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A B S T R A C T

Objectives: The objective of this study was to investigate the effect of botulinum toxin type A (BTX-A)–induced
quadriceps muscle atrophy on the cartilage and subchondral bone in an otherwise intact rat joint model.
Methods: The rat right quadriceps muscle atrophy was established by intramuscular injection of BTX-A. Twenty-
four rats were divided randomly into 3 groups: The BTX-A–treated 4-week group; the BTX-A–treated 8-week
group; and the control group injected with phosphate buffer saline were observed for 8 weeks. Muscle atrophy
level was measured by weighing and histology examinations. Serum interleukin-1β level was tested by ELISA
(enzyme linked immunosorbent assay); the subchondral bone was analysed by micro–computed tomography and
the cartilage was measured by histology examinations (gross view, haematoxylin and eosin staining and Safranin-
O/fast green staining) and immunohistochemistry test {collagen X [ColX]}.
Results: BTX-A intramuscular injection led to muscle atrophy. Characteristics of muscle atrophy appeared in two
BTX-A–injected groups but not in the control group. Quadriceps atrophy did not affect interleukin-1β level in
serum, but resulted in subchondral bone abnormal changes with reduced bone volume/total tissue volume and
increased Structure Model Index. Furthermore, the more the severe cartilage damage, the higher the histologic
damage scores, followed by the higher the percentage of collagen X–positive chondrocytes caused by muscle
atrophy.
Conclusions: Quadriceps muscle atrophy triggered the subchondral bone abnormal change and cartilage degen-
eration, which would be a risk factor for development of osteoarthritis.
The translational potential of this article: Our results indicate that anti-quadriceps muscle atrophy can be a candidate
therapeutic target in the prevention of knee osteoarthritis.
Introduction

Osteoarthritis (OA) is one of the most common chronic joint diseases
followed by pathological features including degenerative changes of
articular cartilage, secondary bone hyperplasia, and narrowing of joint
space on plain radiographs [1–3]. Pain, malformation, and dysfunction
are the most significant clinical manifestations of OA [4]. People older
than 50 years with heavily loaded and active joints often easily suffer OA.
In addition, some studies demonstrated that evidence of radiographic
knee osteoarthritis (KOA) increases up to 80% for people older than 65
years [5]. However, the causes and progression of OA are still not fully
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understood. Recently, a large number of researchers have considered OA
as a whole joint issue and the result of a complex interaction among
several factors [6–9].

One of the earliest symptoms appeared in patients with OA is muscle
weakness or atrophy [7,10]. In general, the atrophy of the thigh muscle
in patients with KOA is often characterised as a decrease in mass,
strength, function, and coordination of quadriceps. Previous clinical
studies had shown that muscles and joints are functionally interdepen-
dent and that the muscles cause the joints to actively move, maintain
joint stability, and absorb mechanical shocks [11,12]. In addition, the
quadriceps muscle is an important component in maintaining the stress
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balance of the knee joint. The decrease in muscle mass and strength
makes the joints prone to fatigue, thus affecting the nutrient supply of the
cartilage [13]. Fisher [14] and Slemenda et al. [15] supposed that pa-
tients with OA always showed quadriceps weakness. Subsequently, Sle-
menda et al [15] also found that female patients with KOA have a 15%
reduced knee extensor strength than those women who did not suffer
from KOA. Recently, several clinical studies reported that the quality and
strength of the lower limb muscles play an important role in the patho-
genesis of OA [16–18]. Nevertheless, less evidence indicated that atrophy
of muscle could result in subchondral bone aberrant remodelling in OA
development.

Botulinum toxin type A (BTX-A), a macromolecular protein toxin
produced by Clostridium botulinum can internalise toxins by receptor-
mediated endocytosis after binding to the axon terminals of alpha
motor neurons. Once it gets inside the cell, BTX-A will inhibit the
release of acetylcholine (ACh) [19]. Owing to the low level of ACh,
muscle fibres cannot be activated, thus causing paralysed muscle,
attenuated muscle strength, thinned muscle fibre, and eventually
atrophied muscle. Hence, in animal studies, BTX-A has been widely
used for studies of the relationship between muscle atrophy and OA
[20–23]. The results of the studies found that quadriceps atrophy
induced by intramuscular injection of BTX-A could promote cartilage
degeneration and elevate the secondary inflammation, leading to sig-
nificant OA in the rabbit [20–23]. As subchondral bone abnormal
change is of great importance in OA development, whether muscle
atrophy incurs subchondral bone abnormal change is still unknown.
Further studies are needed to evaluate subchondral bone in more
detail.

The objective of this study was to use a rat quadriceps femoris atrophy
model, to further explore the level of cartilage degeneration and sub-
chondral bone abnormal remodelling after quadriceps femoris atrophy.
We hypothesised that knee muscle atrophy is associated with not only
knee cartilage degeneration but also subchondral bone abnormal
changes, thereby providing evidence that muscle atrophy would be a risk
factor for the onset and progression of OA.

Materials and methods

Animal model

All the related animal experiments were approved by the Animal
Ethics Committee at Jinan University (Ethics Reference No.:
201812015-01), twenty-four male Sprague–Dawley rats aged 16 weeks
(weight: 350 � 20 g) were used in this study. All the animals raised
were 4 to 6 rats per cage. We divided the animals into 3 groups, eight
rats in BTX-A 4-w group received 6U/kg BTX-A injection in right
quadriceps muscle of the hind limb, and they were sacrificed after 4
weeks. Eight rats in BTX-A 8-w group received 6U/kg BTX-A injection
in right quadriceps muscle of the hind limb and were sacrificed after 8
weeks. The dose of BTX-A was referred to the previous studies in this
area [23–25]. Rats in both of BTX-A groups received an intramuscular
injection of phosphate buffer saline (PBS) in their left quadriceps
muscle of the hind limb. Another eight rats in the control group
received equal amounts of PBS in bilateral quadriceps muscle of hind
limbs and were sacrificed after 8 weeks. All the rats were anaesthetised
by intraperitoneal injection of 1% pentobarbital sodium. Each injec-
tion of BTX-A or PBS was divided equally among three lines of the
thigh of the hind limb – medial, central, and lateral–corresponding to
the vastus medialis, rectus femoris, and vastus lateralis muscle. At the
end of the experimental period, samples were collected and recorded,
including quadriceps muscle, blood, and knee joint. All the animals
were acclimatised to local vivarium conditions at a temperature of
24–26 �C and a humidity of 70% with free access to water and a
pelleted commercial diet in the mouse house under specific patho-
gen–free conditions and well taken care by staff of the animal house of
the Jinan University.
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Blood collection and serum analysis
We collected 5 ml blood sample by cardiac puncture before the

heartbeat stopped. The blood sample was then centrifuged at 3000 g
for 10 min. The serum were then stored at �20 �C until analysis.
Interleukin-1β (IL-1β) was used as a marker for active inflammation
and the levels were measured with the IL-1β ELISA kit in accordance
with the manufacturer's instructions (IL-1β Elisa kit, lot: EK0392
Boster, Chian).

Muscle mass and muscle histology
The quadriceps muscle mass was measured with an electronic balance

as soon as the quadriceps muscle was isolated from the rat thigh. After
weighing, all the specimens were fixed in 4% paraformaldehyde, paraffin
sections were made , and these slides were then stained with haema-
toxylin and eosin (H&E) stain. Finally, we used a microscope (Leica
DMRB microscope, Germany) to assess changes in the muscle fibres.

Micro–computed tomography scanning
In this study, the structural change on the subchondral bone of

rat knees was evaluated through micro–computed tomography
(micro-CT) quantitatively. At the end of our experiment, the right
knees of rats were extracted and dissected, and soft tissues sur-
rounding the knee were moved out. Then, the specimens were fixed
in 4% paraformaldehyde before analysis with high-resolution micro-
CT (skyscan 1172; Bruker, Belgium) at custom isotropic resolution
of 9 mm isometric voxel size with a voltage of 80 kV p and a
current of 88 mA. Other scannerparameter setting including the
exposure time was 54 min, and the rotation step was 0.4�, with the
complete rotation over 180�. Select the subchondral bone of the
tibia as region of interest, and used three dimensional data analysis
software (CTAnalyzer, Skyscan, Bruker, Belgium) for further data
analysis [26]. Three dimensional morphometric parameters were
calculated to illustrate the subchondral bone structure: bone mineral
density (BMD) representing the apparent density of porous trabec-
ulae, bone volume/total tissue volume (BV/TV) describing the ratio
of bone volume over tissue volume, and the Structure Model Index
(SMI) assessing whether a bone structure is rod-like or plate-like
[27,28].

Cartilage histology and immunohistochemistry
The right femoral condyle, tibial plateau of the rats was decalcified

with 10% Ethylene Diamine Tetraacetic Acid (EDTA) decalcifying solu-
tion for 17 days and kept at 37 �C. After decalcification, the medial
compartment of knees was embedded into paraffin. Serial section of the
samples was cut at 5 μm thickness sagittal-oriented sections of the
femoral condyle or tibial plateau. These slides were then stained with
H&E and Safranin-O/fast green stains. Cartilage degradation was quan-
tified according to Mankin grading system [29]. Two researchers scored
the pathological sections independently under the same conditions and
graded for OA by using a microscope (Leica DMRB). If there was a dif-
ference, it would be decided by a third researcher.

The standard Mankin criteria assess cartilage structure (0–6), the
number of chondrocytes (0–3), matrix staining (0–4), and tidemark
integrity (0–1), and the total score ranges between 0 (normal) and 14
(the most severe OA). For each joint, the samples show that the most
severe OA changes in each of the knee cartilage region were graded. Each
slide of the samples was observed at high magnification (enlarged 100
times), and the score was calculated based on theMankin grading system.

Immunostaining was performed using a standard protocol as previ-
ously reported [30–32], the sections which were incubated firstly with
primary antibodies to rabbit Collagen X (ColX) (Abcam, 1:50, ab58632)
overnight at 4 �C and then with horseradish perox-
idase–streptavidin–conjugated goat anti–rabbit secondary antibody (Cell
signalling technology, 1:100, 7047) 1 h at room temperature. Then the
sections were counterstained with horseradish peroxidase–streptavidin
detection system (Cell signalling technology, DAB Substrate Kit, 8059S)



Figure 2. ELISA assay showing the IL-1β level in serum of 3 groups. IL-1β ¼
interleukin-1β.
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and haematoxylin. Photographs of the selected areas were taken by a
light microscope (Leica DMRB microscope, Germany). We counted the
number of positively stained cells of the cartilage in the whole medial
tibia per specimen and evaluated the difference statistically.

Statistical analysis

The statistical analysis was performed using the statistical software
SPSS (version 13.0; SPSS Inc., Chicago, Illinois, USA). Comparisons
within groups were analysed using the paired sample t test, whereas
comparisons between groups were analysed using the one-way analysis
of variance. Differences between groups were assessed by the Shapir-
o–Wilk test of normality and Levene's test for homogeneity of variance.
The result of Levene's test was used to determine the post hoc testing
strategy. If the results were not significant, least significant difference test
(LSD-t) or the post hoc test was adopted. If Levene's test was significant,
the analysis of variance was followed by Dunnett's T3 post hoc test for
unequal variance. The level of significance was set at α¼ 0.05. Data were
reported as mean � stand error mean. The graphs were generated using
GraphPad Prism 6 Software (GraphPad Software, San Diego, CA, USA).

Result

BTX-A injection led to muscle atrophy

Compared with left quadriceps muscle, a significant decrease could
be observed in the volume of the right quadriceps (Figure 1A). As shown
in Figure 1B, the right quadriceps muscle mass was significantly lower
than that of the left side in the BTX-A 4-w group (R:1.02� 0.03 g, L: 2.99
� 0.14 g) and the BTX-A 8-w group (R: 1.28� 0.09 g, L: 4.39� 0.28 g) (p
< 0.001), and there was no significant difference in the control group (R:
4.32 � 0.40 g, L: 4.91 � 0.18 g) (p ¼ 0.196). In addition, the left
quadriceps muscle mass between the BTX-A 8w group (4.39 � 0.28 g)
and control group (4.91 � 0.18 g) showed no statistically significant
difference (p ¼ 0.152). Results of a cross-sectional histological slide of
quadriceps musculature from 3 groups showed the significant quadriceps
muscle atrophy in both BTX-A–injected groups, characterised by neo-
vascularity and fat or inflammatory cells infiltration within muscle fibres
of BTX-A groups, and it recovered partly in the BTX-A 8-w group
compared with the BTX-A 4-w group (Figure 1C). While in the control
group, the result demonstrated that the muscle fibres showed classic
cylindrical dense structures (Figure 1C).

Muscle atrophy did not affect the level of IL-1β in serum

The level of IL-1β in the serum was tested by an ELISA assay, and the
results showed no significant difference between 3 groups (Control
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group: 40.67 � 0.36 pg/ml; BTX-A 4-w group: 40.77 � 0.36 pg/ml; and
BTX-A 8-w group: 42.97 � 1.76 pg/ml; P ¼ 0.276) (Figure 2). This result
indicated that quadriceps muscle atrophy did not affect the level of IL-1β
in serum. But whether muscle atrophy would upregulate the inflamma-
tion level in synovial fluid of the knee joint still need further
investigation.
Quadriceps atrophy resulted in subchondral bone abnormal change

In contrast to right knees in control group rats, the result of micro-CT
examination showed that the microarchitecture of the right knee sub-
chondral bone had significantly changed in two BTX-A groups
(Figure 3A). BMD showed no difference between the BTX-A groups and
the control group (2.63 � 0.17 g/cm3) statistically, but compared with
BTX-A 8-w group (2.38 � 0.13 g/cm3), the BMD of BTX-A 4-w group
(2.98 � 0.29 g/cm3) is significantly higher (*p < 0.05.) (Figure 3B). BV/
TV in the BTX-A 4-w group (36.73 � 1.13%) and BTX-A 8-w group
(39.67 � 1.48%) had significantly decreased than that of the control
group (47.37 � 2.79, *p < 0.05.), between two BTX-A groups, there was
no difference (Figure 3C). SMI is the data to show the shape of the
trabecular bone, an upregulated SMI indicated that trabecular bone
transformed from rod-like to plate-like, and it is one of the characteristics
of OA. Our result demonstrated that the SMI was significantly upregu-
lated in the BTX-A 4-w group (�0.55 � 0.15) than that of the BTX-A 8-w
group (�1.47 � 0.44, *p < 0.05.) and control group (�2.74 � 0.41, *p <
0.05.), and there was no statistically significant difference between the
BTX-A 8-w group and the control group (Figure 3D).
Atrophy of quadriceps triggered cartilage degeneration

The result of gross view showed that the articular surface of the
femoral condyles or tibial plateau of the rat right knee was relatively
Figure 1. (A) Examples of quadriceps mus-
cles gross view in 3 groups, “R” means right
side quadriceps muscles, “L” means left side
quadriceps muscles, showing a significant
atrophy after BTX-A injection. (B) Quantita-
tively analysed of the weight of bilateral
quadriceps muscles mass of hind limbs in all
3 groups. (C) The cross-sectional histological
slide of quadriceps musculature from 3
groups by H&E staining; Scale bar ¼ 200 μm,
***p < 0.001. BTX-A ¼ botulinum toxin type
A; H&E staining ¼ haemotoxylin and eosin
staining.



Figure 3. (A) Micro-CT images of the tibia subchondral bone medial compartment (sagittal view) of rat in the 3 groups. (B–D) Quantitative analysis of microstructural
parameters of the subchondral bone by micro-CT analysis. Micro-CT ¼micro–computed tomography.
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smooth and no obvious osteophyte formation in all 3 groups. But the
colour of the cartilage was darker in the BTX-A 4-w group and BTX-A 8-w
group than in the control group, this may suggest that the cartilage be-
comes thinner in BTX-A groups (Figure 4A). What is more, Safranin-O
staining and H&E staining (Figure 4C) revealed mild OA lesions in the
articular cartilage in the two BTX-A groups, the main pathological fea-
tures including the declining of cartilage thickness, wearing of cartilage
surface, and decreasing number of chondrocyte. In comparison with the
control group (0.50� 0.22), the Mankin score was significantly higher in
the BTX-A 4-w group (4.88 � 0.77, p ¼ 0.001) and BTX-A 8-w group
(4.14 � 0.74, p ¼ 0.001), which reflected early stage OA changes of the
right knee (Figure 4B).

Besides, the result immunohistochemical staining showed that the
percentage of ColX-positive cells (a marker of chondrocyte hypertrophy)
in the BTX-A 4-w group (72.94% � 2.48%, p < 0.001) and BTX-A 8-w
group (63.85% � 2.29%, p < 0.01) was significantly higher than that
Figure 4. (A) Gross view of the knee joint in 3 groups. (B) Mankin score showed tha
green staining (a–f) and H&E staining (g–l) of sagittal sections showing the subchondr
A ¼ botulinum toxin type A; H&E staining ¼ haemotoxylin and eosin staining.
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in the control group (38.37% � 2.31%) (Figure 5). This result indicated
that cartilage degeneration was more serious in the two BTX-A groups
compared with the control group.

Discussion

OA is characterised by articular cartilage degeneration, subchondral
bone remodelling, and secondary inflammation, but the mechanisms that
drive this disease are not completely understood. Recently, researchers
have increasingly focused on muscle atrophy in OA development. In
clinical studies, the results revealed that the quality and strength of the
lower limb muscles play an important role in the pathogenesis and
progress of OA [16–18]. In animal studies, researchers found that muscle
weakness or atrophy would result in cartilage degradation and secondary
inflammation of the joint in OA development [20–23]. But whether
muscle atrophy led to subchondral bone abnormal remodelling in OA is
t cartilage degeneration of the right knee in 2 BTX-A groups. (C) Safranin-O/fast
al tibia and femur medial compartment. Scale bar ¼ 200 μm, ***p < 0.001. BTX-



Figure 5. (A) Immunostaining results showing the ColX-positive cells in the articular cartilage regions of the three groups. Scale bar, 100 μm. (B) Semiquantitative
analyses percentage of ColX-positive chondrocytes. ***p < 0.001. ColX ¼ collagen X.
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still largely unknown. In the present study, we demonstrated that
BTX-A–induced muscle weakness or atrophy resulted in joint instability
and that would not only subsequently lead to cartilage degradation, but
subchondral bone abnormal remodelling, thereby accelerating progres-
sion of OA in the rat model.

In this study, our results demonstrated obvious quadriceps muscle
atrophy in rats after intramuscular administration of BTX-A, which can
be proved by reduction of quadriceps muscle weight and pathological
changes of quadriceps muscle (Figure 1). And the atrophy is a transient
and reversible progress [33], as shown here, the loss of muscle mass of
right quadriceps muscle in rats of the BTX-A 4-w group is more serious
than rats in the BTX-A 8-w group (Figure 1), which is consistent with the
other study [22,23]. Therefore, BTX-A injection is a reliable method for
inducing quadriceps muscle atrophy in rats. Besides, this study also
provides evidence that quadriceps atrophy influences OA progression
through promoting cartilage degeneration and subchondral bone
remodelling (Figures 3–5). More interestingly, compared with the rats in
BTX-A 4-w groups, the Mankin score of the right knee was significantly
lower in BTX-A 8-w groups. Both the result of the quality of cartilage
(Figure 4 and 5) and the BV/TV and SMI in the subchondral bone
(Figure 3) indicated that the BTX-A 8-w groups show less severe OA
characteristics, compared with the BTX-A 4-w groups. Therefore we
could infer that these recoveries may result from the reversible effect of
BTX-A in muscle and these results demonstrated that quality of muscle is
an important factor to keep the joint healthy. However, previous publi-
cation demonstrated significant difference in bone thickness at 4 and 8
weeks after BTX-A injection [34]. This change might be similar to the
disuse atrophy that occurs secondary to muscle atrophy [25]. If the bone
does not receive continuous stimulation from muscles, the bone will
become atrophic and osteoporotic [35]. In this study, although the rats
remained mobile until sacrificed, we could not eliminate the effect of
BTX-A on the bone. And we did not know if mobility is a contributing
factor to observe recovery effects yet, which could also be a limitation in
this study.

Secondary inflammation is a main factor in the pathogenesis of OA
[32,36–38]. IL-1β is a well-known inflammatory cytokine in OA devel-
opment [36,37]. Several previous studies reported that muscle atrophy
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by BTX-A injection would lead to secondary inflammation of the joint,
including in the synovial fluid, synovium, or cartilage [22,23]. However,
based on the result of the average Mankin score of the two BTX-A groups
was below 5 (Figure 4) in this study, the level of IL-1β in serum showed
no difference between three groups (Figure 2), indicating an early stage
of OA or suggesting that muscle atrophy induced by BTX-A injection
might not affect the level of IL-1β in serum. Besides, we did not collect
serum samples at onset of our study, and IL-1β levels were taken at the
point of muscle recovery in the BTX-A 8-w group and control group; these
limitations could be factors of the negative result of IL-1β.

Subchondral bone abnormal remodelling is one of the main charac-
teristic of OA [28,39]. Subchondral bone aberrant changes have been
proved to be related to subchondral microfractures or microdamage [28].
In the early stage of OA, once the subchondral bone loss appears, anab-
olism of the osteoblast would increase, if the synthesis exceeds loss, the
bone density of the subchondral bone tends to recover, which is the
pathological change of the subchondral bone in the relatively early stages
of OA [40]. Therefore, in this study the BMD in the BTX-A 4-w group and
BTX-A 8-w group showed no difference compared with the control group
(Figure 3). Alternatively, several studies suggested that bone resorption
is one of the main pathological changes of subchondral bone in relatively
early stage OA and osteoporosis only in the early stage of OA [41,42].
Therefore, the results showed that BV/TV in two BTX-A groups signifi-
cantly downregulated and SMI in BTX-A 4-w group significantly upre-
gulated in the subchondral bone compared with the control group,
indicating abnormal bone resorption in the subchondral bone (Figure 3).
Those were consistent with the characteristic of the early stage of OA [39,
42]. In this present study, we found that quadriceps muscle atrophy
resulted in joint instability and would subsequently trigger the sub-
chondral bone abnormal change, which is a risk factor of OA
development.

Numerous of studies of OA have focused largely on cartilage damage
[30,32,43]. Previous publications have shown that the mechanical stress
is great importance in OA development [30,44]. And it is well known that
normal knee muscles would keep knee joint in good stability, especially
the quadriceps muscle. When quadriceps atrophy occurs, the mechanical
stress of knee joint will change, which may result in unstable joint and
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accelerate the degeneration of articular cartilage. Previous animal studies
had reported that quadriceps muscle atrophy resulted in cartilage
degeneration and osteophyte formation, which would contribute to OA
development [20–23]. In this study, the results showed that no large
fissure and marginal osteophyte in the articular surface of the BTX-A
groups (Figure 4A), but thinner thickness and darker colour of the
cartilage could be seen after BTX-A injection (Figure 4A). The charac-
teristic of cartilage damage in BTX-A 4-w and BTX-A 8-w groups can be
found in the results of Safranin-O/fast green staining, H&E staining, and
Mankin score (Figure 4). In addition, immunohistochemistry analysis
result showed that percentage of ColX-positive cells upregulated signif-
icantly in two BTX-A injection groups, compared with the control group
(Figure 5). Taken together, these results demonstrated that muscle at-
rophy would lead to the articular cartilage degenerative changes, thus
playing a key role in OA development.

In conclusion, the results of this study showed that quadriceps muscle
atrophy triggered the subchondral bone abnormal change and cartilage
degeneration, and it would be a risk factor for development of OA.
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