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Background: The microfracture technique, a first-line treatment for full-thickness cartilage defects (FTCDs), involves perforation 
of the subchondral bone to allow bone marrow, including mesenchymal stem cells, to promote healing. However, microfracture 
often fails within 5 years due to the insufficient durability of fibrous cartilage and subchondral bone deterioration. To address this 
issue, augmenting bone marrow stimulation (BMS) with several systemic or local agents has been explored. This study evaluated 
the effects of irisin (IR) and bevacizumab (BEVA), individually and combined, as alternative intra-articular BMS augmentation meth-
ods compared with hyaluronic acid (HA) and platelet-rich plasma (PRP).
Methods: Forty-eight Wistar albino male rats were divided into 6 groups (n = 8 per group): control, PRP, HA, BEVA, IR, and BEVA-
IR. An FTCD was created, followed by BMS in the control group. PRP, HA, and IR were injected intra-articularly on the day of sur-
gery, with BEVA administered in the fourth postoperative week. All rats were sacrificed at 12 weeks. Distal femurs were analyzed 
via micro-computed tomography (micro-CT), and cartilage regeneration was assessed macroscopically and histologically using the 
International Cartilage Repair Society (ICRS) and Pineda scores, respectively.
Results: The Pineda score was significantly lower in the BEVA-IR group compared with the control (p < 0.001), PRP (p < 0.05), HA (p 
< 0.05), and BEVA (p < 0.05) groups. Significant differences in ICRS stages were observed between the control group and both the 
IR (p < 0.05) and BEVA-IR (p < 0.01) groups, as well as between BEVA and BEVA-IR (p < 0.01). Micro-CT analysis revealed that the 
defect width was significantly lower in the PRP (p < 0.05), IR (p < 0.05), and BEVA-IR (p < 0.01) groups compared with the control 
group. The defect depth in the BEVA-IR group was significantly lower compared with the control (p < 0.01), PRP (p < 0.05), BEVA (p 
< 0.01), and HA (p < 0.05) groups. The IR group also showed a significantly smaller defect area compared with the BEVA (p < 0.01) 
and HA (p < 0.05) groups.
Conclusions: To the best of our knowledge, this study is the first to investigate intra-articular IR in FTCDs. The IR and BEVA-IR 
groups, particularly the BEVA-IR group, demonstrated superior outcomes in all evaluations. These findings suggest that combining 
BEVA and IR has synergistic effects on cartilage healing in FTCDs.
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Full-thickness cartilage defects (FTCDs), mostly caused 
by trauma or degenerative processes, have a very limited 
capacity for regeneration due to the lack of blood supply 
to the cartilage.1) In addition to causing significant mor-
bidity, improper healing contributes to the development 
of osteoarthritis (OA), making it a continuously relevant 
topic in the field of orthopedics. Treatment modalities 
include debridement, osteochondral allograft or autograft 
transfers, autologous chondrocyte implantation and bone 
marrow stimulation (BMS) techniques, such as subchon-
dral drilling and the microfracture procedure.2) The mi-
crofracture technique, popularised in the 1990s, involves 
creating small perforations in the subchondral bone to 
allow bone marrow, including mesenchymal stem cells, 
to promote healing by bleeding into the defect.3) Despite 
yielding inferior outcomes compared with other methods, 
it is considered a first-line treatment due to its simplicity, 
cost-effectiveness, and favourable short-term results.3,4) 
However, the healing process typically results in fibro-
cartilaginous tissue, which predominantly contains type 
I collagen and exhibits inferior biomechanical properties 
compared with native hyaline cartilage, often leading to 
failure within 5 years due to the insufficient durability of 
the fibrous cartilage covering the defect and the deteriora-
tion of the subchondral bone.5,6) Therefore, augmentation 
of the BMS technique with systemic or local agents is be-
ing explored. Although systemic agents such as losartan 
have shown positive effects on cartilage healing, their 
systemic administration carries potential side effects.7) 
Consequently, intra-articular hyaluronic acid (HA) and 
platelet-rich plasma (PRP) have become widely used and 
accepted methods.8-10) However, despite advancements in 
these augmentation techniques, hyaline cartilage regenera-
tion has yet to be consistently achieved.

Irisin (IR) is a recently popular myokine released 
into the serum by skeletal muscles following exercise. In 
addition to its effects on the musculoskeletal system, stud-
ies have also reported its impacts on various metabolic 
diseases, brain functions, and Alzheimer disease.11) The 
reported effects of IR on chondrocytes at the molecular 
level include promoting cell proliferation, differentiation, 
mitochondrial function, and anabolism by increasing 
type II collagen production, while reducing inflammation 

and pyroptosis, ultimately improving the survival rate of 
inflamed chondrocytes.12,13) Similarly, a recent study high-
lighted that IR’s chondroprotective mechanism helps pro-
tect against chondrocyte dysfunction and suggested the 
therapeutic potential of recombinant IR for OA.14)

Angiogenesis plays a critical role in OA pathogenesis 
by promoting blood vessel invasion from the subchondral 
bone, which contributes to synovitis, inflammation, carti-
lage erosion, and osteophyte formation. Given the pivotal 
role of vascular endothelial growth factor (VEGF), studies 
on anti-VEGF treatments reported in the literature are 
garnering increasing attention. Bevacizumab (BEVA) is a 
monoclonal anti-VEGF antibody clinically used to inhibit 
angiogenesis, systemically in cancer therapy and locally as 
an intraocular injection for age-related macular degenera-
tion.15) The literature on the intra-articular use of BEVA 
is quite limited. However, 2 studies published in 2014 and 
2016 reported positive effects of intra-articular BEVA in-
jections on the progression of OA in rabbits.16,17) Moreover, 
in 2021, Utsunomiya et al.15) reported that intra-articular 
injection of 12.5 mg/0.5 mL BEVA at the fourth week after 
BMS improved the healing of osteochondritis dissecans 
lesions in rabbits. Remarkably, this treatment promoted 
both quantitative and qualitative increases in hyaline-like 
cartilage without disrupting subchondral bone formation.

The aim of this study is to compare the quantita-
tive and qualitative effects of intra-articular injections of 
HA and PRP, widely used BMS augmentation methods 
in FTCD, on cartilage healing with intra-articular BEVA 
and recombinant IR injections, which have recently been 
reported in the literature. Additionally, the study hypoth-
esizes that the combination of recombinant IR with BEVA 
might have a synergistic effect due to mechanisms that 
may create an optimal environment for cartilage repair by 
combining the anabolic and anti-inflammatory properties 
of IR with the anti-angiogenic and structural preservation 
effects of BEVA, potentially leading to both quantitatively 
and qualitatively superior outcomes that closely resemble 
native hyaline cartilage.

METHODS
This study was conducted with the approval of the lo-
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cal Animal Ethics Committee, dated 28.09.2023, under 
the approval number 2023/8-5. It was carried out at our 
university’s animal research center using 48 male Wistar 
albino rats (14–16 weeks old). All procedures involving 
animals were conducted in accordance with the National 
Institutes of Health Guide for the Care and Use of Labo-
ratory Animals and adhered to international guidelines 
on animal research ethics. The minimum number of rats 
required for the 6 groups in the study was calculated us-
ing G*Power software (Heinrich-Heine-Universität Düs-
seldorf) analysis of variance (ANOVA), with an effect size 
of 0.50, a confidence level of 0.90, and a power of 0.8123, 
resulting in a total of 48 rats.

The rats were randomly divided into 6 groups (n = 
8 per group), and the treatment protocols were as follows: 
control group (group 1): BMS technique applied to the 
osteochondral defect; PRP group (group 2): BMS + intra-
articular PRP injection; HA group (group 3): BMS + intra-
articular HA injection; BEVA group (group 4): BMS + 
intra-articular BEVA injection at the fourth postoperative 
week; IR group (group 5): BMS + intra-articular IR injec-
tion on the day of surgery; BEVA-IR group (group 6): BMS 
+ intra-articular IR on the day of surgery + intra-articular 
BEVA at the fourth postoperative week.

Rat Osteochondral Defect Model
Under anaesthesia (intraperitoneal administration of 80 
mg/kg ketamine hydrochloride and 8 mg/kg xylazine), the 
right knee joint of the rats was first shaved and then cov-
ered with a sterile drape.9) Following this, an arthrotomy 
was performed using a medial parapatellar approach. A 
0.8-mm diameter Kirschner wire was inserted into the 
centre of the trochlear region to a depth of 4 mm. Using 
a cannulated drill, a full-thickness osteochondral defect 
measuring 2.0 mm in width and 2.0 mm in depth was 
created at the centre of the femoral trochlear region (Fig. 

1).7,9,10) After withdrawing the Kirschner wire and confirm-
ing sufficient bleeding into the defect from the drill site to 
ensure proper execution of the BMS technique, the patella 
was carefully repositioned and the surgical layers were ap-
propriately closed.18) Then, augmentation materials, each 
with a volume of 0.1 mL for all groups, were injected us-
ing an insulin syringe with a 27-gauge needle through the 
lateral suprapatellar pouch under the guidance of a mini 
ultrasound device. (Vscan, General Electric Healthcare). 
In groups 2, 3 and 5, the injections were administered on 
the day of surgery after the layers were closed. In group 4, 
the injection was administered at the fourth postoperative 
week. In group 6, the IR injection was given on the day of 
surgery after the layers were closed, and the BEVA injec-
tion was administered at the fourth postoperative week. 
BEVA injections were scheduled for the fourth postop-
erative week, following the study by Utsunomiya et al.,15) 
which reported enhanced cartilage repair when BMS was 
combined with an intra-articular BEVA injection at this 
time point using a dose of 12.5 mg/0.5 mL. As highlighted 
by Utsunomiya et al.,15) this timing was chosen to prevent 
early inhibition of angiogenesis, which is essential for ini-
tial subchondral bone remodeling. By delaying the BEVA 
injection until the fourth week, the goal was to suppress 
excessive vascularization while preserving the subchon-
dral bone necessary for cartilage repair. The dosages were 
selected based on the literature as follows: 100 µL of PRP; 
0.1 mL of 25 mg/mL HA (Regenflex Bioplus, Regenyal), 
a formulation containing 2 different fractions: a cross-
linked HA with a high molecular weight ranging from 1 to 
2 million Da and a linear fraction with a lower molecular 
weight of 500 KDa; 10 μg/mL of recombinant IR protein 
(r-irisin; #11451: Cayman Chemicals) and 12.5 mg/0.5 
mL of BEVA (Altuzan, 100 mg/4 mL vial, Roche).9,12,15,19) A 
100 µg IR vial (r-irisin; #11451: Cayman Chemicals) was 
completed by adding deionised water to a total volume 

A B C

Fig. 1. Steps of the rat osteochondral 
defect model. (A) After arthrotomy via 
a medial parapatellar approach, a 0.8-
mm Kirschner wire was inserted into the 
trochlear center to a depth of 4 mm. (B) 
A 2-mm wide and 2-mm deep femoral 
trochlear cartilage defect was created in 
the center of the trochlear region using 
a cannulated drill. A plastic sleeve on 
the drill ensured a standardized depth of 
2 mm. (C) Bleeding from the Kirschner 
wire drill line into the defect confirmed 
adequate bone marrow stimulation.
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of 10 mL. Thus, after reaching a concentration of 10 µg/
mL, 100 microliters were injected intra-articularly into the 
knee joints of the rats in the IR group on day 0. For PRP 
preparation, blood was drawn into a tube containing Ficoll 
and processed using a cell extraction kit (Easy PRP Kit, 
Mesotech). Then, it was centrifuged at 1,200 RPM for 10 
minutes in a standard laboratory centrifuge. The injections 
were administered within 1 hour of preparation. The rats 
were kept under laboratory conditions with unrestricted 
access to standard pellet feed and water. They were housed 
under a natural day/night cycle, with room temperature 
and humidity carefully regulated until the 12th week, 
when all groups were sacrificed via cervical dislocation 
performed under high-dose anaesthesia.

Radiological Imaging
The distal femurs of the rats were maintained in a 10% 
formaldehyde solution until they were transported for 
micro-computed tomography (micro-CT) analysis. Micro-
CT scans were conducted by positioning the distal femurs 
in a plastic holder and scanning them using a U-CT sys-
tem (MILabs MicroCT-OI) at 50 kVp and 45 mA, with a 
step angle of 0.75° and an exposure time of 40 ms for each 
projection. The scanned sections were reconstructed with 
voxel sizes of 60 micrometres. Following reconstruction in 
the coronal, sagittal, and 3-dimensional (3D) formats, the 
width and depth of the defect and the area not filled with 
regenerated cartilage were measured using the RadiAnt 
DICOM Viewer software (Medixant Company) (Fig. 2).

Histological Evaluation
Following micro-CT scanning, a macroscopic assessment 
of each resected distal femur was performed by a research-
er blinded to the study groups (GT), using the Interna-
tional Cartilage Repair Society (ICRS) scoring system.20) 
This system evaluates the degree of defect repair, integra-
tion with the border zone, and macroscopic appearance, 
assigning scores from 0 (worst) to 4 (best). A total score 
of 12 indicates normal cartilage, while scores of 8–11, 4–7, 
and 1–3 correspond to nearly normal, abnormal, and se-
verely abnormal cartilage, respectively (Table 1). Following 
2 days of 10% formalin fixation, each sample was placed in 
a 10% ethylenediaminetetraacetic acid (EDTA) solution, 
which was refreshed every 2 days during the 4-week decal-
cification period. The decalcified samples were embedded 
in paraffin and sliced into 5-micron-thick sections. After 
deparaffinisation, the tissue sections were stained with 
hematoxylin and eosin (Fig. 3). Subsequently, a blinded 
pathologist (GT) performed a histological evaluation of 
cartilage regeneration at the FTCD using the Pineda score, 
which ranges from 0 (best) to 14 (worst) (Table 2).21)

Statistical Analyses
All statistical analyses were conducted using the SPSS 
software for Windows version 22.0 (IBM Corp.). The 
normality of the data distribution was assessed using the 
Shapiro-Wilk test. For comparisons involving 3 or more 
groups, quantitative variables were analyzed using one-
way ANOVA, followed by Dunnett’s post-hoc tests. For 

A

B

Fig. 2. Images represent, from left to right, the control, platelet-rich plasma, hyaluronic acid, bevacizumab (BEVA), irisin (IR), and BEVA-IR groups. (A) 
Three-dimensional reconstructions of micro-computed tomography images showing the distal femur with an osteochondral defect. (B) Osteochondral 
defect area measurements in the sagittal section were performed using RadiAnt DICOM Viewer software (Medixant).
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categorical data, the Kruskal-Wallis test, the non-paramet-
ric counterpart to one-way ANOVA, was applied. Pairwise 
comparisons between groups where statistical significance 
was observed were performed using the Mann-Whitney 
U-test. Correlations between the variables were evaluated 
using Spearman’s correlation analysis. Data are presented 
as mean ± standard deviation, and differences were con-
sidered statistically significant at p < 0.05.

RESULTS
On the day of the surgical procedure, 1 rat in the control 
group died during anesthesia. Additionally, 1 rat in the HA 
group and another in the control group died the day after 
surgery. To maintain the group sizes determined by the 
power analysis, the surgical procedure was repeated for 
these 3 rats the following day. A significant difference was 
found between the groups in terms of Pineda scores (p < 
0.001). The mean Pineda scores of the groups were 12.6 ± 
1 in control, 8.8 ± 1.2 in PRP, 8.8 ± 1.4 in HA, 8.4 ± 0.7 in 
BEVA, 5.3 ± 1.3 in IR, and 3.8 ± 1 in BEVA-IR groups.

Regarding the Pineda scoring system (Table 2), 
which ranges from 0 (best) to 14 (worst), the BEVA-IR 
group had a significantly lower score compared with the 
control (p < 0.001), PRP (p < 0.05), HA (p < 0.05), and 
BEVA (p < 0.05) groups. Additionally, the Pineda score of 
the IR group was lower than that of the control group (p 
< 0.001). No significant difference was observed between 
the Pineda scores of the IR and BEVA-IR groups (p > 0.05). 
Based on the morphological classification, a subcategory 
of the Pineda scoring system, mostly hyaline and fibrocar-
tilage (score 1), was observed only in the BEVA-IR group, 
in 3 out of 8 subjects.

The mean ICRS scores of the groups were 9.2 ± 2.4 
(6.9 ± 1.6 in control, 9.6 ± 2.4 in PRP, 9.6 ± 2.5 in HA, 7.8 
± 2.3 in BEVA, 10.1 ± 2.2 in IR, and 10.9 ± 1.1 in BEVA-
IR). An analysis of ICRS stages indicated a significant dif-
ference between the groups (p < 0.05) (2.8 ± 0.7 in control, 
2 ± 0.9 in PRP, 2 ± 0.8 in HA, 2.6 ± 0.7 in BEVA, 1.8 ± 0.9 
in IR, and 1.6 ± 0.5 in BEVA-IR). Significant differences in 
ICRS stages were observed between the control group and 
the IR and BEVA-IR groups (p < 0.05 and p < 0.01, respec-
tively). Additionally, a statistically significant difference 
was found between the BEVA and BEVA-IR groups (p < 
0.01) (Fig. 4A and B).

Considering that ICRS scores of 7 and below (stage 
3 and stage 4) are classified as “unfavourable” and scores 
of 8 and above (stage 1 and stage 2) are classified as “fa-
vourable,” no significant association was found between 
the group variable and the ICRS category when analyzed 
according to groups (p > 0.05). However, all subjects in the 
BEVA-IR group were classified as favourable, whereas the 
proportion of favourable to unfavourable outcomes in the 
HA and IR groups (6 : 2, for both) was higher compared 
with the control, PRP, and BEVA (3 : 5, 5 : 3, and 4 : 4, re-
spectively) groups (Fig. 4C).

Analysis of the CT images revealed significant dif-
ferences between the groups in terms of width, depth, and 
the defect not filled with regenerated cartilage: F(5,42) = 

Table 1. International Cartilage Repair Society Cartilage Repair 
Assessment Tool 

Criteria Points

Degree of defect repair

   Level with surrounding cartilage 4

   75% Repair of defect depth 3

   50% Repair of defect depth 2

   25% Repair of defect depth 1

   0% Repair of defect depth 0

Integration into the border zone

   Complete integration with surrounding cartilage 4

   Demarcating border < 1 mm 3

   3 / 4 Of graft integrated, 1 / 4 with a notable  
   border > 1 mm width

2

   1 / 2 of graft integrated with surrounding  
   cartilage, 1 / 2 with a notable border > 1 mm

1

   From no contact to 1 / 4 of graft integrated with  
   surrounding cartilage

0

Macroscopic appearance

   Intact smooth surface  4

   Fibrillated surface 3

   Small, scattered fissures or cracks 2

   Several small or a few large fissures  1

   Total degeneration of the grafted area  0

Overall score  

   Grade I normal 12

   Grade II nearly normal 11–8

   Grade III abnormal 7–4

   Grade IV severely abnormal 3–1
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3.721, p < 0.01; F(5,42) = 3.122, p < 0.05; and F(5,42) = 
7.282, p < 0.001, respectively (Table 3). The width mea-
sured by micro-CT was found to be lower in the PRP, IR, 
and BEVA-IR groups compared with the BMS group (p < 
0.05, p < 0.05 and p < 0.01, respectively) (Fig. 5A). Analy-
sis of the micro-CT images revealed that the depth mea-
sured in the BEVA-IR group was lower compared with the 
Control, PRP, BEVA and HA groups (p < 0.01, p < 0.05, p 
< 0.01, and p < 0.05, respectively) (Fig. 5B). Additionally, 
the depth measured in the IR group was lower than that of 
the BEVA group (p < 0.05). No significant difference was 
observed between the IR and BEVA-IR groups (p = 0.477).

The area of the defect not filled with regenerated 
cartilage, as measured by CT, was found to be lower in the 

A B C

D E F

Fig. 3. Histological images (H&E, ×200) represent the control (A), platelet-rich plasma (B), hyaluronic acid (C), bevacizumab (BEVA; D), irisin (IR; E), and 
BEVA-IR (F) groups. Cartilage formation was more pronounced in the IR and BEVA-IR groups, particularly in the BEVA-IR group, as indicated by blue 
arrows.

Table 2. Pineda Cartilage Repair Score 

Characteristics Score

Filling of defect (%)

   125 −1

   100 0

   75 1

   50 2

   25 3

   0 4

Reconstruction of osteochondral junction

   Yes 0

   Almost 1

   Not closed 2

Matrix staining

   Normal 0

   Reduced staining 1

   Significantly reduced staining 2

   Faint staining 3

   No staining 4

Table 2. Continued

Characteristics Score

Cell morphology

   Normal 0

   Mostly hyaline and fibrocartilage 1

   Mostly fibrocartilage 2

   Some fibrocartilage, but mostly 3

   Nonchondrocytic cells 4
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BEVA-R group compared with the control, PRP, BEVA, 
and HA groups (p < 0.01, p < 0.05, p < 0.001, and p < 0.001, 
respectively). Additionally, the IR group showed a smaller 
area of the defect not filled with regenerated cartilage 
compared with the BEVA and HA groups (p < 0.01 and p 
< 0.05, respectively) (Fig. 5C). However, no significant dif-

ference was observed between the IR and BEVA-IR groups 
(p = 0.411). A moderate positive correlation was found be-
tween the Pineda scores and the width (r = 0.431, p < 0.01), 
depth (r = 0.447, p < 0.01), and area (r = 0.409, p < 0.01) 
measured using micro-CT.

Table 3. Analysis of the Micro-CT Images 

Group Width (mm) Depth (mm) Defect not filled with regenerated cartilage (mm3)

Control 2.09 ± 0.14 1.99 ± 0.27§  0.237 ± 0.004§

PRP  1.63 ± 0.46*  1.83 ± 0.3‡  0.224 ± 0.005‡

HA 1.75 ± 0.24  1.91 ± 0.3‡  0.251 ± 0.005ΙΙ,¶

BEVA 1.85 ± 0.29  1.94 ± 0.36§,¶  0.269 ± 0.003ΙΙ,**

IR  1.63 ± 0.24*  1.69 ± 0.31  0.019 ± 0.005

BEVA+IR  1.49 ± 0.38†  1.47 ± 0.31  0.016 ± 0.003

p-value 0.007 0.017 0.0001

Values are presented as mean ± standard deviation. 
Micro-CT: micro-computed tomography, PRP: platelet-rich plasma, HA: hyaluronic acid, BEVA: bevacizumab, IR: irisin.
*p < 0.05, †p < 0.01 compared to control group. ‡p < 0.05, §p < 0.01, ΙΙp < 0.001 compared to BEVA + IR group. ¶p < 0.05, **p < 0.01 compared to IR group.
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Fig. 4. (A) Graph illustrating the distribution of International 
Cartilage Repair Society (ICRS) grades among the groups. (B) Graph 
illustrating the distribution of ICRS stages (mean rank) among 
the groups. (C) Graph illustrating the distribution of favorable and 
unfavorable outcomes by group according to ICRS stages. *p < 
0.05, †p < 0.01 compared to the control group. ‡p < 0.01 compared 
to the bevacizumab (BEVA) group. PRP: platelet-rich plasma, HA: 
hyaluronic acid, BEVA: bevacizumab, IR: irisin.
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DISCUSSION
Based on the current literature, this study appears to be 
among the first to investigate the effects of intra-articular 
IR on cartilage healing in FTCDs. Additionally, IR was 
compared with BEVA alone and in combination with IR, 
as well as with PRP and HA, which are simple, commonly 
used BMS augmentation methods in clinical practice. In 
our study, based on the ICRS score used for macroscopic 
evaluation, a significant difference was observed between 
the IR and BEVA-IR groups and the control group (p < 
0.05 and p < 0.01, respectively). Although the PRP and 
HA groups showed no statistically significant difference 
with the control group, they showed better scores than 
the BEVA group (Fig. 4A and B). However, when an ICRS 
score of 8 or above (stages 1 and 2) is considered favour-
able, it is noteworthy that although there was no statistical 
difference between the groups, all subjects in the BEVA-
IR group were classified as favourable. Additionally, the 
favourable to unfavourable ratio in the IR and HA groups 
(6:2 in both) was better compared with the PRP and BEVA 
groups (5 : 3 and 4 : 4, respectively) (Fig. 4C). 

Considering the Pineda scores used for microscopic 
evaluation, the BEVA-IR group demonstrated a significantly 
lower score compared with the control, PRP, HA, and BEVA 

groups (p < 0.001, p < 0.05, p < 0.05, and p < 0.05, respec-
tively). The absence of a significant difference between the 
IR group and the BEVA-IR group further suggests that both 
groups were superior to the other groups, even at the micro-
scopic level. The most noteworthy aspect of our study is that 
in FTCD healing, instead of a quantitative improvement 
in the defect, the desired outcome of healing with mostly 
hyaline cartilage, rather than fibrocartilaginous healing, was 
observed only in the BEVA-IR group (in 3 out of 8 cases). In 
contrast to the rabbit osteochondral defect study by Utsu-
nomiya et al.,15) the BEVA augmentation group in our study 
did not show a significant improvement in the quality and 
quantity of hyaline-like cartilage.

Radiological evaluation performed with micro-
CT revealed that the depth and defect area not filled with 
regenerated cartilage were lower in the BEVA-IR group 
compared with the control, PRP, BEVA, and HA groups. 
The lack of difference between the BEVA-IR and IR 
groups may suggest that both the BEVA-IR and IR groups, 
particularly the BEVA-IR group, are superior to the other 
groups (Fig. 5).

The intra-articular use of BEVA was first reported 
by Nagai et al.,17) wherein they observed a reduction in 
cartilage degeneration in a rabbit OA model created by 
resecting the anterior cruciate ligament. In 2016, Li et al.16) 
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Fig. 5. (A) Graph illustrating the width measured by computed 
tomography (CT; mm). *p < 0.05, †p < 0.01 compared to the control 
group. (B) Graph illustrating the depth measured by CT (mm). ‡p < 
0.05, §p < 0.01 compared to the BEVA-IR group. (C) Graph illustrating 
the area of the defect (mm2) unfilled by regenerated cartilage. ΙΙp < 
0.05, ¶p < 0.01, **p < 0.001 compared to the BEVA-IR group. ††p < 
0.05, ‡‡p < 0.01 compared to the IR group.PRP: platelet-rich plasma, 
HA: hyaluronic acid, BEVA: bevacizumab, IR: irisin. 
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conducted a study on a rabbit OA model, comparing the 
progression of OA between a control group and groups 
treated with intra-articular BEVA (4 mg) administered 
twice at 3-week intervals and sodium hyaluronate admin-
istered weekly for 6 weeks. They reported that both BEVA 
and sodium hyaluronate slowed the progression of OA by 
reducing synovial hyperplasia and chondrocyte apoptosis, 
with the BEVA group showing better results. In another 
study, Lu et al.22) demonstrated that intra-articular admin-
istration of BEVA (25 mg/kg/week), given 4 weeks before 
sacrifice, reduced subchondral H-type vessel formation 
and delayed OA development in a mouse OA model. Utsu-
nomiya et al.15) investigated the dose- and time-dependent 
effects of intra-articular BEVA on the healing of a rabbit 
osteochondral defect model. They reported that an intra-
articular dose of 12.5 mg/0.5 mL BEVA, administered 4 
weeks after surgery, significantly improved the quality and 
quantity of hyaline-like cartilage. They noted that sub-
chondral bone penetration with BMS potentially induces 
undesired angiogenesis, leading to regeneration with fi-
brocartilage. However, this effect was prevented by BEVA, 
which, when injected at a later time point (4 weeks), likely 
did not affect subchondral bone formation, which is an 
important factor in supporting cartilage repair. Addition-
ally, BEVA was found to reduce subchondral bone over-
growth. However, Utsunomiya et al.15) reported that the 
same effect was not observed in the groups that received 
25 mg/1 mL BEVA at 2 and 4 weeks after surgery or 25 
mg/1 mL BEVA at 4 weeks after surgery. Therefore, the 
results obtained by Utsunomiya et al.15) with 12.5 mg/0.5 
mL BEVA administered 4 weeks after surgery do not seem 
to fully align with the findings of our study. This brings to 
mind the possibility that the dosing in rabbits might not 
be directly equivalent to that in rats. The current literature 
on intra-articular BEVA includes only a limited number 
of studies, and detailed pharmacokinetic information for 
scaling doses between rats and rabbits has unfortunately 
not been identified.23) 

The effects of IR, a myokine released into circula-
tion from skeletal muscles following exercise, on bone 
were recognised earlier than its effects on cartilage, which 
has led to the availability of dose-dependent studies on its 
impact on bone healing.24-26) However, it has been shown 
to attenuate defective autophagy, improve chondrocyte 
survival, protect against mitochondrial dysfunction, and 
promote cartilage proliferation and matrix gene expres-
sion, thereby maintaining intracellular homeostasis and 
metabolism through antioxidant and anti-inflammatory 
pathways, which have been increasingly recognised in 
recent years for their beneficial effects on cartilage regen-

eration.12,14,27,28) Mao et al.29) demonstrated an inverse rela-
tionship between the severity of OA and the levels of IR in 
serum and synovial fluid. Following this, an in vitro study 
conducted by Vadala et al.27) was the first to report that IR 
could directly affect chondrocytes and potentially reduce 
OA-related cartilage degeneration. Then, in vivo studies 
by Wang et al.14) and Li et al.28) in mice demonstrated that 
intra-articular administration of IR reduced cartilage ero-
sion and inflammation in the synovial membrane. Simi-
larly, Posa et al.12) reported the positive effects of IR on 
chondrocytes in an in vitro 3D culture of healthy human 
chondrocytes. In the study by Wang et al.,14) 5 µL of an IR 
solution prepared at a dose of 1 µg/µL was injected into 
the knee joints of mice every 3 days for 8 weeks, whereas 
in Li et al.,28) a single dose of 10 µL IR at a concentration of 
20 mg/mL was administered in the first week after surgery. 
Except for these 2 studies, no other cases of intra-articular 
administration of IR in mice have been documented in 
the literature. In our study, 100 µL of IR solution at a con-
centration of 10 µg/mL was administered intra-articularly 
into the knee joints of rats. This dose is lower than the IR 
doses used in mice. The reason for selecting this dose in 
our study is that rats have a lower metabolic rate compared 
to mice.30) However, the potential effects of IR on FTCD 
have not been investigated in any studies in the literature. 

The major limitation of this study is that the BEVA 
treatment was only combined with IR. Although IR 
showed some macroscopic and microscopic advantages 
compared with PRP, HA, and BEVA alone, the fact that 
hyaline cartilage healing was primarily observed in the 
BEVA-IR group (in 3 out of 8 cases) underscores the need 
to evaluate BEVA in combination with PRP and HA. 
Among all treatment groups, the BEVA-IR combination 
demonstrated the most promising results, with superior 
outcomes in both macroscopic and microscopic evalua-
tions. These findings suggest a potential synergistic effect 
between IR and BEVA, warranting further studies to inves-
tigate the underlying mechanisms and optimize treatment 
strategies. Additionally, the failure to achieve hyaline-like 
cartilage healing with BEVA alone, contrary to previous 
literature, and the similar outcomes in the IR group yet 
the successful healing observed only with the BEVA-IR 
combination therapy, is promising for FTCD treatment. 
Another key limitation of this study is the inability to 
assess the dose- and time-dependent effects of IR and 
BEVA in the rat model. Specifically, as demonstrated by 
Utsunomiya et al.,15) creating subgroups within the BEVA 
group to explore the dose- and time-dependent effects of 
intra-articular BEVA could have potentially led to better 
outcomes in both the BEVA and BEVA-IR groups by iden-
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tifying optimal dosing and timing. Additionally, this study 
utilized a single time-point analysis, with sacrifice occur-
ring only at the end of the 12th week, thereby providing a 
single measure of total regeneration. This approach pre-
vents insights into the dynamic process of cartilage regen-
eration over time and limits understanding of intermedi-
ate stages of healing. Moreover, this study did not include 
functional assessments such as weight-bearing analysis or 
joint mobility tests, which are crucial for evaluating the 
clinical relevance of cartilage regeneration. Furthermore, it 
is important to consider the impact of metabolic rate dif-
ferences, as rats exhibit significantly faster tissue turnover 
compared to larger species and humans. This could affect 
the pace of regeneration or degradation observed in this 
study. Additionally, species-specific differences in cartilage 
composition, joint biomechanics, and inflammatory re-
sponses may further limit the extrapolation of these find-
ings to human clinical applications. On the other hand, 
the absence of preliminary in vitro cytotoxicity studies to 
determine species-specific dosing may have impacted the 
translatability of the findings. Another limitation is that 
involving at least 2 independent blinded evaluators and 
performing inter-rater reliability analyses, such as intra-
class correlation coefficient calculations, would enhance 
the reliability and validity of histological findings, address-
ing potential bias introduced by having a single evaluator. 
Finally, in this study, all osteochondral defects were cre-
ated in the patellofemoral region of the knee, but other 
load-bearing areas were not examined. 

In the augmentation of the BMS technique in 
FTCDs, although BEVA injection alone in the fourth week 
did not yield satisfying results, this study demonstrates 
that the combination of BEVA and IR not only enhances 
cartilage healing but also more closely approximates 
hyaline-like cartilage regeneration, making it a promising 
strategy for FTCD treatment. Similarly, although satisfy-

ing results could not be achieved with the injection of 
IR alone, the IR-BEVA combination resulted in hyaline-
like cartilage healing. This suggests that combining BEVA 
and IR may have synergistic effects on cartilage healing, 
offering a promising strategy for achieving hyaline-like 
cartilage regeneration in FTCDs. Therefore, further dose- 
and time-dependent studies, incorporating functional as-
sessments, long-term follow-up, and multiple independent 
evaluators for histological scoring, are required before 
clinical translation.
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