in the

-month-old group, respec-
Ml tively (P<0.05). Meanwhile, no
- Smonth-L - qisnificant difference was ob-
“®- S-month-R served in MWT between left

and right lower extremities
among groups (P>0.05) (Fig-
ure 2).

Observation of pathological
morphology of cartilage tis-
sue

The paraffin sections of the sagittal section
of the knee joint of guinea pigs in each group
were subjected to H&E, fast green and toluidine
blue staining microscopically. In the 1-month-
old group, the cartilage on the patellar and the
trochlear surfaces of the femur was intact, the
morphology of chondrocytes was normal, the
arrangement was uniform and regular, and the
surface staining of cartilage was uniform, with
no crack and visible tide line (Figures 3A, 4A,
5A). In the 3-month-old group, there were
enlarged chondrocytes and clustered chondro-
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Figure 3. Hematoxylin-eosin staining of patellofemoral cartilage tissue from
Hartley guinea pigs. A: 1-month-old; B: 3-month-old; C: 5-month-old.

Figure 4. Safranin-fast green staining of patellofemoral cartilage tissue from
Hartley guinea pigs. A: 1-month-old; B: 3-month-old; C: 5-month-old.

cytes on the surface of patellar cartilage,
uneven surface of cartilage on the trochlear
surface of femur, uneven staining or absence of
cartilage on the surface of cartilage and uneven
density of cells (Figures 3B, 4B, 5B). In the
5-month-old group, the surface of patellar car-
tilage was damaged, the surface was rough,
the shape of chondrocytes was irregular, and
the surface of cartilage on the trochlear sur-
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face of femur was punctate or
sunken, with partial missing
of the matrix staining, partial
interruption of the subchon-
dral bone trabeculae, and ver-
tical cracks extending to the
middle layer (Figures 3C, 4C,
5C). The OARSI scores with
toluidine blue staining are
shown in Figure 6. It can be
found that the OARSI articu-
lar cartilage histopathological
score of patellar cartilage
and trochlear cartilage of
the femur increased gradually
over time (Figure 6). The
OARSI of trochlear cartilage
of femur was significantly in-
creased in the 5-month-old
group as compared with that
in the 1- and 3-month-old
groups (P<0.01) (Figure 6).

Micro-CT measurements of
cartilage and subchondral
bone

Figure 7 presents the carti-
lage (Figure 7A and 7B), sub-
chondral bone detection se-
lection areas (Figure 7C and
7D) and overall image of the
ROIs (Figure T7E). Three-di-
mensional reconstruction and
sectional maps of subchon-
dral bone in different age
groups are shown in Figure 8.

Micro-CT measurement resu-
Its of cartilage and subchon-
dral bone in different age
groups: BV and Th.Th of patel-
lar cartilage were not statisti-
cally different among the th-
ree age groups (P>0.05), but
there were significant differences in trochlear
cartilage of femur BV and Tb. (P<0.05, Figure
9A-D).

BV/TV, Th.N and Th.Th of subchondral bone of
the patella and femur in the 5-month-old group
were decreased, while SMI was statistically
elevated, but there was no significant differ-
ence in the degree of decline in BV/TV and
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Figure 5. Toluidine blue staining of patellofemoral cartilage tissue from Hart-
ley guinea pig. A: 1-month-old; B: 3-month-old; C: 5-month-old.
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Figure 6. OARSI articular cartilage histopathological scores of guinea pig pa-
tella and femoral trochlea in each group. A: Patella OARSI score; B: Femoral
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Society International.

TB.N of the subchondral bone of patella. On the
contrary, BV/TV, Th.Th of the subchondral bone
of femur was significantly decreased while
SMI increased in 5-month-old group (P<0.05,
Figure 9E-L).

Discussion

Osteoarthritis (OA), a common degenerative
musculoskeletal disorder, is one of the main
factors affecting the activity ability of the
elderly [1]. The incidence of primary PFOA
of 5.8/100,000 is an ever-higher incidence
among young individuals [23]. Cartilage injury
and subchondral osteosclerosis are currently
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the main research directions
of pathological changes in
PFOA [12]. In this study, we
successfully developed an ex-
perimental model of early-
and mid-stage PFOA that is
characterized by cartilage in-
jury deterioration and sub-
chondral bone loss with age.
There are a variety of meth-
ods to evaluate the success
of PFOA experimental models:
first, the statistical results of
Guingamp macroscopic score
and mechanical pain thresh-
old support the successful
establishment of the model;
second, histology shows rou-
gh and damaged surfaces of
the patella and femoral troch-
lear cartilage, obviously une-
ven staining associated with
hypertrophy and disordered
chondrocytes, and increased
pathological scores of OARSI
cartilage with age, consistent
with the pathological manifes-
tations of early- and middle-
stage OA; third, micro-CT con-
firms changes in cartilage
thickness and volume and
deterioration of subchondral
trabecular microstructure. In
addition, this is the first study
to investigate the relationship
between spontaneous PFOA
patellar and femoral trochle-
ar cartilage and subchondral
bone lesions.

400X

Animal models involving PFOA are mainly
induced by surgery. TAKAHASHI et al. [24]
established an OA model through injection of
different doses of MIA into the knee joint cavity
of guinea pigs. It was found that with similar
histopathological changes, the OA progression
of the patellofemoral joint was slower than that
of the tibiofemoral joints. Clark et al. [25]
observed the histopathological changes of
patellofemoral articular cartilage in cats after
anterior cruciate ligament transection (ACL-T),
and found mild OA changes at 4 months. In the
study of Chang et al. [26], erosion of the sur-
face of patellofemoral articular cartilage was
detected 4 weeks after ACLT in rabbits. In addi-
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Figure 7. Micro-CT measurements of the region of interest. A: Patellar cartilage; B: Femoral cartilage (the yellow
circled area is the patellar cartilage, and the blue circled area is the trochlear cartilage of the femur); C: Patellar
subchondral bone; D: Femoral subchondral bone (the green delineated area is the subchondral bone of the patella,
and the red delineated area is the subchondral bone of the femur); E: Overall image of the region of interest.
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Figure 8. Micro-CT 3D reconstruction image. A: 1-month-old patellar sub-
chondral bone and femoral subchondral bone; B: 3-month-old femoral sub-
chondral bone and femoral subchondral bone; C: 5-month-old femoral sub-

chondral bone and femoral subchondral bone.

tion, Bei et al. [27] used patellar ligament short-
ening to establish a PFOA model, and found
that patellar cartilage and femoral trochlear
load-bearing area cartilage were significantly
damaged in the model group. In this study,
female Hartley guinea pigs with primary OA
were used as animal models, without related
intervention. Most importantly, this model will
not cause damage to the articular cavity and its
surrounding tissues, which is better than previ-
ous PFOA models and can approximately reflect
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1-month B 3-month c

5-month the natural development of

. human PFOA.

The degeneration of articular
cartilage is one of the main
characteristics of PFOA aff-
ecting joints [28]. At present,
cartilage degeneration in OA
animal models is mainly bas-
ed on macroscopic evaluation
of bone tissue and histopath-
ological sections, which has
some limitations. Combined
with micro-CT joint 3D recon-
struction, specimens can be
evaluated longitudinally, sub-
tle bone structural lesions
can be easily found in the
early stage, and OA disease
progression can be detected
more sensitively [29]. In this
study, the ROI cartilage bone volume and bone
thickness were measured by micro-CT. It was
found that the index value of the 5-month-old
group was markedly lower compared with the
1-month-old group, and the trochlear thickness
of the femur decreased significantly with age,
but there was no difference in the bone area in
the three-month-old group compared with the
1-month-old group, which may be affected by
multiple separate cross-sectional sets of 2D
analysis. The histopathological scores of OARSI
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Figure 9. Micro-CT subchondral bone analysis. A: Patellar cartilage bone volume (BV); B: Patellar trochlear tra-
becular thickness (Tb.Th); C: Femoral trochlear cartilage BV; D: Femoral cartilage Tb.Th; E: Patellar bone volume/
trabecular volume (BV/TV); F: Patellar trabecular number (Tb.N); G: Patellar Tb.Th; H: Patellar structure model index
(SMI); I: Femoral BV/TV; J: Femoral Th.N; K: Femoral Th.Th; L: Femoral SMI. Compared with the 1-month-old-group,
“P<0.05, ""P<0.01; Compared with the 3-month-old group, *P<0.05, #P<0.01.

cartilage of patellar cartilage and femoral carti- (normal cartilage), while those in 3- and
lage in the 1-month-old group were less than 1 5-month-old groups were significantly higher,
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which was similar to that in guinea pigs with
spontaneous OA in different age groups [30].
Among them, there was a large area of carti-
lage erosion and cell loss in the femoral troch-
lear weight-bearing area in the 5-month-old
guinea pigs, but no significant destruction was
found in patellar cartilage, which is supported
by the clinical study on PFOA [31]. Some schol-
ars have reported more serious cartilage de-
struction in 7-month-old guinea pigs than in
3-month-old guinea pigs [32]. However, the
patellofemoral articular cartilage was only stud-
ied in the sagittal plane, and a comprehensive
histopathological analysis of articular cartilage
on other horizontal planes is needed in future
studies.

In addition to cartilage degeneration, PFOA is
characterized by abnormal bone remodeling of
the subchondral bone that is featured by a high
bone turnover rate and bone mass loss; high
bone turnover will damage the microstructure
of subchondral bone, which plays a vital part in
OA progression [33]. The changes of BV/TV of
subchondral bone in 5-month-old guinea pigs
from another study [34] is consistent with the
results of this study, and the change difference
may be due to the different anatomic location
of ROIs. Some scholars have detected the OA
of female Hartley guinea pigs at the age of 1, 3,
6 and 9 months, and found that the BV/TV of
the tibia decreased gradually over time, which
supports our findings [35]. This indicates that
the patellar articular subchondral bone has
abnormal bone turnover and that the micro-
structure of subchondral bone has been
destroyed in the early and middle stages of
PFOA, which further confirms the important
role of the subchondral bone in the onset of
PFOA.

However, this study still has room for improve-
ment. First, the establishment of a guinea pig
model is not easily comparable to PFOA in
humans, warranting clinical exploration. Se-
cond, this experiment only studied alterations
in cartilage and subchondral bone in early- and
mid-stage PFOA, while spontaneous OA is a
relatively long-term process. In the future, a
complete PFOA model should be constructed to
expand the age groups of the experimental ani-
mals. Third, abnormal joint load will also cause
changes in OA, so we should further compare
the pathological alterations in patellar articular
cartilage and subchondral bone, and explore
the influencing mechanism of cartilage and
subchondral bone on PFOA.
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Conclusion

In conclusion, this study confirmed that
3-5-month-old female Hartley guinea pigs
could be used for an animal model of early- and
mid-stage spontaneous PFOA, and that both
their cartilage and subchondral bone deterio-
rated gradually with the passage of time, espe-
cially the femur.
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