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Background: Knee osteoarthritis (KOA) is a degenerative joint disease characterized by cartilage degradation, synovial inflamma
tion, and joint pain. The infrapatellar fat pad (IFP) has been suggested to play a role in modulating the inflammatory processes in 
KOA. Excision of the IFP is considered a potential therapeutic approach to reduce inflammation and slow disease progression.
Methods: A mouse model of KOA was used to evaluate the impact of IFP excision on inflammation. Mice were divided into five 
groups: sham (control), unexcised IFP, quarter excision, partial excision, and complete excision of the IFP. Knee joints were collected 
at early, middle, and late stages of KOA. Gait analysis, micro-computed tomography (micro-CT), HE staining, Safranin O-Fast Green 
staining, and immunohistochemistry (IHC) were performed to assess joint stability, bone changes, and inflammatory markers (MMP-3, 
IL-6, TNF-α, COL-2). qRT-PCR was conducted for cartilage tissue analysis.
Results: Partial IFP excision significantly improved joint stability, particularly in the middle and late stages of KOA. Micro-CT 
analysis showed increased bone volume fraction (BV/TV) and trabecular thickness (Tb.Th) in excised groups, with the most 
significant effects in the partial and complete excision groups. IHC and qRT-PCR indicated reduced MMP-3, IL-6, and TNF-α levels 
in excised groups, particularly in the partial and complete excision groups, suggesting reduced inflammation. COL-2 expression was 
higher in excised groups, particularly in late-stage KOA, indicating cartilage protection. The partial excision group exhibited the most 
balanced reduction in inflammation and improved cartilage integrity across all disease stages.
Conclusion: IFP excision, especially partial excision, significantly modulates the inflammatory response in KOA. Partial excision 
showed the most effective and balanced impact on joint stability, bone integrity, and cartilage protection, offering potential as 
a therapeutic approach for KOA.
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Introduction
Knee osteoarthritis (KOA) is a common chronic joint disease characterized by the degradation of articular cartilage, 
osteophyte formation, and inflammation around the joints.1 Although KOA has traditionally been considered a disease of 
the elderly, its prevalence has gradually increased in recent years due to population aging and changes in lifestyle, 
imposing a serious burden on human health.2 The main risk factors for KOA include aging (which leads to cartilage 
degradation and reduced regenerative capacity),3 obesity (which increases joint loading and promotes metabolic 
inflammation),4,5 genetic predisposition (which affects cartilage and bone metabolism),6 biomechanical abnormalities 
(such as joint malalignment and previous injuries),7 and chronic inflammation (which accelerates joint degradation 
through pro-inflammatory mediators).6 KOA is now recognized as a complex disorder affecting the entire joint, involving 
not only articular cartilage and subchondral bone but also the synovial membrane, menisci, tendons, ligaments, and the 
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infrapatellar fat pad (IFP).8,9 The pathological changes in KOA go beyond cartilage degradation, involving synovial 
inflammation, meniscal degeneration, ligament dysfunction, and structural alterations in the IFP.10

The IFP, located beneath the patella in the knee joint, is an important structure that plays a crucial role in maintaining 
joint stability, reducing friction, and regulating joint physiological activities.11–13 However, in KOA, the IFP undergoes 
pathological changes, including fibrosis, volume reduction, and increased inflammatory cytokine production, which 
contribute to disease progression.10 As a key source of inflammatory mediators, the IFP interacts with the synovial 
membrane, exacerbating synovial inflammation and joint destruction.14

The management of the IFP in clinical practice remains a subject of debate. Under physiological conditions, the IFP 
plays a critical role in maintaining joint stability, providing mechanical cushioning, and regulating immune responses. 
However, during inflammation, the IFP can act as a significant source of pro-inflammatory mediators, thereby exacer
bating the inflammatory process.15–17 Previous studies have demonstrated that complete excision of the IFP can alleviate 
inflammation to some extent.18 Nevertheless, given the essential physiological functions of the IFP, total removal may 
also have adverse effects on joint function.19 To date, research investigating the impact of IFP excision on inflammation 
and joint integrity remains limited.

By employing a multi-faceted approach, this study systematically evaluated the impact of varying degrees of IFP 
removal on joint inflammation. Our aims to elucidate how different extents of IFP excision influence KOA progression, 
providing valuable scientific insights and guidance for clinical treatment strategies.

Materials and Methods
This study systematically investigates the effects of different IFP excision strategies on the progression of KOA using 
a mouse model. The experimental design includes groups with complete IFP excision, one-quarter excision, partial 
excision, and unexcision, with observations spanning the early, middle, and late stages of inflammation.

Experimental Overview
One hundred and fifty male C57BL/6 mice, aged 6 to 8 weeks and weighing approximately 20 grams, were randomly 
divided into five groups (30 mice per group). The groups were as follows:

Control Group
Mice underwent sham surgery only.

Unexcised Group
The IFP was left intact, and the KOA model was induced without excision of the IFP.

Quarter Excision Group
Approximately one-quarter of the IFP was excised while inducing the KOA model.

Partial Excision Group
Approximately half of the IFP was excised while inducing the KOA model.

Complete Excision Group
The entire IFP was excised while inducing the KOA model.

All mice underwent a one-week acclimatization period before the IFP excision surgeries. Mice were euthanized at 
4 weeks (early OA), 8 weeks (mid-stage OA), and 12 weeks (late-stage OA)20 (Figure 1A) After euthanasia, the joints 
were flushed with 100 μL of sterile saline (Yuanye China Cat no: R41102). Half of the knee joint samples were stored in 
liquid nitrogen, while the other half were fixed in 4% formaldehyde (Aladdin China Cat no: P395744) for 48 hours.

Surgical Removal of the IFP
The KOA mouse model was established using the modified Hulth method.21 The day before modeling, mice are fasted 
for 12 hours. Zoletil 50 (Virbac USA Cat no: ZOLE50) is diluted at a ratio of 1 to 10. The weight of each mouse is 
recorded to calculate the injection dose (10 µL/1 g). The mice are then anesthetized via intraperitoneal injection.
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Following anesthesia, the mice are placed on an operating table, and the hair on the right hind limb knee joint area is 
shaved off using a clipper. The knee joint area is disinfected with an alcohol swab. A sterile surgical blade is used to 
gently incise the lateral skin and muscle tissue to expose the inner structures. The medial collateral ligament is located 
and severed, opening the entire joint cavity.

The anterior and posterior cruciate ligaments and the medial meniscus are then cut. A drawer test is performed to 
confirm the complete rupture of the cruciate ligaments. Corresponding volumes of the IFP are also excised (Figure 1B). 
Hemostasis is achieved, and the incisions are sutured layer by layer using surgical sutures.

Figure 1 Experimental workflow and mouse modeling images. (A) The entire experimental workflow, including mouse breeding, grouping, model establishment, tissue 
collection, and validation. (B) From left to right: mice with no IFP excision, Quarter IFP excision, Partial IFP excision, and Complete IFP excision.
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Gait Assessments
A mandatory treadmill based gait analysis was performed on half of all animals (N = 75) using VisuGait Gait analysis 
system (Shanghai Xinsoft Information Technology Co, Shanghai, China).22 To ensure consistency and reduce stress, the 
animals acclimated to the system over the course of a week, during which they were introduced to the treadmill 
environment and allowed to familiarize themselves with the device. Data collection is carried out by the same trained 
handlers to reduce variability, and all records are taken within the same time window (5pm to 12pm) to reduce the diurnal 
effects of animal behaviour. The order of the animals analyzed was random to avoid potential sequential effects and to 
ensure that the data collected was representative and unbiased.23

Tissue Collection
All animals were collected at early, middle, and late stages as per the experimental design. At the time of collection, each 
animal’s body weight was recorded. The animals were then humanely euthanized in a CO2 chamber to ensure a painless 
and ethical process.24 Following euthanasia, the hind limbs were carefully dissected at the hip joint. Both left and right 
hind limbs were removed; six mice had their knee joints immediately snap-frozen in liquid nitrogen, while the remaining 
four mice had their knee joints fixed in 10% neutral buffered formalin (Yuanye China Cat no: R22054) for 48 hours.

After fixation, the limbs were transferred to phosphate-buffered saline (PBS) (Acmec, China, Cat no: AC13319) for 
subsequent processing and micro-computed tomography (micro-CT) analysis.

Following micro-CT imaging and bone grading, the limbs were decalcified in ethylenediaminetetraacetic acid 
(EDTA) (Aladdin, China, Cat no: A301488) solution (pH 5.5). The EDTA solution was refreshed every two days for 
a duration of four weeks to ensure complete decalcification of the bone tissue, enabling downstream histological 
analysis.25

MicroCT
Micro-computed tomography (micro CT) (Tianjin Sanying Precision Instrument Co, Tianjin, China) was employed to 
quantitatively analyze bone parameters, providing high-resolution 3D imaging of the trabecular bone structure. Scans 
were performed using a microCT system (micro CTA), and image data were reconstructed and analyzed with Dragonfly 
software (Object Research Systems (ORS) Inc. Montreal, Quebec, Canada). Key trabecular bone measurements included 
the bone volume to tissue volume ratio (BV/TV), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). These 
parameters were assessed to evaluate bone microarchitecture and density, enabling detailed comparisons across experi
mental groups and stages of KOA.26,27

Histologic Grading of OA
After micro-CT analysis, knee joint samples were decalcified in EDTA, fixed in 4% formaldehyde for 48 hours, 
dehydrated in graded ethanol, and embedded in paraffin. Tissue sections (~5 µm thick) were prepared for histological 
analysis to assess the effects of IFP excision on KOA progression.

HE staining was used to evaluate synovial inflammation and cartilage structural changes. Sections were deparaffi
nized, rehydrated, stained with hematoxylin (Acmec, China, Cat no: 517-28-2) for 5 minutes, differentiated in 1% acid 
alcohol (Meryer, China, Cat no: 64-17-7), counterstained with 0.5% eosin (Yuanye, China, Cat no: R30114) for 1–2 
minutes, dehydrated, and mounted. Microscopic analysis was performed to assess inflammation and cartilage 
structure.28,29

Safranin O/Fast Green staining assessed cartilage matrix degradation and structural changes in cartilage and bone. 
Sections were deparaffinized, stained with Fast Green (0.5%) (Yuanye, China, Cat no: R20751) for 5 minutes, washed 
with 1% acetic acid, then stained with Safranin O (0.1%) (Yuanye, China, Cat no: R22045) for 5 minutes.30 After 
dehydration and mounting, cartilage degeneration was analyzed microscopically and scored using the Osteoarthritis 
Research Society International (OARSI) system.31,32 A score of 0 represents normal cartilage, while a score of 0.5 
indicates loss of Safranin-O staining without structural changes. A score of 1 corresponds to small fibrillations without 
loss of cartilage. A score of 2 is assigned when vertical clefts extend down to the layer immediately below the superficial 
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layer, with some loss of surface lamina. Scores of 3 to 6 represent increasing severity of cartilage damage, with vertical 
clefts or erosion extending to the calcified cartilage and varying percentages of the articular surface affected. Specifically, 
a score of 3 indicates vertical clefts or erosion extending to less than 25% of the articular surface, while a score of 4 
corresponds to extension to 25–50%. A score of 5 reflects clefts or erosion extending to 50–75% of the articular surface, 
and a score of 6 is given when the clefts or erosion extend to more than 75% of the articular surface. These scores 
provide a comprehensive assessment of cartilage degeneration in KOA.33

IHC and Quantitative Analysis
To evaluate the effects of IFP excision on inflammatory progression and cartilage degeneration in KOA, IHC staining 
was performed for matrix metalloproteinase-3 (MMP-3), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and 
type II collagen (Col-2).34

Knee joint samples were fixed in 4% paraformaldehyde, dehydrated in graded ethanol, embedded in paraffin, and 
sectioned (5 µm). After deparaffinization, rehydration, and antigen retrieval in sodium citrate buffer (pH 6.0) (Aladdin, 
China, Cat no: P299403) at 95°C, sections were blocked with 10% goat serum. They were incubated overnight at 4°C with 
primary antibodies: anti-MMP-3 (Abcam, UK, Cat no: ab53015), anti-IL-6 (Abcam, UK, Cat no: ab6672), anti-TNF-α 
(Abcam, UK, Cat no: ab6671), anti-Col-2 (Abcam, UK, Cat no: ab34712), and then with a biotinylated secondary antibody 
for 1 hour at room temperature.

Staining was visualized using DAB (Aladdin, China, Cat no: D405772) as the chromogen, and nuclei were counter
stained with hematoxylin. Sections were dehydrated, cleared, and mounted. Microscopic images were captured, and the 
expression levels of MMP-3, IL-6, TNF-α, and Col-2 were quantified and compared to controls.

qRT-PCR (Quantitative Reverse Transcription PCR) Analysis
The knee joint cartilage tissue stored in liquid nitrogen is retrieved and immediately ground into a powder under low- 
temperature conditions using a liquid nitrogen grinding mill to ensure RNA integrity.35 The powdered tissue is quickly 
transferred into a centrifuge tube containing Trizol (Yuanye, China, Cat no: R21086) reagent and thoroughly homo
genized to lyse the cells and release RNA.36 Following the protocol of Trizol reagent, chloroform (Aladdin, China, Cat 
no: C434285) is added for phase separation, and the aqueous phase containing total RNA is collected after centrifugation. 
The aqueous phase is then transferred to a new tube, and RNA is precipitated using isopropanol (Aladdin, China, Cat no: 
I141145). After washing to remove impurities, the RNA is dissolved in RNase-free water to obtain pure RNA samples. 
The purity and concentration of RNA are measured using a spectrophotometer (Mapada, Shanghai, China) to ensure 
suitability for downstream experiments. Subsequently, the extracted RNA is reverse transcribed into cDNA using 
a reverse transcription kit (Yeasen, Shanghai, China). In the qRT-PCR reaction system, the cDNA template, specific 
primers, and fluorescent dye are combined, and the optimized program is run on a real-time PCR machine to perform 
amplification reactions. The final output provides the expression levels of target genes. Primers are shown in (Table 1).

Table 1 Primer Sequences of Target Genes

Gene Forward Primer Reverse Primer

TNF-α 5′-CATCTTCTCAAAATTCGAGTGACAA-3′ 5′-TGGAGTAGACAAGGTACACACC-3′
IL-6 5′AAATTCGGTACATCCTCGACGGCA-3′ 5′-AGTGCCTCTTTGCTGCTTTCACAC-3′
COL2A1 5′- TCTGTGAAGACACCAAGGACTG −3′ 5′- TTCTCCTTTCTGCCCCTTTGGT −3′
MMP3 5′-GATGGAGCTGCAAGGGGTGA-3′ 5′-TTCGGGATGCCAGGAAAGG-3′
SOX-9 5′- AAGCTCTGGAGACTGCTGAA −3′ 5′- CCCATTCTTCACCGACTTCCT −3′
ADAMTS-5 5′- ATGCAGCCATCCTGTTCAC −3′ 5′- CATTCCCAGGGTGTCACAT −3′
GAPDH 5′-GATGATTGGCATGGCTTT-3′ 5′-CACCTTCCGTTCCAGTTT-3′

Abbreviations: TNF-α, tumor necrosis factor-alpha; IL-6, interleukin-6; COL2A1, collagen type II alpha 1 chain; MMP3, matrix 
metalloproteinase-3; SOX-9, SRY-box transcription factor 9; ADAMTS-5, a disintegrin and metalloproteinase with thrombos
pondin motifs 5; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Statistical Analyses
Before comparing data, tests for homogeneity of variance, independence, and normality will be conducted. If these 
assumptions are satisfied, Student’s t-test will be used for comparisons; otherwise, the rank-sum test will be applied. All 
statistical analyses were performed using GraphPad Prism 9.5 software. All results were expressed as mean ± standard 
deviation (mean ± SEM). Statistical analysis was performed to compare differences between groups, with a P-value 
<0.05 considered statistically significant.

Results
Gait Analysis Reveals That the Overall Joint Stability in the Excision Group Is Superior 
to That in the Unexcision Group, with the Most Significant Improvement Observed in 
the Partial Excision Group
All mice underwent gait acclimation training one week prior to tissue collection to ensure stable and consistent walking 
for gait analysis. Gait assessment and data collection were conducted the day before tissue collection.37,38 The movement 
trajectory of mice with complete IFP excision was recorded (Figure 2A). At the 4-week stage, the left stride length 
(Figure 2B), right stride length (Figure 2C), forelimb stride width (Figure 2D), and hindlimb stride width (Figure 2E) 
were measured for all experimental groups. At the 8-week stage, the left stride length (Figure 2F), right stride length 
(Figure 2G), forelimb stride width (Figure 2H), and hindlimb stride width (Figure 2I) were measured. Similarly, at the 
12-week stage, these same parameters were assessed (Figure 2J–M). Statistical analysis revealed a compensatory 
increase in left stride width in KOA mice at all stages (4, 8, and 12 weeks). The partial excision group showed 
significant improvement at 8 weeks (P < 0.01) and at 12 weeks compared to the complete and quarter excision groups 
(P < 0.001, P < 0.05). The complete excision group also reduced the difference compared to the unexcision group at 
12 weeks (P < 0.05).

For right stride width, partial excision consistently improved performance at all time points. The quarter excision 
group showed improvement at 12 weeks (P < 0.05), while the complete excision group improved only at 4 weeks 
(P < 0.01).

No significant differences were found in forelimb stride width across groups. However, for hindlimb stride width, 
partial excision showed significant improvement at 8 and 12 weeks. The complete excision group showed improvement 
at 8 weeks (P < 0.05) and both quarter and complete excision groups showed significant improvement at 12 weeks (P < 
0.01, P < 0.001).

In conclusion, the partial excision group most effectively maintained joint stability, while all excision groups 
improved hindlimb stride width compared to the non-resected group.

Partial Excision of the IFP Significantly Improves Joint Damage Throughout the Early, 
Middle, and Late Stages of KOA, While Complete Excision Also Offers a Certain 
Degree of Therapeutic Benefit
Three-dimensional reconstruction of the knee joints in all mice revealed significantly reduced osteophyte formation in the 
excision groups compared to the unexcision group (Figure 3A). Quantitative analysis at 4 weeks showed a significant 
reduction in Tb.Sp in the partial excision group compared to the unexcision group (P < 0.05), while no significant 
differences were observed among the groups in Tb.N, Tb.Th, and BV/TV (Figure 3B–E).

At 8 weeks, all excision groups outperformed the unexcision group. Specifically, both the partial and complete 
excision groups showed significantly higher Tb. N and lower Tb. Sp values compared to the unexcision group (P < 0.01, 
P < 0.05). In terms of Tb.Th, the quarter excision group demonstrated a significant increase compared to the unexcision 
group (P < 0.05), while both the partial and complete excision groups showed even greater increases (P < 0.001, P < 
0.01). For BV/TV, the partial excision group exhibited significantly higher values than both the unexcision and quarter 
excision groups (P < 0.05) (Figure 3F–I).
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At 12 weeks, Tb. N in the partial excision group was significantly higher than in both the unexcision and quarter 
excision groups (P < 0.001, P < 0.05), and also significantly higher in the complete excision group compared to the 
unexcision group (P < 0.05). Regarding Tb.Sp, the partial excision group showed significantly lower values than all other 
groups (P < 0.01, P < 0.05, P < 0.05). For Tb.Th, the partial excision group again exhibited significantly higher values 
than the other three groups (P < 0.001 for all comparisons), and the complete excision group also showed a significant 
increase compared to the unexcision group (P < 0.01). Finally, in terms of BV/TV, the partial excision group 

Figure 2 Mouse gait trajectory maps and gait experiment analysis results: (A) From top to bottom, the movement trajectory maps of normal mice and IFP full-excision mice 
at 4,8,12 weeks. (B) The left stride length of all experimental mice at the 4 weeks. (C) The right stride length of all experimental mice at the 4 weeks. (D) The forelimb 
stride width of all experimental mice at the 4 weeks. (E) The hindlimb stride width of all experimental mice at the 4 weeks. (F) The left stride length of all experimental mice 
at the 8 weeks. (G) The right stride length of all experimental mice at the 8 weeks. (H) The forelimb stride width of all experimental mice at the 8 weeks. (I) The hindlimb 
stride width of all experimental mice at 8 weeks. (J) The left stride length of all experimental mice at the 12 weeks. (K) The right stride length of all experimental mice at the 
12 weeks. (L) The forelimb stride width of all experimental mice at the 12 weeks. (M) The hindlimb stride width of all experimental mice at the 12 weeks. N=5. All the data 
in the bar graph are presented as mean ± S.E.M, among which, *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 3 Mouse knee joint images under micro-CT and micro-CT experimental analysis results: (A) Knee joint images under different grouping conditions at 4,8,12 weeks. 
(B) Tb.N of all experimental mice at the 4 weeks. (C) Tb.Sp of all experimental mice at the 4 weeks. (D) Tb.Th of all experimental mice at the 4 weeks. (E) BV/TV of all 
experimental mice at the 4 weeks. (F) Tb.N of all experimental mice at the 8 weeks. (G) Tb.Sp of all experimental mice at the 8 weeks. (H) Tb.Th of all experimental mice at 
the 8 weeks. (I) BV/TV of all experimental mice at the 8 weeks. (J) Tb.N of all experimental mice at the 12 weeks. (K) Tb.Sp of all experimental mice at the 12 weeks. (L) Tb. 
Th of all experimental mice at the 12 weeks. (M) BV/TV of all experimental mice at the 12 weeks. N=4. All the data in the bar graph are presented as mean ± S.E.M, among 
which *P < 0.05, **P < 0.01, and ***P < 0.001.
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demonstrated significantly higher values compared to both the unexcision and quarter excision groups (P < 0.001), and 
the complete excision group also showed significantly higher values than the unexcision and quarter excision groups (P < 
0.01, P < 0.05) (Figure 3J–M).

In conclusion, the partial excision group most effectively preserved bone structure and remodeling balance, improv
ing KOA progression. Both the partial and complete excision groups showed significant benefits compared to the 
unexcision group.

Histologic Grading of OA: HE Staining, Safranin O-Fast Green Staining, and OARSI 
Score Analysis of Cartilage Damage
HE staining of knee joint sections revealed significant histological changes as KOA progressed. In the healthy state, the 
cartilage surface was smooth, with intact layers and orderly arranged chondrocytes. At 4 weeks, mild roughness and 
slight fissures appeared, with some chondrocyte clustering. By 8 weeks, the cartilage showed increased fissuring and 
thinning of trabeculae, with reduced chondrocyte numbers. At 12 weeks, large cartilage defects were evident, with 
exposed subchondral bone, trabecular sclerosis, and matrix loss. Notably, the partial and complete excision groups 
exhibited better histological outcomes than the unexcision group (Figure 4A).

Safranin O-Fast Green staining showed reduced proteoglycan content by 4 weeks, with significant loss and cartilage 
degradation by 12 weeks. The partial excision group retained more proteoglycan staining compared to other groups, 
indicating less severe degradation (Figure 4B).

The OARSI scoring system is a widely used method for evaluating cartilage damage in KOA. It scores cartilage 
degeneration based on the extent and depth of damage, ranging from normal cartilage to full-thickness loss with exposure 
of the subchondral bone. OARSI scores at 4, 8, and 12 weeks showed significant improvements in the partial and 
complete excision groups compared to the unexcision group (P < 0.001, P < 0.05) at 4 weeks. At 8 weeks, the partial 
excision group showed significantly lower scores than the quarter excision group (P < 0.01). The quarter excision group 
showed less improvement over time (Figure 4C–E).

In conclusion, the partial excision group demonstrated the best outcomes, with significantly less cartilage degradation 
and better joint stability than the other groups.

IHC Results: Immunohistochemical Analysis of Inflammatory and Cartilage Markers in 
KOA Mice
COL-2 immunohistochemistry revealed that at 4 weeks, the partial excision group had significantly higher expression 
compared to the other groups (P < 0.001, P < 0.05, P < 0.01). At 8 weeks, the partial excision group maintained 
significantly higher expression than all other groups (P < 0.001), and at 12 weeks, it remained significantly higher 
compared to both the unexcision and quarter excision groups (P < 0.001) (Figure 5A).

For IL-6, the partial excision group showed the greatest reduction at 4 weeks (P < 0.01), and at 8 weeks, it exhibited 
significantly lower levels than the other excision groups (P < 0.05, P < 0.01). By 12 weeks, the partial excision group 
consistently showed the lowest IL-6 levels compared to the unexcision group (P < 0.05, P < 0.001) (Figure 5B).

MMP-3 results showed that the partial excision group had significantly lower expression at 4, 8, and 12 weeks 
compared to the other three groups (P < 0.01, P < 0.001, P < 0.001). Both the complete and quarter excision groups also 
showed reduced expression at mid and late stages compared to the unexcision group (Figure 6A).

TNF-α results revealed that at 8 weeks, all three excision groups had significantly lower expression than the 
unexcision group. At 12 weeks, the partial excision group exhibited significantly lower expression than the other three 
groups (P < 0.001), while both the quarter and complete excision groups also showed significantly lower expression than 
the unexcision group (Figure 6B).

The partial excision group showed lower inflammation expression compared to the unexcision group. At 8 and 
12 weeks, both the quarter and complete excision groups also demonstrated reduced inflammation compared to the 
unexcision group, indicating that all excision groups performed better than the unexcision group.
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Figure 4 Mouse knee joint HE staining, Safranin O-Fast Green staining, and OARSI scores: (A) HE staining of the mouse knee joint, with the scale bar in the top left image at 
200 μm and the scale bar in the bottom right image at 400 μm. (B) Safranin O-Fast Green staining of the mouse knee joint, with the scale bar in the top left image at 200 μm 
and the scale bar in the bottom right image at 400 μm. (C) OARSI scores of experimental mice at the 4 weeks. (D) OARSI scores of mice at the 8 weeks. (E) OARSI scores 
of mice at the 12 weeks. N=3. All the data in the bar graph are presented as mean ± S.E.M, among which *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 5 Immunohistochemistry results and quantitative analysis of mouse knee joints: (A) COL-2 staining and quantitative analysis of mice at 4,8,12 weeks, with the scale 
bar in the top left corner at 200 μm and the bottom right corner at 300 μm. (B) IL-6 staining and quantitative analysis of mice at 4,8,12 weeks, with the scale bar in the top 
left corner at 200 μm and the bottom right corner at 300 μm. N=3. All the data in the bar graph are presented as mean ± S.E.M, among which *P < 0.05, **P < 0.01, and 
***P< 0.001.
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Figure 6 Immunohistochemistry results and quantitative analysis of mouse knee joints: (A) MMP-3 staining and quantitative analysis of mice at 4,8,12 weeks, with the scale 
bar in the top left corner at 200 μm and the bottom right corner at 300 μm. (B) TNF-α staining and quantitative analysis of mice at 4,8,12 weeks, with the scale bar in the 
top left corner at 200 μm and the bottom right corner at 300 μm. N=3. All the data in the bar graph are presented as mean ± S.E.M, among which *P < 0.05, **P < 0.01, and 
***P< 0.001.
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qRT-PCR Results: Expression of Key Inflammatory, Cartilage, and Matrix Degradation 
Markers in KOA Mice
At 4 weeks, the partial excision group showed significantly higher COL2A1 and SRY-box transcription factor 9(SOX9) 
expression (P < 0.05), and significantly lower A Disintegrin And Metalloproteinase with Thrombospondin Motifs 5 
(ADAMTS5) (P < 0.001), TNF-α (P < 0.001, P < 0.05), compared to other groups. MMP-3 expression was higher in both 
the partial excision (P < 0.001) and complete excision (P < 0.01) groups, while IL-6 was slightly reduced but not 
statistically significant (Figure 7A).

At 8 weeks, the partial excision group exhibited significantly higher COL2A1 (P < 0.001, P<0.01), and SOX9 (P < 
0.001, P < 0.05) expression, and significantly lower ADAMTS5 (P < 0.001), TNF-α (P < 0.001, P < 0.01, P < 0.01), 
MMP-3 (P < 0.001), and IL-6 (P < 0.001) levels compared to the unexcision and quarter excision groups. The complete 
excision group also showed significant improvements in these markers (P < 0.01) (Figure 7B).

At 12 weeks, the partial excision group showed the highest COL2A1 (P < 0.001, P < 0.01) and SOX9 (P < 0.001, P < 
0.05) levels, with significantly lower ADAMTS5 (P < 0.001), TNF-α (P < 0.001, P < 0.01, P < 0.001), MMP-3 (P < 0.001, 
P < 0.001, P < 0.01), and IL-6 (P < 0.001, P < 0.05) expression compared to all other groups. The complete excision 
group also demonstrated significant reductions in inflammation markers (P < 0.001) and better cartilage protection 
compared to the unexcision and quarter excision groups (Figure 7C).

The partial excision group consistently showed the most favorable outcomes, with significant improvements in 
COL2A1, SOX9, and reductions in ADAMTS5, TNF-α, MMP-3, and IL-6 expression at 4, 8, and 12 weeks, outperforming 
the other experimental groups.

Discussion
KOA is one of the most prevalent degenerative joint diseases, with its incidence continuously increasing due to the aging 
population, significantly impairing patients’ quality of life.39 The pathological features of KOA include cartilage 
degeneration, synovial inflammation, meniscal degeneration, ligament dysfunction, and structural alterations of the 
IFP.10,39 Despite current treatment options such as pharmacological therapies, physical interventions, and surgical 
approaches, there is a lack of effective, long-lasting treatments.40,41

IFP has emerged as a critical tissue within the knee joint in recent years. IFP not only plays an essential role in shock 
absorption and lubrication but also contributes significantly to inflammation, bone metabolism, and cartilage protection.42 

Previous studies have indicated that IFP hypertrophy, inflammation, and its association with joint degenerative changes 
may be key mechanisms in the onset and progression of KOA.43–45 It has been proposed that complete excision of IFP 
may effectively alleviate joint inflammation in animals, thereby slowing the progression of KOA.18 However, there is 
limited research on the optimal amount of excision required to effectively reduce inflammation while preserving the 
normal physiological function of the IFP.

This study aims to explore the effects of different degrees of IFP excision (quarter, partial, and complete excision) in 
a mouse model of KOA. Using gait analysis, micro-CT, histological assessments (HE and Safranin O-Fast Green 
staining), OARSI scores, immunohistochemistry, and qRT-PCR, we comprehensively evaluate the therapeutic potential 
of IFP excision at different stages of KOA.

Gait analysis at 4 weeks showed no significant differences, except for a higher right-side stride base in the partial 
excision group compared to the complete excision group. At 8 and 12 weeks, the partial excision group had significantly 
reduced hind limb stride width and a higher stride base, indicating improved joint stability and function. The complete 
excision group showed some improvement, but less pronounced than the partial excision group, while the quarter 
excision and unexcision groups showed minimal changes. These results suggest that partial IFP excision is the most 
effective approach for maintaining joint stability and improving function in KOA.

The IFP plays a dual role in KOA pathogenesis. While it contributes to joint inflammation through secretion of pro- 
inflammatory cytokines and adipokines (IL-6, leptin), it also provides mechanical protection and lubrication.46 Structural 
changes in the joint, particularly alterations in bone and cartilage, are crucial indicators of KOA progression.47 In this 
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Figure 7 qRT-PCR quantitative analysis results of mouse cartilage tissue: (A) Expression levels of COL2A1, ADAMTS5, SOX9, TNF-α, MMP3, and IL-6 mRNA in cartilage 
tissue of mice at the 4 weeks. (B) Expression levels of COL2A1, ADAMTS5, SOX9, TNF-α, MMP3, and IL-6 mRNA in cartilage tissue of mice at the 8 weeks. (C) Expression 
levels of COL2A1, ADAMTS5, SOX9, TNF-α, MMP3, and IL-6 mRNA in cartilage tissue of mice at the 12 weeks. N=4. All the data in the bar graph are presented as mean ± 
S.E.M, among which *P < 0.05, **P < 0.01, and ***P < 0.001.
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study, we employed micro-CT, HE staining, Safranin O-Fast Green staining, and qRT-PCR to evaluate the impact of 
different IFP excision methods on joint structure in the KOA mouse model.

Micro-CT analysis assessed key parameters, including Tb.N, BV/TV, Tb.Sp, and Tb.Th. At 4 weeks, no significant 
differences were observed among the groups for these parameters. However, as the disease progressed, particularly at 8 
and 12 weeks, the partial excision group exhibited significant improvements in Tb.N, BV/TV, Tb.Sp, and Tb.Th, 
indicating recovery of trabecular structure, increased bone density, and enhanced bone strength compared to the 
unexcision group. The complete excision group also showed some improvement, although less pronounced than that 
seen in the partial excision group. In contrast, the quarter excision group demonstrated no significant changes, suggesting 
limited bone-protective effects of this approach.

HE and Safranin O-Fast Green staining revealed that the partial excision group maintained a more preserved cartilage 
morphology, with smooth articular surfaces and minimal signs of degeneration. In contrast, the complete excision group 
exhibited varying degrees of cartilage degeneration, characterized by irregular surfaces and areas of cartilage loss. The quarter 
excision group showed cartilage degradation similar to that of the unexcision group, with no significant improvement. 
Safranin O-Fast Green staining further confirmed the superior cartilage protection in the partial excision group, as evidenced 
by increased staining intensity, indicating better preservation of the cartilage matrix compared to the other groups.

According to the OARSI scoring system, at 4, 8, and 12 weeks, the partial excision and complete excision groups exhibited 
significantly less cartilage damage compared to the unexcision and quarter excision groups. This suggests that both partial and 
complete excision effectively reduce joint inflammation and preserve cartilage integrity, thereby slowing the progression of 
KOA. The quarter excision group showed no significant difference in OARSI scores compared to the unexcision group, 
further highlighting the superior effectiveness of partial and complete excision in protecting joint structure.

COL-2, IL-6, MMP-3, and TNF-α were selected as key indicators in immunohistochemical experiments to assess cartilage 
damage, inflammation, and matrix degradation in the KOA mouse model. COL-2 reflects cartilage degeneration,48 IL-6 is 
a pro-inflammatory cytokine linked to joint inflammation,49 MMP-3 is involved in matrix degradation and cartilage 
breakdown,50 and TNF-α promotes joint damage through inflammation and apoptosis.51 Together, these markers provide 
valuable insights into the pathological progression of KOA and potential therapeutic strategies.

Immunohistochemistry analysis showed significantly lower levels of inflammatory markers (such as IL-6, TNF-α, and 
MMP-3) in the partial excision group compared to the other three groups, indicating effective suppression of local joint 
inflammation. Furthermore, both the complete excision and quarter excision groups showed significant improvements in 
inflammatory marker expression in the mid- and late stages, relative to the unexcision group. This suggests that these two 
excision methods also have a notable effect in alleviating joint inflammation. These findings further highlight the crucial 
role of partial excision in reducing joint inflammation and inhibiting the release of inflammatory cytokines, while also 
indicating that both quarter excision and complete excision may modulate local immune responses, potentially slowing 
the progression of KOA.

The primers for COL2A1, ADAMTS5, SOX9, TNF-α, MMP3, and IL-6 in qRT-PCR analysis of KOA mouse knee joint 
cartilage tissue were selected to reflect key processes in cartilage synthesis, degradation, and inflammation. COL2A1 
indicates cartilage synthesis, with reduced expression linked to degeneration.52 ADAMTS5 plays a role in cartilage matrix 
breakdown,53 while SOX9 is crucial for cartilage repair.54 TNF-α and IL-6 are pro-inflammatory cytokines that exacer
bate inflammation and cartilage degradation,50,55 and MMP3 is involved in extracellular matrix degradation.56

qRT-PCR analysis revealed further differences in gene expression across the groups. Specifically, at both 8 and 
12 weeks, the partial excision group exhibited significantly higher expression of cartilage-protective genes, such as 
COL2A1 and Aggrecan, as well as anti-inflammatory factors like IL-10, compared to the complete excision and quarter 
excision groups. COL2A1 and Aggrecan, key components of the cartilage matrix, were upregulated in the partial excision 
group, suggesting that this group effectively promoted cartilage repair and protection. Furthermore, the increased 
expression of IL-10, an anti-inflammatory cytokine, reflects the partial excision group’s ability to modulate local 
inflammation and improve the joint environment. Collectively, these results suggest that partial excision not only 
mitigates inflammation but also promotes cartilage repair and inhibits the release of destructive factors, thereby 
contributing to the preservation of joint integrity.
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The novelty of this study lies in the comprehensive application of various techniques, including gait analysis, micro-CT, 
HE staining, Safranin O-Fast Green staining, OARSI scoring, immunohistochemistry, and qRT-PCR, to assess the therapeutic 
effects of different IFP excision methods on KOA in mice. Gait analysis allowed us to dynamically monitor changes in joint 
stability and motor function in KOA mice, while micro-CT provided quantitative insights into bone changes.57 HE and 
Safranin O-Fast Green staining further facilitated the observation of morphological alterations in cartilage. The OARSI 
scoring system offered both qualitative and quantitative assessments of joint damage, and immunohistochemistry and qRT- 
PCR revealed the molecular mechanisms underlying the effects of IFP excision on inflammation and cartilage protection.58,59 

Compared to previous studies, this research not only systematically evaluated the effects of different excision methods on joint 
stability, bone changes, and cartilage protection but also explored the potential of IFP excision in alleviating joint inflammation 
from an immunological perspective, filling a significant gap in the field.

While previous research has predominantly focused on the complete excision of the IFP, this study expands the scope 
by investigating the effects of both partial and quarter IFP excision in addition to complete excision. The novelty of this 
work lies in its investigation of how different extents of IFP removal impact the inflammatory progression of KOA while 
aiming to preserve as much of the IFP’s normal physiological function as possible. By comparing these three excision 
strategies—complete, partial, and quarter excision—this study provides valuable insights into the balance between 
reducing inflammation and maintaining IFP functionality. These findings are crucial for identifying an optimal excision 
approach that minimizes inflammatory progression in KOA without compromising the IFP’s critical roles in joint 
homeostasis, offering a potential therapeutic strategy for managing KOA.

Our study found that partial excision of the IFP significantly improved the progression of KOA, aligning with 
previous animal studies, such as one in guinea pigs, where early IFP excision altered disease progression.18 Clinical 
studies also support these findings, showing that partial IFP excision can alleviate pain and functional impairment in 
KOA patients.60 However, some studies have raised concerns about adverse effects like patellar tendon shortening 
following IFP excision, which may impact knee function.61 In contrast, our partial excision approach did not significantly 
affect joint stability, likely due to the preservation of some IFP structure. Additionally, other non-surgical treatments 
targeting the IFP, such as low-intensity pulsed ultrasound (LIPUS), have also shown promise in improving KOA 
symptoms,62 further supporting the IFP as a therapeutic target in managing KOA.

The partial excision group exhibited the most significant improvement in inflammation reduction. This could be due 
to several factors: first, the partial excision may help maintain sufficient IFP function to support joint homeostasis while 
reducing excessive inflammation. Second, partial excision might promote a more balanced inflammatory response, 
preserving the protective and anti-inflammatory properties of the IFP while limiting its contribution to KOA progression. 
Third, the partial removal of the IFP could reduce mechanical stress or other factors that exacerbate inflammation, 
without entirely eliminating the fat pad’s beneficial roles in joint stability and tissue repair. This combination of factors 
may explain the superior anti-inflammatory effects observed in the partial excision group compared to other groups.

The experimental results from the quarter excision group did not perform as expected, and in fact, were less effective 
than the complete excision group. This could be due to several reasons: first, the extent of the quarter excision may have 
been too small to effectively reduce inflammation or alleviate joint degeneration. Given that the IFP in mice is already 
quite small, the reduced excision may not have achieved the desired effect. Second, the remaining portion of the IFP may 
still play a negative role in the joint, preventing a significant reduction in inflammation. Lastly, the effects of quarter 
excision could be influenced by the local physiological environment and tissue repair processes, which may not have 
been sufficient to significantly slow down the progression of inflammation.

Another innovative aspect of this study is its exploration of the inflammatory progression of KOA at different stages of the 
disease. Previous studies have largely focused on the effects of IFP excision in a single stage of KOA, but this research extends 
the analysis to early, middle, and late stages of KOA. By examining the inflammatory response at these different time points, the 
study provides a more comprehensive understanding of how IFP excision—whether complete, partial, or quarter—affects the 
trajectory of inflammation throughout the progression of KOA. The inclusion of multiple stages allows for a nuanced perspective 
on how the timing and extent of IFP excision influence the progression of joint inflammation, helping to identify the most 
effective intervention strategy for each stage of the disease. This approach not only enhances our understanding of the 
pathophysiology of KOA but also provides valuable insights for tailoring therapeutic interventions based on the stage of disease.
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Although this study comprehensively analyzed the impact of IFP excision on the inflammatory progression of KOA 
in a murine model, there are still some limitations. First, while the mouse model is widely used in KOA research, it may 
not fully replicate the pathological features observed in humans. Therefore, future studies should validate these findings 
using clinical data or more refined animal models to enhance their clinical relevance. Second, although this study 
highlights the potential of different IFP excision methods in alleviating joint inflammation and protecting cartilage, the 
long-term effects of IFP excision remain insufficiently explored. Future research should extend the experimental duration 
to evaluate the efficacy of these excision protocols in the long-term progression of KOA and examine whether they might 
induce any potential side effects.

Additionally, while the partial excision protocol demonstrated promising therapeutic effects in the KOA mouse 
model, its clinical feasibility and application require further investigation. Therefore, future studies should incorporate 
preclinical studies, clinical trials, and analyses of human samples to assess the actual therapeutic effects and the 
underlying molecular mechanisms of IFP excision in KOA treatment. Moreover, combining IFP excision with other 
therapeutic modalities, such as pharmacological and physical treatments, may further enhance treatment outcomes, delay 
disease progression, and improve patients’ quality of life. Future research should focus on exploring the synergistic 
effects of IFP excision in conjunction with other therapeutic approaches to develop more comprehensive and refined 
treatment strategies.

Conclusions
In this study, we investigated the effects of IFP excision, including the extent of excision, on the inflammatory 
progression of KOA in a murine model. Our results demonstrate that IFP excision, particularly partial and complete 
excision, significantly alleviates inflammation and cartilage degeneration in KOA. Step gait analysis, micro-CT 
imaging, and histological assessments revealed that IFP excision improves joint stability, preserves subchondral 
bone integrity, and reduces cartilage erosion. Moreover, immunohistochemical analysis showed a marked reduction 
in inflammatory markers (IL-6, TNF-α, MMP-3) and improved preservation of COL-2, most notably in the partial and 
complete excision groups. qRT-PCR validation further confirmed these findings at the molecular level. Collectively, 
these results suggest that IFP excision may represent a promising therapeutic approach for mitigating inflammation and 
slowing the progression of KOA, with partial excision yielding the most favorable outcomes. However, further studies 
are required to fully elucidate the underlying molecular mechanisms and to explore the clinical potential of IFP 
excision in the management of KOA.
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