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Abstract

Background Patellofemoral osteoarthritis (PFJOA) is a subtype of knee OA, which is one of the main causes of ante-
rior knee pain. The current study found an increased prevalence of OA in postmenopausal women, called postmeno-
pausal OA. Therefore, we designed the ovariectomized rat model of patella baja-induced PFJOA. Alendronate (ALN)
inhibits osteoclast-mediated bone loss, and has been reported the favorable result of a potential intervention option
of OA treatment. However, the potential effects of ALN treatment on PFJOA in the ovariectomized rat model are
unknown and need further investigation prior to exploration in the clinical research setting. In this study, the effects
of ALN on articular cartilage degradation and subchondral bone microstructure were assessed in the ovariectomized
PFJOA rat model for 10 weeks.

Methods Patella baja and estrogen withdrawal were induced by patellar ligament shortening (PLS) and bilateral
ovariectmomy surgeries in 3-month-old female Sprague-Dawley rats, respectively. Rats were randomly divided

into five groups (n=8): Sham +V; OVX+V, Sham +PLS +V, OVX+PLS +V, OVX+PLS+ALN (ALN: 70 ug/kg/week). Radi-
ography was performed to evaluate patellar height ratios, and the progression of PFJOA was assessed by macroscopic
and microscopic analyses, immunohistochemistry and micro-computed tomography (micro-CT).

Results Our results found that the patella baja model prepared by PLS can successfully cause degeneration of articu-
lar cartilage and subchondral bone, resulting in changes of PFJOA. OVX caused a decrease in estrogen levels in rats,
which aggravated the joint degeneration caused by PFJOA. Early application of ALN can delay the degenerative
changes of articular cartilage and subchondral bone microstructure in castrated PFJOA rat to a certain extent, improve
and maintain the micrometabolism and structural changes of cartilage and subchondral bone.

Conclusion The early application of ALN can delay the destruction of articular cartilage and subchondral bone
microstructure in castrated PFJOA rat to a certain extent.
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Introduction

Osteoarthritis (OA) is a degenerative form of arthritis that
affects more than 300 million people worldwide at the hip
and knee joints alone [1]. OA is a progressive joint degen-
eration characterized by synovial inflammation, articular
cartilage degeneration, deterioration of subchondral bone
(SB) and osteophyte formation. Pain and disability due
to knee OA are more strongly associated with the patel-
lofemoral joint (PFJ) than the tibiofemoral joint, while the
PF] is easily overlooked clinically [2]. PF] OA is a subtype
of knee OA, has a high incidence of 24% females and 11%
males over the age of 55 years [3]. Biomechanical changes,
such as patella baja, trochlea dysplasia, patellofemoral
joint instability, etc., are involved in the occurrence and
development of OA. Symptoms can be alleviated by activ-
ity modification, physical therapy, drugs, weight reduc-
tion, McConnell taping, bracing, and injection therapy
[4]. Surgical treatment consisted of joint preservation and
patellofemoral replacement with the goal of optimizing
load distribution and improving patellar alignment and
trajectory. Unfortunately, none of these procedures pro-
duced definitive long-term outcomes [5].

Epidemiological evidence found an incremental prev-
alence of OA in postmenopausal women [1], and it has
been entitled as the postmenopausal OA in several
studies [6, 7]. Estrogen plays an important role in the
maintenance of bone mass, the alleviation of cartilage
degeneration and the maintenance of systemic bone
homeostasis by binding to estrogen receptors in articu-
lar cartilage, SB and synovium [8]. Inflammation, aging,
and apoptosis of chondrocytes induced by estrogen
deficiency exacerbate extracellular matrix degradation.
In addition, the abnormal remodeling of SB induced by
estrogen deficiency is also involved in the occurrence of
OA, which is characterized by a high rate of bone turno-
ver and destruction of SB microstructure, which in turn
aggravates cartilage destruction.

Alendronate (ALN), an third-generation bispho-
sphonates, has been approved for the treatment of
osteoporosis due to their ability to inhibit osteoclast-
mediated bone loss [9]. Clinical and animal studies
have reported favorable results of bisphosphonates as
a potential intervention option of OA treatment. ALN
has been reported to be effective in reducing osteo-
phyte formation [10, 11] and cartilage degeneration
[12] in OA. Moreover, ALN blocks OA matrix metal-
loproteinase-13 (MMP-13) expression and increases
collagen type II (Col-II) expression to reduce OA
extracellular matrix degeneration [13]. Taken together,

ALN may have therapeutic effects on OA. However,
little is known about the specific efficacy of ALN in
postmenopausal patients with PFJOA. Therefore, this
study aimed to evaluate the role of ALN on the pro-
gression of PFJOA in an ovariectomized (OVX) rat
model.

Methods

Animal handling

A total of 40 three-month-old female Sprague—Dawley
rats (253+15.58 g) (Vital River Experimental Animal
Technical Co., Ltd., Beijing, China) were used in this
study. All rats were housed in standard conditions (22°C
with a 12-h lights on/off cycle) and allowed unlimited
food and water. Patella baja and estrogen withdrawal
were induced by patellar ligament shortening (PLS) and
bilateral ovariectomy surgeries [14], respectively. Briefly,
The PLS surgery was conducted under general anesthesia
in a sterile environment, with the skin of the right knee
shaved and sterilized. Firstly, a 1 cm longitudinal incision
was made medially along the patella to the tibial tuber-
osity. The patellar tendon was then carefully detached,
avoiding exposure of the joint cavity. Secondely, a
Kirschner wire (7 mm long, 2 mm diameter) with 1-0
nylon sutures in a groove 1 mm medial to both ends was
inserted under the patellar tendon from the medial to the
lateral region. The sutures were crossed at the proximal
end of the tendon. Thirdly, the sutures were threaded
under both grooves and tightly tied around the patellar
tendon with the knee in its straightest position. Finally,
the skin was sealed using 3-0 nylon sutures (Addi-
tional file 1: Fig. S1). Rats were injected subcutaneously
either ALN (70 pg/kg/week) or vehicle at 72 h post-
surgery for 10 weeks in the following groups (n=38):
Sham+V; OVX+V, Sham+PLS+V, OVX4PLS+V,
OVX+PLS+ALN. Body weights were measured before
surgery and recorded weekly, and drug doses were
adjusted accordingly. All rats were killed at 10 weeks and
the study was approved by the Institutional Animal Care
and Use Committee.

Radiography

The patellar height ratio was evaluated by X-rayed at
10 weeks post-surgery. All rat’s right knee joint with
approximately 90° flexion by a “specific devices” The lat-
eral position detection under the X-radiography system
(settings: 75 kV, 50 Hz, Seriate (BG) Italy, Seriate (BG)
Italy) was performed according to the Insall-Salvati (IS)



Bei et al. Journal of Orthopaedic Surgery and Research (2024) 19:197

Table 1 Grading system for macroscopic lesions of cartilage

Grade Cartilage

0 Normal appearance

1 Slight yellowish discoloration of the chondral surface

2 Small cartilage erosions in load-bearing areas

3 Large erosions extending down to the subchondral bone

4 Large erosions with large areas of subchondral bone exposed

ratio. All imaging analysis were blindly performed by 3
independent researchers based on previous study [15].

Macroscopic images and analysis

All samples for macroscopic scoring were recorded using
a digital camera (Canon 550D; Canon, Japan). Samples
were fixed in 100% ethanol for micro-CT analysis. The
severity of gross lesions was defined using a scoring sys-
tem described by Guingamp et al. [16] (Table 1).

Micro-CT imaging

To investigate the effects of ALN on micro-architecture
deterioration in subchondral bone of patellofemoral
joint. Three-dimensional trabecular analysis was per-
formed using a SkyScan1176 (Bruker, Kontich, Belgium).
The scanning procedure and region of interest (ROI) of
the femoral trochlear were according to our previous
study [17]. The densitometry and cancellous microstruc-
ture were characterized using CT Analyser and CT vox
software (Bruker, Kontich, Belgium) to determine bone
mineral density (BMD), bone volume ratio (BV/TV),
trabecular separation (Tb.Sp), trabecular pattern factor
(Tbpf), trabecular thickness (Tb.Th), trabecular number
(Th.N) and structure model index (SMI).

Specimen processing and Mankin scoring

After the Micro-CT examination, we immediately fixed
all samples used for histological evaluation with 10% neu-
tral buffered formalin. Next, all samples were decalcified
in 10% EDTA-Na2 for 10 weeks before embedding in par-
affin. Horizontal sections of 6um thickness are prepared
for histomorphometry and immunohistochemistry. Sec-
tions were stained using toluidine blue for histomor-
phometry, and cartilage lesions were evaluated with a
standard 14-point Mankin scale [18].

Immunohistochemistry

Immunohistochemical analysis was performed to inves-
tigate the changes in molecular mechanism in cartilage
degeneration, the following procedures were performed
as previous described [13]: Briefly, the deparaffinized
sections were rehydrated, digested with 0.05% trypsin
for 30 min and incubated for 15 min in 3% H,O, After
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washing with 5% bovine serum albumin in phosphate-
buffered saline (PBS), then incubated over night at 4 °C
with the following antibodies:Col-II (1:100, II-116B3, Lin-
senmayer TF), MMP-13 (1:100, Bioss Inc., Beijing. USA)
and Caspase-3 (1:100, Boster Co.Ltd., Wuhan, China).
The remaining procedures were performed according to
the instructions provided by the PV-6000 Polink-1 HRP
DAB Detection System (ZSGB-BIO Corp., China) and
the ZLI-9018 DAB kit (ZSGB-BIO Corp., China). Finally,
the slides were counterstained with hematoxylin. The
image collection (200 X magnification) and result analysis
(IOD/mm?) were done using a BX53 microscope system
(Olympus, Tokyo, Japan) and Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Inc, US), respectively.

Statistical analysis

All data were analyzed using SPSS version 19.0 (SPSS,
Chicago, IL, USA). The macroscopic and histological data
were presented as the Mean with a 95% confidence inter-
val (CI), other data were presented as mean + standard
deviation. Non-Gaussian distributed data were analyzed
using Kruskal-Wallis and Mann—Whitney analyses.
Additionally, the Gaussian distributed data were analyzed
using a one-way ANOVA followed by Fisher’s least sig-
nificant difference (LSD) t-test or Dunnett’s T3 test. The
P value <0.05 was considered statistically significant.

Results

Radiographic findings

As shown in Fig. 1, X ray radiography and manual pal-
pation confirmed that the Kirschner wire was fixed in
the established position without detachment. Compared
with Sham group, Modified Insall-Salvati Ratio of PLS
group, PLS+OVX group and PLS+OVX+ALN group
was significantly lower than that of Sham group (all
P<0.05), which proved that the patella baja model of rats
was successfully prepared by PLS operation. There was
no significant difference in Modified Insall-Salvati Ratio
between Sham group and OVX group (p >0.05).

Micro-CT findings

Subchondral bone Micro-CT examination of bone tra-
becular imaging gross observation showed that the tra-
beculae of OVX and PLS groups were sparser than those
of Sham group (Fig. 2). The trabeculae of PLS+OVX
groups were sparser than those of OVX and PLS groups.
The trabeculae of PLS+OVX+ ALN group were denser
than those of PLS+OVX group.

Micro-CT results of subchondral bone (Fig. 2) showed
that BMD, BV/TV and Tb.N in OVX group were signifi-
cantly lower than those in Sham group (all P<0.05), while
Tb.Sp, SMI and Tbpf were significantly higher than those
in Sham group (all P<0.05). BMD, BV/TV, Tb.N and



Bei et al. Journal of Orthopaedic Surgery and Research (2024) 19:197 Page 4 of 12

A Sham ovX PLS PLS+0OVX PLS+OVX+ALN

w

Modified Insall-Salvati (Ratio)

PLS+OVX+ALN
&

o
N

0.1

BMD (mg/cm®)

||
0.15
B 7 010 CRRFON
E g
= g
~ =
Z £
e £ 005
0.00
& 2 & >
o & c.’xo\‘ .‘3}"
& o
9
Q\/
20
15

Th.Sp (mm)
Tbpf (1/mm)
B

Q\/

Fig. 2 The Micro-CT images and results of the subchondral bone. Black bar=250 um. *p < 0.05 versus sham group, &p <0.05 versus OVX group,
Op <0.05 versus PLS group, Mp <0.05 versus PLS + OVX group
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Tb.Th in PLS group were significantly lower than those
in Sham group (all P<0.05), while Tb.Sp, SMI and Tb.pf
were significantly higher than those in Sham group (all
P<0.05). BMD, BV/TV, Tb.N and Tb.Th in PLS+OVX
group were significantly lower than those in Sham group
(all P<0.05), while Tb.Sp, SMI and Tbpf in PLS+OVX
group were significantly higher than those in Sham group
(all P<0.05). Compared with OVX group, BMD, BV/TV,
Tb.N and Tb.Th in PLS+OVX group were significantly
decreased (all P<0.05), while Tb.Sp, SMI and Tb.pf were
significantly increased (all P<0.05). Compared with PLS
group, BMD, BV/TV and Tb.N in PLS+OVX group were
significantly decreased (all P<0.05), while Tb.Sp, SMI
and Tb.pf were significantly increased (all P<0.05). Com-
pared with PLS+ OVX group, BMD, BV/TV and Tb.N in
PLS+OVX+ ALN group were significantly increased (all
P<0.05), while Tb.Sp, SMI and Tb.pf were significantly
decreased (all P<0.05).

Macroscopic findings
The gross observation of femoral trochlear cartilage
degeneration showed that the Sham group showed
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normal cartilage appearance with smooth cartilage sur-
face, no color change and no cartilage erosion. In the
OVX group, the cartilage color was slightly yellow in
some specimens, and the rest showed normal appear-
ance of cartilage. No cartilage erosion was observed.
In the PLS group, rough articular cartilage surface was
observed, and obvious cartilage erosion appeared in the
weight-bearing area of the femoral trochlea, and the
injury depth even reached the subchondral bone level.
In the PLS+OVX group, severe erosion of the carti-
lage surface was observed, accompanied by extensive
exposure of subchondral bone. Cartilage surface ero-
sion and subchondral bone exposure were improved in
PLS+OVX+ALN group compared with PLS+OVX
group (Fig. 3).

The gross morphological scores of cartilage degen-
eration in PLS and PLS+OVX groups were signifi-
cantly higher than those in Sham group (all P<0.05),
and those in PLS+OVX group were significantly
higher than those in OVX group (P<0.05). Compared
with PLS group, the gross morphological score of
PLS+OVX group was increased (P>0.05). Compared
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Fig. 3 The gross observation of femoral trochlear cartilage degeneration. *p <0.05 versus sham group, &Ap <0.05 versus OVX group
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with the PLS+OVX group, the gross morphological
score of the PLS+OVX+ALN group was decreased
(P>0.05) (Fig. 3).

Histomorphometry
The results of cartilage toluidine blue staining showed
that the surface of articular cartilage in Sham group
was smooth and complete. No obvious defects were
observed. The morphology and distribution of chon-
drocytes were normal. The matrix staining was uni-
form, and the tide line was clear and continuous. The
OVX group showed a slight decrease in matrix stain-
ing intensity, accompanied by an increase in surface
chondrocytes. The PLS group showed obvious cartilage
degeneration, especially in the load-bearing area of the
trochlea, and decreased number of chondrocytes. In the
PLS+OVX group, extensive cartilage injury, mass loss
of cartilage matrix, obvious fractures and exfoliation
of cartilage were observed, and the number of chon-
drocytes decreased significantly. In PLS+OVX+ ALN
group, the cartilage surface was slightly damaged, the
matrix staining was slightly decreased, the number of
chondrocytes was slightly decreased, and the chondro-
cyte cluster were observed (Fig. 4).

The Mankin score in PLS group and PLS+OVX
group was significantly higher than that in Sham group

200mm N
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(all P<0.05), and that in PLS+OVX group was signifi-
cantly higher than that in OVX group (P<0.05). Com-
pared with PLS group, Mankin score in PLS+OVX
group was slightly increased (P>0.05). Compared
with PLS+OVX+ALN group, Mankin score slightly
decreased (P>0.05) (Fig. 4).

Immunohistochemical findings

The positive expression of Col-II in the cartilage of
Sham group was evenly distributed. Compared with
Sham group, the expression level of Col-II in PLS group
and PLS+OVX group was significantly decreased (all
P<0.05), and the expression of Col-II in OVX group was
slightly decreased (P>0.05). The expression of Col-II in
PLS+OVX group was significantly lower than that in
OVX group (P<0.05), and was slightly decreased com-
pared with that in PLS group (P>0.05). The expression
level of Col-II in PLS+OVX+ALN group was signifi-
cantly increased compared with that in PLS+OVX group
(P<0.05) (Fig. 5).

MMP-13 is a major collagenase in the pathogenesis
of OA, and its expression is increased in the diseased
cartilage. The results showed that the positive expres-
sion level of MMP-13 in the Sham group was very low.
Compared with the Sham group, the expression level of
MMP-13 in the PLS group and the PLS+ OVX group was

Fig. 4 Histomorphology related evaluation. *p <0.05 versus sham group, Ap <0.05 versus OVX group
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significantly increased (all P<0.05), and the expression  group, the expression level in PLS+OVX+ALN group
level of MMP-13 in OVX group was slightly increased  was significantly decreased (P<0.05) (Fig. 6).

(P>0.05). The expression level of MMP-13 in PLS+OVX Caspase-3 is a major apoptotic protein in the patho-
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and PLS group (all P<0.05). Compared with PLS+OVX  cartilage. The results showed that the positive expression
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Sham Y i

Hp <0.05 versus PLS+OVX group

level of Caspase-3 in the Sham group was very low.
Compared with the Sham group, the expression level of
Caspase-3 in the PLS group and PLS+OVX group was
significantly increased (all P<0.05), and the expression
of Caspase-3 in the OVX group was slightly increased
(P>0.05). The expression level of Casepase-3 in the
PLS +OVX group was significantly higher than that both
in the OVX group and PLS group (all P<0.05). Com-
pared with the PLS+OVX group, the expression level in
PLS+OVX group was significantly decreased (P<0.05)
(Fig. 7).

Discussion

To our knowledge, this study is the first to investigate the
effect of ALN on the pathological process of PFJOA in
the OVX rat model. Our results found that early appli-
cation of ALN can delay the degenerative microstruc-
ture changes of articular cartilage and subchondral bone
in castrated PFJOA rat to a certain extent, improve and
maintain the micro-metabolism and structural changes
of cartilage and subchondral bone..

In a broad sense, knee OA is divided into tibiofemo-
ral OA and PFJOA, of which tibiofemoral OA accounts
for a large part [19]. Tibiofemoral OA often develops
along with TFJOA, and isolated PFJOA is not rare [20].
In the investigation conducted by Noble et al. [21],
PFJOA was found in 79% of the 100 cadaver samples that
were > 65 years old in their study. The causes of PFJOA
include anatomic and mechanical anomalies that can
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increase local pressure of the patella joint, including
patellar trajectory abnormalities such as patella baja [22].
Changes in the anatomical structure and force line of PF]
can cause abnormal changes in the patellar motion tra-
jectory, which not only reduces the contact area between
patella and femoral trochlea, but also increases the local
stress on the patellofemoral joint surface, resulting in
some changes in the uneven forces on both sides of
PFJ. Among them, the cartilage matrix on the side with
increased stress will wear. The destruction of the origi-
nal structure of the collagen fiber network and the loss of
proteoglycan significantly promote cartilage injury, and
finally induce PFJOA, causing anterior knee pain [23, 24].

There are currently many animal models of OA, and
how to choose the best model in experimental stud-
ies is crucial. However, there is no single gold standard
of OA animal model that accurately reflects all aspects
of human OA [25]. After the onset of osteoporosis, the
change of estrogen level can lead to the change of sub-
chondral bone mass, which affects the stability of the
knee joint, and causes the occurrence and development
of OA. There are estrogen receptors on the surface of
knee cartilage, and the decrease of estrogen level can
directly change articular cartilage metabolism and cause
OA [26]. In addition, in postmenopausal women, the
decline in estrogen levels can directly lead to apoptosis
of chondrocytes. Holland et al. [27] confirmed that OA
manifestations can occur in the knee joint of sheep after
castration surgery. There is a close relationship between
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the occurrence and development of OA and the decrease
of estrogen level [26]. On the preparation of osteoporotic
OA animal model by castration, it was found that osteo-
porosis accelerated the reduction of bone mass in sub-
chondral bone and increased cartilage damage, which
proved that osteoporosis is one of the risk factors for the
occurrence and development of OA [28, 29].

In our study, bilateral OVX was used to simulate post-
menopausal osteoporosis, and PLS was applied to pre-
pare a patella baja model to induce PFJOA, so as to study
the effect of decreased estrogen level on PFJOA and the
effect of ALN on joint degeneration in ovariectomized
rats with PFJOA. Macro and micro analysis showed that
PLS and OVX significantly increased the metabolism
change and microstructure destruction of cartilage and
subchondral bone. The potential mechanism of PLS lead-
ing to joint degeneration may be due to the change of
movement trajectory and stress increase between patella
and femoral trochlea, whose abnormal loads lead to
PFJOA-related structural damage.

The occurrence and development of OA is usually
accompanied by cartilage injury and abnormal changes
of subchondral bone. In the investigation of human
OA, partial or full-layer defects of articular cartilage
were found in patellofemoral joints during surgery and
autopsy [30, 31]. Compared with femoral trochlear carti-
lage, the fibrosis, longitudinal fissure and softening swell-
ing of human patella cartilage in the early stage are more
obvious and serious [32].

Under the condition of OA, chondrocytes will undergo
corresponding changes in activity signals. After degen-
eration, chondrocytes are easy to be induced, differenti-
ated, and proliferated into hypertrophic chondrocytes,
resulting in corresponding changes in the biological char-
acteristics of cartilage. These changes in structure and
integrity may lead to cartilage injury under the action of
stress [33]. Under normal conditions, chondrocytes regu-
late the production and metabolism of type II collagen,
hyaluronic acid and proteoglycan, thus maintaining the
normal structure and biomechanical properties of carti-
lage. In the process of OA, abnormal synthesis and catab-
olism of these substances often occur in cartilage matrix
[34]. These abnormalities can cause the release of inflam-
matory factors produced by immune cells, including
matrix metalloproteinases (MMPs), TNF-a, IL-1p and
IL-22, etc. These inflammatory factors affect the normal
physiological function of chondrocytes and aggravate
cartilage injury [35]. The specific expression of MMP-13
in inflammatory tissues is closely related to its ability to
degrade collagen. These proteases degrade collagen, pro-
teoglycan and cartilage oligomeric matrix proteins and
affect the normal physiological function of cartilage [36].
These abnormalities in synthesis and catabolism may be
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related to the decreased level of autophagy in chondro-
cytes [36]. The decrease of autophagy level of chondro-
cytes will lead to mitochondrial dysfunction and thus
increase apoptosis. Caspase-3 plays a very important or
even irreplaceable role in apoptosis. Metabolic abnor-
malities and oxidative stress caused by mitochondrial
dysfunction accelerate the process of chondrocyte injury
and cartilage degeneration. Cinque et al. [37] found that
the level of autophagy in chondrocytes regulates the syn-
thesis and secretion of type II collagen, which further
regulates the changes in the normal physiological struc-
ture of cartilage matrix. Similarly, Cheng et al. [38] also
found in their study on rabbit OA model that the increase
of chondrocyte autophagy level was closely related to the
degenerative changes of articular cartilage, and involved
in the occurrence and development of OA.

There is a close relationship between SB and cartilage
in anatomical structure, and the two have mutual influ-
ence and correlation in biological, biomechanical and
pathological changes. SB is located below the cartilage
and is composed of the SB plate and the underlying can-
cellous bone, which supports and cushions the stress of
the cartilage [28]. The SB plate is a thin cortical layer with
pores, which provides the structural basis for the com-
munication between articular cartilage and SB. lijima
et al. [39] found in their study on the animal model of OA
that the expressions of MMP-13 and VEGF in SB would
increase with the progression of OA, while the fibrosis
of SB defects was significant. In the development of OA,
the balance between osteoblasts and osteoclasts deter-
mines the formation or degradation of bone matrix dur-
ing bone reconstruction. In the early stage of OA, bone
resorption and bone remodeling are the main processes,
the bone metabolic rate of the remodeling site increases,
and the bone plate thickness decreases [40]. While late
OA is characterized by decreased bone resorption and
increased bone formation. Cheng et al. [41] found that
the bone density of SB decreased significantly in the early
stage of OA, but with the progression of the disease,
the bone density of SB gradually increased, and the SB
became sclerotic. After the bone trabeculae were dam-
aged, the stress resistance of articular cartilage and SB
declined. Bellido et al. [42] found on the pig model that
in the process of OA, SB changes before cartilage. When
the elastic modulus of SB decreases, the stress borne by
articular cartilage increases significantly, resulting in
degenerative changes of cartilage.

In our study, both PLS and OVX accelerated cartilage
and SB degeneration. PLS and OVX increased the expres-
sion of catabolic enzyme MMP-13 and apoptotic protein
caspase-3, and promoted the degradation of cartilage
microstructure and the enhancement of catabolism of
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Col II. Micro-CT and histomorphologic analysis revealed
bone loss and microstructure deterioration of SB.

Due to its role in regulating bone metabolism and anti-
bone resorption, ALN is mainly used in the treatment of
osteoporosis in clinical practice, especially for postmeno-
pausal osteoporosis [43]. Early prophylactic treatment
with sodium alendronate in the course of OA disease can
reduce the metabolic rate of SB and alleviate the degen-
eration of articular cartilage, while late administration
has no significant effect on articular cartilage, indicating
that early treatment to protect SB has a positive role in
preventing cartilage destruction [44].

ALN can improve the abnormal changes of SB. Hayami
T et al. prepared a rat OA model through ACLT surgery
and observed that ALN intervention had a significant
inhibitory effect on the absorption of knee SB in OA rats
[45]. M. Siebelt et al. [46] studied the inhibitory effect of
ALN on osteoclast bone absorption and found that ALN
treatment after OA induction could reduce SB loss and
osteophyte formation compared with rats in the non-
ALN treatment group. ALN treatment also improved the
degree of cartilage degradation. In the study on the effect
of ALN on OA, Zhang et al. [47] found that compared
with the modeling group, the related SB morphomet-
ric analysis indexes, such as BMD, Tb.N, BV/TV, Tb.Th,
Tb.Sp, Tbpf and SMI, in the ALN group were signifi-
cantly improved.

MMP-13 has a direct degradation effect on Col-IJ,
and its changes can directly reflect the changes in the
metabolism level of Col-II in cartilage matrix. Shirai et al.
[48] established a rabbit OA model by ACLT and inter-
vened with subcutaneous injection of ALN. The experi-
mental results showed that ALN could prevent the loss
of SB mass. Obvious cartilage damage occurred in the
model group, while only slight cartilage destruction was
observed in the ALN group. It was observed that ALN
inhibited the expression of MMP-13 in cartilage, and the
application of ALN could improve the local metabolism of
articular cartilage, thereby preventing the degeneration of
articular cartilage. Zhang et al. [47] found that the appli-
cation of ALN can increase the expression of bone mor-
phogenetic protein (BMP-2) and inhibit the expression of
MMP-13, which can effectively inhibit cartilage degrada-
tion and thus exert its protective effect on cartilage. Chen
et al. [49] found that early ALN treatment could com-
pletely inhibit cartilage thickening and effectively improve
SB degeneration in OA rats, while late ALN treatment had
no effect. ALN not only has a protective effect on articular
cartilage and SB, but also has been confirmed to prevent
the formation of osteophytes [40, 47].

Our study found that early application of ALN has
a protective effect on cartilage and SB. ALN inhibited
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the expression of MMP-13 and Caspase-3 in cartilage,
so reduced the catabolism of cartilage and apoptosis of
chondrocytes, and played a protective role in articular
cartilage. Early application of ALN can inhibit bone turn-
over and bone loss in SB and improve the microstructure
of SB. Articular cartilage and SB complement each other
and influence each other functionally. The protective
effect of ALN on articular cartilage is the result of a com-
prehensive effect. The protective effect of ALN on articu-
lar cartilage may be related to the inhibition of SB bone
remodeling, or may be the result of its direct action on
cartilage.

Khorasani et al. [50] study on the effect of ALN on
post-traumatic OA induced by anterior cruciate ligament
rupture in mice. They found that high-dose ALN treat-
ment prevented early trabecular bone loss and cartilage
degeneration after non-invasive knee injury, but did not
mitigate long-term joint degeneration. Therefore, these
data contribute to the understanding of the effects of bis-
phosphonates on the development of OA and may sup-
port the early use of anti-absorption drugs to prevent
joint degeneration after injury, although further research
is needed.

Conclusion

PLS can successfully produce animal models of PFJOA
caused by patella baja, resulting in degeneration of car-
tilage and subchondral bone. OVX caused a decrease in
estrogen levels in rats, which aggravated the joint degen-
eration caused by PFJOA. The application of ALN can
delay the destruction of articular cartilage and subchon-
dral bone microstructure in castrated PFJOA rat to a cer-
tain extent.
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Additional file 1. The surgical procedure of patellar ligaments shorting
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skin of the right knee. (C-D): The patellar tendon was separated by hemo-
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from the medial to the lateral region. (F): Sutures crossed at the proximal
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tightly tied around the patellar tendon with the knee in its straightest
position; (I) skin was sealed using 3-0 nylon sutures.

Acknowledgements
Thanks to the relevant staff of the animal experimental center and the medical
experimental center for their support and help to the research.


https://doi.org/10.1186/s13018-024-04677-0
https://doi.org/10.1186/s13018-024-04677-0

Bei et al. Journal of Orthopaedic Surgery and Research (2024) 19:197

Author contributions

[-Z and XB-W designed and planned the implementation of this study. MJ-B,
ZY-Z and YP-X wrote the paper together. MJ-B, YP-X, ZY-Z, N-L, XH-C, and FM-T
participate in the experimental process, including animal experiments, labora-
tory operations, statistical analysis, etc. Additionally, modified grammar and
polished the manuscript by N-L, XH-C, and FM-T, respectively. MJ-B, ZY-Z and
YP-X finally reviewed this study and put forward key suggestions to improve
this paper, which played a key role in the promotion of this paper. All authors
read and approved the final manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China (N0.82172434); Beijing Scholar Training Program;Natural Science Foun-
dation of Beijing Nature Science Foundation (No.19L2011); Natural Science
Foundation of Hebei Province (H2022209054); Central government-guided
local science and technology development foundation of Hebei Province
(22627709G).

Availability of data and materials
The datasets generated during and/or analyzed during the current study are
publicly available.

Declarations

Ethics approval and consent to participate

The study was conducted according to the guidelines of the Declaration of
Helsinki and approved by the Institutional Animal Care and Use Committee of
North China University of Science and Technology.

Consent for publication
All authors approved the final manuscript and the submission to this journal.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Orthopedic Surgery, Beijing Jishuitan Hospital Affiliated

to Capital Medical University, Xinjiekoudongjie 31, Xicheng Dis, Beijing 100035,
People’s Republic of China. ?School of Public Health, North China University

of Science and Technology, Tangshan, Hebei, People’s Republic of China. *The
Department of Orthopedic Surgery, Wuhan Third Hospital, Tongren Hospital
of Wuhan University, No. 241, Pengliuyang Road, Wuhan 430000, People’s
Republic of China. “Department of Orthopedic Surgery, Emergency General
Hospital, Xibahenanli 29, Chaoyang District, Beijing 100028, People’s Republic
of China.

Received: 10 January 2024 Accepted: 14 March 2024
Published online: 25 March 2024

References

1. Safiri S, Kolahi AA, Smith E, Hill C, Bettampadi D, Mansournia MA, Hoy D,
Ashrafi-Asgarabad A, Sepidarkish M, Almasi-Hashiani A, Collins G, Kauf-
man J, Qorbani M, Moradi-Lakeh M, Woolf AD, Guillemin F, March L, Cross
M. Global, regional and national burden of osteoarthritis 1990-2017:
a systematic analysis of the Global Burden of Disease Study 2017. Ann
Rheum Dis. 2020,79:819-28.

2. Schiphof D, van Middelkoop M, de Klerk BM, Oei EH, Hofman A, Koes
BW, Weinans H, Bierma-Zeinstra SM. Crepitus is a first indication of
patellofemoral osteoarthritis (and not of tibiofemoral osteoarthritis).
Osteoarthr Cartil. 2014;22:631-8.

3. Strickland SM, Bird ML, Christ AB. Advances in patellofemoral arthroplasty.
Curr Rev Musculoskelet Med. 2018;11:221-30.

4. Hoogervorst P, Arendt EA. Patellofemoral arthroplasty: expert opinion. J
Exp Orthop. 2022;9:24.

5. Migliorini F, Baroncini A, Bell A, Weber C, Hildebrand F, Maffulli N. Surgical
strategies for chondral defects of the patellofemoral joint: a systematic
review. J Orthop Surg Res. 2022;17(1):524.

20.

21.

22.

23.

24.

Page 11 of 12

Eun', Yoo JE, Han K, Kim D, Lee KN, Lee J, Lee DY, Lee DH, Kim H, Shin DW.
Female reproductive factors and risk of joint replacement arthroplasty
of the knee and hip due to osteoarthritis in postmenopausal women:

a nationwide cohort study of 1.13 million women. Osteoarthr Cartil.
2022;30:69-80.

Zhang M, Wang Y, Huan Z, Liu Y, Zhang W, Kong D, Kong L, Xu J. FSH
modulated cartilage ECM metabolism by targeting the PKA/CREB/SOX9
pathway. J Bone Miner Metab. 2021;39:769-79.

Mohamad NV, Ima-Nirwana S, Chin KY. Are oxidative stress and inflam-
mation mediators of bone loss due to estrogen deficiency? A review

of current evidence. Endocr Metab Immune Disord Drug Targets.
2020;20:1478-87.

Brown JP, Engelke K, Keaveny TM, Chines A, Chapurlat R, Foldes AJ,
Nogues X, Civitelli R, De Villiers T, Massari F, Zerbini CAF, Wang Z, Oates
MK, Recknor C, Libanati C. Romosozumab improves lumbar spine bone
mass and bone strength parameters relative to alendronate in post-
menopausal women: results from the Active-Controlled Fracture Study
in Postmenopausal Women With Osteoporosis at High Risk (ARCH) trial. J
Bone Miner Res. 2021;36:2139-52.

Neogi T, Nevitt MC, Ensrud KE, Bauer D, Felson DT. The effect of alen-
dronate on progression of spinal osteophytes and disc-space narrowing.
Ann Rheum Dis. 2008;67:1427-30.

. Panahifar A, Maksymowych WP, Doschak MR. Potential mechanism of

alendronate inhibition of osteophyte formation in the rat model of post-
traumatic osteoarthritis: evaluation of elemental strontium as a molecular
tracer of bone formation. Osteoarthr Cartil. 2012;20:694-702.

Acibadem E, Keskinruzgar A, Bozdag Z, Yavuz GY. Therapeutic effect of
alendronate in an experimental temporomandibular joint osteoarthritis. J
Oral Rehabil. 2023;50:113-21.

Xin F,Wang H, Yuan F, Ding Y. Platelet-rich plasma combined with alen-
dronate reduces pain and inflammation in induced osteoarthritis in rats
by inhibiting the nuclear factor-kappa B signaling pathway. Biomed Res
Int. 2020;2020:8070295.

Bei MJ, Tian FM, Xiao YP, Cao XH, Liu N, Zheng ZY, Dai MW, Wang WY,
Song HP, Zhang L. Raloxifene retards cartilage degradation and improves
subchondral bone micro-architecture in ovariectomized rats with patella
baja-induced-patellofemoral joint osteoarthritis. Osteoarthr Cartil.
2020;28:344-55.

Francois EL, Abdel MP, Sousa PL, Chapman DM, Miller MJ, Dalury DF, Berry
DJ. Incidence of patella baja before and after primary total knee arthro-
plasty based on body mass index. Orthopedics. 2019;42:90-4.

Guingamp C, Gegout-Pottie P, Philippe L, Terlain B, Netter P, Gillet P.
Mono-iodoacetate-induced experimental osteoarthritis: a dose-response
study of loss of mobility, morphology, and biochemistry. Arthritis Rheum.
1997;40:1670-9.

Bei M, Tian F, Liu N, Zheng Z, Cao X, Zhang H, Wang Y, Xiao Y, Dai M,
Zhang L. A novel rat model of patellofemoral osteoarthritis due to Patella
Baja, or low-lying patella. Med Sci Monit. 2019,25:2702-17.

Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and metabolic
abnormalities in articular cartilage from osteo-arthritic human hips. IlI.
Correlation of morphology with biochemical and metabolic data. J Bone
Joint Surg Am. 1971;53:523-37.

Hinman RS, Crossley KM. Patellofemoral joint osteoarthritis: an

important subgroup of knee osteoarthritis. Rheumatology (Oxford).
2007:46:1057-62.

Loyst RA, Palhares G, Hinkley P, Rizy M, Burge AJ, Gomoll AH, Strickland
SM. Predilection of patellofemoral cartilage lesions in patients with poste-
rior medial meniscal root lesions. Cartilage. 2023;14:407-12.

Noble J, Hamblen DL. The pathology of the degenerate meniscus lesion.
J Bone Joint Surg Br. 1975;57:180-6.

Teichtahl AJ, Wluka AE, Cicuttini FM. Frontal plane knee alignment is asso-
ciated with a longitudinal reduction in patella cartilage volume in people
with knee osteoarthritis. Osteoarthr Cartil. 2008;16:851-4.

Dye SF. The pathophysiology of patellofemoral pain: a tissue homeostasis
perspective. Clin Orthop Relat Res. 2005;436:100-10.

van Jonbergen HP, Scholtes VA, Poolman RW. A randomised, controlled
trial of circumpatellar electrocautery in total knee replacement without
patellar resurfacing: a concise follow-up at a mean of 3.7 years. Bone Joint
J.2014,96-b:473-8.



Bei et al. Journal of Orthopaedic Surgery and Research

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

(2024) 19:197

Zaki S, Blaker CL, Little CB. OA foundations-experimental models of osteo-
arthritis. Osteoarthr Cartil. 2022,30:357-80.

Yang X, Yan K, Zhang Q, Yusufu A, Ran J. Meta-analysis of estrogen in
osteoarthritis: clinical status and protective effects. Altern Ther Health
Med. 2023;29:224-30.

Holland JC, Brennan O, Kennedy OD, Mahony NJ, Rackard S, O'Brien FJ,
Lee TC. Examination of osteoarthritis and subchondral bone altera-

tions within the stifle joint of an ovariectomised ovine model. J Anat.
2013,222:588-97.

Arceo-Mendoza RM, Camacho PM. Postmenopausal osteoporosis: latest
guidelines. Endocrinol Metab Clin North Am. 2021;50:167-78.

Ma Z, WeiY, Zhang L, Shi X, Xing R, Liao T, Yang N, Li X, Jie L, Wang P.
GCTOF-MS combined LC-QTRAP-MS/MS reveals metabolic difference
between osteoarthritis and osteoporotic osteoarthritis and the interven-
tion effect of erxian decoction. Front Endocrinol. 2022;13:905507.
Randsborg PH, Araen A, Owesen C. The effect of lesion size on pain and
function in patients scheduled for cartilage surgery of the knee. Cartilage.
2022;13:19476035221109240.

Totlis T, Marin Fermin T, Kalifis G, Terzidis I, Maffulli N, Papakostas E.
Arthroscopic debridement for focal articular cartilage lesions of the
knee: a systematic review. Surgeon J Roy Colleges Surg Edinb Ireland.
2021;19:356-64.

Kuwabara A, Cinque M, Ray T, Sherman SL. Treatment options for patel-
lofemoral arthritis. Curr Rev Musculoskelet Med. 2022;15:90-106.

Varady NH, Grodzinsky AJ. Osteoarthritis year in review 2015: mechanics.
Osteoarthr Cartil. 2016;24:27-35.

Theocharis AD, Skandalis SS, Gialeli C, Karamanos NK. Extracellular matrix
structure. Adv Drug Deliv Rev. 2016,97:4-27.

Papathanasiou |, Michalitsis S, Hantes ME, Vlychou M, Anastasopoulou L,
Malizos KN, Tsezou A. Molecular changes indicative of cartilage degen-
eration and osteoarthritis development in patients with anterior cruciate
ligament injury. BMC Musculoskelet Disord. 2016;17:21.

Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix in devel-
opment and disease. Nat Rev Mol Cell Biol. 2014;15:786-801.

Cinque L, Forrester A, Bartolomeo R, Svelto M, Venditti R, Montefusco S,
Polishchuk E, Nusco E, Rossi A, Medina DL, Polishchuk R, De Matteis MA,
Settembre C. FGF signalling regulates bone growth through autophagy.
Nature. 2015;528:272-5.

Cheng NT, Guo A, Cui YP. Intra-articular injection of Torin 1 reduces
degeneration of articular cartilage in a rabbit osteoarthritis model. Bone
Joint Res. 2016;5:218-24.

lijima H, Aoyama T, Ito A, Tajino J, Nagai M, Zhang X, Yamaguchi S,
Akiyama H, Kuroki H. Destabilization of the medial meniscus leads to
subchondral bone defects and site-specific cartilage degeneration in an
experimental rat model. Osteoarthr Cartil. 2014,22:1036-43.

Findlay DM, Atkins GJ. Osteoblast-chondrocyte interactions in osteoar-
thritis. Curr Osteop Rep. 2014;12:127-34.

ChengT, Zhang L, Fu X, Wang W, Xu H, Song H, Zhang Y. The potential
protective effects of calcitonin involved in coordinating chondrocyte
response, extracellular matrix, and subchondral trabecular bone in
experimental osteoarthritis. Connect Tissue Res. 2013;54:139-46.

Bellido M, Lugo L, Roman-Blas JA, Castaneda S, Caeiro JR, Dapia S, Calvo
E, Largo R, Herrero-Beaumont G. Subchondral bone microstructural
damage by increased remodelling aggravates experimental osteoarthritis
preceded by osteoporosis. Arthritis Res Ther. 2010;12:R152.

Li M, Zhang Z, Xue Q, Li Q, Jin X, Dong J, Cheng Q, You L, Lin H, Tang H,
Shen L, Gao X, Hu J, Chao A, Li P, ShiR, Zheng S, Zhang Y, Xiong X, Yu

W, Xia W. Efficacy of generic teriparatide and alendronate in Chinese
postmenopausal women with osteoporosis: a prospective study. Arch
Osteop. 2022;17:103.

Kasaeian A, Roemer FW, Ghotbi E, Ibad HA, He J, Wan M, Zbijewski

WB, Guermazi A, Demehri S. Subchondral bone in knee osteoarthritis:
bystander or treatment target? Skeletal Radiol. 2023;52:2069-83.

Hayami T, Pickarski M, Wesolowski GA, McLane J, Bone A, Destefano
J,Rodan GA, Duong LT. The role of subchondral bone remodeling in
osteoarthritis: reduction of cartilage degeneration and prevention of
osteophyte formation by alendronate in the rat anterior cruciate liga-
ment transection model. Arthritis Rheum. 2004;50:1193-206.

Siebelt M, Waarsing JH, Groen HC, Mdiller C, Koelewijn SJ, de Blois E,
Verhaar JA, de Jong M, Weinans H. Inhibited osteoclastic bone resorption

47.

48.

49.

50.

Page 12 of 12

through alendronate treatment in rats reduces severe osteoarthritis
progression. Bone. 2014;66:163-70.

Zhang L, Hu H, Tian F, Song H, Zhang Y. Enhancement of subchondral
bone quality by alendronate administration for the reduction of cartilage
degeneration in the early phase of experimental osteoarthritis. Clin Exp
Med. 2011;11:235-43.

Shirai T, Kobayashi M, Nishitani K, Satake T, Kuroki H, Nakagawa Y, Naka-
mura T. Chondroprotective effect of alendronate in a rabbit model of
osteoarthritis. J Orthop Res. 2011;29:1572-7.

Chen K, Zhang N, Ding L, Zhang W, Hu J, Zhu S. Early intra-articular injec-
tion of alendronate reduces cartilage changes and subchondral bone
loss in rat temporomandibular joints after ovariectomy. Int J Oral Maxil-
lofac Surg. 2014,43:996-1004.

Khorasani MS, Diko S, Hsia AW, Anderson MJ, Genetos DC, Haudenschild
DR, Christiansen BA. Effect of alendronate on post-traumatic osteoarthri-
tis induced by anterior cruciate ligament rupture in mice. Arthritis Res
Ther. 2015;17:30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Effects of alendronate on cartilage lesions and micro-architecture deterioration of subchondral bone in patellofemoral osteoarthritic ovariectomized rats with patella-baja
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Animal handling
	Radiography
	Macroscopic images and analysis
	Micro-CT imaging
	Specimen processing and Mankin scoring
	Immunohistochemistry
	Statistical analysis

	Results
	Radiographic findings
	Micro-CT findings
	Macroscopic findings
	Histomorphometry
	Immunohistochemical findings

	Discussion
	Conclusion
	Acknowledgements
	References


