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SUMMARY

Metabolic disorders have been recognized as amajor contributor to the occurrence and progression of oste-

oarthritis (OA). Identifying novel therapeutic agents to ameliorate the progression of OA with metabolic dis-

order is crucial. In this study, we demonstrate that semaglutide (SG), a glucagon-like peptide-1 receptor

(GLP-1R) agonist, exhibits strong chondroprotective effects in an OA mouse model with obesity, as evi-

denced by reduced pathological changes, including cartilage degeneration, osteophyte formation, synovial

lesion, and pain sensitivity. A randomized pilot clinical study (ChiCTR2200066291) further supports these

findings. By designing a precise diet-controlled setting to rule out the effect of appetite suppression and

weight loss induced by SG, we demonstrate a weight loss-independent mechanism. Through regulating

the ‘‘GLP-1R-AMPK-PFKFB3’’ axis, the SG reprograms chondrocyte metabolism profile from glycolysis to

oxidative phosphorylation under inflammatory conditions, resulting in cartilage restoration.

INTRODUCTION

According to the World Health Organization, approximately 7%

of the global population lives with osteoarthritis (OA),1 with the

prevalence rising to 73% among the elderly (≥55 years).2 OA is

widely recognized as a degenerative joint disease marked by

the progressive breakdown of joint cartilage, leading to sub-

chondral bone damage, persistent pain, and disability. Histori-

cally, OA has been considered as an inevitable part of aging,

with a complex polyetiological causality.3 OA management has

primarily focused on palliative care, which has hindered the

advancement of effective therapeutic interventions. Conse-

quently, OA involves a high disability rate and imposes a sub-

stantial burden on both affected individuals and society.

Despite age generally being regarded as the primary risk fac-

tor for OA, growing epidemiological and clinical evidence now

underscores metabolic dysfunction as a significant contributor,

particularly among younger adults aged 30–44.4 The relationship

between metabolic syndrome (comprising obesity, diabetes,

dyslipidemia, and hypertension) and OA has led to the proposal
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of a distinct subtype termed ‘‘metabolic OA.’’5,6 Several hypoth-

eses about OA mechanisms have been proposed to explain the

metabolic contribution to the cartilage damage, including

reduced nutrient and oxygen supply, the accumulation of lipid

and advanced glycation end products (AGEs) within joint tissues,

and increased mechanical load on the joints.7 These factors

together highlight multifaceted pathways involved in metabolic

dysfunctions, which exacerbate OA progression.

Distilling the core feature of metabolic OA, obesity and insulin

resistance emerge as essential contributors to OA.7 Notably,

obesity is frequently accompanied by hypertrophy and patho-

logical expansion of adipocytes, along with impaired insulin

signaling, which leads to insulin resistance and broader meta-

bolic dysfunction.8 Therefore, we hypothesize that reversing in-

sulin resistance and targeting pathways regulating glucose

metabolism may offer a novel approach for OA treatment.

Glucagon-like peptide-1 receptor (GLP-1R), known for its

role in regulating glucose homeostasis and body weight, has

become an attractive target for managing metabolic disorders

and obesity. GLP-1R agonists, such as semaglutide (SG), lira-

glutide, and dulaglutide, have emerged over the past 2 de-

cades, mimicking the action of endogenous hormone GLP-1

to aid in weight loss and obesity control through multifaceted

mechanisms. This includes appetite suppression, delayed

gastric emptying, enhanced insulin sensitivity, reduced

glucagon secretion, and potentially improved mitochondrial

function.9,10 Increasing evidence reveals that the profound ef-

fects of GLP-1R agonists involve regulation of glucose trans-

porter expression and activity,11,12 activation of AMPK

signaling,13–15 and modulation of cellular glycometabolic path-

ways.16–18 Furthermore, GLP-1R agonists confer additional

benefits on cardiovascular diseases, such as reducing the risk

of death, stroke, and myocardial infarction19; cutting the risk

of severe kidney complications and mortality in type 2 diabetes

and chronic kidney disease20; slowing the progression of

neurodegenerative disease21; combating cravings22; and allevi-

ating OA symptoms.23,24 The underlying molecular mecha-

nisms of the effects of GLP-1R agonists on OA remain to be fully

elucidated.

Given the inextricable links between metabolic dysfunction

and metabolic OA, alongside the exceptional effects of SG on

metabolic regulation, we systematically evaluated the chondro-

protective effects of SG on metabolic OA. Briefly, we utilized

destabilization of medial meniscus (DMM) surgery to establish

OA mouse models with obesity and administered SG weekly. A

pair-feeding (PF) group was included as a control for inter-group

differences in food intake due to SG-induced appetite suppres-

sion and weight loss. Key OA indicators, including cartilage

degeneration, osteophyte formation, severity of synovial lesion,

and pain sensitivity, were assessed. Our findings demonstrated

that SG possesses a strong chondroprotective effect indepen-

dent of weight loss. Mechanistic studies were conducted in

in vitro experiments and in Glp-1r and Prkaa1 gene (encoding

AMPK) knockout (KO) mouse models. The results indicated

that SG orchestrates an intracellular energy balance between

glycolysis and oxidative phosphorylation (OXPHOS) through

activation of AMPK-PFKFB3 signaling, supplying ample ATP to

support chondrocyte repair. Encouraged by these outcomes,

we conducted a proof-of-concept pilot clinical study in individ-

uals with obesity and knee OA. SG treatment led to significant re-

ductions in both cartilage degradation and joint function,

compared with control.

In conclusion, this work not only highlights the potential off-

target effect of SG as an effective drug to treat metabolic OA

but also reveals a weight loss-independent repair mechanism

that targets metabolic pathways and mediators essential to

cartilage repair under OA conditions. This may lead to new stra-

tegies to develop disease-modifying therapies for OA.

RESULTS

SG decelerates OA progression in mice with obesity

To evaluate the effect of SG on the progression of OA in obese

mice, we first successfully established an obesity model via a

high-fat diet feeding. Once the mice reached a body weight at

least 20% higher than that of the regular diet control mice, the

DMM surgery was performed to generate the OA mice with

obesity, designated as the obesity + DMM group. SG was then

administered via subcutaneous injection beginning 4weeks after

DMMsurgery.Micro-computed tomography (CT) imaging, histo-

logical evaluation, and pain behavior studies were employed to

assess the progression of OA and the efficacy of drug treatments

(Figure 1A).

Immunohistochemical (IHC) staining confirmed the expression

of GLP-1R in cartilage collected from non-obesemice and obese

mice with or without OA. These results clearly showed that the

expression of GLP-1R was decreased under OA condition

(Figure S1). Blood chemistry analysis showed that total choles-

terol (CHO) level was significantly elevated in the obesity and

obesity + DMM groups, which was notably reduced by SG treat-

ment (Figure S2A); however, other parameters, including triglyc-

erides (TGs), hemoglobin (GHb), low-density lipoprotein (LDL),

and high-density lipoprotein (HDL), remained unchanged

(Figures S2B–S2E).

Recognizing the importance of body weight control in obesity-

related OA, we set up a PF control group (obesity + DMM+PF) to

rule out the potential confounding effects of SG-induced weight

loss. In detail, mice were weight-matched to SG-treated animals

Figure 1. SG inhibits cartilage degradation in obesity/OA mice

(A) Schematic diagram of experimental plan.

(B and C) Daily monitoring of body weight (B) and food intake (C) changes in obesity/OA mice after weekly SG injection and PF control (n = 8).

(D–H) Histological and histomorphometric analysis of cartilage showed chondroprotective effects of SG (n = 16). Scale bar, 100 μm.

(I and J) Micro-CT image (I) and histomorphometric analyses (J) of joint tissue in obesity/OA mice (n = 14). Scale bar, 1 mm.

(K–O) IHC analyses and quantification of catabolic marker proteins (MMP13 and ADAMTS5) and anabolic marker proteins (ACAN and Col-2) indicated the

protective effect of SG on cartilage matrix under OA (n = 8). Scale bar, 100 μm.

Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA, followed by Tukey’s post hoc test, was used for multiple group

comparisons.
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and housed individually, with daily monitoring of food intake and

body weight. The PF group started the experiment 1 day behind

the SG treatment group to ensure comparable food intake be-

tween the two groups (Figures 1B and 1C). As expected, SG

showed substantial, transient appetite suppression and weight

reduction within the first 3 days, followed by recovery to baseline

after 7 days of SG treatment, consistent with the pharmacoki-

netic profile of SG in the humans, with a tmax of 24 h and a

half-life (t1/2) of 155 h. Interestingly, PF produced a comparable

weight control effect, and no significant differences in body

weight were observed between SG-treated and PF mice

throughout the study.

Then, we conducted histologic, histomorphometric, and mi-

cro-CT analyses to evaluate the therapeutic effect of SG at the

end of the treatment period (12 weeks post-DMM surgery).

Obesity + DMMmice showed severe OA-like changes, including

synovitis, cartilage degradation, and osteophyte formation. We

observed a significant increase in OARSI score, synovitis score,

and osteophyte maturity, alongside a reduction in cartilage area.

However, SG treatment protected cartilage against degradation

(OA progression), which was evidenced by a significantly

reduced OARSI score, synovitis score, osteophyte maturity,

and osteophyte volume and increased cartilage area in the

obesity + DMM mice (Figures 1D–1J). Meanwhile, analyses of

cortical, trabecular, and subchondral bone suggested that SG

prevented ectopic bone formation during OA development

(Figures S3A–S3M). Changes in expression of catabolic and

anabolic marker proteins were analyzed in obesity + DMM

mice with or without SG treatment. Results revealed a significant

increase in MMP13-positive and ADAMTS5-positive (represen-

tative catabolic markers) cells in obesity + DMM mice, while

SG treatment markedly reduced their expression (Figures 1K–

1M). In contrast, the levels of the two anabolic markers,

aggrecan (ACAN) and type II collagen (Col-2), decreased in

obesity + DMM mice, but they were significantly restored by

the SG treatment (Figures 1K, 1N, and 1O). Despite exhibiting

a similar weight loss, the PFmice showed no significant cartilage

protection. These findings clearly suggest that SG mitigates

obesity-related OA progression through mechanisms indepen-

dent of its weight-lowering effect.

SG relieves OA pain

Pain is the primary reason for OA patients seeking medical care,

making its alleviation a crucial measure for treatment efficacy. To

assess the impact of SG treatment on pain-related behaviors in

obesity/OA mice, we conducted longitudinal analyses using the

von Frey test (to evaluate mechanical allodynia) and the hot plate

test (to evaluate thermal allodynia) from 6 to 12weeks post-DMM

surgery. We found that pain sensitivities were significantly

increased in obesity + DMM mice 8, 10, and 12 weeks after

DMM surgery, as reflected by lower von Frey threshold and

shorter hot plate reaction times. SG treatment substantially

improved both von Frey threshold scores (Figure 2A) and hot

plate reaction time (Figure 2B), indicating that SG has the poten-

tial to effectively relieve OA-associated pain in obese mice. To

further investigate pain-related behavior, we analyzed changes

in spontaneous activity in obesity/OA mice. Metrics such as

average travel speed, climbing time, climbing counts, and loco-

motion counts were significantly reduced in obesity + DMMmice

but showed notable improvement following SG treatment

(Figures S4A–S4D). However, other parameters of spontaneous

activity, such as locomotion time, immobility time, and immo-

bility counts (Figures S4E–S4G) remained unchanged across

all groups.

To confirm the pain-relief effects of SG at the molecular level,

we examined expression of pain-related neurochemical markers

in articular cavity, dorsal root ganglia (DRGs), and spinal

cord. Classical neural markers like calcitonin gene-related pep-

tide (CGRP), protein gene product 9.5 (PGP9.5), nerve growth

factor (NGF), and c-Fos were upregulated in obesity + DMM

mice but significantly downregulated following SG treatment

(Figures 2C–2L). These findings highlight SG’s potential to alle-

viate OA-associated pain and restore activity levels in mice

with obesity, offering promising therapeutic implications.

SG exerts its chondroprotective effects via GLP-1R-

PKA-AMPK-PFKFB3 axis

A key remaining question is how SG treats OA, independent of

weight loss. To comprehensively explore mechanisms of SG in

knee OA, we performed proteomic profiling on articular cartilage

tissues from obesity/OA mice subjected to either PF or SG treat-

ment. Our analysis identified 8,275 differentially expressed pro-

teins (DEPs), including 128 upregulated proteins (Figure 3A). By

filtering the p < 0.05 and fold-change (FC) value < 0.65 or >1.7,

we narrowed this down to 76 key proteins. Among them,

PFKFB2, a critical regulator of glycolysis, emerged as the most

upregulated protein, exhibiting a 4.3-fold increase following SG

treatment (Figure S5A). As expected, the most significantly

altered pathways in articular cartilage involved ‘‘extracellular

molecules,’’ ‘‘collagen-containing extracellular matrix (ECM),’’

and ‘‘ECM’’ (Figure S5B). KEGG analysis further revealed ‘‘meta-

bolism’’ and ‘‘organismal systems’’ as the most significantly

affected pathways (Figure S5C). These data suggest that SG ex-

erts its protective effects on knee OA via metabolism-related

mechanisms.

Figure 2. SG inhibits the pain in obesity/OA mice

(A andB) von Frey test (analysis ofmechanical allodynia) and hot plate test (analysis of thermal allodynia) revealed that SG treatment can relieve OA-related pain at

8, 10, and 12 weeks after DMM surgery (n = 8).

(C and D) IF staining of CGRP (C) and PGP9.5 (D) in knee joint (n = 5).

(E and F) Quantification of CGRP+ and PGP9.5+ intensities, indicating that SG treatment significantly downregulated both protein expression in joint.

(G and H) IF staining of CGRP (G) and NGF (H) in DRG (n = 5).

(I) IF staining of c-Fos in spinal cord (n = 6).

(J and K) Quantification of CGRP+ and NGF+ intensities, and the results confirmed the pain inhibition effect of SG.

(L) Quantification of c-Fos+ cells, and the results confirmed the pain inhibition effect of SG. Scale bar, 100 μm.

Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA, followed by the Tukey’s post hoc test, was used for multiple group

comparisons.
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Figure 3. SG exerts its chondroprotective effects via GLP-1R-PKA-AMPK-PFKFB3 axis

(A) Volcano plot showing DEPs in mice cartilage with/without SG treatment (n = 3).

(B) Heatmap displaying the expression of glycolysis- and OXPHOS-related proteins. Red asterisk indicates p < 0.05.

(legend continued on next page)
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Next, we conducted gene set enrichment analysis (GSEA) to

investigate the role of SG in OA inhibition. Consistent with our

findings, the ‘‘adipogenesis’’ and ‘‘fatty acid metabolism’’ were

significantly suppressed (Figures S5D and S5E). Several adipo-

genesis-related proteins were decreased, including leptin

(Lep), APOE, FABP1, and FABP4 (Figure S5H). Among these,

Lep is thought to play a crucial role inmaintaining energy homeo-

stasis and regulating body weight, with its downregulation align-

ing with recent studies.25 Additionally, APOE plays an important

role in lipid homeostasis,26 further reinforcing themetabolic influ-

ence of SG.Moreover, SG treatment inhibited collagen degrada-

tion, leading to reduced expression of MMP13, MMP14, MMP2,

and SPP1 (Figure S5H), all of which contribute to cartilage break-

down. Interestingly, we observed that glycolysis was sup-

pressed but overall cartilage ATP production was increased,

which was evidenced by the upregulation of ATP-dependent ac-

tivity (Figures S5F and S5G). Several key proteins involved in

glycolysis and OXPHOS, including Aldob, Pgam1, Pkm, HK1,

HK2, HK3, Ldha, Ldhb, Ndufb11, Atp6v1c1, and Pfkfb2, ex-

hibited significant changes in their expression after SG treatment

(Figure 3B). Of note, PFKFB2, a key member of the PFKFB fam-

ily, was markedly upregulated, further supporting its central role

in SG-mediated metabolic reprogramming in OA.

The PFKFB family has four isoenzymes (PFKFB1–PFKFB4)

with distinct properties and acts as a bifunctional enzyme exert-

ing kinase and phosphatase activities in glycolysis regulation by

modulating fructose-2,6-bisphosphate (F-2,6-BP) levels.27 By

producing F-2,6-BP, PFKFB enzymes promote glycolysis, while

by degrading it, they block glycolysis. Hence, we analyzed the

expression of PFKFB family members by IHC assay, and we

found that expression of PFKFB1–4 was significantly reduced

in articular cartilage tissue of obesity + DMM mice but was

markedly upregulated following SG treatment (Figures 3C, 3D,

and S5K–S5N). In vitro studies further confirmed that SG upregu-

lated protein levels of PFKFB family members in primary chon-

drocytes (Figures S5I and S5J). These findings suggest that

SG may exert chondroprotective effects through enhancing

PFKFB expression.

Among PFKFB1–4, all have similar kinase and phosphatase

activities, except for PFKFB3 that possesses over 710-fold

higher kinase activity than bisphosphatase activity. This unique

property makes PFKFB3 the rate-limiting enzyme in glycolytic

metabolism.28 Given its pivotal role, we subsequently focused

on PFKFB3 to explore how SG regulates its expression and

associated signaling pathways. Since AMPK is a master regu-

lator of cellular metabolism, we hypothesized that SGmight acti-

vate the AMPK-PFKFB3 axis. Indeed, SG treatment induced

AMPK and PFKFB3 phosphorylation in a time-dependent

manner (Figures 3E–3H). Similarly, the AMPK activator metfor-

min also upregulated PFKFB3 phosphorylation over time

(Figure 3I). To confirm AMPK dependency, we employed the

AMPK inhibitor compound C (CC) and found that SG-induced

PFKFB3 phosphorylation was drastically blocked in the pres-

ence of CC (Figures 3J and 3K). These results indicate that

SG-induced phosphorylation of PFKFB3 is AMPK-dependent.

Next, we examined how SG influencesmetabolic pathways by

assessing protein expression and activity of pyruvate dehydro-

genase (PDH) and lactate dehydrogenase (LDH), which are

representative enzymes in the tricarboxylic acid (TCA) cycle

and glycolysis, respectively. SG significantly upregulated PDH

expression and activity in primary chondrocytes (Figures 3L,

3M, and 3O), whereas LDH activity was decreased under inflam-

matory conditions (Figures 3L, 3N, and 3P). To determine

whether SG-induced PDH expression depends on AMPK, we

applied CC, which completely inhibited SG-induced PDH upre-

gulation (Figures 3Q and 3R), confirming that SG regulates

PDH expression through an AMPK-dependent mechanism.

To validate these findings in vivo, we assessed phosphory-

lated AMPK (p-AMPK) levels in obesity/OA mice following SG

treatment. OA progression led to a dramatic decrease in the p-

AMPK level, but SG treatment restored it to near normal level.

This effect was absent in the PF control group (Figures 3S

and 3T).

The Gαs/cyclic adenosine monophosphate (cAMP) signaling

pathway is the classical downstream cascade of GLP-1R activa-

tion. Upon being activated by GLP-1R agonists, the GLP-1R

stimulates adenylyl cyclase (AC) by Gαs, leading to conversion

of ATP into cAMP. The elevated intracellular cAMP then acti-

vates the protein kinase A (PKA) pathway, which subsequently

phosphorylates downstream targets to propagate the signal.29

To explore whether PKA is involved in SG-induced AMPK acti-

vation, we used a PKA inhibitor (H-89) to determine its effect on

SG-mediated AMPK phosphorylation. As expected, SG alone

induced robust phosphorylation of AMPK. The PKA inhibitor

alone had no effect, but co-treatment with SG significantly

reduced AMPK phosphorylation (Figures S5O and S5P), sug-

gesting a potential regulatory link between PKA activation and

AMPK signaling in the regulatory mechanism of SG.

SG reprograms metabolic pathways in primary

chondrocytes

Metabolism plays a crucial role in maintaining cartilage and sy-

novial joint function. With OA progression, chondrocytes un-

dergo a metabolic shift from a resting state to an active state

(C and D) Expression and quantification of PFKFB3, analyzed by IHC in obesity/OA mice with or without SG treatment (n = 8). Scale bar, 100 μm.

(E–H) Western blot analysis showed that SG treatment upregulated the phosphorylation of PFKFB3 (E and G) and AMPK (F and H) in a time-dependent manner in

primary chondrocytes (n = 3).

(I) Metformin, the AMPK activator, upregulated PFKFB3 phosphorylation over time in primary chondrocytes (n = 3).

(J and K) CC, the AMPK inhibitor, inhibited the SG-induced PFKFB3 phosphorylation in primary chondrocytes (n = 3).

(L–N) SG significantly upregulated PDH expression (L and M), with no obvious change in LDH expression (L and N, n = 3).

(O and P) Determination of PDH and LDH activities in primary chondrocytes under different conditions (n = 5).

(Q and R) CC inhibited the SG-induced PDH expression in primary chondrocytes (n = 3).

(S and T) IHC staining showed that p-AMPK-positive cell numbers were dramatically decreased in cartilage after DMM surgery. SG treatment restored the p-

AMPK expression level; by contrast, PF had no significant effect (n = 8). Scale bar, 40 μm.

Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA, followed by Tukey’s post hoc test, was used for multiple group

comparisons.
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Figure 4. SG regulates mitochondrial respiration and glycolysis

(A and B) Seahorse XFe96 energetic analysis with Glycolysis Stress Test Kit (n = 6). Extracellular acidification rate (ECAR) was a key indicator used to assess the

activity of glycolysis.

(legend continued on next page)
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to meet increased energy demands for ECM biosynthesis, cell

proliferation, and survival. The balance between glycolysis and

OXPHOS, two major metabolic pathways, is thought to be crit-

ical in OA development and symptom relief.30

Using the Seahorse assay, we detected OXPHOS and glycol-

ysis of chondrocytes under different treatment conditions to

elucidate the impact of SG on mitochondrial respiration and

glycolytic activity. We demonstrated that glycolytic level of chon-

drocytes was significantly elevated in an inflammatory environ-

ment, but SG treatment could slightly reduce it (Figures 4A and

4B). Correspondingly, ATP production from glycolysis declined

following SG treatment, although it remained above normal

levels (Figure 4C). On the other hand, SG significantly enhanced

both basal respiration andOXPHOS-derived ATP production un-

der inflammatory conditions (Figures 4D–4G). Then, total ATP

production from both pathways was quantified, and SG treat-

ment restored the ATP levels comparable to those of normal

chondrocytes (Figure 4H).

To determine whether SG influences metabolic pathway pref-

erence, we calculated the relative contributions of glycolysis and

OXPHOS to total ATP production.31 In normal chondrocytes,

OXPHOS accounted for 53.93% of ATP generation, which

increased to 65.65% after SG treatment. Under OA-like inflam-

matory conditions, however, glycolysis dominated energy pro-

duction (86.52%), consistent with findings in OA individuals.32

Encouragingly, SG treatment reversed this imbalance, restoring

a nearly equal contribution from both pathways (Figure 4I). Mo-

lecular dynamics simulations confirmed the binding efficiency

of SG to GLP-1R and identified its key interaction sites

(Figure 4J). These findings indicate that SG treatment shifts en-

ergy production from glycolysis (under OA conditions) to

OXPHOS, potentially alleviating OA progression and symptoms

(Figure 4K).

Glp-1r KO abolishes the protective effect of SG on

cartilage

To directly evaluate the role of GLP-1R inmediating the chondro-

protective effects of SG, we generated a Glp-1r KO mouse

model. The exon2-exon3 of Glp-1r-201 transcript was modified

by CRISPR-Cas9 technology. After DMM surgery and 12 weeks

of SG treatment, we employed a comprehensive set of analyses,

including micro-CT imaging, followed by histological and histo-

morphometric analyses, to assess cartilage integrity, synovitis,

and osteophyte formation. IHC analysis were employed to eval-

uate the expression of cartilage anabolic and catabolic markers.

Particularly, immunofluorescence (IF) staining and quantification

of pain-related neurochemical markers (CGRP and NGF in both

the knee joint and DRG) were presented.

Our findings revealed that deletion of Glp-1r gene completely

abolished the protective effects of SG on cartilage structure and

function. In Glp-1r KO mice, SG treatment failed to reduce

OARSI scores (Figures 5A and 5B), synovitis score (Figure 5C),

cartilage degradation (Figures 5A, 5D, and 5G–5K), and osteo-

phyte formation (Figures 5E, 5F, and S6A–S6C) and pain relief

(Figures 5L–5S). These results strongly support that GLP-1R is

essential for SG to exert the chondroprotective actions in OA.

Prkaa1 KO diminishes the protective effect of SG on

cartilage

To further validate the involvement of AMPK signaling pathway in

SG-mediated chondroprotection, we generated and analyzed

AMPK conditional KO (cKO) mice. Specifically, we targeted the

Prkaa1 gene, which encodes the catalytic α1 subunit of AMPK

protein. Similarly, using CRISPR-Cas9 gene-editing technology,

we generated the Prkaa1-floxed mice and mated them with

Col2-CreER transgenic mice. Tamoxifen was injected at a

dose of 0.075 mg/g body weight 2 weeks prior to DMM surgery

to achieve chondrocyte-specific deletion of Prkaa1.

After 12 weeks of SG administration, we systematically eval-

uated both cartilage integrity and pain-related outcomes as

previously described. Our results clearly demonstrated that

the chondroprotective effects of SG were significantly dimin-

ished in Prkaa1 cKO mice, as evidenced by higher OARSI

scores (Figures 6A and 6B) and synovitis score (Figure 6C),

reduced cartilage area (Figures 6A and 6D), increased osteo-

phyte formation (Figures 6E, 6F, and S6D–S6F), and increased

extracellular degradation (Figures 6G–6K) after SG injection.

Importantly, the pain-relief effects of SG were also nearly abol-

ished in the Prkaa1 cKO mice (Figures 6L–6S), indicating that

the AMPK signaling is essential not only for cartilage protection

but also for pain modulation. These findings strongly support a

mechanistic role for AMPK in mediating the therapeutic effects

of SG in OA. Taken together, the results from the Glp-1r KO

and Prkaa1 cKO mouse models establish a clear mechanistic

framework for the chondroprotective actions of SG. Integrated

with our in vitro signaling data, these findings strongly support a

sequential regulatory cascade in which SG activates GLP-1R,

triggers PKA signaling, and subsequently stimulates AMPK.

The activated AMPK in turn promotes PFKFB3-driven glycolytic

flux and enhances mitochondrial OXPHOS, thereby supplying

sufficient ATP for ECM synthesis and preserving cartilage

integrity.

SG improves cartilage repair in individuals with

obesity/OA

To investigate whether SG protects against cartilage degrada-

tion in individuals with obesity/OA, we performed a randomized

pilot clinical study by recruiting individuals aged 50–75 with OA

and obesity (Figure 7A). Between January 2023 and January

2025, a total of 20 participants (7 male and 13 female) were

(C) ATP production from glycolysis was measured (n = 6).

(D–F) Oxygen consumption rate (OCR) and ATP production-coupled respiration measured by Cell Mito Stress Test Kit (n = 6).

(G–I) ATP production from OXPHOS and total ATP production were measured (n = 6).

(J) Molecular dynamics was used to identify the binding sites and stability of SG and GLP-1R.

(K) The schematic representation of the mechanism by which SG alleviates OA progression.

Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA, followed by Tukey’s post hoc test, was used for multiple group

comparisons.
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Figure 5. Glp-1r KO abolishes the protective effects of SG on cartilage

(A) Histological analysis (safranin-O-fast green staining) of the joint of wild-type (WT) and Glp-1r KO mice with or without SG treatment (n = 8–10). Scale bar,

100 μm. Six groups of mice were included: sham/WT, sham/Glp-1r KO, DMM/WT, DMM/Glp-1r KO, DMM + SG/WT, and DMM + SG/Glp-1r KO.

(legend continued on next page)
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enrolled and randomly assigned in a ratio of 1:1 to receive either

sodium hyaluronate (HA) alone or HA combined with SG(HA +

SG).Most participants completed the 24-week treatment period,

with completion rate of 60% in the HA group and 80% in the HA +

SG group (Figure S7A). No treatment-related adverse events or

harms were observed during the study period. The primary end-

points included changes in body mass index (BMI) and WOMAC

score (including pain, stiffness, physical function, and the total

scores). Because several participants discontinued treatment

within the first 4 weeks, a full analysis set (FAS) analysis was per-

formed, confirming that inclusion or exclusion of these early

dropouts did not affect the results. Consequently, data from

these participants were excluded from subsequent analyses.

At week 24, the HA + SG group showed a significant reduc-

tion in BMI, with a mean change of−7.96% ± 3.18% from base-

line (95% confidence interval [CI], −11.79 to −5.11; p < 0.001),

compared with a 0.49% ± 2.28% change in the HA group

(Figure 7B). In terms of pain relief, WOMAC pain score showed

no significant differences between the two groups (Figure S7B).

Both the weight loss and pain-relief effects were not as strong

as reported in the literature,33,34 likely due to the lower SG

dose used in this study. Regarding joint stiffness, no significant

improvement was observed in the HA + SG group compared

with the HA group (Figure S7C). This outcome could be attrib-

uted to the well-established efficacy of HA in improving joint

lubrication and joint mobility. However, over a period of

24 weeks, individuals in the HA + SG group showed a greater

improvement in WOMAC physical function score than that in

the HA group (mean change, −32.75 points vs. −16.2 points,

95% CI, −25.61 to −7.56; p < 0.005) (Figure 7C). As a result,

the WOMAC total score showed a significant reduction in

HA + SG group (Figure S7D), indicating substantial improve-

ments in knee joint function. All these results demonstrated

that after 24 weeks of treatment, HA + SG therapy led to signif-

icant improvements in knee joint function in individuals with

obesity/OA.

Further, we analyzed changes in cartilage thickness utilizing

3D Slicer software on images of magnetic resonance imaging

(MRI). The reliability of this method has been previously vali-

dated.35 The cartilage thickness was defined as the shortest ver-

tical distance from the cartilage-subchondral bone interface to

the cartilage-soft tissue interface. MRI analysis revealed no sig-

nificant changes in cartilage thickness in individuals who

received HA treatment alone. Conversely, individuals with the

HA + SG treatment had their cartilage layer thickened, with

enhanced clarity at the cartilage-subchondral bone interface,

suggesting repaired cartilage structure (Figure 7D). Quantitative

analysis of cartilage thickness further demonstrated that

compared with HA treatment alone, HA + SG treatment effec-

tively protects against cartilage loss caused by obesity/OA

(Figure 7E). In detail, the cartilage thickness increased about

17% in the HA + SG group, whereas HA alone led to less than

a 1% increase, confirming the therapeutic efficacy of SG in

combination with HA in humans (Figure 7F).

DISCUSSION

Metabolic disorders have been recognized asmajor contributors

for OA occurrence and progression.3 Conditions such as

obesity, diabetes, and dyslipidemia, along with low-grade

systemic inflammation, have been known to inflict detrimental

effects on multiple tissues of the joint—including synovium,

cartilage, and bone—leading to complete joint failure in OA.36

Unfortunately, no effective pharmacological intervention has

been established to decelerate OA progression. In recent years,

GLP-1R agonists, including SG and liraglutide, have gained

attention not only for their established roles in type 2 diabetes

and obesity management but also for their potential therapeutic

effects on hip and knee OA.24,34 Clinical and preclinical studies

have demonstrated that SG can alleviate OA symptoms, but

the detailed molecular mechanisms remain incompletely

understood.

Weight reduction is often considered the primary basis for the

chondroprotective effects of SGdue to the reduced joint loading.

Another perspective highlights its anti-inflammatory properties,

suggesting that SG may protect cartilage by inhibiting chondro-

cytes apoptosis.37 A further hypothesis proposes an indirect

effect through insulin-mediated effect.38 Given that insulin re-

ceptors (IRs) are expressed in chondrocytes (Figures S8A and

S8C) and that the glucose-lowering function of SG largely de-

pends on the action of insulin, we also explored whether insu-

lin-mediated pathways partially contribute to the chondropro-

tection of SG. Our findings suggest that SG may act via two

complementary mechanisms: a direct GLP-1R mediated

pathway and an indirect insulin-associated route (Figure S8).

Importantly, our study identified a weight loss-independent

and GLP-1R-mediated mechanism by which SG alleviates OA.

By setting a precise diet-controlled group, we demonstrated

that SG exerts its anti-OA effects primarily through activation

of the GLP-1R-AMPK-PFKFB3 axis (Figure 4K), which repro-

grams chondrocyte energy metabolism under inflammatory

stress. This shift promotes a transition from glycolysis toward

more efficient OXPHOS, thereby conferring multifaceted chon-

droprotective benefits.

As the primary energy source and an important precursor for

the synthesis of biological macromolecules, glucosemetabolism

must maintain a proper balance between providing biosynthetic

precursors and generating energy. Four key processes including

glycolysis, the TCA cycle, OXPHOS, andWarburg effect39,40 link

these demands. In healthy cartilage, the avascular environment

restricts oxygen availability, making glycolysis the predominant

energy pathway.41,42 However, during OA initiation and

(B–F) Histomorphometric analyses of knee joints from various groups of mice (n = 8–10).

(G) Expression of Col-2, ACAN, ADAMTS5, and MMP13 was analyzed by IHC (n = 8–10). Scale bar, 100 μm.

(H–K) Quantification of Col-2-, ACAN-, ADAMTS5-, and MMP13-positive cells/area in different mice (n = 8–10).

(L–O) Expression of CGRP and NGF in knee joint (n = 6) and in DRGs (n = 5) was measured by IF staining. Scale bar, 100 μm.

(P–S) Quantification of CGRP-positive and NGF-positive cells in knee joint (n = 6) and DRG (n = 5) based on IF images.

Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA, followed by Tukey’s post hoc test, was used for multiple group

comparisons.
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Figure 6. Prkaa1 KO diminishes the protective effect of SG on cartilage

(A) Histological analysis of WT and Prkaa1 cKO mice with or without SG treatment (n = 3–9). Scale bar, 100 μm. Six groups of mice were included: sham/WT,

sham/Prkaa1 cKO, DMM/WT, DMM/Prkaa1 cKO, DMM + SG/WT, and DMM + SG/Prkaa1 cKO.

(legend continued on next page)
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progression, chondrocytes face increased metabolic demands

for protein synthesis and cell proliferation, benefiting the cell sur-

vival and tissue repair. As a rapid energy source, glycolysis re-

mains dominant during this transition. Our results also confirmed

this phenomenon. However, glycolysis is an inefficient ATP-pro-

ducing process, yielding only two ATP molecules per glucose

molecule and leading to excessive lactate accumulation. In

contrast, TCA cycle and OXPHOS generate up to 36 ATP mole-

cules per glucose molecule while producing only CO2 and H2O

as byproducts.43 This difference highlights the importance of

metabolic flexibility in maintaining chondrocyte function and

survival.

To balance the dual demands for biosynthetic precursors and

ATP, cells often integratemultiplemetabolic pathways. Signaling

networks, such as AMPK and mTOR, orchestrate these transi-

tions by monitoring cellular energy status44,45 and adjusting

metabolic flux accordingly. AMPK, a cellular energy sensor, is

phosphorylated and activated when the AMP/ATP ratio rises,

leading to phosphorylation of multiple downstream targets,

including PFKFB3, which was demonstrated in our work.

PFKFB3 plays a central role in regulating glycolytic flux and link-

ing it to mitochondrial metabolism. However, under OA condi-

tions, AMPK signaling is frequently downregulated, contributing

to intracellular ATP depletion. As a result, chondrocytes undergo

apoptosis or cell-cycle arrest, failing to repair damaged carti-

lage. Therefore, AMPK is regarded as one of the key targets

for OA treatment. Metformin, an AMPK activator, has been

proven in both preclinical and clinical studies to exert therapeutic

effects on OA.46,47 Our study showed that SG restores AMPK

phosphorylation in OA cartilage, upregulating PFKFB3 expres-

sion and activity. This dual activation stimulates both glycolysis

and TCA cycle-OXPHOS pathway, boosting ATP production

while generating critical biosynthetic precursors such as

acetyl-coenzyme A (CoA) and NADPH for ECM synthesis.

From a broader perspective, energy regulation governs every

stage of life, from growth and development to aging and disease.

Following Schrödinger’s concept of negative entropy, living sys-

tems extract and manage energy to maintain order and coun-

teract entropy-driven decay.48 Intricate regulation of energy

metabolism, ensuring neither excessive nor insufficient ATP pro-

duction, is essential for sustaining health and longevity. GLP-1R

agonists, by fine-tuning energy metabolism, may exert system-

wide benefits beyond glucose regulation. This metabolic preci-

sion could explain their promising effects in diverse diseases,

including OA.

Limitations of the study

The GLP-1R is known to be widely expressed in multiple tissues,

including joint tissues, suggesting that SGmay exert local effects

in the joint tissue in addition to its systemic effects reversing

metabolic disorders. Therefore, further investigation is needed

to clarify whether the anti-OA effects of SG are directly mediated

through local GLP-1R signaling mechanism within the joints.

Moreover, the pilot study was limited by the small sample size

and the sub-millimeter level resolution of MRI. Therefore, the

protective effects of SG on human knee joint should be inter-

preted with caution and require further validation by clinical trials

with larger and well-powered sample size and employing higher-

resolution imaging techniques.
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Detailed methods are provided in the online version of this paper and include

the following:

• KEY RESOURCES TABLE

• EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

○ Mice

(B–F) Histomorphometric analyses of mice from various groups, including OARSI score (B), synovitis score (C), cartilage area (D), osteophyte size (E), and os-

teophyte maturity (F, n = 3–9).

(G) Expression of Col-2, ACAN, ADAMTS5, and MMP13 was analyzed by IHC (n = 3–9). Scale bar, 100 μm.

(H–K) Quantification of Col-2-, ACAN-, ADAMTS5-, and MMP13-positive cells/area in different mice (n = 3–9).

(L–O) Expression of CGRP and NGF in knee joint (n = 3–6) and in DRGs (n = 3–5) was measured by IF staining. Scale bar, 100 μm.

(P–S) Quantification of CGRP-positive and NGF-positive cells in knee joint (n = 3–6) and DRG (n = 3–5) based on IF images.

Data are expressed as means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA, followed by the Tukey’s post hoc test, were used for multiple group

comparisons.
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Figure 7. SG ameliorates cartilage degradation in the knee joint of individuals with obesity/OA

(A) Overall study flow of pilot clinical trial.

(B) Change of BMI and was monitored before and after HA and HA + SG administration (n = 6–8).

(legend continued on next page)
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STAR★METHODS
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Antibodies

Rabbit anti-MMP13 Proteintech Cat# 18165-1-AP; RRID: AB_2144858

Rabbit anti-ADAMTS5 Abcam Cat# ab182795; RRID: AB_3674569

Rabbit anti-Aggrecan Abcam Cat# ab3778; RRID: AB_304071, Cat# ab313637;

RRID:AB_3166183

Rabbit anti-Collagen II Proteintech Cat# 28459-1-AP; RRID: AB_2881147

Rabbit anti-Collagen X Abcam Cat# ab264571; RRID: AB_3735054

Rabbit anti-CGRP Abcam Cat# ab283568; RRID: AB_3105794

Rabbit anti-NGF Abcam Cat# ab6199; RRID: AB_2152414

Rabbit anti-PGP9.5 Abcam Cat# ab108986; RRID: AB_10891773

Mouse anti-c-Fos Abcam Cat# ab208942; RRID: AB_2747772

Rabbit anti-PFKFB1 Abcam Cat# ab155564; RRID: AB_3734921

Rabbit anti-PFKFB2 Huabio Cat# ER1915-04; RRID: AB_3071297

Rabbit anti-PFKFB3 Proteintech Cat# 13763-1-AP; RRID: AB_2162854

Rabbit anti-PFKFB4 Proteintech Cat# 29902-1-AP; RRID: AB_2935486

Rabbit anti-p-PFKFB3 Abcam Cat# ab202291; RRID: AB_3698749

Rabbit anti-AMPK Proteintech Cat# 10929-2-AP; RRID: AB_2169568

Rabbit anti-p-AMPK Abcam Cat# ab23875: RRID: AB_447741

Rabbit anti-LDHA Proteintech Cat# 19987-1-AP; RRID: AB_10646429

Rabbit anti-PDH Proteintech Cat# 18068-1-AP; RRID: AB_2162931

Mouse anti-β-Actin Proteintech Cat# 66009-1-Ig; RRID: AB_2687938

Mouse anti-GAPDH Proteintech Cat# 60004-1-Ig; RRID: AB_2107436

Rabbit anti-Insulin Receptor Huabio Cat# ET1705-22; RRID: AB_3070555

Rabbit anti-GLP-1 Receptor Huabio Cat# HA500204; RRID: AB_3071301

Mouse anti-PFKL Proteintech Cat# 68385-1-Ig; RRID: AB_3085103

Chemicals, peptides, and recombinant proteins

Semaglutide Weikeqi biotechnology Cat# WKQ-0013363

Safranin O/Fast Green Solarbio Cat# G1375

Paraformaldehyde Biosharp Cat# BL539A

DAPI Vector Laboratories Cat# NC9524612

Collagenase II Gibco Cat# 17101015

DMEM/F-12 medium Gibco Cat# C11330500BT

Seahorse XF DMEM media Agilent Cat# 103575-100

Fetal Bovine Serum Thermo Fisher Cat# 10091148C

Penicillin-Streptomycin Gibco Cat# 15140122

Trypsin Gibco Cat# 25200-056

TNF-α Peprotech Cat# 315-01

Trizol Invitrogen Cat# 15586-018

Glucose Agilent Cat# 103577-100

Glutamine Agilent Cat# 103579-100

Pyruvate Agilent Cat# 103578-100

Automated Cell Counter Invitrogen Cat# AMQAX2000

Metformin Selleck Cat# S5958

Avexitide (GLP-1R inhibitor) Selleck Cat# P1203

GSK1904529A (Insulin inhibitor) Selleck Cat# S1093
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

The experiment protocol of animal studies for this project was approved by the Ethics Committee of the Shenzhen Institutes of

Advanced Technology, Chinese Academy of Sciences. All experimental methods and procedures were conducted in accordance

with the approved guidelines and adhered to all relevant ethical regulations for animal testing and research (SIAT-IACUC-240416-

YYS-CD-A2641). All mice were housed in specific pathogen-free (SPF) conditions with five mice per cage, maintained under a

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Compound C (AMPK inhibitor) Selleck Cat# S7840

PFK15 (PFKFB3 inhibitor) Selleck Cat# S7289

H-89 (PKA inhibitor) Selleck Cat# S1582

SuperSignal West Pico chemiluminescent

substrate

Thermo Cat# 34580

Sodium Hyaluronate Injection Seikagaku HJ20140533

Semaglutide Novo Nordisk SJ20210014

Critical commercial assays

Total Cholesterol Assay Kit Shanghai Kehua Bio-Engineering Cat# K120

Triglycerides Assay Kit Shanghai Kehua Bio-Engineering Cat# K119

High-density lipoprotein Assay Kit Shanghai Kehua Bio-Engineering Cat# K116

Low-density lipoprotein Assay Kit Shanghai Kehua Bio-Engineering Cat# K117

Glycated hemoglobin ELISA Kit Inselisa Cat# INS-20651

VECTASTAIN Elite ABC Kit Vector Cat# PK-8200

ImmPACT DAB Peroxidase Substrate Vector Cat# SK-4105

BCA Assay Kit Abcam Cat# ab287853

Micro LDH Assay Kit Abbkine Cat# KTB1110

PDH Activity Assay Kit Solarbio Cat# BC0385

ATP Assay Kit Beyotime Cat# S0026B

Seahorse Cell Mito Stress Test Kit Agilent Cat# 103015-100

Seahorse Glycolysis Stress Test Kit Agilent Cat# 103020-100

Experimental models: Cell lines

Mouse primary chondrocytes Extract N/A

Experimental models: Organisms/strains

C57BL/6J mice GemPharmatech Strain Number: N000013

Glp-1r knockout mice GemPharmatech Customized product

Prkaa1-flox mice GemPharmatech Customized product

Software and algorithms

G*power v3.1.9.7 Heinrich Heine University Düsseldorf https://www.psychologie.hhu.de/

arbeitsgruppen/allgemeine-

psychologie-und-arbeitspsychologie/

gpower

GraphPad Prism 10.0 GraphPad Software, LLC https://www.graphpad.com

Image J ImageJ.net https://imagej.net

LABORAS 2.6 software Metris Netherlands

CellSens imaging software Olympus Japan

Avatar v1.6.7.2 PINGSENG scientific China

Gromacs v 2021.1 Berendsen Lab https://manual.gromacs.org

Pymol-open-source Schrödinger https://github.com/schrodinger/

pymol-open-source

PDBFixer OpenMM https://github.com/openmm/pdbfixer

3D Slicer v 5.6.2 Slicer https://www.slicer.org
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12-hour light/dark cycle at a constant temperature of 22 ◦C. Cages, food, and water were changed weekly. We used the following

genotypes of mice: C57BL/6J (GemPharmatech, Nanjing, China), Glp-1r knockout mice (GemPharmatech, Nanjing, China) and

Prkaa1 conditional knockout mice (GemPharmatech, Nanjing, China).

Pilot clinical study

We conducted a 24-week randomized pilot clinical study, which was approved by the ethics committee (approval number KY-2022-

065 and KY-2023-209) of the First Affiliated Hospital of Jinan University, and the registration number is ChiCTR2200066291. The

sample size calculation was provided in Statistical Analysis Plan (Data S2). A total of 20 persons were enrolled (Figure S7A), and

all the participants signed the informed consent. Inclusion criteria included individuals aged 50-75 years with a body mass index

(BMI)≥28 kg/m2, and clinically diagnosed with primary knee OA based on radiographical evidence by magnetic resonance imaging

(MRI) imaging, with moderate pain present. Exclusion criteria encompassed the following: diagnosis of diabetesmellitus, rheumatoid

arthritis, and other autoimmune diseases, parathyroid or renal diseases, recent use of glucocorticoid hormone, knee arthroscopy

procedures, or intra-articular injections within the past 3 months, and a history of joint surgery. Following baseline assessments, par-

ticipants were randomly assigned to receive either sodium hyaluronate intra-articular injection (HA group, Seikagaku Corporation,

25 mg/week for 5 weeks) or subcutaneous SG injection (HA+SG group, Novo Nordisk). Participants receiving SG treatment initiated

with a dose of 0.25mg in the first week, and increased the dose in a stepwise manner each subsequent week until reaching the target

dose of 0.5 mg/week (incremental steps of 0.125 mg). The BMI and Western Ontario and McMaster Universities Osteoarthritis Index

(WOMAC) score were monitored at 0-, 1-, 12- and 24- weeks. Severity of cartilage degeneration was evaluated by MRI at 0- and

24- weeks.

TheMRI examination was performed on a 3.0-T MRI scanner (GE, SIGNA Premier) equipped with a phased array knee coil. The 2D

MRI scanning parameters were detailed as follows: sagittal plane [TE = 40-80 ms, TR = 2500-3500 ms, slice thickness = 3.5-4.0 mm,

spacing between slides = 4.0 mm], coronal plane [TE = 35-45 ms, TR = 2400-2800 ms, slice thickness = 3.5-4.0 mm, spacing be-

tween slides = 4.0 mm], and axial plane [TE = 35-45 ms, TR = 2500-3000 ms, slice thickness = 3.0-3.5 mm, spacing between

slides = 4.0 mm]. All the acquired images were normalized through the Nor (3D) Modes of RIAS Medical Image Processing toolkit.1

Then the changes in cartilage thickness were analyzed utilizing 3D Slicer software on the normalized MRI images. The reliability of

method has been previously validated.2Manual segmentation of the articular cartilage structure was performed on the sagittal plane.

The cartilage was divided into 21 subregions based on the International Cartilage Repair Association.3 These subregions included the

anterior condylar, central and posterior areas of both medial femur and lateral femur. The cartilage thickness was defined as the ver-

tical shortest distance between the chondro-subchondral bone interface and the chondro-soft tissue surface. For each subregion,

measurements were repeated three times, and mean value was used as the cartilage thickness.

METHOD DETAILS

Obesity animal model establishment

5-week-old male C57BL/6J mice were used to establish a diet-induced obesity (DIO) model. After a 5-day acclimatization period, the

mice were randomly divided into a control group and a high-fat diet (HFD) group based on body weight. The control group was fed

with a standard diet, while the HFD group received a diet comprising 60% of calories from fat. The HFD food was replaced every

3 days to ensure freshness. The model was considered successful when the average body weight of the HFD group was at least

20% higher than that of the control group. Key physiological and biochemical parameters, including the body weight, Lee’s index

[body weight (g)/nose-to-anus length (cm) x 103], body fat percentage [(inguinal subcutaneous fat + epididymal fat + perirenal

fat + brown fat)/body weight x 100%], and serum biochemical markers (total cholesterol [TC], triglycerides [TG], high-density lipo-

protein [HDL], low-density lipoprotein [LDL], and glycated hemoglobin [GHb]) were monitored.

In detail, blood samples were collected upon euthanasia of the mice, allowed to clot at room temperature for 30 minutes, and then

centrifuged at 3,000 g for 10 minutes at 4 ◦C to separate the serum. The serum analysis was performed according to the manufac-

turers’ instructions using the following kits: TC, TG, HDL and LDL assay Kits were purchased from Shanghai Kehua Bio-Engineering

Co., Ltd., and GHb ELISA Kit (Wuhan EIAab, China).

Osteoarthritis animal model establishment and semaglutide injection

We determined the treatment effect of semaglutide (SG) on osteoarthritis (OA) and obesity/OA mice models. OA animal models were

established based on destabilization of the medial meniscus (DMM) surgery as previously described.4 In general, mice were anes-

thetized with 2%–3% isoflurane. The right knee was sterilized with 0.5% iodophor, and the hindlimb was flexed to 90◦ and secured.

A 3-mm longitudinal skin incision was made along the medial edge of the patellar ligament, followed by blunt dissection of the sub-

cutaneous tissue. Subsequently, the joint capsule was incised along the medial side of the patellar ligament to expose the medial

meniscotibial ligament (MMTL), which was then transected using micro-scissors. Successful destabilization was confirmed intrao-

peratively. The wound was rinsed with sterile saline, and the joint capsule and skin were sutured. The sham group underwent the

same surgical procedures, except that the MMTL was left intact. After the operation, 5 mg/kg of carprofen was injected subcutane-

ously every 24 hours for pain relief, and 40,000 units/kg of penicillin was injected intramuscularly to prevent infection. All the med-

ications were administered for two consecutive days.
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For the obesity/OA model, 80 obese mice were randomly divided into five groups: sham-operated group (Obesity), SG-injected

sham-operated group (Obesity+SG), DMM surgery group (Obesity+DMM), SG-injected DMM surgery group (Obesity+DMM+SG),

and pair-feeding DMM surgery group (Obesity+DMM+PF, n=16 per group). The SG-injected DMM surgery group and the pair-

feeding DMM surgery group were paired by ear tag numbers, with each mouse housed individually. Compressed cotton pads

were used as bedding instead of corncob to easily locate dropped food. The food-intake of Obesity+DMM+SG mice was equal

to the total food intake of the previous day minus the remaining food (including food dropped on the bedding) collected the next

day. The Obesity+DMM+PF mice were fed the equivalent food amount to the food-intake of Obesity+DMM+SG mice. Strict food-

intake control can effectively rule out the influence of weight loss after appetite decrease induced by SG injection. All five groups

continued to be fed with a high-fat diet in the aforementioned animal facility. The mice received weekly SG subcutaneous injection

begun at four weeks after DMM surgery, until 12 weeks. The SG dose was calculated as before, and adjusted based on body weight

measurements taken before each injection.

Pain-related behavior tests

Mechanical allodynia was assessed using a set of calibrated von Frey filaments (North Coast Medical Inc., CA, USA) in the von Frey

test.5,6 Prior to testing, mice were acclimated to a metal mesh for 1 hour to reduce stress. We applied the filaments (with force range

0.04 to 6.0 g, starting at 0.4 g) to the plantar surface of the hind paw, using an iterative method to determine the 50% withdrawal

threshold. A positive response was recorded if the mouse showed any nocifensive behaviors, including rapid paw withdrawal or

paw shaking, either during or immediately after the filament application.

Thermal nociception was evaluated using a hot plate apparatus (Xinruan XR1700, Shanghai, China). The hot plate temperature was

set to 55 ◦C, and the latency to paw licking or jumping was recorded to the nearest 0.1 seconds. If no response occurred, with a

maximum allowable duration of 30 seconds. Mice were returned to their cages immediately after testing for recovery.

The Laboratory Animal Behavior Observation, Registration, and Analysis System (LABORAS™, Metris, Hoofddorp, The

Netherlands) was employed to evaluate long-term locomotion. Mice were placed in four separate cages with unrestricted access

to food and water. The sensor platform electronically measured mechanical vibrations caused by animal movements. Detection

began at 20:00 on the first night and continued until 08:00 the next morning, lasting 12 hours. Parameters analyzed included immo-

bility, locomotion, rearing, distance, average speed, climbing, feeding. Data were acquired and calculated using LABORAS 2.6 soft-

ware (Metris, The Netherlands).

Micro-CT analysis

After sacrificing the mice, the right knee joint was fixed in 4% formaldehyde overnight and rinsed with PBS before scanning. NEMO

Micro-CT scanner (Pingsheng Healthcare Shanghai Inc., Shanghai, China) was used to scan samples. The voltage was set at 90 kV

and the current at 70 μA, achieving a resolution of 10 μm. Images from each group were evaluated at the same threshold to allow for

three-dimensional structural rendering of each sample. The region from the proximal tibial cartilage to below the growth plate was

selected for three-dimensional histomorphometric analyses to determine cortical bone thickness and bone mineral density

(BMD), trabecular bone volume per tissue volume (%, BV/TV), trabecular number (Tb.N.), trabecular separation (Tb.Sp.), and trabec-

ular thickness (Tb.Th.) in subchondral bone.

Histological analysis

Following transcardiac perfusion of mice with 20 mL of ice-cold phosphate-buffered saline (PBS, pH 7.4), an additional 20 mL of 4%

paraformaldehyde (PFA) was administered. Post-perfusion, the spinal cord and dorsal root ganglia (DRG) were fixed in 4%PFA over-

night at 4◦C, followed by dehydration through a sucrose gradient: the samples were first immersed in 15% sucrose overnight, then in

30% sucrose overnight, both steps performed at 4◦C. These samples were then frozen in optimal cutting temperature (OCT) com-

pound at −20◦C. Using a cryostat microtome (Leica CM1950, Leica, Germany), transverse sections were prepared (20 μm for spinal

cord and 12 μm for DRG) and promptly subjected to immunofluorescent (IF) staining. For histological staining, the knee joints were

fixed in 4%PFA for 3 days, decalcified in EDTA solution for 21 days, and embedded in paraffin. Sections (4 μm thick) from the coronal

plane of the knee joint were stained with Safranin O/Fast Green for morphological analysis. The severity of OA-like phenotype was

assessed using OARSI scores, cartilage area, synovitis score, osteophyte size, and osteophyte maturity. The severity of OA-like

phenotype was evaluated by two observers using the OARSI scoring system on three sections per joint (including the medial femoral

condyle and medial tibial plateau).

Immunohistochemistry and immunofluorescence analyses

For immunohistochemistry (IHC) staining, the deparaffinized and rehydrated sections were placed in antigen retrieval solution and

heated in a 99◦C water bath for 5 minutes, followed by treatment with 0.5% Triton X-100 and an endogenous peroxidase blocking

agent. After blocking with 10% normal goat serum for 1 hour, the sections were incubated with primary antibodies against MMP13,

Aggrecan, Collagen II, Collagen X, and ADAMTS5 overnight at 4◦C, followed by incubation with biotinylated goat anti-rabbit or goat

anti-mouse secondary antibodies for 1 hour. Sections were then treated with the VECTASTAIN Elite ABC kit. IHC signals were visu-

alized using the ImmPACT DAB Peroxidase Substrate.

For immunofluorescence (IF) staining, the sections were incubated with horseradish peroxidase-conjugated anti-fluorescein an-

tibodies and mounted with VECTASHIELD mounting medium containing DAPI (Vector Laboratories, Burlingame, CA, USA). Briefly,
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spinal cord and DRG sections were initially washed in 0.01 M PBS for 15 minutes, followed by a 1-hour incubation at room temper-

ature with a blocking solution comprising 10% bovine serum albumin (BSA) and 0.3% Triton X-100 in 0.01 M PBS. Subsequently, the

sections were incubated overnight at 4◦C with primary antibodies diluted in the blocking solution. After thorough washing in 0.01 M

PBS (three times for 10minutes each), the sectionswere incubatedwith a secondary antibody for 1 hour at room temperature. Finally,

they underwent three additional 10-minutes washes in 0.01 M PBS, were stained with DAPI for 10 minutes, and then mounted for

examination. Histological, IHC, and IF images were captured using an Olympus IX71 microscope with CellSens imaging software.

The number of IHC positive cells and ratio of IHC positive staining areas were analyzed using ImageJ software.

Proteomics analysis

Samples were lysed in 50 μL SISPROT lysis buffer via ultrasonication on ice for 5 minutes, and the supernatant was collected after

centrifugation at 15,000 g for 10minutes at 4◦C. Protein concentrations were quantified using a BCA assay, and 10 μg of protein from

each sample was subjected to pretreatment using the SISPROT kit. Peptide concentrations were measured using the Pierce Quan-

titative Fluorometric Peptide Assay Kit. For liquid chromatography, 200 ng of peptides were separated using a nanoElute UHPLC

system (Bruker Daltonics, Germany) equipped with a reverse-phase C18 column (25 cm x 75 μm, 1.6 μm, Ion Opticks, Australia

at 50◦C and a flow rate of 0.3 μL/min. The elution was performed over a 60-minute gradient, with mobile phase B (0.1% formic

acid in acetonitrile) increasing from 2% to 80%. The LC was coupled to a timsTOF Pro2 mass spectrometer (Bruker Daltonics, Ger-

many) via a CaptiveSpray ion source, operating in diaPASEF mode. Raw data were processed using DIA-NN software (v1.8.1) with a

library-free workflow, utilizing the Uniprot Mouse database (54,910 sequences) for spectral library generation. Match Between Runs

(MBR) was applied to enhance identification, and results were filtered to a false discovery rate (FDR) <1% at both protein and pre-

cursor levels for quantification analysis.

Culture of primary articular chondrocytes

For murine chondrocyte cultures, primary mouse articular chondrocytes were isolated from articular cartilage of 5-day-old neonatal

mice, as described previously.5 To obtain primary chondrocytes, the articular cartilage from 5-day-old neonatal C57BL/6J mice was

isolated using micro-scissors and forceps. After removal of attached fat and surrounding tissues, the cartilage was subjected to

enzymatic digestion using 0.5% collagenase II overnight at 37 ◦C. The resulting cell suspension was filtered through a 70-μm cell

strainer (BS-70-XBS, Biosharp), and the cells were collected by centrifugation at 1,000 rpm for 5 min. The harvested primary chon-

drocytes were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) supplemented with 10% fetal

bovine serum (FBS), 100 μg/ml streptomycin, and 100 IU/mL of penicillin at 37 ◦C. In order to retain the proper phenotype, chondro-

cytes were used for all experiments after one cell passage. The chondrocytes were treated for 24 hours with either SG (10 μM), TNF-α

(20ng/mL), Compound C (an AMPK inhibitor, 1.25 μM) or PFK15 (a PFKFB3 inhibitor, 3.75 μM). Prior to SG and metformin (2 mM)

treatment, chondrocytes were subjected to 1% low serum starvation for 24 hours, then changed to conventional medium with

drug, and chondrocytes continued to be cultured for 4, 6,12 and 24 hours, respectively.

Western blot analysis

Protein sampleswere extracted from cells and separated via electrophoresis, followed by transferring to PVDFmembranes (Bio-Rad,

Hercules, CA, USA). The membranes were blocked with 3% skim milk and incubated with primary antibodies overnight at 4◦C. After

incubation with secondary antibodies for 1 hour at room temperature and washing in TBST for 30 minutes, the membranes were

exposed to SuperSignal West Pico chemiluminescent substrate and visualized via autoradiography. Protein bands were quantita-

tively analyzed using ImageJ software.

Lactate dehydrogenase activity assay

The activity of lactate dehydrogenase (LDH) was assessed utilizing the Micro LDH Assay Kit post protein collection, following the

manufacturer’s instructions. In this process, LDH catalyzes the reduction of nicotinamide adenine dinucleotide (NAD+) to nicotin-

amide adenine dinucleotide hydrogenase (NADH), which subsequently reacts with WST-8 to generate a colored product for spec-

trophotometric quantification at a wavelength maximum (λmax) of 450 nm.

Pyruvate dehydrogenase activity assay

The activity of pyruvate dehydrogenase (PDH) was assessed using the PDH Activity Assay Kit post protein collection, adhering

strictly to the manufacturer’s instructions. PDH catalyzes the dehydrogenation of pyruvic acid in reagent, concurrently reducing

2,6-dichlorophenolindophenol (2,6-DCPIP), resulting in a decrease in absorbance at a wavelength of 605 nm.

ATP production assay

The intracellular ATP levels were quantified using the ATP Assay Kit post protein collection, following the manufacturer’s guidelines

and read the relative light unit (RLU) by luminometer. ATP in the samples to be detected can participate the luciferase-mediated gen-

eration of fluorescence in the substrate. In a certain concentration range, the generation of fluorescence is proportional to the con-

centration of ATP, which is thereby allowing for the accurate measurement of intracellular ATP content.
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Seahorse XF-96 energetic analysis

Primary articular chondrocytes were trypsinized, collected, quenched, and spun down, then were counted with Invitrogen Countess

3 Automated Cell Counter and plated in Seahorse XF-96 assay plates (Agilent, 103793-100) with 10,000 cells per well. After 12 hours

of adherent growth at 37 ◦C in a 5%CO2 incubator, the cells were treated with 20 ng/ml TNF-α and 10 μMSG for 24 hours. Media was

gently removed by pipetting, and 180 μL Seahorse XF DMEM media was added to each well. Different kits were available for mito-

chondrial and glycolytic metabolism tests. For mitochondrial metabolism test, Seahorse Cell Mito Stress Test Kit was used in com-

bined with XF DMEMassaymedia which containing 10mMglucose, 2mMglutamine, and 1mMpyruvate. For glycolytic metabolism,

Seahorse Glycolysis Stress Test Kit was used in cooperation with XF DMEM contains 2 mM glutamine. The assay was performed

according to the instructions for Agilent Mito Stress Test and Glyco Stress Test. Extracellular acidification rate (ECAR) and oxygen

consumption rate (OCR) per 10000 cells were calculated. Furthermore, total ATP production and the ratio of ATP from glycolysis and

oxidative phosphorylation were calculated as reported before.7

Molecular dynamics simulation

Molecular dynamics (MD) simulations were conducted using the academic freeware package GROMACS 2021.1. The crystal struc-

ture of the protein and peptide was obtained from the Protein Data Bank (PDB: 7KI0).8 The structure of the complex was prepro-

cessed using PyMOL (Educational version) and PDBfixer, including the removal of water molecules, elimination of excess ligands,

and the repair of missing atoms.9 The protein topology parameters were generated using the AMBER99SB-ILDNP force field with

the TIP3P water model, while the peptide topology was generated by the Amber force field.10 Given that the binding site of SG is

mainly located in the extracellular region of GLP-1R (encompassing the TM and ECD domain) and does not involve transmembrane

processes, simulations were performed in an aqueous solution using the SPC216 water model in our study. The system was first

energy-minimized using the steepest descent method. Following this, equilibration was carried out in two stages: a 100 ps NVT equil-

ibration at 300 K and a 100 ps NPT equilibration at 1 bar, maintainingmost parameters consistent with the NVT stage and using a time

step of 2 fs. After equilibration, constraints were removed, and a 100 ns production MD simulation was performed with a 2 fs time

step, saving energy and coordinate files at 100 ps intervals.

Generation of Glp-1r knockout mice and Prkaa1-flox mice

The Glp-1r gene is located on the Chr17 and the Glp-1r gene has 2 transcripts. According to the structure of Glp-1r gene, exon2-

exon3 ofGlp-1r-201 transcript is recommended as the knockout (KO) region. The region contains 205 bp coding sequence. Deletion

of this region will result in disruption of protein function. In this project, we have used CRISPR/Cas9 technology to modify Glp-1r

gene. The Glp-1r KO mice were generated in GenPharmaTech company (Nanjing, China).

The Prkaa1 gene encodes AMPK protein. The Prkaa1 gene is located on the Chr15 and the Prkaa1 gene has 2 transcripts. Accord-

ing to the structure of Prkaa1 gene, exon2-exon3 of Prkaa1-201 transcript is recommended as the KO region. The region contains

236 bp coding sequence. Deletion of this region will result in disruption of protein function. In this project we have used CRISPR/

Cas9 technology to modify Prkaa1 gene. The brief process is as follows: CRISPR/Cas9 system and Donor were microinjected

into the fertilized eggs of C57BL/6JGpt mice. Fertilized eggs were transplanted to obtain positive F0 mice which were confirmed

by PCR and sequencing. A stable F1 generation mouse model was obtained by mating positive F0 generation mice. The flox

mice will be knocked out after mating withCol2-CreER transgenic mice, resulting in the loss of function of the Prkaa1 gene in articular

chondrocytes. The Prkaa1-floxmice were generated in GenPharmaTech company (Nanjing, China). Tamoxifen was injected 2 weeks

before DMM surgery at the dose of 0.075 mg/g.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± standard deviation (SD). Comparisons between two groups were made using unpaired Student’s

t-test, and multiple group comparisons were made using one-way ANOVA followed by Tukey’s post hoc test. A significance level

of *P < 0.05 and ** P < 0.01, *** P < 0.001 was considered statistically significant.
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Figure S1. Distribution and expression of GLP-1 receptor (GLP-1R) in cartilage, 
related to Figure 1. (A) Distribution of GLP-1R in the cartilage of non-obese mice with or 
without OA (  = 4). Scale bar, 100 μm. (B) Distribution of GLP-1R in the cartilage of obese 
mice with or without OA (  = 4). Scale bar, 100 μm. (C-D) Quantification of GLP-1R positive 
cells based on immunohistochemical staining (  = 3-4). Data are expressed as means ± 
SD. *  < 0.05 and **  < 0.01, ***  < 0.001. Unpaired Student's -test was used for two 
groups comparisons.  
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Figure S2. Semaglutide (SG) reduces total cholesterol levels in obesity mice, related 
to Figure 1. (A-E) Serum total cholesterol (CHO) levels, triglyceride (TG) levels, glycated 
hemoglobin (GHb) levels, low-density lipoprotein (LDL) levels and high-density lipoprotein 
(HDL) levels were measured in six groups of mice (  = 5-16). Data are expressed as means 
± SD. *  < 0.05, ** < 0.01, ***  < 0.001. One-way ANOVA, followed by the Tukey’s 
post hoc test, was used for multiple group comparisons.  
 
  



 
 

4 
 

 
Figure S3. Histomorphometric analysis of cortical bone, trabecular bone and 
subchondral bone in obesity/DMM mice treated with semaglutide (SG), related to 
Figure 1. (A) Micro-CT image analysis of cortical bone, trabecular bone and subchondral 
bone (  = 16). (B and C) Histomorphometric analysis of cortical bone mineral density 
(Ct.BMD) and cortical bone thickness (Ct.Th.) in obesity/DMM mice treated with or without 
SG (  = 16). (D-H) Histomorphometric analysis of trabecular bone in obesity/DMM mice 
treated with or without SG (  = 16). The analyzed trabecular bone parameters include 
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trabecular thickness (Tb.Th.), trabecular number (Tb.N.), trabecular bone volume (BV/TV), 
trabecular bone mineral density (Tb.BMD) and trabecular separation (Tb.Sp.) (I-M) 
Histomorphometric analysis of subchondral bone in obesity/DMM mice treated with or 
without SG (  = 16). The analyzed parameters include BV/TV, Tb.N., Tb.Sp., Tb.Th. and 
BMD. Data are expressed as means ± SD. *  < 0.05, **  < 0.01, ***  < 0.001. One-way 
ANOVA, followed by the Tukey’s post hoc test, was used for multiple group comparisons.  
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Figure S4. Semaglutide (SG) inhibits the pain in obesity/OA mice, related to Figure 
2. (A-G) Pain-related behavior changes were also analyzed by Metris LABORAS system. 
The parameters of pain-related spontaneous activities that we have tested include average 
travel speed (A), climbing time (B), climbing counts (C), locomotion counts (D), locomotion 
time (E), immobility time (F), and immobility counts (G,  = 8). Data are expressed as 
means ± SD. *  < 0.05, **  < 0.01, ***  < 0.001. One-way ANOVA, followed by the 
Tukey’s post hoc test, was used for multiple group comparisons.  
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Figure S5. Semaglutide (SG) exerts its chondroprotective effects via GLP-1R-PKA-
AMPK-PFKFB3 axis, related to Figure 3. (A) Heatmap presented representative 
differentially expressed proteins (DEPs) of cartilage in obesity/OA mouse with or without 
SG treatment (  = 3). (B) Gene Ontology (GO) annotations of DEPs in mice cartilage 
treated with SG. (C) Circle Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment plot of significantly enriched pathways. Statically significant DEPs are enriched. 
(D-G) Gene set enrichment analysis (GSEA) signature plots for Adipogenesis (D), Fatty 
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acid metabolism (E), Glycolysis (F) and ATP (G). (H) Heatmap displayed the expression 
of adipogenesis and fatty acid metabolism/collagen degradation related proteins. (I and J) 
Expression of PFKFB 1, 2, 3 and 4 were analyzed by Western blot analysis in primary 
articular chondrocytes with or without SG treatment (  = 3). (K) Expression of PFKFB 1, 2 
and 4 were analyzed by immunohistochemical (IHC) analysis in obesity/OA mice with or 
without SG treatment (  = 8). Scale bar, 100 μm. (L-N) Quantification of PFKFB 1, 2 and 
4 positive chondrocytes (  = 8). (O and P) Western blot analysis showed that PKA inhibitor 
(H-89) inhibited the SG-induced AMPK phosphorylation in primary chondrocytes (  = 3). 
Data are expressed as means ± SD. *  < 0.05, **  < 0.01, ***  < 0.001. One-way 
ANOVA, followed by the Tukey’s post hoc test, was used for multiple group comparisons. 
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Figure S6. Deletion of  and  eliminate the effect of semaglutide (SG) on 
inhibiting of the osteophyte formation, related to Figure 5 and Figure 6. (A) Micro-CT 
image analysis of knee joints from wild type (WT) and  knockout (KO) mice with or 
without SG treatment (  = 8-10). Scale bar, 1 mm. (B) Analysis of osteophyte structure in 
different mice (  = 8-10). Scale bar, 1 mm. (C) Quantification analysis of osteophyte volume 
in different mice (  = 8-10). (D) Micro-CT image analysis of knee joints from WT and  
conditional KO (cKO) mice with or without SG treatment (  = 3-9). Scale bar, 1 mm. (E) 
Analysis of osteophyte structure in different strains of mice (  = 3-9). Scale bar, 1 mm. (F) 
Quantification analysis of osteophyte volume in different mice (  = 3-9). Data are 
expressed as means ± SD. *  < 0.05, **  < 0.01, ***  < 0.001. One-way ANOVA, 
followed by the Tukey’s post hoc test, was used for multiple group comparisons. 
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Figure S7. Efficacy scores of Semaglutide (SG) for knee joint treatment in individuals 
with obesity/OA, related to Figure 7. (A) The CONSORT flow diagram illustrated the 
screening, selection and management of study participants. (B) The pain was evaluated 
as WOMAC pain score, which was recorded at 0-, 1-, 12- and 24-weeks after HA or HA+SG 
administration (  = 6-8). (C) The daily joint stiffness was assessed by stiffness score, which 
was recorded at 0-, 1-, 12- and 24-weeks after HA or HA+SG administration (  = 6-8). (D) 
WOMAC total score is the sum of scores of pain, stiffness and physical function (  = 6-8). 
Data are expressed as means ± SD. *  < 0.05, **  < 0.01, ***  < 0.001. Unpaired 
Student's -test were used for two groups comparison. 
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Figure S8. Involvements of GLP-1 receptor (GLP-1R) and insulin receptor (IR) in the 
chondroprotective effects of Semaglutide (SG), related to Discussion. (A and B) 
Western blot analysis of GLP-1R and IR expression in chondrocytes under different 
treatment conditions (  = 3). (C and D) Quantitative analysis of the expression levels of 
GLP-1R and IR based on Western blotting. (E) Western blot analysis of MMP13 and 
Aggrecan expression to assess the involvement of GLP-1R and IR in the chondroprotective 
effects of SG (  = 3). (F and G) Quantitative analysis of the expression levels of MMP13 
and Aggrecan based on Western blotting. Data are expressed as means ± SD. *  < 0.05, 
**  < 0.01, ***  < 0.001. One-way ANOVA, followed by the Tukey’s post hoc test, was 
used for multiple group comparisons. 
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1. BACKGROUND
Osteoarthritis (OA) is a prevalent chronic degenerative joint disease, affecting approximately

7% of the global population with a prevalence rising to 73% among the elderly (≥55 years) [1]. 

Historically considered an inevitable part of aging, OA is characterized by progressive cartilage 

breakdown, subchondral bone damage, persistent pain, and disability [2]. Current pharmacological 

management, such as Acetaminophen and Non-Steroidal Anti-Inflammatory Drugs (NSAIDs), 

offers only palliative symptom relief without halting structural progression of knee osteoarthritis 

(KOA) and carries risks of long-term gastrointestinal, renal, and cardiovascular side effects. 

Consequently, OA imposes a substantial socioeconomic burden, underscoring an urgent need for 

disease-modifying therapies. 

Growing evidence indicates that metabolic dysfunction is a significant contributor to OA 

pathogenesis, particularly among younger adults, leading to the conceptualization of a distinct 

"metabolic osteoarthritis" subtype [3]. Central to this subtype are obesity and insulin resistance, 

which drive pathological processes through mechanisms including impaired nutrient supply, 

accumulation of Advanced Glycation End-products (AGEs), and increased mechanical load [4, 5]. 

This nexus suggests that targeting metabolic pathways, especially insulin resistance and glucose 

metabolism may offer a novel therapeutic strategy for OA. 

Glucagon-like Peptide-1 Receptor (GLP-1R) agonists, exemplified by semaglutide, are 

well-established for managing type 2 diabetes and obesity by improving glycemic control and 

promoting weight loss [6]. Beyond these primary effects, they confer pleiotropic benefits, 

including cardiovascular and renal protection. Mechanistically, GLP-1R agonists regulate cellular 

metabolism by modulating glucose transporter activity, activating AMPK signaling, and restoring 

energy homeostasis [7-11]. Emerging preclinical and clinical observations suggest that GLP-1R 

agonists may alleviate OA symptoms, hinting at a potential chondroprotective effect. However, the 

precise molecular mechanisms underlying this effect, particularly those independent of weight loss, 

remain largely unexplored. Furthermore, robust clinical evidence supporting the efficacy of 

GLP-1R agonists in patients with metabolic OA is still lacking. 

2. OBJECTIVE
This study aims to evaluate the efficacy and safety of semaglutide in patients with

early-to-moderate KOA comorbid with obesity. The objective is to assess the effects of 

semaglutide on pain levels, inflammatory markers, body weight, body mass index (BMI), and 

joint function (e.g., the Western Ontario and McMaster Universities Osteoarthritis Index/WOMAC 

score) through a randomized, controlled clinical trial. Assessments will be conducted at multiple 

timepoints before and after treatment initiation. The findings are expected to provide 
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evidence-based support for the conservative pharmacological management of early-to-moderate 

KOA in patients with obesity. 

 

3. STUDY AND DESIGN 
3.1 Overall Study Design and Plan 

This study is an interventional, single-center randomized controlled pilot clinical trial. 

Twenty obese participants aged 50 to 75 years diagnosed with knee osteoarthritis (KOA) will be 

recruited from the First Affiliated Hospital of Jinan University. Following the provision of signed 

informed consent, participants will be randomly assigned to one of two groups: a conventional 

treatment group receiving sodium hyaluronate (HA) injection, or a semaglutide treatment group 

receiving semaglutide in addition to intraarticular HA injection. Follow-up visits will be 

conducted at Week 1, Week 12, and Week 24. Treatment effectiveness will be assessed by 

monitoring the primary outcomes such as BMI, the VAS for pain and the WOMAC score, and the 

secondary outcomes include inflammatory markers, and cartilage degradation as evaluated by 

MRI. The study aims to compare the clinical efficacy of semaglutide in obese patients with early- 

to mid-stage KOA. 

3.2 Study Population  

3.2.1 Diagnostic Criteria 

(1) Diagnostic Criteria for KOA (according to the 2022 revision by the Orthopaedic Branch 

of the Chinese Medical Association) ① Recurrent knee pain within the past month; ② X‑ray (standing or weight‑bearing view) shows joint space narrowing, subchondral bone 

sclerosis and/or cystic changes, and osteophyte formation at the joint margins; ③ Synovial fluid (on at least two occasions) is clear and viscous, with a white blood cell count 

<2000 cells/ml; ④ Middle‑aged or elderly patients (≥50 years); ⑤ Morning stiffness (≤30 min); ⑥ Bone crepitus during activity. 

Based on a combination of clinical, laboratory, and radiographic findings, KOA can be 

diagnosed if the following criteria are met: ① + ②, or ① + ③ + ⑤ + ⑥, or ① + ④ + ⑤ + ⑥. 

 

(2) Kellgren–Lawrence (K-L) Grading Criteria for Knee Osteoarthritis: 

Grade 0: Normal; 

Grade I: Doubtful joint space narrowing and possible osteophytic lipping; 

Grade II: Definite osteophytes and possible joint space narrowing; 
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Grade III: Moderate osteophytes, definite joint space narrowing, some sclerosis, and possible 

deformity of bone ends; 

Grade IV: Large osteophytes, marked joint space narrowing, severe sclerosis, and definite 

deformity of bone ends. 

MRI can also be used for cases where X-ray findings are inconclusive. 

 

3.2.2 Inclusion Criteria 

(1) Age between 50 and 75 years (50 ≤ age ≤ 75); 

(2) BMI ≥ 28 kg/m²; 

(3) Diagnosed with Osteoarthritis (OA) based on X-ray and MRI findings, with a 

Kellgren-Lawrence (K-L) grade between 0 and III; 

(4) No restrictions based on gender or ethnicity; 

(5) Voluntary signing of the informed consent form. 

 

3.2.3 Exclusion Criteria 

Individuals meeting any of the following criteria shall be excluded: 

(1) Those who do not meet the diagnostic and inclusion criteria; 

(2) Concurrent conditions affecting knee joint function, such as large loose bodies, tumors, 

tuberculosis, infection, rheumatism, rheumatoid arthritis, or gout in the knee; 

(3) Significant deformity or pain in the spine, hip, ankle, or foot, or other conditions that 

affect normal gait; 

(4) Diagnosed with diabetes, rheumatoid arthritis or autoimmune diseases, parathyroid or 

kidney diseases, or abnormal liver function; 

(5) Use of glucocorticoids within the past three months or a history of intra-articular 

injections; 

(6) History of infection or previous joint or arthroscopic surgery. 

3.3 Number of Cases 

Twenty eligible participants will be recruited from the First Affiliated Hospital of Jinan 

University. They will be randomly assigned to either the conventional treatment group (HA) or the 

semaglutide treatment group (HA+SG). 

3.4 Recruitment 

3.4.1 Participant Recruitment 

Participants will be recruited from the Orthopedics and Sports Medicine Center of The First 

Affiliated Hospital of Jinan University. Recruitment posters will be displayed in the hospital's 
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physical examination center and outpatient areas. Potentially eligible patients will undergo an 

initial screening to document their medical history and confirm a diagnosis of early-to-moderate 

KOA. Eligible individuals will then have the study procedures explained in detail by a physician, 

provide written informed consent, and proceed to the baseline visit. 

 

3.4.2 Randomization and Blinding 

The participants were randomly assigned in a 1:1 ratio to either the conventional treatment 

group and the semaglutide treatment group. Randomization was performed using 

computer-generated block randomization (block size of 6), with allocation concealed  

sequentially numbered, opaque, sealed envelopes (SNOSE). Baseline characteristics were 

balanced between the two groups. Due to the nature of the interventions, patients and treating 

clinicians were not blinded; however, outcome assessors and data analysts remained blinded to 

group allocation. 

 

3.5 Interventions 

3.5.1 Semaglutide Administration 

Participants in the semaglutide treatment group will receive once-weekly subcutaneous 

injections of semaglutide. The dosage will be initiated at 0.25 mg for the first week, 0.375 mg for 

the second week, and titrated to a maintenance dose of 0.5 mg per week thereafter from 3rd to 

24th week. If a participant experiences unacceptable side effects, a lower maintenance dose may 

be utilized at the investigator's discretion. 

 

3.5.2 Standard Care 

All participants, in both the conventional treatment group and the semaglutide treatment 

group, will receive a standard course of intraarticular HA injections as the foundational therapy. 

This involves an injection of 25 mg once per week for 5 consecutive weeks, administered in 

accordance with the 2022 clinical guidelines from the Chinese Orthopaedic Association. 

 

3.5.3 Compliance 

To ensure adherence to the protocol, semaglutide and HA will be dispensed by the study 

pharmacy at scheduled visits. Used semaglutide auto-injector pens and HA packaging must be 

returned at follow-up visits for accountability. Adherence will be calculated based on dispensed 

and returned supplies. Participants will also receive regular follow-up contacts to monitor 

tolerance and encourage visit attendance. 
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3.6 Study Steps and Related Examinations 

3.6.1 Screening Visit 

(1) Questionnaires: collecting demographic information (age, gender, occupation, etc.),

lifestyle factors (alcohol consumption, smoking, dietary and exercise habits, etc.), disease history, 

family history, etc. 

(2) Anthropometric measurements: height, weight, and BMI.

(3) Vital signs assessment: blood pressure, heart rate, respiration, and body temperature.

(4) Blood collection: blood samples will be collected for the measurement of inflammatory

markers, such as erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP). 

(5) Scoring scales: the VAS for pain and the WOMAC will be used to evaluate treatment

efficacy in participants. 

(6) Knee MRI: the severity of cartilage degeneration will be assessed  MRI before and

after interventions. 

(7) Others: drug dispensing and recovery records will be collected, and the occurrence of any

adverse events will be documented. 

3.6.2 Visit Period (Total of 4 Visits) 

3.6.2.1 Visit 1 (Week 0) 

(1) Questionnaires: collecting demographic information (age, gender, occupation, etc.),

lifestyle factors (alcohol consumption, smoking, dietary and exercise habits, etc.), disease history, 

family history, etc. 

(2) Anthropometric measurements: height, weight, and BMI.

(3) Vital signs assessment: blood pressure, heart rate, respiration, and body temperature.

(4) Blood collection: blood samples will be collected for the measurement of inflammatory

markers. 

(5) Scoring scales: the VAS for pain and the WOMAC will be used to evaluate treatment

efficacy in participants. 

(6) Knee MRI: the severity of cartilage degeneration will be assessed  MRI.

3.6.2.2 Visit 2 (Week 1) 

(1) Questionnaires: collecting demographic information (age, gender, occupation, etc.),

lifestyle factors (alcohol consumption, smoking, dietary and exercise habits, etc.), disease history, 

family history, etc. 

(2) Anthropometric measurements: height, weight, and BMI.

(3) Vital signs assessment: blood pressure, heart rate, respiration, and body temperature.
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(4) Blood collection: Blood samples will be collected for the measurement of inflammatory

markers. 

(5) Scoring scales: the VAS for pain and the WOMAC will be used to evaluate treatment

efficacy in participants. 

(6) Others: Drug dispensing and recovery records will be collected, and the occurrence of any

adverse events will be documented. 

3.6.2.3 Visit 3 (Week 12) 

(1) Questionnaires: collecting demographic information (age, gender, occupation, etc.),

lifestyle factors (alcohol consumption, smoking, dietary and exercise habits, etc.), disease history, 

family history, etc. 

(2) Anthropometric measurements: height, weight, and BMI.

(3) Vital signs assessment: blood pressure, heart rate, respiration, and body temperature.

(4) Blood collection: Blood samples will be collected for the measurement of inflammatory

markers. 

(5) Scoring scales: the VAS for pain and the WOMAC will be used to evaluate treatment

efficacy in participants. 

(6) Others: Drug dispensing and recovery records will be collected, and the occurrence of any

adverse events will be documented. 

3.6.2.4 Visit 4 (Week 24) 

(1) Questionnaires: collecting demographic information (age, gender, occupation, etc.),

lifestyle factors (alcohol consumption, smoking, dietary and exercise habits, etc.), disease history, 

family history, etc. 

(2) Anthropometric measurements: height, weight, and BMI.

(3) Vital signs assessment: blood pressure, heart rate, respiration, and body temperature.

(4) Blood collection: Blood samples will be collected for the measurement of inflammatory

markers. 

(5) Scoring scales: the VAS for pain and the WOMAC will be used to evaluate treatment

efficacy in participants. 

(6) Knee MRI: the severity of cartilage degeneration will be assessed  MRI.

(7) Others: Drug dispensing and recovery records will be collected, and the occurrence of any

adverse events will be documented 



Version: 1.0 
Date: July 2023 

3.6.3 Specific Assessment Methods 

3.6.3.1 VAS for Pain Assessment 

Pain intensity will be assessed using a 10-cm horizontal Visual Analog Scale (VAS). The 

scale is anchored by two verbal descriptors: "No pain" (0 cm) on the left and "Worst imaginable 

pain" (10 cm) on the right. Participants will be instructed to mark a point on the line that best 

represents their current level of knee pain. The distance from the left endpoint ("No pain") to the 

participant's mark will be measured in millimeters, providing a pain score ranging from 0 to 10. 

Higher scores indicate greater pain intensity. VAS assessments will be conducted at all follow-up 

visits (Baseline, Week 1, Week 12, and Week 24). 

3.6.3.2 Assessment of Inflammatory Markers 

Fasting venous blood samples will be collected at Baseline, Week 1, Week 12, and Week 24. 

Serum will be separated by centrifugation and stored at -80°C until analysis. High-sensitivity 

C-reactive protein (hs-CRP) levels will be measured using standardized immunoturbidimetric

assays on an automated clinical chemistry analyzer. Other inflammatory markers may be analyzed

as per the study protocol and laboratory capabilities. Results will be recorded in appropriate units

(e.g., mg/L for CRP).

3.6.3.3 Quantitative Assessment of Cartilage Degeneration  Magnetic Resonance Imaging 

(MRI) 

High-resolution MRI of the index knee will be performed at Baseline and Week 24 using a 

3.0-Tesla MRI scanner with a dedicated knee coil. A standardized protocol will be employed, 

including sequences optimized for cartilage visualization (e.g., 3D-DESS, T2 mapping, or similar 

sequences as per institutional standard operating procedures). Quantitative analysis of cartilage 

morphology (e.g., thickness, volume) and composition (e.g., T2 relaxation times) will be 

conducted by experienced musculoskeletal radiologists blinded to treatment allocation, using 

validated semi-automated segmentation software (e.g., Chondrometrics GmbH, Germany or 

equivalent). Changes in cartilage parameters from Baseline to Week 24 will be calculated. 
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3.6.3.4 Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) 

The Chinese version of the WOMAC, a validated, self-administered questionnaire, will be 

used to assess knee osteoarthritis-specific pain, stiffness, and physical function. The questionnaire 

comprises 24 items divided into three subscales:  

Pain (5 items): Pain during walking, using stairs, in bed, sitting or lying, and standing 

upright. 

Stiffness (2 items): Stiffness after first waking and later in the day. 

Physical Function (17 items): Difficulty performing daily activities such as 

descending/ascending stairs, rising from sitting, standing, bending, walking, getting in/out of a car, 

shopping, putting on/taking off socks, rising from bed, lying in bed, getting in/out of bath, sitting, 

getting on/off toilet, and performing heavy and light household duties. 

Each item is scored on a 5-point Likert scale (0=None, 1=Mild, 2=Moderate, 3=Severe, 

4=Extreme). Subscale scores are summed (Pain: 0-20, Stiffness: 0-8, Physical Function: 0-68), 

and a total WOMAC score (0-96) can be calculated. Higher scores indicate worse pain, stiffnes, 

and functional limitation. The WOMAC will be administered at Baseline, Week 1, Week 12, and 

Week 24. 
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Dimensions Assessed Specific Items Traditional WOMAC 

Pain 1. While walking on a flat surface. √ 

2. Ascending or descending stairs. √ 

3. At night while in bed. √ 

4. Sitting or lying. √ 

5. Standing upright. √ 

Stiffness 1. On first waking in the morning. √ 

2. Later in the day. √ 

Function 1. Descending stairs. √ 

2. Ascending stairs. √ 

3. Rising from sitting. √ 

4. Standing. √ 

5. Bending to floor. √ 

6. Walking on flat. √ 

7. Getting in/out of car. √ 

8. Going shopping. √ 

9. Putting on socks. √ 

10. Rising from bed. √ 

11. Taking off socks. √ 

12. Lying in bed. √ 

13. Getting in/out of bed. √ 

14. Sitting. √ 

15. Getting on/off the toilet. √ 

16. Heavy domestic duties. √ 

17. Light domestic duties. √ 
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3.7 Visitor's schedule 
 
Study Flow Chart 

Study Phase 

HA Conventional Group HA + semaglutide Group 

Screening  

Phase 
Follow-up Phase 

Screening 

Phase 
Follow-up Phase 

Observation Time Point week 0 week 1 week 12 week 24 week 0 week 1 week 12 week 24 

Basic Information Form √    √    

Inclusion/Exclusion Criteria √    √    

Demographics √    √    

Informed Consent Form √    √    

Vital Signs √ √ √ √ √ √ √ √ 

Weight and BMI Indicators √ √ √ √ √ √ √ √ 

VAS Pain Score √ √ √ √ √ √ √ √ 

WOMAC Score √ √ √ √ √ √ √ √ 

Knee MRI √   √ √   √ 

Blood Inflammatory Markers √ √ √ √ √ √ √ √ 

Concomitant Medication Use √ √ √ √ √ √ √ √ 

Drug Dispensing/Recovery √ √ √ √ √ √ √ √ 

Adverse Event Documentation  √ √ √  √ √ √ 
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3.8 Endpoint Indicators 

3.8.1 Primary Endpoint Indicators 

Change in Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) total 

score from baseline to Week 24. 

Change BMI from baseline to Week 24. 

 

3.8.2 Secondary Endpoint Indicators 

Change in Visual Analog Scale (VAS) pain score from baseline to Week 24. 

Change in cartilage degradation assessed by Magnetic Resonance Imaging (MRI). 

Change in inflammatory markers 

 

3.8.3 Efficacy Assessment 

The efficacy of the intervention will be determined by comparing the changes in the primary 

endpoint indicators (WOMAC score and BMI) between the semaglutide combination with HA 

group and the conventional treatment (HA) group. 

 

3.8.4 Safety Assessment 

Safety will be evaluated through comprehensive monitoring of vital signs and the systematic 

recording of all adverse events (AEs) and serious adverse events (SAEs). Special emphasis will be 

placed on adverse events related to the study interventions, including: 

(1) Injection-related events: such as injection-site pain, swelling, infection, or hemorrhage 

associated with intra‑articular knee injection. 

(2) Drug‑related events: particularly gastrointestinal adverse events (e.g., nausea, vomiting, 

diarrhea, constipation) known to be associated with semaglutide therapy, as well as potential 

events related to glucose metabolism. 

3.9 Criteria for Discontinuation of Clinical Studies 

The trial may be discontinued based on the following criteria: 

(1) Significant Safety Concerns: Immediate termination if multiple participants experience 

severe adverse events related to the interventions, such as severe joint infection, accelerated 

cartilage degradation, or serious systemic reactions. 

(2) Confirmed Futility: Early termination if interim analysis definitively shows no therapeutic 

benefit of the combined intervention. 

(3) Regulatory/Ethical Directive: Mandatory cessation if required by the supervising ethics 

committee or regulatory authority. 
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(4) Critical Recruitment/Protocol Failure: Discontinuation due to inability to enroll or retain 

sufficient participants, or widespread protocol deviations that compromise trial integrity. 

All termination decisions will be formally documented and reported to relevant oversight 

bodies. 

3.10 Combined Medication and Treatment 

During the trial period, the use of medications or treatments that may interfere with the 

evaluation of the study interventions' efficacy on arthritis progression and cartilage metabolism is 

prohibited. This specifically includes, but is not limited to: 

(1) Oral supplements targeting joint health, such as glucosamine or chondroitin sulfate. 

(2) Anti-inflammatory medications, such as systemic or topical NSAIDs (except as permitted 

in a predefined rescue protocol). 

(3) Other intra-articular interventions, such as corticosteroid injections, platelet-rich plasma 

(PRP), or alternative hyaluronic acid formulations. 

Other antihypertensive drugs, anticoagulants and conventional hypoglycemic drugs are 

allowed to continue taking during the study period. 

 

4 ADVERSE EVENT OBSERVATION 
4.1 Definition of Adverse Event 

Adverse Event (AE): Any untoward medical occurrence in a patient or clinical trial 

participant following administration of a medicinal product, which does not necessarily imply a 

causal relationship with the treatment. Such events may manifest as symptoms (e.g., nausea, chest 

pain), clinical signs (e.g., tachycardia, hepatomegaly), or abnormal diagnostic findings (e.g., 

abnormal diagnostic findings, electrocardiographic changes). In this trial, AEs encompass all 

medically relevant events occurring at any time, including those observed during the screening 

period. 

Serious Adverse Event (SAE): Any AE that results in hospitalization or prolongation of 

hospitalization, disability or substantial disruption of normal functioning, life-threatening 

circumstances or mortality, congenital anomalies, occurring during the clinical trial.  

4.2 Degree  

Mild: Events are tolerable, do not interfere with study participation, require no special 

treatment, and have no effect on the clinical course. 

Moderate: Events cause significant discomfort, necessitate therapeutic intervention, and 

demonstrate effects on clinical recovery. 

Severe: Events pose life-threatening risks, may result in fatal or disabling outcomes, and 
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require urgent medical interventions. 

4.3 Recording and Reporting of Adverse Events 

During the clinical trial, participants may experience AEs.  Upon occurrence of any AE 

(including SAEs), comprehensive documentation must be recorded in the Case Report Form (CRF) 

detailing the time of occurrence, clinical manifestations, severity grade, management protocol, 

duration, outcome, and causal relationship assessment. For laboratory abnormalities, participants 

need to undergo follow-up monitoring until the parameters return to normal or pre-intervention 

levels, and determine whether it is related to the intervention.  

All SAEs must be reported to the Principal Investigator immediately. The investigator will 

notify the Ethics Committee and relevant regulatory authorities within 24 hours using the 

designated SAE reporting form. 

4.4 Risk Prevention and Treatment 

Based on known profiles of the interventions, the following AEs may be anticipated: 

Injection-related: Local pain, swelling, erythema, or infection at the knee injection site. 

Semaglutide-related: Gastrointestinal events (e.g., nausea, vomiting, diarrhea, constipation), which 

are usually transient and mild to moderate in severity. 

Preventive measures include standardized aseptic injection technique and a semaglutide 

dose-escalation protocol to improve gastrointestinal tolerability. For gastrointestinal AEs, 

supportive measures (e.g., dietary adjustment, adequate hydration) are recommended. Persistent or 

severe events will be managed per clinical judgment, which may include dose reduction or 

discontinuation of semaglutide. 

 

5. STATISTICAL ANALYSIS 
Statistical analyses will be performed using GraphPad Prism (version 9.0) and SPSS 

Statistics (version 26.0). Data will be presented as mean ± standard deviation (SD) for normally 

distributed continuous variables, median (interquartile range) for non-normally distributed 

continuous variables, and frequency (percentage) for categorical variables. Please read statistical 

analysis plan for detailed information. 

Baseline demographic and clinical characteristics will be compared between the two 

treatment groups (Conventional: HA alone; Intervention: HA + semaglutide) using independent 

samples -tests for continuous variables. The primary endpoints are the changes in WOMAC score 

and BMI from Baseline at 24-Week. Each will be analyzed using unpaired Student's -test. 

Secondary continuous outcomes, including changes in VAS pain score and MRI-based cartilage 

parameters will be analyzed similarly using unpaired Student's -test. 
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Safety analyses will be descriptive. All adverse events (AEs) and serious adverse events 

(SAEs) will be listed and summarized by system organ class, severity, and relationship to the 

study intervention. Incidence rates will be calculated and presented. 

A two-sided -value < 0.05 will be considered statistically significant. Given the pilot nature 

of this study, emphasis will be placed on estimating effect sizes (e.g., mean differences between 

groups with 95% confidence intervals) alongside -values to inform future research. 

5.1 Sample Content Estimation 

The sample size is estimated using G*power (version 3.1.9.7, Heinrich Heine University 

Düsseldorf, Germany). According to the results reported by Wilding et al (

, 2021; 384: 989-1002), semaglutide produced significant improvements in 

body weight loss, with estimated differences of -12.4 percentage points. Assuming a standard 

deviation (SD) of 10 points, the standardized effect sizes (Cohen’s ) are calculated as follows: d 

= Δ/SD, yielding values of 1.24.  

The key parameters used in the G*power calculation are: 

Parameter Value 

Test type Two-tailed, two independent groups (t-test) 

Effect Size ( ) 1.24 

Significance level (α err prob) 0.05 

Power (1-β err prob) 0.69 

Allocation ratio (N1/N2) 1 

Based on these assumptions, the estimated sample size is 9 participants/group. Considering 

an anticipated dropout rate of 10-15%, the final target enrollment is 10 participants/group (total  

= 20).  

 

5.2 Analysis Sets and Handling of Missing Data 

This exploratory pilot study will employ two analysis populations to assess the robustness of 

findings: 

Per-Protocol (PP) Population: subjects who complete all follow-up visits without major 

protocol deviations. This population will serve as the primary analysis set for efficacy evaluation, 

as it most directly reflects the treatment effect in patients who adhered to the complete 

intervention protocol. 

Full Analysis Set (FAS) / Intention-to-Treat (ITT) Population: all randomized subjects. 

Sensitivity analyses using the FAS will be conducted, applying the Last Observation Carried 

Forward (LOCF) method for imputation of missing data at the primary endpoint (24-week). 
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Both the PP and FAS results will be reported in accordance with CONSORT guidelines. The 

choice of the PP set as primary for this pilot study is based on its focus on generating preliminary 

estimates of efficacy under complete protocol adherence. Future definitive trials will designate the 

FAS (ITT) as the primary analysis population. 

 

6. RESEARCH-RELATED ETHICS  
6.1 Ethics Committee Review  

Prior to study initiation, a detailed study protocol was developed and approved by the 

principal investigator and the research team. The protocol, together with the written informed 

consent form, was reviewed and approved by the institutional ethics committee before 

implementation. 

Any protocol amendments during the study were submitted for ethics committee approval 

prior to execution. If new information emerged that could affect participants’ willingness to 

continue participation, the informed consent form was revised accordingly, approved by the ethics 

committee, and re-signed by participants. 

 

6.2 Informed Consent  

Before enrollment, investigators provided potential participants or their legally authorized 

representatives with comprehensive information regarding the study objectives, procedures, 

potential benefits and risks, alternative treatments, and participant rights in accordance with the 

Declaration of Helsinki. 

Written informed consent was obtained voluntarily from all participants or their legal 

representatives prior to any study-related procedures. 

All participants were covered by trial-related insurance to compensate for potential 

study-related adverse events. Participants’ contact information was recorded, and investigator 

contact details were provided to ensure timely communication throughout the study. 

 

7. DATA PRIVACY AND SECURITY MONITORING PROGRAM  
This study was conducted in compliance with Good Clinical Practice (GCP) guidelines and 

applicable regulations. Measures were implemented to ensure the confidentiality, integrity, and 

security of all participant data. 

Personal information was accessible only to authorized study personnel and ethics committee 

members and was used exclusively for research purposes unless additional written consent was 

obtained. 

All data were stored in secure, access-restricted electronic databases. Data transmission was 



Version: 1.0 
Date: July 2023 

encrypted, and personally identifiable information was removed prior to analysis. Upon study 

completion, datasets were de-identified before statistical analysis. 

To ensure protocol rigor, investigators, treating clinicians, and outcome assessors were 

assigned to independent roles. The study protocol remained unchanged after initiation. Trained 

study management personnel supervised the trial to ensure protocol adherence and consistency in 

data collection. 

8. QUALITY CONTROL AND QUALITY ASSURANCE IN CLINICAL
RESEARCH
8.1 Researcher Qualification and Researcher Training

The principal investigator was responsible for overall quality control. All study personnel 

possessed appropriate professional qualifications and clinical research experience. 

Prior to study initiation, standardized training was conducted covering the study protocol, 

GCP requirements, informed consent procedures, CRF completion, data management SOPs, 

adverse event reporting, and data protection. 

8.2 Deviations/violations in the Research Process 

All protocol deviations were documented in source records and deviation logs, including the 

date, cause, description, potential impact, and corrective actions. 

The principal investigator evaluated the significance of each deviation and its potential 

impact on participant safety and data integrity. Major deviations were promptly reported to the 

ethics committee and the sponsor. 

8.3 Monitoring 

Study monitoring was performed by institutional quality assurance personnel or independent 

monitors designated by the sponsor. Monitoring activities included verification of informed 

consent procedures, data accuracy and completeness, adverse event reporting, protocol 

compliance, investigational product management, and documentation integrity. 

9. EXPECTED PROGRESS AND COMPLETION DATES OF RESEARCH
PROJECTS

June 2022 - December 2022: Finalization of the updated study protocol, ethics approval, 

clinical trial registration, and investigator training. 

January 2023 - December 2024: Participant recruitment, screening, follow-up visits, data 

entry, CRF review, and adverse event assessment. 



 

Version: 1.0 
Date: July 2023 

January 2025 - February 2025: Final data verification, statistical and bioinformatics analyses, 

manuscript preparation and submission, and study completion. 
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1. SYNOPSIS OF STUDY DESIGN AND PROCEDURES 
1.1 Study Objective 

This study aims to evaluate the efficacy and safety of semaglutide in patients with 

early-to-moderate KOA comorbid with obesity. The objective is to assess the effects of 

semaglutide on body mass index (BMI), inflammatory markers, levels of joint pain, function and 

changes in the knee joint images (e.g., the Western Ontario and McMaster Universities 

Osteoarthritis Index/WOMAC score and MRI evaluation) through a randomized, controlled 

clinical trial. Assessments will be conducted at multiple timepoints before and after treatment 

initiation (0, 1, 12, and 24 weeks). The findings are expected to provide evidence-based support 

for the conservative pharmacological management of early-to-moderate KOA in patients with 

obesity. 

 

1.2 Study Design 

This prospective, randomized, controlled pilot clinical trial allocated 20 enrolled patients in a 

1:1 ratio to either the hyaluronic acid (HA) conventional group or the HA combined with 

semaglutide (HA+SG) group. An independent statistician generated the randomization sequence 

using computer software with a block size of 6, and allocation was concealed using sequentially 

numbered, opaque, sealed envelopes (SNOSE), resulting in balanced groups of 10 patients each. 

While blinding of patients and clinicians was not feasible due to the nature of the interventions, 

outcome assessors and data analysts remained blinded throughout the study. 

 

1.3 Study Outcomes 
Primary Study Outcome 

 Change in Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) 

score (pain, stiffness, and function). 

 Change in body weight and BMI. 

 

Secondary Study Outcomes 

 Change in cartilage degradation assessed by MRI. 

 

Safety Outcomes 

 Incidence and severity of Adverse Events (AEs) and Serious Adverse Events (SAEs). 

 

1.4 Analysis Populations 

Full Analysis Set (FAS) / Intention-To-Treat (ITT) Population: all randomized subjects. 
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Per-Protocol (PP) Population: subjects who complete all follow-up visits without major 

protocol deviations. 

Safety Population: all subjects who receive at least one dose of the study intervention. 

For this exploratory pilot study, the Per-Protocol (PP) Population is designated as the primary 

analysis set for efficacy endpoints. This approach aims to provide a preliminary estimate of the 

treatment effect under conditions of complete protocol adherence. Concurrently, sensitivity 

analyses will be performed on the Full Analysis Set (FAS) to assess the robustness of findings. 

Results from both populations will be reported. 

 

1.5 Sample Size Justification 

The sample size is estimated using G*power (version 3.1.9.7, Heinrich Heine University 

Düsseldorf, Germany). According to the results reported by Wilding et al (

, 2021; 384: 989-1002), semaglutide produced significant improvements in 

body weight loss, with estimated differences of -12.4 percentage points. Assuming a standard 

deviation (SD) of 10 points, the standardized effect sizes (Cohen’s ) are calculated as follows: d 

= Δ/SD, yielding values of 1.24.  

The key parameters used in the G*power calculation are: 

Parameter Value 

Test type Two-tailed, two independent groups (t-test) 

Effect Size ( ) 1.24 

Significance level (α err prob) 0.05 

Power (1-β err prob) 0.69 

Allocation ratio (N1/N2) 1 

Based on these assumptions, the estimated sample size is 9 participants/group. Considering 

an anticipated dropout rate of 10-15%, the final target enrollment is 10 participants/group (total  

= 20).  

 

2. STATISTICAL ANALYSIS METHODS 
2.1 Demographic and Baseline Characteristics 
2.1.1 Analytical Principles 

The primary efficacy analyses will be conducted on the Per-Protocol (PP) Population. 

Supportive analyses will be performed on the Full Analysis Set (FAS). 

 

2.1.2 Descriptive Statistics for Baseline Data 

Baseline demographic and clinical characteristics will be compared between the two 



Version: 1.0 
Date: July 2023 

treatment groups (Conventional: HA alone; Intervention: HA + semaglutide) using independent 

samples -tests. 

 

2.2 Endpoint Analyses 

2.2.1 Analysis of Primary and Secondary Endpoints 

For the primary endpoints (change in WOMAC score and BMl) and secondary continuous 

endpoints such as MRI imaging. The post-treatment value will serve as the dependent variable, 

with treatment group as the main independent variable and the baseline value included as a 

covariant. For repeated measures across multiple time points, a mixed-effects model will be 

employed.  

 

2.2.2 Between-Group Comparisons and Longitudinal Analysis of WOMAC Scores 

In addition to the ANCOVA approach described in Section 2.2.1, between-group comparisons 

of WOMAC score changes from baseline will be performed at specific time points (Week 12 and 

Week 24). Depending on normality and variance assumptions, independent samples -tests will be 

applied. Furthermore, a mixed-effects model will be used to analyze longitudinal WOMAC data, 

with time, treatment group, and their interaction included as fixed effects, and subject-specific 

random intercepts to account for repeated measures. This model will evaluate whether the 

semaglutide combination exerts a differential effect on WOMAC scores over time compared to the 

conventional group. 

 

2.3 Safety Analysis 

All AEs and SAEs will be listed and summarized by system organ class, severity, and 

relationship to study intervention. 

Incidence rates will be calculated and presented descriptively. 

 

2.4 Subgroup and Sensitivity Analyses 

Pre-specified subgroup analyses based on the Per-Protocol Set will be conducted to assess the 

robustness of the primary findings. This will include repeating the between-group comparisons 

and longitudinal analyses described in Section 2.2.2 for the PP population. 

 

2.5 Handling of Missing Data 

For the primary efficacy analysis based on the PP population, a complete-case analysis will 

be applied. For the pre-specified sensitivity analysis on the FAS, missing data at the endpoint will 

be imputed using the Last Observation Carried Forward (LOCF) method to assess the robustness 
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of the conclusions.  

 

2.6 Statistical Software 
Analyses will be performed using GraphPad Prism (version 9.0 or higher) and SPSS 

Statistics (version 26.0 or higher). Full Analysis Set analysis will be performed by the R project 

with a mixed-effects model.  

All tests will be two-sided, with a -value < 0.05 considered statistically significant. Given 

the exploratory nature of this pilot study, no adjustment for multiple comparisons will be 

performed. Interpretation of results will emphasize effect sizes (such as mean between-group 

differences with 95% confidence intervals) rather than reliance solely on -values. 



CONSORT Harms 2022 integrated into CONSORT 2010 items checklist of information to include when 
reporting a randomised trial 

 

Section/Topic 
Item 
No Checklist item 

Reported on page 
No 

Title and abstract 
 1a Identification as a randomised trial in the title N/A  

1b Structured summary of trial design, methods, results of outcomes of benefits and harms, and conclusions 
(for specific guidance see CONSORT for abstracts) 

Manuscript page 2  

Introduction 
Background and objectives 2a Scientific background and explanation of rationale Manuscript 2-3 

2b Specific objectives or hypotheses for outcomes benefits and harms Manuscript 3 

Methods 
Trial design 3a Description of trial design (such as parallel, factorial) including allocation ratio Manuscript 23-24; 

Study protocol-
2023V1.0 

3b Important changes to methods after trial commencement (such as eligibility criteria), with reasons N/A 
Participants 4a Eligibility criteria for participants Manuscript 24, 

Figure S7A and 
Study protocol-
2023V1.0 

4b Settings and locations where the data were collected Manuscript 23-24 
Interventions 5 The interventions for each group with sufficient details to allow replication, including how and when they were actually 
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Manuscript 23-24; 
Study protocol-
2023V1.0 

Outcomes 6a Completely defined pre-specified primary and secondary outcome measures for both benefits and harms, including how and 
when they were assessed 

Manuscript 10, 
Figure 7A, Study 
protocol-2023V1.0 

6b Any changes to trial outcomes after the trial commenced, with reasons N/A 
 6c Describe if and how non-prespecified outcomes of benefits and harms were identified, including any selection 

criteria, if applicable 
N/A 
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No 
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Study protocol-
2023V1.0, Statistical 
Analysis Plan  
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Sequence generation 8a Method used to generate the random allocation sequence Study protocol-
2023V1.0 

8b Type of randomisation; details of any restriction (such as blocking and block size) Study protocol-
2023V1.0 

Allocation concealment 
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9 Mechanism used to implement the random allocation sequence (such as sequentially numbered containers), describing any 
steps taken to conceal the sequence until interventions were assigned 

Study protocol-
2023V1.0 

Implementation 10 Who generated the random allocation sequence, who enrolled participants, and who assigned participants to interventions Study protocol-
2023V1.0 

Blinding 11a If done, who was blinded after assignment to interventions (e.g., participants, care providers, those assessing outcomes of 
benefits and harms) and how 

Study protocol-
2023V1.0 

11b If relevant, description of the similarity of interventions N/A 
Statistical methods 12a Statistical methods used to compare groups for primary and secondary outcomes of both benefits and harms The legend of Figure 

7, SAP-2023V1.0 
12b Methods for additional analyses, such as subgroup analyses and adjusted analyses SAP-2023V1.0 

Results 
Participant flow (a diagram 
is strongly recommended) 

13a For each group, the numbers of participants who were randomly assigned, received intended treatment, and were analysed 
for outcomes of benefits and harms 

Figure S7; Study 
protocol-2023V1.0 

13b For each group, losses and exclusions after randomisation, together with reasons Figure S7 
Recruitment 14a Dates defining the periods of recruitment and follow-up for outcomes of benefits and harms Manuscript 9, Study 

protocol-2023V1.0 
14b Why the trial ended or was stopped N/A 

Baseline data 15 A table showing baseline demographic and clinical characteristics for each group Study protocol-
2023V1.0 

Numbers analysed 16 For each group, number of participants (denominator) included in each analysis and whether the analysis was by original 
assigned groups and if any exclusions were made 

Figure S7, Study 
protocol-2023V1.0 
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 17c Report zero events if no harms were observed N/A 
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from exploratory 
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Harms 19 All important harms or unintended effects in each group (for specific guidance see CONSORT for harms) N/A 

Discussion 
Limitations 20 Trial limitations, addressing sources of potential bias related to the approach to collecting or reporting data on 
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Figure 1B

Obesity Obesity+Semaglutide

mean standard deviation mean standard deviation

Day1 31.175 0.851102 30.6125 0.710005

Day2 31.325 0.881405 30.75 0.639196

Day3 31.4375 0.899913 30.875 0.658461

Day4 31.55 0.926013 31.05 0.641427

Day5 31.7 0.911043 31.1375 0.61861

Day6 31.875 0.929718 31.2625 0.602228

Day7 32 0.946044 31.35 0.570714

Day8 32.0875 0.938666 31.5125 0.651235

Day9 32.21875 0.877474 31.7 0.684523

Day10 32.7625 0.6 31.7625 0.722965

Day11 32.56125 0.692142 31.8875 0.758641

Day12 32.6875 0.597385 32.0125 0.703943

Day13 32.8275 0.550835 32.2 0.715142

Day14 32.98 0.483916 32.4375 0.477905

Day15 33.05 0.41833 32.525 0.455914

Day16 33.12625 0.455602 32.7125 0.494072

Day17 33.3025 0.431328 32.875 0.483292

Day18 33.495 0.36149 33.0875 0.546253

Day19 33.73125 0.341813 33.275 0.587367

Day20 33.9375 0.387097 33.4625 0.49839

Day21 34.15875 0.445994 33.6625 0.492624

Day22 34.3325 0.487231 33.9 0.444008

Day23 34.445 0.459538 34.0125 0.383359

Day24 34.52125 0.449901 34.2 0.410575

Day25 34.66625 0.455493 34.4 0.392792

Day26 34.7725 0.465611 34.5875 0.401559

Day27 34.93625 0.407674 34.7375 0.385218

Day28 35.05625 0.414908 34.825 0.399106

Day29 35.11625 0.416051 35.0375 0.515302

Day30 35.24125 0.434926 34.125 0.528475

Day31 35.36625 0.354575 33.9625 0.585388

Day32 35.53875 0.309453 34.1875 0.438952

Day33 35.68625 0.292102 34.425 0.517549

Day34 35.80125 0.279304 34.7 0.478091

Day35 35.94125 0.314103 34.9375 0.474906

Day36 36.08 0.35819 35.1 0.437526

Day37 36.2 0.357071 34.25 0.34641

Day38 36.30625 0.348602 34.0125 0.352288

Day39 36.39 0.32665 34.225 0.413176

Day40 36.53625 0.338302 34.5125 0.442194

Day41 36.6575 0.37302 34.775 0.486239

Day42 36.74625 0.370774 34.9625 0.523552

Day43 36.8375 0.373957 35.1375 0.465794

Day44 36.98125 0.385631 34.1 0.29277

Day45 37.08625 0.397899 33.9125 0.422366

Day46 37.26375 0.408899 34.0375 0.531675

Day47 37.48375 0.427608 34.375 0.46828

Day48 37.5875 0.388708 34.6875 0.540998

Day49 37.72875 0.384104 34.925 0.47132

Day50 37.8375 0.356853 35.0875 0.502671

Day51 38.0125 0.401365 34.2125 0.476408



Day52 38.175 0.426468 34.025 0.523041

Day53 38.35 0.403113 34.2375 0.611643

Day54 38.575 0.352668 34.4875 0.610474

Day55 38.7875 0.347985 34.675 0.554849

Day56 38.975 0.359687 34.8375 0.531675

Day57 39.2125 0.351559 35.075 0.49208

Day58 39.3625 0.387097 33.9375 0.580486

Day59 39.575 0.429389 34.0375 0.480885

Day60 39.7625 0.499844 34.2375 0.465794

Day61 39.95 0.484768 34.5 0.509902

Day62 40.0875 0.498592 34.7125 0.527629

Day63 40.25 0.512348 34.925 0.497853

Day64 40.4125 0.530183 35.15 0.498569

Day65 40.59625 0.40081 34.2875 0.668554

Day66 40.77125 0.394697 34.0375 0.592663

Day67 40.96625 0.40277 34.175 0.489168

Day68 41.16875 0.400732 34.45 0.501427

Day69 41.36625 0.47405 34.725 0.554849

Day70 41.5 0.5 34.9 0.523723

Day71 41.65 0.48734 35.0875 0.546253

Day72 41.8625 0.517053 34.1875 0.608129

Day73 42.05 0.507445 34.05 0.578174

Day74 42.2 0.543139 34.3125 0.548862

Day75 42.425 0.609816 34.575 0.494975

Day76 42.675 0.651441 34.7625 0.468851

Day77 42.85 0.69282 34.9625 0.489716

Day78 43.025 0.756224 35.1375 0.515302

Day79 43.225 0.751249 34.05 0.630193

Day80 43.475 0.780625 34.175 0.474342

Day81 43.675 0.749583 34.4875 0.451782

Day82 43.85 0.722842 34.7125 0.470372

Day83 44.0375 0.734741 34.95 0.507093

Day84 44.1375 0.701672 35.1 0.489898

Day85 44.275 0.679614 35.2375 0.477905

Figure1E

Obesity Obesity+Semagutide Obesity+DMMObesity+DMM+Semagutide

178542 187554 145884 165224

165278 154558 115442 132909

160441 176662 78541 154774

152214 161445 123554 162242

175442 177445 78542 125445

162448 166552 76995 135775

185447 189554 125447 159224

164221 165584 98542 128554

178344 188344 175578 187167

154802 154802 124368 132909

158457 178457 68445 196893

151230 161230 122180 196616

178344 178344 84208 119184

164802 164802 98814 139551.2

188457 188457 132671 192354

161230 161230 95737 130053

Cartilage area (um2)



Figure1H Osteophyte maturity

Obesity Obesity+Semaglutide Obesity+DMMObesity+DMM+Semaglutide

0 1 3 1

0 0 3 1

0 1 3 1

0 0 2 1

1 0 2 2

0 0 2 1

0 1 2 1

1 0 3 2

0 1 2 1

0 0 3 1

0 1 3 1

1 1 2 2

1 1 2 2

0 0 2 2

0 1 2 1

1 1 3 2

Figure1M %ADAMTS+ cells

Obesity Obesity+Semaglutide Obesity+DMMObesity+DMM+Semaglutide

16.224158 12.21584 60.2215 38.5248

12.55488 15.2248 51.2248 32.2158

10.2548 16.5188 52.1548 38.2214

10.5426 10.2548 51.26898 30.2158

15.2248 9.2248 63.2215 35.2187

11.25483 10.2548 49.22858 32.1154

12.3254 11.0258 61.2248 31.5548

9.21458 12.22158 55.0258 40.2218



Body Weight (g)

Obesity+DMM Obesity+DMM+Semaglutide Obesiity+DMM+Pair feeding

mean standard deviation mean standard deviation mean

31.15 0.671884 30.725 0.675595 30.725

31.3125 0.705969 30.875 0.662786 30.9

31.4625 0.692691 31.025 0.667083 31.05

31.625 0.688165 31.25 0.563154 31.2125

31.7625 0.726906 31.3625 0.575543 31.4

31.875 0.716639 31.4875 0.610474 31.45

31.975 0.714643 31.525 0.599404 31.5375

32.125 0.716639 31.6 0.61412 31.6

32.225 0.726538 31.6625 0.57802 31.6625

32.3875 0.751071 31.8625 0.54756 31.775

32.5 0.728991 32.0125 0.488255 31.8625

32.65 0.7329 32.2125 0.442194 32.025

32.7875 0.699872 32.275 0.511999 32.125

32.85 0.648074 32.375 0.449603 32.225

32.95 0.648074 32.45 0.424264 32.325

33.125 0.634147 32.575 0.430116 32.4625

33.3125 0.670687 32.8 0.489898 32.8125

33.4625 0.539676 32.975 0.474342 33.0125

33.6125 0.499821 33.2 0.427618 33.2

33.725 0.483292 33.375 0.426782 33.4625

33.85 0.414039 33.5625 0.480885 33.675

33.95 0.424264 33.8 0.465986 33.9125

34.0625 0.410357 33.95 0.420883 34.0375

34.2375 0.427409 34.15 0.504268 34.2125

34.3375 0.35431 34.2875 0.551459 34.425

34.5625 0.399777 34.4375 0.550162 34.6125

34.75 0.414039 34.625 0.580025 34.8

34.85 0.498569 34.7875 0.605776 34.9125

35.025 0.517549 34.925 0.606512 34.975

35.125 0.497853 34.0875 0.701911 35.0875

35.225 0.523041 33.8625 0.620915 33.9125

35.375 0.541822 34.05 0.630193 33.9875

35.5125 0.496955 34.3 0.58064 34.225

35.675 0.465219 34.6 0.495696 34.4875

35.8125 0.390741 34.7875 0.496955 34.7

35.95 0.333809 35.05 0.434248 34.9

36.075 0.361544 33.9 0.450397 35.125

36.1875 0.401559 33.85 0.504268 34.15

36.3625 0.329231 34.0125 0.593867 34.0125

36.475 0.281577 34.2875 0.524915 34.225

36.65 0.244949 34.6 0.475094 34.4125

36.775 0.249285 34.8625 0.427409 34.6625

36.9125 0.229518 35.1625 0.430739 34.8875

37.0625 0.206588 34.425 0.446414 35.1625

37.175 0.225198 34.1625 0.48679 34.1375

37.3375 0.232609 34.175 0.436708 34.0875

37.4625 0.26152 34.4625 0.399777 34.3

37.6125 0.279987 34.7625 0.459619 34.525

37.6 0.2 34.975 0.391882 34.75

37.8375 0.381491 35.1625 0.430739 34.9375

38.05 0.417475 34.3 0.682433 35.1625



38.225 0.426782 34.0625 0.568048 34.1875

38.4 0.370328 34.3 0.547723 34.025

38.5625 0.381491 34.5375 0.555331 34.2125

38.7 0.354562 34.7875 0.540998 34.35

38.8625 0.333542 34.95 0.518239 34.6

39.0125 0.299702 35.175 0.426782 34.8375

39.125 0.315096 34.0375 0.531675 35.175

39.2875 0.290012 34.1 0.427618 34.0125

39.4875 0.335676 34.3125 0.425735 34

39.6875 0.339905 34.55 0.4 34.2375

39.9 0.420883 34.75 0.420883 34.5125

40.075 0.459036 34.9625 0.388909 34.725

40.225 0.520302 35.1875 0.368152 34.9375

40.41125 0.522506 33.925 0.625071 35.2375

40.60875 0.535895 33.975 0.486239 34.2875

40.87875 0.4628 34.2875 0.467325 34.2125

41.08125 0.467468 34.47375 0.4386 34.325

41.24125 0.4285 34.75 0.410575 34.525

41.4375 0.440576 35 0.403556 34.825

41.65 0.486973 35.25 0.392792 34.9375

41.8375 0.447014 34.075 0.601783 35.275

42.05 0.469042 34.1875 0.4734 34.175

42.2875 0.435685 34.5375 0.450198 34.125

42.45 0.410575 34.725 0.391882 34.2625

42.65 0.450397 34.9 0.396412 34.4

42.85 0.489898 35.1 0.4 34.725

43.05 0.520988 35.2875 0.352288 35.1875

43.2125 0.499821 34.17875 0.266535 35.325

43.3375 0.512522 34.25 0.38545 34.2125

43.5125 0.499821 34.55 0.302372 34.2375

43.6625 0.537022 34.7375 0.244584 34.3625

43.875 0.567576 34.9 0.267261 34.65

44.0625 0.606954 35.1625 0.302076 34.95

44.2375 0.597465 35.375 0.345378 35.05

Figure1F

Obesity+DMM+Pair feeding Obesity Obesity+Semaglutide

148995 1 0

125547 0 0

98541 1 0

88954 0 1

115472 0 2

74662 0 0

135572 1 1

99854 1 1

171333 0 0

154226 0 0

103110 2 0

102485 0 0

125444 0 0

85716 0 0

154242 1 1

23862 1 1



Figure1J

Obesity+DMM+Pair feeding Obesity Obesity+Semagutide

2 0.325144 0.23547

3 0.28845 0.241115

2 0.30224 0.30214

3 0.25447 0.35547

2 0.274152 0.24775

3 0.26882 0.26552

3 0.241577 0.21774

3 0.354922 0.274922

2 0.261627 0.301627

3 0.249162 0.299162

2 0.272682 0.312682

3 0.287721 0.227721

2 0.264852 0.214852

2 0.240896 0.200896

3

3

Figure1N %ACAN+ area

Obesity+DMM+Pair feeding Obesity Obesity+Semaglutide

58.1154 70 71.2154

56.2214 75.5 76.25

54.2215 77.5 79.24

62.1824 76.5 79.21

48.2287 72 74.21

62.2254 74.2 74.62

67.2218 78.21 71.52

50.2187 71.25 72.53

Osteophyte 



Figure 1C Food intake (g)

Obesiity+DMM+Pair feeding Obesity+DMM+Semaglutide Obesiity+DMM+Pair feeding

standard deviation mean standard deviation mean

0.675595 Day1 3.1875 0.180772 3.1875

0.578174 Day2 3.175 0.260494 3.225

0.609449 Day3 3.32625 0.167583 3.3125

0.631184 Day4 3.1875 0.195941 3.2375

0.578174 Day5 3.15 0.2 3.1125

0.611789 Day6 3.1375 0.206588 3.175

0.602228 Day7 3.2425 0.234992 3.32875

0.61412 Day8 3.15 0.20702 3.35

0.63457 Day9 3.0375 0.176777 3.5625

0.620484 Day10 3.1375 0.192261 3.3

0.661033 Day11 3.1125 0.13562 3.29375

0.660627 Day12 3.1 0.169031 3.1875

0.660627 Day13 3.025 0.175255 3.3375

0.629626 Day14 3.125 0.158114 3.2375

0.613538 Day15 3.1125 0.112599 3.1775

0.632314 Day16 3.21375 0.15702 3.15

0.461171 Day17 3.2375 0.091613 3.24625

0.479397 Day18 3.225 0.128174 3.1125

0.46291 Day19 3.15 0.092582 3.1875

0.440576 Day20 3.14125 0.072985 3.25

0.49208 Day21 3.15 0.239046 3.1625

0.445413 Day22 3.0625 0.118773 3.3375

0.420671 Day23 3.0875 0.195941 3.225

0.448609 Day24 3.0375 0.159799 3.32125

0.433425 Day25 3.1125 0.164208 3.175

0.458063 Day26 3.2625 0.130247 3.21625

0.450397 Day27 3.225 0.332738 3.275

0.448609 Day28 3.2 0.119523 3.2875

0.494975 Day29 3.176389 0.071378 3.2125

0.461171 Day30 0.241667 0.072921 3.20625

0.48532 Day31 0.4125 0.112599 0.241667

0.591457 Day32 1.388889 0.182671 0.4125

0.47132 Day33 2.565278 0.243246 1.388889

0.48532 Day34 2.886111 0.267772 2.565278

0.504268 Day35 3.325 0.116496 2.886111

0.465986 Day36 3.284445 0.1721 3.325

0.462138 Day37 0.179167 0.073328 3.284445

0.611789 Day38 0.433195 0.11611 0.179167

0.412094 Day39 1.159722 0.30231 0.433195

0.413176 Day40 2.54625 0.302321 1.159722

0.458063 Day41 2.72 0.268275 2.54625

0.468851 Day42 3.066667 0.112687 2.72

0.415546 Day43 3.15 0.119523 3.066667

0.430739 Day44 0.15 0.053452 3.15

0.489716 Day45 0.425 0.128174 0.15

0.432394 Day46 1.22625 0.168433 0.425

0.4 Day47 2.275 0.128174 1.22625

0.391882 Day48 2.8875 0.247487 2.275

0.392792 Day49 3.0375 0.130247 2.8875

0.427409 Day50 3.1125 0.099103 3.0375

0.430739 Day51 0.2 0.075593 3.1125



0.375832 Day52 0.4625 0.091613 0.2

0.47132 Day53 1.1 0.261861 0.4625

0.438952 Day54 2.2375 0.213391 1.1

0.338062 Day55 2.6375 0.232609 2.2375

0.440779 Day56 2.975 0.070711 2.6375

0.434042 Day57 3.225 0.138873 2.975

0.426782 Day58 0.23 0.134377 3.225

0.299702 Day59 0.4875 0.188509 0.23

0.232993 Day60 1.0125 0.195941 0.4875

0.350255 Day61 1.675 0.183225 1.0125

0.429077 Day62 2.5 0.092582 1.675

0.443203 Day63 2.9 0.106904 2.5

0.447014 Day64 3.35 0.177281 2.9

0.399777 Day65 0.2 0.075593 3.35

0.331393 Day66 0.76 0.240713 0.2

0.35632 Day67 1.525 0.175255 0.76

0.353553 Day68 2.05 0.119523 1.525

0.416619 Day69 2.45 0.220389 2.05

0.436708 Day70 2.775 0.260494 2.45

0.417261 Day71 3.3 0.185164 2.775

0.423421 Day72 0.225 0.10351 3.3

0.46828 Day73 0.45 0.20702 0.225

0.452769 Day74 0.8375 0.370087 0.45

0.406861 Day75 1.6 0.267261 0.8375

0.417475 Day76 2.45 0.226779 1.6

0.430116 Day77 2.6125 0.188509 2.45

0.258775 Day78 3.3875 0.172689 2.6125

0.37321 Day79 0.225 0.10351 3.3875

0.458063 Day80 0.625 0.271241 0.225

0.45336 Day81 1.4 0.185164 0.625

0.468851 Day82 2.2875 0.188509 1.4

0.396412 Day83 2.8 0.160357 2.2875

0.453557 Day84 3.025 0.10351 2.8

0.472077 Day85 3.225 0.148805 3.025

3.225

OARSI score Figure1G

Obesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

4 3 5

4 4 4

6 5 6

5 3 5

5 4 4

5 5 5

5 2 6

6 3 6

3 3 4

4 4 4

6 2 6

5 4 5

5 4 4

5 6 5

5 2 4

6 3 6



Figure1L

Obesity+DMMObesity+DMM+SemagutideObesity+DMM+Pair feeding Obesity

1.32541 0.78994 1.31447 10.1

1.25414 0.66547 1.28447 7.9

1.18895 0.80244 1.264447 9.6

1.25448 0.75554 1.214457 12.4

1.20441 0.698544 1.287754 8.8

1.2547 0.821114 1.24441 10.5

1.1189244 0.751114 1.20334 8.4

1.21126 0.808339 1.23126 11.4

1.21012 0.732178 1.24012

1.13942 0.798339 1.18942

1.10408 0.732178 1.21408

1.22632 0.828339 1.22632

1.21708 0.812178 1.21708

1.20632 0.638339 1.04632

%ACAN+ area Figure1O

Obesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

21 45.21 17.51

19.25 41.25 18.54

18.24 39.54 11.25

11.5486 37.58 9.5128

11.44875 43.24 16.24

17.25 43.87 21.54

14.35 46.57 23.21

16.54 34.55 18.52

phyte volume（mm3）



Obesiity+DMM+Pair feeding

standard deviation

0.223207

0.138873

0.210017

0.140789

0.164208

0.183225

0.178841

0.185164

0.118773

0.2

0.186006

0.064087

0.232609

0.118773

0.331307

0.075593

0.209689

0.099103

0.360307

0.169031

0.074402

0.184681

0.166905

0.207739

0.046291

0.164224

0.148805

0.210017

0.145774

0.120823

0.072921

0.112599

0.182671

0.243246

0.267772

0.116496

0.1721

0.073328

0.11611

0.30231

0.302321

0.268275

0.112687

0.119523

0.053452

0.128174

0.168433

0.128174

0.247487

0.130247

0.099103



0.075593

0.091613

0.261861

0.213391

0.232609

0.070711

0.138873

0.134377

0.188509

0.195941

0.183225

0.092582

0.106904

0.177281

0.075593

0.240713

0.175255

0.119523

0.220389

0.260494

0.185164

0.10351

0.20702

0.370087

0.267261

0.226779

0.188509

0.172689

0.10351

0.271241

0.185164

0.188509

0.160357

0.10351

0.148805

Synovitis score

Obesity Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

2 2 4 2 4

2 1 3 3 5

1 1 4 2 4

1 1 3 2 3

1 1 2 2 3

2 1 2 2 3

1 1 5 2 2

1 2 4 2 3

1 1 5 3 3

2 1 4 3 3

2 1 3 2 3

3 1 2 2 4

1 2 3 2 4

1 2 2 2 3

1 1 2 2 4

1 1 3 2 2



%MMP13+ cells

Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

11.2 59.4 39.5 58.4

12.5 64.5 36.7 66.9

8.5 47.6 35.4 54.1

7.4 68.4 32.1 57.5

9.6 52.4 36.8 48.7

10.1 57.6 33.9 50.4

7.4 56.1 31.5 45.6

11.4 51.9 25.4 60.4

%Col-2+ area

Obesity Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

62.5551 84.2518 15.5884 45.215 16.875

88.5541 62.5544 28.6652 25.69 28.684

74.2254 65.2214 18.547 34.221 20.487

76.221 57.2254 20.1147 30.577 21.575

65.2214 70.5548 21.557 34.825 19.885

70.2215 75.6624 25.1478 34.258 25.201

65.2148 80.2214 16.587 22.36 14.528

75.5518 60.1158 24.215 37.15 15.668



Figure2A-1 8W von Frey threshold (g) Figure2A-2

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

1.305 1.825 0.32 0.578 0.491

1.258 1.432 0.258 0.926 0.553

1.432 1.504 0.166 0.858 0.345

1.226 1.305 0.222 0.545 0.193

1.869 1.395 0.458 1.036 0.222

1.669 1.669 0.553 0.705 0.16

1.398 1.329 0.491 0.429 0.773

1.226 1.226 0.193 0.913 0.258

Figure2B-1 8W  Hot plate reaction time (s) Figure2B-2

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

20.25 26.22 11.5 17.8 10.5

20.15 22.7 9.5 20.5 9.1

24.33 20.4 9.1 14.3 8.2

25.22 17.5 12 15 11.3

22.45 27.15 8.2 15.1 5.9

24.33 20.4 8.9 11.5 12.4

17.58 21.6 13.5 15.6 7.4

20.15 15.9 6 16.2 6.3

Figure2E   Knee joint CGRP fluorescent intensity (fold change) Figure2F

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

1.047 1.051349 2.558096 1.61919 1.941529

0.9854 0.884558 2.481259 1.338081 2.108321

0.8994 0.877061 2.361319 1.171289 2.314468

1.01224 0.998876 2.295727 1.523613 1.913418

1 1.023238 2.164543 1.43928 2.37069

Figure2J   DRG CGRP fluorescent intensity (fold change) Figure2K

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

1.147848 0.619687 2.24171 1.844968 5.569613

0.854595 0.540282 3.76877 1.575352 3.121882

1.324347 0.829908 4.852451 1.341399 2.470668

1.000204 1.192705 5.296403 1.16156 3.220821

0.673006 0.668966 6.355333 1.154147 3.450066



10W von Frey threshold (g) Figure2A-3

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding Obesity

1.825 1.917 0.166 0.744 0.258 1.669

1.504 1.825 0.222 1.036 0.774 1.869

1.226 1.669 0.458 0.926 0.669 1.504

1.398 1.226 0.193 0.858 0.169 1.226

1.869 1.329 0.774 0.951 0.222 1.669

1.226 1.036 0.858 0.669 0.533 1.395

1.258 1.395 0.345 1.036 0.578 1.036

1.669 1.249 0.32 1.226 0.258 1.226

10W  Hot plate reaction time (s) Figure2B-3

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding Obesity

21 26.22 11.5 17.8 12 20.9

19.8 22.7 9.5 21.5 9.1 20.1

23.3 20.4 10 17.6 8.2 23.3

24.5 16.5 11.9 15 9.5 23.9

23.4 26.8 8.2 15.1 6.2 23.4

18.9 21.6 9.5 14.2 12.7 18.9

20.5 21.6 13.5 15.6 7.4 21.5

21.6 15.9 6 16.2 6 21.6

Knee joint  PGP9.5 fluorescent intensity (fold change)

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

0.9574 0.905263 2.077895 1.610526 2.157895

1.02545 0.894737 1.92 1.526316 2.388421

1 0.745263 2.157895 1.473684 1.821053

1.01245 0.964211 2.389474 1.446316 1.713684

0.95547 1.052632 1.618947 1.195789 1.646316

 NGF fluorescent intensity (fold change) Figure2L

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding Obesity

0.95 0.985 1.369 1.015 1.369 10.33333

0.97 1.05 1.542 1.186 1.559 14.33333

1.01 1.081 1.419 1.117 1.339 12

1 1.01 1.381 1.063 1.365 7.333333

1.06 1.05 1.491 1.309 1.6 5.666667

4.666667



12W von Frey threshold (g)

Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

1.917 0.345 1.173 0.345

1.825 0.32 1.036 0.258

1.669 0.222 1.226 0.858

1.226 0.458 1.036 0.578

1.329 0.774 0.926 0.858

1.173 0.926 0.926 0.669

1.305 0.858 0.951 0.226

1.669 0.345 0.774 0.222

12W  Hot plate reaction time (s)

Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

25.8 11.5 18.2 13.2

23 9.5 22 9.1

20.2 9.9 17.8 8.1

17 11.9 15 9.5

26.8 8.3 15.1 6.2

21.6 9.5 14 12.7

21.6 13.5 16.1 7.1

16.2 7.2 16.2 6.2

 c-Fos+ cell numbers

Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

5.666667 17 6.666667 12

14.66667 22 11.66667 18

11.66667 19.33333 9.333333 13.66667

8 21 6.333333 16.33333

5.333333 14.33333 8.333333 22.66667

6 15.33333 5.333333 16



Figure3A and 3B

Accession Description Gene HFD-V-C1 HFD-V-C2 HFD-V-C3 HFD-S-C1 HFD-S-C2

O09111NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 11, mitochondrial OS=Mus musculus OX=10090 GN=Ndufb11 PE=1 SV=2Ndufb11 0 0.256305 0.163154 2.6802872 0.9131345

P702656-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2 OS=Mus musculus OX=10090 GN=Pfkfb2 PE=1 SV=2Pfkfb2 0.6138674 0 0.7688302 2.6667369 0

Q6A085Zinc finger protein 629 OS=Mus musculus OX=10090 GN=Znf629 PE=2 SV=2Znf629 0.1381857 0.1035446 0.1605253 0.1950316 0.3510592

Q61549Adhesion G protein-coupled receptor E1 OS=Mus musculus OX=10090 GN=Adgre1 PE=1 SV=1Adgre1 0.5226469 0.5205403 0.3219574 0.7767489 0.8367833

P61080Ubiquitin-conjugating enzyme E2 D1 OS=Mus musculus OX=10090 GN=Ube2d1 PE=1 SV=1Ube2d1 0.5220966 0.445286 0.49072 0.8756671 0

A8E0Y8Immunoglobulin superfamily member 2 OS=Mus musculus OX=10090 GN=Cd101 PE=2 SV=1Cd101 0.0833794 0.0569409 0.0691012 0 0.1374169

Q9CQ85Mitochondrial import inner membrane translocase subunit Tim22 OS=Mus musculus OX=10090 GN=Timm22 PE=1 SV=1Timm22 0.3913629 0.4457062 0.3632433 0.8269107 0.5351054

G3UWS1Nebulin (Fragment) OS=Mus musculus OX=10090 GN=Neb PE=1 SV=1Neb 0.7330556 0.6396298 0.8642098 1.4928288 1.2320093

Q9WUE3Transmembrane reductase CYB561D2 OS=Mus musculus OX=10090 GN=Cyb561d2 PE=1 SV=1Cyb561d2 0.1682896 0.2343157 0.2402745 0.3188963 0.320184

Q8BVE8Histone-lysine N-methyltransferase NSD2 OS=Mus musculus OX=10090 GN=Nsd2 PE=1 SV=2Nsd2 0.3224778 0.2371475 0.2021194 0.4409339 0.4534562

P11031Activated RNA polymerase II transcriptional coactivator p15 OS=Mus musculus OX=10090 GN=Sub1 PE=1 SV=3Sub1 3.8277972 4.7648064 3.8418882 6.8092114 6.8768763

Q31099H2-M beta 2 OS=Mus musculus OX=10090 GN=H2-DMb2 PE=1 SV=2H2-DMb2 0.4890682 0.6443845 0.6966026 0.8445107 0.8961574

P61514Large ribosomal subunit protein eL43 OS=Mus musculus OX=10090 GN=Rpl37a PE=1 SV=2Rpl37a 1.9745198 1.7708704 2.4793727 4.0540543 3.114267

O889862-amino-3-ketobutyrate coenzyme A ligase, mitochondrial OS=Mus musculus OX=10090 GN=Gcat PE=1 SV=2Gcat 0.1001165 0.1190502 0.1068605 0.1932412 0.156273

Q9EP82tRNA (guanine-N(7)-)-methyltransferase non-catalytic subunit WDR4 OS=Mus musculus OX=10090 GN=Wdr4 PE=1 SV=2Wdr4 0.555567 0.7491271 0.5981803 1.15288 1.0572979

P70196TNF receptor-associated factor 6 OS=Mus musculus OX=10090 GN=Traf6 PE=1 SV=2Traf6 0.3517841 0.3980905 0.3273895 0.5897512 0.497294

Q8VDT9Large ribosomal subunit protein mL50 OS=Mus musculus OX=10090 GN=Mrpl50 PE=1 SV=2Mrpl50 0.5445119 0.6353494 0.5551741 0.965534 0.7190971

Q8BTG3T-complex protein 11-like protein 1 OS=Mus musculus OX=10090 GN=Tcp11l1 PE=1 SV=1Tcp11l1 0.1788643 0.2277654 0.2183822 0.2782533 0.358358

Q61462Cytochrome b-245 light chain OS=Mus musculus OX=10090 GN=Cyba PE=1 SV=3Cyba 2.5013008 3.3300144 3.0188007 4.5454372 4.4728368

P28033CCAAT/enhancer-binding protein beta OS=Mus musculus OX=10090 GN=Cebpb PE=1 SV=1Cebpb 0.5068604 0.37035 0.479745 0.6569997 0.6184555

P03921NADH-ubiquinone oxidoreductase chain 5 OS=Mus musculus OX=10090 GN=Mtnd5 PE=1 SV=3Mtnd5 0 0.2098528 0.2014871 0.2587528 0.3544078

Q9CQG1Putative glutathione-specific gamma-glutamylcyclotransferase 2 OS=Mus musculus OX=10090 GN=Chac2 PE=1 SV=1Chac2 0.2071656 0.2105819 0.2343384 0.3021961 0.3321487

P97494Glutamate--cysteine ligase catalytic subunit OS=Mus musculus OX=10090 GN=Gclc PE=1 SV=4Gclc 1.3412494 1.8561754 1.9251647 2.614522 2.2760172

Q3TBV5Interleukin-1 OS=Mus musculus OX=10090 GN=Il1rn PE=1 SV=1Il1rn 0.814008 0.8710771 0.8861326 1.3635639 1.1061563

Q80XI7Vomeromodulin OS=Mus musculus OX=10090 GN=Bpifb9a PE=1 SV=1Bpifb9a 0.4792562 0 0.5324393 0.2322421 0

Q9JHU2Palmdelphin OS=Mus musculus OX=10090 GN=Palmd PE=1 SV=1Palmd 0.7274974 0.4954932 0.5562589 0.3236167 0.3257404

P08121Collagen alpha-1(III) chain OS=Mus musculus OX=10090 GN=Col3a1 PE=1 SV=4Col3a1 56.139173 41.492384 36.353701 23.512778 19.105304

F6VQ19Leucine-rich repeats and calponin homology (CH) domain containing 2 (Fragment) OS=Mus musculus OX=10090 GN=Lrch2 PE=1 SV=1Lrch2 4.9126356 3.4313648 2.3881895 2.0607958 1.2500886

B1ATS5Calcium-transporting ATPase OS=Mus musculus OX=10090 GN=Atp2a3 PE=1 SV=1Atp2a3 1.4631775 1.787457 1.0079894 0.7063152 0.6633491

P01872Immunoglobulin heavy constant mu OS=Mus musculus OX=10090 GN=Ighm PE=1 SV=2Ighm 38.574343 52.164023 67.059408 24.166306 20.270004

Q8CI85Carbonic anhydrase 12 OS=Mus musculus OX=10090 GN=Ca12 PE=1 SV=1Ca12 0.4366282 0.230341 0.2500925 0.1627861 0.0668787

Q80Z71Tenascin-N OS=Mus musculus OX=10090 GN=Tnn PE=1 SV=2Tnn 30.269271 17.99507 16.968698 8.3736747 6.5495603

Q61418H(+)/Cl(-) exchange transporter 4 OS=Mus musculus OX=10090 GN=Clcn4 PE=2 SV=2Clcn4 0.3001895 0.187741 0.3013473 0.0830175 0.121413

Q3U4G0CDAN1-interacting nuclease 1 OS=Mus musculus OX=10090 GN=Cdin1 PE=2 SV=2Cdin1 6.1045607 3.4100187 2.356415 1.3734982 0

A0A075B5M7Immunoglobulin kappa variable 5-39 OS=Mus musculus OX=10090 GN=Igkv5-39 PE=1 SV=7Igkv5-39 2.9409241 4.608666 1.7195131 0.4714762 0.8763259

Figure3D % PFKFB3+ cells Figure3G

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

45.88452 51.1245 18.214 28.214 18.2224

49.2157 53.2145 12.545 31.2154 15.2487

50.1247 49.548 17.2254 34.2215 11.24458

52.214 48.2157 15.2487 34.21578 21.2145

53.2148 47.21578 17.20145 37.2145 19.224

45.2158 55.2154 18.2158 28.3145 11.2457 Figure3M

47.2157 54.21558 21.548 33.21452 13.2145

46.2115 56.321547 23.11547 34.21154 12.8745



Figure3P



HFD-S-C3 FC P-value FDR SG treatment/vehicle

1.5659126 8.1999836 0.0131556 0.8100623 up

3.2642468 4.2894294 0.0110028 0.8100623 up

0.2910865 2.0812072 0.0326816 0.8100623 up

1.0045395 1.9177981 0.0357073 0.8100623 up

0.9849134 1.9140428 0.0096083 0.8100623 up

0.1284727 1.9044574 0.0201517 0.8100623 up

0.8863971 1.87319 0.0474329 0.8100623 up

1.2362959 1.7708178 0.0075982 0.8100623 up

0.4660246 1.7189914 0.0345981 0.8100623 up

0.3892088 1.6850773 0.0470009 0.8100623 up

7.2488772 1.6836205 0.0136364 0.8100623 up

1.2854294 1.6535552 0.0450342 0.8100623 up

3.0622615 1.6435297 0.0210063 0.8100623 up

0.1848694 1.6390769 0.0046431 0.8100623 up

0.8441107 1.6050921 0.0216446 0.8100623 up

0.6080109 1.5734824 0.0060401 0.8100623 up

1.0343171 1.5670852 0.042345 0.8100623 up

0.3383 1.5598283 0.0141945 0.8100623 up

4.7112371 1.5513369 0.0302565 0.8100623 up

0.8179383 1.5427135 0.0284784 0.8100623 up

0.3338409 1.5348238 0.043978 0.8100623 up

0.3522031 1.5129108 0.0023528 0.8100623 up

2.8429094 1.5096757 0.0464143 0.8100623 up

1.3900032 1.5011267 0.0217501 0.8100623 up

0.2677941 0.4942556 0.0194298 0.8100623 down

0.2155876 0.486129 0.016045 0.8100623 down

20.692999 0.4725227 0.0159168 0.8100623 down

1.6091446 0.4584366 0.0467099 0.8100623 down

0.5052334 0.440259 0.0218976 0.8100623 down

16.893694 0.388662 0.0119558 0.8100623 down

0.1250033 0.386744 0.0464485 0.8100623 down

9.1805936 0.3695034 0.0176758 0.8100623 down

0.0781076 0.3579705 0.0084116 0.8100623 down

0.8844611 0.2853122 0.0435306 0.8100623 down

0.6395332 0.2144043 0.0166534 0.8100623 down

 p-PFKFB3 / β-actin   average intensity Figure3H
SG 0h SG 4h SG 6h SG 12h SG 24h

0.476705 0.513774 1.057792 0.93085 1.239977

0.45 0.65 1.1 0.98 1.24

0.54 0.55 0.99 1.21 1.32

Figure3N LDH/ β-Actin average intensity
Ctrl Semagluti Metformin Ctrl Semagluti

0.729645 1.098186 1.213653 1.2 0.9

0.625556 1.144134 1.283521 1.31 1.1

0.56654 0.970868 1.1296 1.237883 0.89

 PDH / β-Actin average 

intensity



 LDH activity

 Ctrl SG TNF TNF+SG Figure3R PDH / β-Actin Average intensity

12.356977 13.726382 22.973686 18.564219 Ctrl

15.348848 11.382861 21.168533 16.714936 0.425642

16.034318 19.921392 26.850514 9.4695562 0.458226

14.822232 18.291575 25.386792 8.815648 0.543792

11.119209 11.636838 21.468024 17.72796



 p-AMPK/ β-actin   average intensity Figure3K p-PFKFB3 / β-Actin average intensity 
SG 0h SG 4h SG 6h SG 12h SG 24h Ctrl Compound C

0.25258 0.381873 0.589486 0.777833 1.136082 0.525305 0.760105

0.425 0.45 0.67 0.87 1.21 0.61831 0.752318

0.33 0.51 0.7 0.98 1.23 0.551665 0.652

LDH/ β-Actin average intensity Figure3O  PDH activity 
Metformin  Ctrl SG TNF TNF+SG

1.3 7.5275497 9.3760665 4.3514739 11.731574

1.4 8.4450211 10.657332 3.2644265 9.5631229

1.228738 7.1364172 8.8467357 5.6355523 9.4950521

7.4451625 13.389714 5.8647477 12.224561

9.910969 14.498835 6.0356555 11.204004



PDH / β-Actin Average intensity Figure3T  % p-AMPK+ cells

Compound CSemaglutide SG + CC ObesityObesity+SemaglutideObesity+DMMObesity+DMM+Semaglutide

0.26873 1.116863 0.575973 38.696538 51.595745 10.144928 43.552632

0.530031 1.062531 0.322516 46.391753 46.493902 32.339956 46.710526

0.574606 0.930425 0.851671 58.914729 49.504951 41.843972 58.962264

62.831858 54.225352 36.935867 55.463918

56.060606 46.561886 21.09375 54.481132

59.88024 42.587601 17.261905 55.4

59.8234 46.689895 45.844504 43.643512

50.205761 57.755776 32.475397 34.223919



p-PFKFB3 / β-Actin average intensity 

Semaglutide SG + CC

0.965736 0.498798

1.043401 0.516075

1.121091 0.789146



Obesity+DMM+Pair feeding

27.407407

31.656805

39.8

25.348542

43.352601

39.317181

31.323877

41.877256



Figure4A

Time (minutes) Ctrl

1.310556 6.21291 6.545535 6.869481 6.787192 6.600354 6.89014

7.721651 6.507307 5.893514 6.358475 6.737531 6.423457 6.712969

14.178508 6.174219 5.590978 6.169141 6.76914 6.407744 6.953176

20.731533 18.930146 19.335722 19.086263 19.707037 19.65347 19.864131

27.188211 19.83574 21.060328 21.307307 21.340364 21.062741 20.467751

33.642806 20.627563 21.989954 22.161029 21.76313 22.047106 20.379273

40.184389 24.586429 26.405794 26.290443 22.65028 25.640485 22.423312

46.640286 25.908945 27.575412 27.852866 25.765058 27.272511 25.083706

53.099829 26.05927 26.856369 28.08184 26.979617 27.012057 25.996894

59.642401 8.47302 8.596781 8.921368 8.827996 8.245317 8.952823

66.09934 6.87855 6.729747 7.694138 6.488677 7.00886 6.514818

72.559925 5.830331 6.030419 6.617307 5.789996 5.806706 5.486731

Figure4B Glycolysis Figure4C

Ctrl SG TNF TNF+SG

14.45 14.01 26.68 19.77

16.4 13.37 27.85 25.22

15.99 11.14 25.26 23.23

14.99 10.95 26.18 20.81

15.64 12.09 24.27 21.59

13.43 12.18 26.14 21.79

Figure4D

Time (minutes) Ctrl

1.311077 50.620001 53.707175 63.243198 55.356789 56.430644 58.769944

7.777132 48.124708 50.888548 60.031238 51.873436 51.591618 53.850532

14.243446 47.503723 50.806352 59.916789 51.144447 47.980623 53.162308

20.790499 18.968821 19.765341 27.435096 18.572695 19.006294 21.844641

27.252292 18.609642 19.350843 29.088304 20.00964 18.769276 20.936442

33.721472 18.346361 19.656641 26.741678 19.340426 18.491427 20.411599

40.271772 51.789608 54.605978 53.150661 59.356148 44.985517 66.42365

46.740291 45.917622 46.608194 53.134014 52.060534 42.157124 55.865205

53.206254 47.391485 47.521968 56.420232 52.045391 43.484724 54.794015

59.753211 14.107099 14.200758 21.501611 13.815602 13.361636 16.5012

66.220568 12.639761 13.927092 19.082369 13.322816 11.959503 15.478018

72.690268 12.737072 13.191059 19.400997 13.001821 12.454286 14.671599

Figure4E Basal Respiration Figure4F ATP production coupled respiration

Ctrl SG TNF TNF+SG Ctrl

34.77 43.18 9.31 21.08 29.16

37.62 39.85 11.07 20.73 31.15

40.52 37.91 11.09 28.45 33.18

38.14 36.84 10.99 25.24 31.8

35.53 39.58 10.31 25.95 29.49

38.49 32.35 8.99 23.85 32.75

Figure4H Total ATP production Figure4I

Ctrl SG TNF TNF+SG

263.1 318.3 226.5 292.3 Ctrl

290.4 292.8 242.1 303.2 SG

294.4 262.2 271.9 288.2 TNF



279.1 263.1 266.2 285 TNF+SG

276.1 289.2 231.4 287.8

267.6 244.1 227.6 304.8



ECAR (mpH/min/10000cells)

SG TNF

5.630521 6.252225 6.573551 6.004416 6.599385 6.37244 9.942393 10.052266 10.953072

5.411821 6.333689 6.291945 6.301672 6.547439 5.51173 7.824865 8.794294 9.109199

5.449668 6.652026 6.42582 5.847847 6.440873 5.412144 7.715541 8.020251 8.245417

18.265293 18.940957 18.04161 17.294571 18.572604 16.253493 31.382923 32.433869 30.709171

18.997954 19.689713 17.596352 17.002652 18.432401 17.099515 34.390706 35.873708 33.501382

19.46321 20.025411 17.568185 16.796483 18.530941 17.588444 34.028258 35.010464 33.539792

22.652972 23.358984 21.864635 19.828318 20.911315 18.752492 34.782748 34.537189 32.839523

24.347972 24.399506 21.690155 20.969351 22.145993 20.799123 35.849255 37.066191 35.011524

23.417748 24.109519 20.945584 20.884553 21.551365 20.876968 36.845897 38.290534 36.150751

8.044327 9.2539 7.563406 6.415451 7.358125 6.673807 13.129809 14.099572 11.734322

6.483556 7.779969 5.691916 5.241599 5.88091 5.766186 7.839563 8.860668 7.358981

5.215437 6.094855 4.370585 3.847128 4.42936 4.941496 6.537478 7.345735 6.12693

ATP production from Glycolysis

Ctrl SG TNF TNF+SG

123 109.2 199.8 183.7

140.7 105.1 210.5 169.4

134.8 85.2 235.4 180.6

126.3 83.4 226.9 170.3

134.4 91.9 198.8 172.6

110.4 98.8 196.8 178.1

OCR (pmol/min/10000 cells)

SG TNF

67.57769 62.13254 59.11309 61.43156 62.63227 53.14538 25.883125 28.577122 31.78649

62.0458 57.13017 56.02276 57.09959 56.8411 49.085 24.34554 26.47822 29.98315

60.8356 55.73156 54.68136 56.05296 55.36997 48.36807 25.30747 26.7837 31.22334

26.73462 23.47896 22.3687 24.57131 21.99226 23.12288 19.49776 19.69383 23.77106

24.86626 22.59298 21.87992 24.1045 21.45086 22.0463 19.512521 20.829797 23.90342

23.93826 23.03879 22.17643 23.88419 21.44779 22.9367 19.90362 20.318196 23.80261

82.10411 83.56465 76.21702 68.28396 72.42211 73.19327 24.010527 28.52478 29.27404

70.55584 71.6366 66.28703 60.44129 62.82778 62.80062 25.966378 27.746979 29.51615

70.82076 72.15286 66.44468 60.94634 63.59973 60.77801 24.235194 26.327068 28.61383

18.44974 16.56455 16.74073 19.41251 15.90736 14.30237 16.617158 17.128015 20.65401

18.40379 17.31969 16.53224 18.89721 15.98555 15.40001 15.99824 15.71114 20.13049

17.65996 15.88097 16.76914 19.21073 15.79033 16.02106 15.55975 16.87564 19.1857

ATP production coupled respiration Figure4G ATP production from OXPHOS

SG TNF TNF+SG Ctrl SG TNF TNF+SG

36.9 5.4 18.39 140 209.1 26.8 108.6

32.69 6.47 18.54 149.7 187.7 31.6 133.8

32.5 7.42 23.97 159.6 177 36.4 107.7

32.17 8.08 21.47 152.8 179.7 39.3 114.6

33.92 6.69 22.12 141.7 197.3 32.6 115.2

25.43 6.29 20.43 157.2 145.4 30.8 126.7

ATP production

Glycolytic ATP Oxidative ATP
123 140.7 134.8 126.3 134.4 110.4 140 149.7 159.6

109.2 105.1 85.2 83.4 91.9 98.8 209.1 187.7 177
199.8 210.5 235.4 226.9 198.8 196.8 26.8 31.6 36.4



183.7 169.4 180.6 170.3 172.6 178.1 108.6 133.8 107.7



TNF TNF+SG

11.675701 9.967446 10.138028 6.816763 7.675296 6.711622 7.462265 8.796452 8.432072

9.584678 9.251286 8.40989 7.253313 6.338116 6.603722 7.823575 8.560463 7.477479

9.092234 8.089955 7.516582 6.912505 5.929102 6.105725 7.501924 8.025672 7.157721

32.452891 29.781297 30.43534 26.766705 26.612314 26.329533 28.609964 29.093389 27.427309

35.272585 32.357024 33.655749 26.677609 31.14704 29.335926 28.311787 29.615142 28.947654

33.930544 31.48942 32.807292 26.331953 31.129265 28.860454 28.130334 29.47616 28.071518

34.570645 32.107793 31.40822 32.480868 30.816579 28.817382 33.630103 33.899849 28.30231

35.907452 33.920706 32.883104 32.824625 31.457423 30.353613 32.945212 35.508385 29.11342

36.627873 34.136982 34.118376 32.819784 31.433505 29.86267 32.374867 35.371465 29.508257

12.591633 10.56174 12.767624 9.022942 11.779586 10.08454 8.939619 10.343275 9.889957

7.124006 6.226025 7.097521 5.829001 7.036864 5.810901 5.385542 6.647457 5.302505

6.24787 4.804524 5.982094 4.350657 5.857 4.516087 4.176565 5.470791 4.354901

TNF TNF+SG

30.092458 29.384234 22.483155 34.887123 39.975332 39.117473 39.082656 40.855862 39.667093

29.91699 27.64702 21.31807 32.431566 35.965133 36.237481 36.165505 38.167086 36.209595

27.9008 27.65731 22.82818 30.780751 35.150782 35.2463 35.84359 37.644938 35.213176

20.99 21.33 16.46 11.950161 17.815763 9.291828 15.386622 15.810395 15.337357

21.14 21.89 17.43 12.535706 16.606278 11.279393 14.375729 15.520813 14.781156

19.82 20.97 16.53 12.390573 17.293679 11.202252 15.215251 15.65135 14.37994

24.40 24.48 20.19 44.59075 59.061663 62.572114 52.997898 60.322458 57.309298

24.86 27.37 21.19 42.085542 49.68936 50.584122 48.73741 48.701188 48.88381

24.46 25.26 20.11 41.572025 49.205806 50.459762 49.633985 48.597058 48.537664

17.48343 18.64495 15.32993 9.374929 13.848722 5.69667 11.039492 11.189438 11.693353

16.90759 17.351081 13.835703 10.290629 13.576173 6.780978 10.972621 11.632526 11.679278

16.140013 17.57353 12.88202 9.701332 14.418377 6.798239 10.601318 11.699352 11.366978

Oxidative ATP
152.8 141.7 157.2
179.7 197.3 145.4

39.3 32.6 30.8



114.6 115.2 126.7



Figure5B OARSI score Figure5C

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

0 0 4 4 2 3

0 0 3 2 1 3

1 0 6 6 2 4

0 0 4 3 2 4

0 0 6 3 3 3

0 1 3 4 3 4

0 0 3 4 2 5

1 0 4 2 4 5

0 0 2 6 1 4

0 0

Figure5E Osteophyte Size Figure5F

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

0 0 3 3 2 3

0 0 2 3 1 3

0 0 2 2 2 3

0 0 3 3 2 3

0 0 2 2 2 3

0 0 3 3 3 2

0 0 3 3 2 2

0 0 3 3 2 3

0 0 3 3 1 2

0 0

Figure5H Figure5I

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

1.11 1.03335 0.25 0.24 0.48 0.31

1 1.07244 0.35 0.28 0.61 0.28

0.98 0.94 0.41 0.31 0.52 0.34

1.03 1.0111 0.31 0.27 0.49 0.24

1.05 1.01 0.31 0.3 0.42 0.21

0.95 1.05555 0.26 0.24 0.43 0.26

Figure5K Figure5P

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

1.02 1.02 5.48 3.87 3.48 6.01

1 1.07 3.69 3.78 3.12 5.48

0.98 0.94 3.48 5.98 2.85 4.85

1.03 1.001 4.65 4.15 3.14 3.24

1.05 0.99 4.87 4.68 2.75 3.15

0.95 1.05 5.21 4.23 3.25 3.48

Figure5R Figure5S

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

0.72 0.55 4.84 5.32 0.97 4.69

0.53 0.54 4.14 5.18 1.99 3.69

1.56 1.11 3.4 3.74 2.11 3.78

1.79 1.81 2.98 2.92 1.4 2.89

 % Col-2+  area（fold change）

 % MMP13+  area（fold change）

 CGRP fluorescence intensity（fold change）DRG



0.39 1.9 4.66 4.52 1.4 5.22



Synovitis Score Figure5D

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG Sham

0 0 5 4 2 3 176524

1 1 3 3 3 3 168854

0 0 5 5 2 4 175515

0 0 4 3 2 4 162257

0 0 4 3 3 3 185547

0 0 3 5 3 4 195524

0 0 4 5 2 5 157885

0 0 3 3 4 5 165547

0 0 3 5 3 5 178859

0 0 172158

Osteophyte Maturity

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

0 0 2 3 1 3

0 0 3 3 1 3

0 0 2 3 1 3

0 0 3 2 2 3

0 0 3 2 3 3

0 0 2 2 3 2

0 0 3 3 2 3

0 0 3 3 1 2

0 0 2 3 2 2

0 0

 % ACAN+ cells (fold change) Figure5J

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG Sham

1.01 1.02 0.14 0.11 0.35 0.11 1.02

1.08 1.07 0.16 0.098 0.35 0.17 1

0.98 0.97 0.21 0.14 0.32 0.16 0.98

1.03 1.05 0.18 0.15 0.37 0.15 1.03

1.05 1.04 0.16 0.16 0.32 0.13 1.05

0.95 1.05 0.19 0.18 0.29 0.15 0.94

Figure5Q

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG Sham

0.97 1.05 7.56 13.94 0.92 13.06 1.47

0.85 0.07 6.7 4.54 1.28 8.52 0.96

1.23 1.61 12.04 9.94 0.58 17.68 1.86

0.48 1.03 2.99 13.81 2.27 8.25 0.13

1.52 1.08 13.43 13.08 6.94 4.86 1.03

0.95 0.48 19.73 2.13 0.55

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

0.25 0.59 2.85 3.42 1.57 2.57

0.77 1.92 1.43 1.86 0.57 2.58

0.65 1.46 2.44 2.69 0.93 2.42

1.94 0.24 3.75 3.75 1.12 4.21

 CGRP fluorescence intensity（fold change）Knee Joint NGF fl

  NGF fluorescence intensity（fold change）DRG



1.38 0.72 3.48 3.41 1.98



Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

187765 39729.231 73470 152242 99856

168457 30740.769 59270.769 132254 154475

175125 67720 60798.462 157845 125547

156984 74240.769 73998.462 178542 112546

195547 68194.615 50215.385 123647 98241

153687 68870.769 70354.615 115478 72212

175428 64649.231 79922.308 132548 102145

186254 87083.077 50792.308 154425 112354

165875 73385.385 87313.846

162485

 % ADAMTS5+ cells(fold change)

Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

1.02 4.28 4.94 3.25 4.26

1.07 4.98 4.26 3.14 4.65

0.94 4.78 5.2 2.98 4.87

1.02 4.19 4.68 2.48 4.639

1.01 5.12 4.78 3.65 4.74

1.05 5.32 5.02 3.51 4.632

Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

1.04 4.11 17.73 1.65 11.76

0.63 4.62 3.89 1.21 10.72

0.28 8.16 6.39 2.64 5.82

0.26 5.73 8.88 3.13 7.42

1.83 17.15 8.78 2.93 6.96

0.72 10.59 1.68 1.79

 cartilage area (μm2)

 fluorescence intensity（fold change）Knee Joint



Figure6B OARSI score Figure6C

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

1 0 3 4 3 5

0 0 4 4 2 4

0 0 6 6 1 4

1 6 5 1 5

5 3 2 4

1 3

4 4

5

4

Figure6E Osteophyte Size Figure6F

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

0 1 3 2 1 3

1 0 3 2 1 2

0 0 2 2 1 1

0 2 2 2 1

2 3 1 2

1 2

1 2

3

2

Figure6H Figure6I

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

1.14 0.92 0.22 0.28 0.47 0.24

0.91 1.08 0.29 0.25 0.74 0.53

0.96 0.91 0.43 0.34 0.52 0.34

1.04 0.47 0.49 0.87 0.32

0.36 0.27 0.5 0.47

0.65 0.48

0.55 0.37

0.2

0.27

Figure6K Figure6P

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

0.85 0.52 8.12 10.75 3.97 10.23

1.27 0.84 11.85 10.65 5.78 12.25

0.88 1.18 8.86 11.93 4.25 8.8

1.06 12.68 8.96 5.89 13.13

13.02 13.27 4.53 8.69

5.98 10.33

10.23 10.98

12.58

10.51

 % Col-2+  area（fold change）

 % MMP13+  area（fold change）



Figure6R Figure6S

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

1.24 1.18 3.62 3.36 1.33 1.56

0.91 0.9 4.25 2.29 2.46 3.74

0.85 0.83 2.66 2.42 1.07 2.49

1.13 2.23 3.46 0.64 5.53

3.18 3.18 0.97

 CGRP fluorescence intensity（fold change）DRG



Synovitis Score Figure6D

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG WT+Sham

1 0 4 3 2 4 169439.09

0 1 3 3 2 3 192556.72

0 0 5 4 3 5 183422.51

0 4 5 3 3

5 4 2 4

2 3

3 2

3

2

Osteophyte Maturity

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

0 0 1 2 1 3

1 1 1 1 1 2

0 0 2 2 2 1

0 2 2 2 1

3 3 2 2

1 2

1 2

2

1

 % ACAN+ cells (fold change) Figure6J

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG WT+Sham

0.99 1.12 0.39 0.23 0.5 0.25 1.3

0.89 1.05 0.47 0.3 0.62 0.32 1.08

1.13 0.92 0.49 0.36 0.45 0.43 0.62

1.01 0.27 0.37 0.77 0.42

0.32 0.3 0.77 0.32

0.61 0.45

0.52 0.34

0.38

0.2

Figure6Q

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG WT+Sham

1.01 1.08 3.68 4.95 2.58 4.26 0.99

1.03 1.03 4.25 3.12 3.45 3.24 1

0.97 0.98 4.68 3.24 2.68 3.15 0.98

0.78 3.42 4.36 2.64 4.57

4.42 4.28 2.34 4.62

3.54

 CGRP fluorescence intensity（fold change）Knee Joint NGF fl



WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

0.82 1.16 4.06 2.35 1.61 2.94

1.6 1.7 2.32 2.96 1.19 2.74

0.58 0.42 2.62 2.08 1.35 2.11

0.62 3.22 2.56 1.35 2.45

1.08 2.56 0.72

  NGF fluorescence intensity（fold change）DRG



Prkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

171309.81 38926.45 42719.58 158724.35 148500.44

200052.23 45638.72 102467.58 171485.63 82754.06

180486.7 117429.61 124596.34 141629.85 97673.73

194673.5 92685.41 74819.52 135742.18 122528.19

78642.93 88217.35 165237.84 112332.99

126177.63 105533.17

145678.2 110648.47

88354.4

56328.41

 % ADAMTS5+ cells(fold change)

Prkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

0.99 7.16 8.09 4.28 6.99

0.84 8.26 5.32 4.92 4.59

1.87 5.52 7.58 3.25 6.71

1.06 4.5 7.08 4.7 5.86

9.3 8.97 5.86 7.89

2.88 5.16

3.68 8.51

5.05

5.96

Prkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

1.02 5.24 4.98 3.24 5.15

1.01 5.68 5.24 2.25 5.36

0.99 4.98 4.97 2.98 4.58

1.04 4.32 5.23 3.15 4.87

4.16 5.47 3.54 4.96

5.04

 cartilage area (μm2)

 fluorescence intensity（fold change）Knee Joint



General information

List Group Name Age (50-75y) Sex OA (K-L grading)

1 HA+Semaglutide LJH 57 F /

2 HA+Semaglutide XC 50 M II

3 HA+Semaglutide CYH 55 F III

4 HA+Semaglutide ZFR 54 F II

5 HA+Semaglutide ZXJ 57 M /

6 HA+Semaglutide LCH 68 F III

7 HA+Semaglutide LYF 51 F III

8 HA+Semaglutide CYH 60 F III

9 HA+Semaglutide LJH 64 F III

10 HA+Semaglutide SMZ 63 F III

1 HA LXG 75 M II

2 HA XJH 56 M II

3 HA ZGY 58 F II

4 HA CYQ 68 F II

5 HA ZJ 57 F II

6 HA YHZ 50 F III

7 HA CSX 58 M /

8 HA ZHC 74 M III

9 HA ZZZ 54 M II

10 HA LXZ 73 F III

Figure 7E

General information Catrilage thickness

List Group Name Pre-treatment Post-treatment

1 HA+Semaglutide LJH 2.046 2.439

2 HA+Semaglutide XC 1.604 1.924

3 HA+Semaglutide CYH 1.71 2.013

4 HA+Semaglutide ZFR 1.853 2.152

5 HA+Semaglutide ZXJ 1.403 1.651

6 HA+Semaglutide LCH 2.437 2.731

7 HA+Semaglutide LYF 1.611 1.838

8 HA+Semaglutide CYH 1.95 2.156

1 Conventional LXG 2.81 2.759

2 Conventional XJH 1.663 1.665

3 Conventional ZGY 1.539 1.534

4 Conventional CYQ 1.506 1.578

5 Conventional ZJ 1.405 1.387

6 Conventional YHZ 1.299 1.468



Figure 7B

Before After 1 week After 12 week After 24 week

MRI evaluation

Checked 35 35 34 33

Checked 33 32 30 29

Checked 29 29 28 27

Checked 33 33 31 30

Checked 32 32 29 29

Checked 34 33 31 30

Checked 33 33 33 32

Checked 35 34 33 33

/ 29 28

/ 33

Checked 40 41 41 41

Checked 33 34 33 33

Checked 33 32 33 32

Checked 32 31 33 32

Checked 33 33 33 33

Checked 29 30 30 30

Checked 28

/ 28 27

/ 32 32

/ 33 33

Figure 7F

List Group Name Improvement %

1 HA+Semaglutide LJH 19.17

2 HA+Semaglutide XC 19.98

3 HA+Semaglutide CYH 17.72

4 HA+Semaglutide ZFR 16.12

5 HA+Semaglutide ZXJ 17.73

6 HA+Semaglutide LCH 12.06

7 HA+Semaglutide LYF 14.11

8 HA+Semaglutide CYH 10.53

1 Conventional LXG -1.84

2 Conventional XJH 0.10

3 Conventional ZGY -0.28

4 Conventional CYQ 4.76

5 Conventional ZJ -1.23

6 Conventional YHZ 12.98

BMI (>28kg/m2)



Figure S7B

Before After 1 week After 12 week After 24 week Before

WOMAC-Pain

15 13 8 4 7

16 15 6 3 7

12 12 7 3 4

15 14 9 6 5

20 17 12 5 8

13 12 11 7 5

12 11 11 11 5

15 14 14 11 6

16 15 6

20 8

15 14 7 6 7

20 18 9 6 5

17 17 9 8 5

15 16 9 8 6

14 12 7 5 6

14 10 6 4 6

20 6

13 12 7

19 18 7

20 18 8



Figure S7C Figure 7C

After 1 week After 12 week After 24 week Before After 1 week

WOMAC-Stiffness WOMAC-Physical Function

5 2 2 63 62

5 3 2 65 62

5 3 2 45 48

5 2 1 48 41

5 3 2 63 43

3 2 2 65 62

3 3 3 64 58

3 4 3 57 55

5 60 46

60

3 3 3 55 50

3 2 2 48 45

5 3 3 59 55

5 3 3 45 43

5 3 1 53 40

4 2 2 44 45

63

6 53 56

5 55 50

8 63 60



Figure 7C Figure S7D

After 12 week After 24 week Before After 1 week After 12 weekAfter 24 week

WOMAC-Physical Function WOMAC-Total score

55 33 85 80 65 39

47 31 88 82 56 36

37 29 61 65 47 34

33 22 68 60 44 29

25 20 91 65 40 33

42 24 83 77 55 24

55 23 81 72 69 23

55 26 78 72 73 32

82 66

88

42 40 77 67 52 49

38 33 73 66 49 41

43 41 81 77 55 52

38 35 66 64 50 46

33 28 73 57 43 34

38 30 64 59 46 36

89

73 74

81 73

91 86



Figure S1C Figure S1D

 Non-obesity mice sham OA Obesity mi sham OA

81.37 70.34 60.48 53.28 
74.84 65.88 71.88 48.81 
75.02 58.33 75.84 42.66 
87.12 54.86 84.27 65.15 

72.80 34.30 

GLP-1R + (%) GLP-1R + (%)



FigureS2A CHO (mmol/L)

Non Obesity ObesityObesity+SemagutideObesity+DMMObesity+DMM+SemagutideObesity+DMM+Pair feeding

2.62 6.72 3.24 2.96 3.43 3.58

1.83 7.55 4.11 6.33 3.01 3.93

2.74 7.17 3.71 3.75 4.1 4.8

2.72 6.16 3.52 6.69 3.88 3.52

2.48 6.06 3.37 6.51 3.61 2.24

6.32 3.9 5.31 2.35 3.49

7.58 3.04 5.53 4.03 2.53

2.16 3.7 6.18 3.57 4.86

5.6 3.03 5.18 2.02 4.58

4.56 3.17 4.21 2.41 4.43

4.51 2.43 3.8 2.24 5.21

3.48 2.02 4.92 2.96 3.17

4.75 2.5 4.12 2.94 2.35

4.67 2.18 5.05 0.73 5.22

4.13 2.86 3.94 2.49 3.99

4.31 2.98 4.82 2.41 4.38

FigureS2D LDL (mmol/L)

Non Obesity ObesityObesity+SemagutideObesity+DMMObesity+DMM+SemagutideObesity+DMM+Pair feeding

0.3 0.577 0.647 0.496 0.67 0.44

0.6 0.917 0.797 0.669 0.272 0.42

0.4 0.882 0.76 0.664 0.375 0.38

0.7 0.645 0.645 0.91 0.526 0.22

0.7 0.62 0.766 0.704 0.598 0.38

0.531 0.568 0.686 0.237 0.69

0.971 0.422 0.671 0.611 0.54

0.134 0.328 0.924 0.745 0.51

0.256 0.111 0.164 0.096 0.148

0.12 0.12 0.087 0.092 0.141

0.103 0.113 0.087 0.073 0.283

0.08 0.11 0.137 0.075 0.17

0.122 0.094 0.102 0.15 0.129

0.129 0.083 0.166 0.039 0.193

0.127 0.133 0.09 0.123 0.14

0.071 0.202 0.169 0.13 0.154



FigureS2B  TG (mmol/L)

Non Obesity ObesityObesity+SemagutideObesity+DMMObesity+DMM+SemagutideObesity+DMM+Pair feeding

0.53 1.47 2.34 2.8545 1.59 1.51

0.44 2.21 2.78 1.88 1.49 0.95

0.39 1.47 1.76 2.09 1.22 2.19

0.39 1.72 1.87 2.06 1.25 2.04

0.34 2.33 1.91 1.23 1.01 2.07

1.47 1.53 1.66 1.23 2.122

1.47 1.36 1.59 1.71 1.16

2.1154 1.9 1.84 1.41 1.24

0.91 0.62 0.51 0.39 0.71

0.46 0.35 0.45 0.42 0.81

0.63 0.81 0.53 0.4 0.87

0.53 0.6 0.54 0.35 0.67

0.69 0.74 0.71 0.61 0.6

0.81 0.35 0.95 0.19 0.74

0.52 0.76 0.57 0.79 0.36

0.5 0.83 1.15 0.48 0.89

FigureS2E HDL (mmol/L)

Non Obesity ObesityObesity+SemagutideObesity+DMMObesity+DMM+SemagutideObesity+DMM+Pair feeding

1.1 1.49 0.89 1.61 1.14 0.65

0.76 1.16 0.9 1.22 1.23 1.14

1.18 0.56 3.33 1.38 0.71 2.13

1.18 0.74 1.22 0.96 1.25 1.4

1.04 0.64 0.88 0.96 1.06 1.2

0.9 0.09 1.11 2.8 1.49

1.49 1.31 1.06 3.16 1.71

0.64 1.88 1.74 1.67 1.8

2.08 1.46 1.84 0.99 1.75

1.59 1.52 1.64 1.16 1.63

1.76 1.3 1.47 1.08 1.9

1.38 1.06 1.77 1.37 1.37

1.8 1.21 1.64 1.4 1.15

1.66 1.17 1.88 0.4 1.83

1.74 1.38 1.55 1.33 1.67

1.56 1.49 1.68 1.16 1.65



FigureS2C  GHb (ngl/mL)

Non Obesity ObesityObesity+SemagutideObesity+DMMObesity+DMM+SemagutideObesity+DMM+Pair feeding

13.68065 13.68065 32.0117 24.70328 36.46498 20.726

17.10263 17.10263 34.71019 30.2329 29.49643 14.088

32.6082 46.52523 23.27348 39.29078 30.52826 30.233

25.115 12.19361 11.52138 17.37897 23.41599 38.982

32.2147 48.45623 30.67611 29.49643 17.37897 20.726

19.88364 34.77752 26.43282 35.31487 39.291

35.16353 36.36515 25.56616 19.32429 29.349

38.36618 22.84655 45.40733 36.68217 36.073

34.72846 51.69325 46.74214 44.79902 34.5515

16.63875 14.80054 52.57845 34.5515 41.97352

44.79902 46.74214 46.03546 29.76476 48.5094

46.03546 43.91599 33.48935 39.85433 21.18006

35.61299 20.81907 20.27691 35.96669 40.91397

45.85881 32.95798 35.08232 52.75554 42.32669

19.37144 37.73439 36.67392 59.32092 17.00469

29.23156 15.53762 46.56546 28.16414 40.20756



FigureS3B FigureS3C

Obesity Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding

1.921457 1.96654 1.909855 1.900244 1.91142

1.94552 1.95114 1.92054 1.90995 1.91124

1.899987 1.93554 1.92114 1.92548 1.92857

1.912544 1.94552 1.892524 1.902145 1.90214

1.92245 1.90554 1.89554 1.92154 1.921454

1.93554 1.902587 1.94522 1.9325478 1.921112

1.94555 1.93114 1.910024 1.92457 1.87551

1.94256 1.9222 1.90214 1.942547 1.92145

1.9794 1.9844 1.91889 1.89925 1.85681

1.9867 1.9777 1.91133 1.90995 1.89056

1.96144 1.94144 1.92233 1.92889 1.93876

1.94567 1.95367 1.8643 1.895 1.89448

1.92897 1.92997 1.91889 1.9376 1.93962

1.92145 1.90345 1.93273 1.91265 1.91647

1.93486 1.94386 1.90916 1.92657 1.86581

1.94256 1.95356 1.94606 1.9444 1.93495

FigureS3F BV/TV FigureS3G
Obesity Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding

0.24551 0.31224 0.32114 0.24115 0.24551

0.25114 0.25114 0.25441 0.23551 0.26554

0.23554 0.18554 0.26885 0.25887 0.21114

0.22114 0.185547 0.211244 0.26699 0.20114

0.25446 0.21001 0.225654 0.274415 0.28554

0.16884 0.20112 0.23544 0.30221 0.24556

0.20115 0.16554 0.201154 0.22445 0.26998

0.20114 0.2500011 0.255541 0.20114 0.23221

0.234922 0.306466 0.112378 0.142378 0.140102

0.231627 0.240607 0.132878 0.112878 0.111151

0.230162 0.199397 0.125378 0.132378 0.180868

0.215682 0.194023 0.118878 0.112878 0.194263

0.267721 0.18773 0.143994 0.213994 0.130102

0.154852 0.193987 0.165548 0.325548 0.109151

0.150896 0.213877 0.185475 0.189575 0.177622

0.139273 0.146734 0.168826 0.162926 0.172836

FigureS3I BV/TV Subchondral bone FigureS3J
Obesity Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding

0.745214 0.754414 0.782245 0.785545 0.7552

0.721448 0.698854 0.792224 0.824415 0.801124

0.765488 0.765214 0.801142 0.79224 0.78224

0.778545 0.721145 0.720014 0.814424 0.801124

0.7011452 0.751142 0.766524 0.758842 0.721142

0.795824 0.75524 0.745884 0.7855243 0.7100245

0.75441 0.77445 0.782242 0.76224 0.732254

0.76225 0.720014 0.735502 0.741524 0.756624

0.736995 0.746995 0.816987 0.865038 0.773366

0.709646 0.689646 0.788151 0.737809 0.760983

0.786995 0.776995 0.806987 0.842407 0.823624

0.699646 0.679646 0.798151 0.822712 0.799926

0.755048 0.785048 0.816852 0.804264 0.858896

 Ct. BMD (g/cm3)



0.787241 0.897241 0.799262 0.788078 0.800783

0.776824 0.776824 0.771917 0.769556 0.790418

0.797688 0.697688 0.674439 0.622542 0.80375

FigureS3L  Tb.Th (mm) Subchondral bone FigureS3M
Obesity Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding

0.165444 0.1685547 0.2211452 0.2455114 0.2844551

0.154472 0.155474 0.214557 0.178542 0.1584755

0.1778441 0.178444 0.215888 0.25447 0.247851

0.154745 0.152245 0.21442 0.198554 0.268854

0.170021 0.175114 0.2241558 0.214452 0.254775

0.18554 0.19854 0.2284775 0.218655 0.201142

0.1875224 0.189951 0.235475 0.214477 0.221445

0.165472 0.16584 0.185547 0.187524 0.214557

0.152183 0.162183 0.215747 0.243391 0.243692

0.158669 0.150669 0.21267 0.173267 0.163715

0.170829 0.171829 0.210747 0.251763 0.241101

0.156692 0.146692 0.20267 0.186224 0.256633

0.166251 0.176251 0.215492 0.209244 0.241374

0.193807 0.213807 0.224143 0.210817 0.19767

0.195672 0.190672 0.224747 0.217477 0.215941

0.164587 0.154587 0.178034 0.168007 0.204048



 Ct.Th. (mm) FigureS3D

Obesity Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding Obesity

0.225874 0.2298524 0.1758841 0.18557 0.18251 0.098854

0.230114 0.235514 0.192342 0.199954 0.225512 0.10554

0.210034 0.201145 0.195114 0.192251 0.201144 0.098774

0.201245 0.211142 0.189554 0.20114 0.19857 0.089554

0.210025 0.24521 0.1912254 0.214452 0.18854 0.096554

0.231454 0.209445 0.187224 0.198854 0.1924778 0.089554

0.242215 0.201422 0.1978 0.1899574 0.195475 0.091224

0.202214 0.22145 0.187214 0.189954 0.1954566 0.08775

0.22337 0.2407 0.192933 0.196829 0.185454 0.091171

0.223927 0.219927 0.192342 0.197685 0.183402 0.085433

0.21377 0.20977 0.187777 0.192251 0.1960955 0.098124

0.191233 0.199267 0.170398 0.19579 0.19227 0.082319

0.212999 0.208999 0.192933 0.196694 0.181666 0.081245

0.225645 0.226645 0.19248 0.191223 0.187334 0.089538

0.213158 0.203158 0.182345 0.196704 0.177792 0.082346

0.201741 0.198741 0.187661 0.197898 0.172176 0.080871

FigureS3H
Obesity Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding Obesity

1.35482 1.36884 1.352248 1.342551 1.321155 0.24115

1.31254 1.26554 1.28775 1.29885 1.30224 0.21445

1.26584 1.242155 1.33524 1.28445 1.25664 0.23554

1.30225 1.20114 1.26554 1.26554 1.24558 0.22114

1.251445 1.25662 1.25447 1.29887 1.266654 0.20114

1.29554 1.32114 1.26654 1.32145 1.30224 0.19221

1.24587 1.24558 1.301142 1.34552 1.24775 0.18772

1.2648 1.23554 1.24552 1.25668 1.26554 0.24552

1.24408 1.11408 1.34963 1.26146 1.3236 0.243079

1.22332 1.25632 1.22274 1.27688 1.28179 0.231677

1.26408 1.22708 1.24513 1.27339 1.25801 0.256779

1.28632 1.20632 1.25199 1.2533 1.25517 0.211377

1.26223 1.26623 1.21963 1.29689 1.24484 0.23427

1.28126 1.30196 1.20274 1.2273 1.25969 0.17233

1.26012 1.25812 1.24285 1.2269 1.2595 0.192131

1.29942 1.24162 1.24257 1.23133 1.23745 0.242299

FigureS3K  Tb.Sp. (mm) Subchondral bone
Obesity Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding Obesity

3.01584 3.12447 2.89557 2.988457 2.68745 0.1420014

3.115777 3.311445 2.76669 2.92457 3.1445 0.16241

3.21444 3.315478 3.012445 2.6985441 2.875145 0.138854

3.127884 3.02147 3.041117 3.021475 2.788542 0.175514

3.401115 3.02144 2.88745 2.875999 2.688755 0.125999

3.175142 3.127884 2.78954 2.687554 3.024047 0.135542

3.0002447 3.07472 2.68874 2.82214 2.982247 0.145521

3.120747 3.12414 2.75842 2.8799954 2.74458 0.184422

3.02051 3.02051 2.85105 2.7282 2.51201 0.131024

3.11948 3.21948 2.73184 2.9243 3.22314 0.16934

3.21051 3.31051 2.95105 2.55648 2.62755 0.140239

3.12948 3.02948 2.93184 3.15346 2.3179 0.173398

3.30398 3.27398 2.66391 2.87072 2.68902 0.139188

 Tb. BMD (g/cm3)

 Tb.N. (mm-1) Subchondral bone



3.12717 3.1717 2.64022 2.87103 3.04289 0.121481

2.98931 2.98931 2.39347 2.90619 2.8556 0.133854

3.0741 3.0341 2.85123 3.00638 3.05137 0.171115

Obesity Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding

1.6455514 1.6851442 1.685542 1.7022145 1.6751452

1.652014 1.632542 1.6988524 1.642251 1.6485245

1.654857 1.687745 1.675514 1.682242 1.685542

1.6652214 1.624414 1.6852004 1.69242 1.627758

1.657884 1.6788541 1.710114 1.701245 1.674582

1.6755412 1.695542 1.682247 1.654782 1.62254

1.6844575 1.701224 1.682044 1.665287 1.64588

1.642251 1.63445 1.610224 1.63245 1.701257

1.66846 1.67846 1.67212 1.72832 1.66519

1.648028 1.628028 1.70962 1.63039 1.63988

1.66846 1.66846 1.68212 1.71832 1.72228

1.68028 1.58028 1.68962 1.68885 1.67998

1.64101 1.66101 1.70008 1.69906 1.77449

1.66737 1.76737 1.67876 1.64085 1.69793

1.68494 1.69494 1.66196 1.65293 1.66004

1.60985 1.58985 1.57286 1.54306 1.73553

 BMD (g/cm3) Subchondral bone



 Tb.Th. (mm)

Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding FigureS3E

0.091241 0.065547 0.078869 0.074451 Obesity Obesity+S

0.098541 0.068845 0.0811452 0.068995 3.84472 4.12241

0.086543 0.054478 0.081154 0.069985 4.21454 3.44785

0.089975 0.078845 0.086652 0.075415 3.99854 3.8854174

0.091124 0.069954 0.084424 0.068875 3.11452 3.22458

0.087745 0.075541 0.086654 0.074451 3.77541 3.55654

0.092445 0.071154 0.084452 0.080024 3.66584 3.447541

0.086654 0.081124 0.075541 0.075514 3.7514 4.012524

0.0890171 0.068726 0.08495 0.080388 3.55417 3.55471

0.085899 0.071705 0.088705 0.072901 3.12369 3.24169

0.082171 0.079935 0.081685 0.081049 3.231312 3.11412

0.083199 0.077193 0.085611 0.076185 3.26169 3.34169

0.081865 0.075726 0.082126 0.077964 3.102 3.00412

0.089254 0.074705 0.081488 0.077694 3.50016 3.47016

0.084296 0.075432 0.079892 0.080835 3.82411 3.81411

0.083431 0.078252 0.076467 0.070578 3.69094 3.70094

3.01016 2.99016

 Tb. Sp. (mm)
Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding

0.25441 0.25441 0.15774 0.13554

0.16551 0.21445 0.25445 0.19885

0.23664 0.14558 0.31554 0.23554

0.21114 0.30224 0.14558 0.25447

0.25221 0.25668 0.22558 0.25668

0.17554 0.28554 0.26665 0.24551

0.19885 0.15335 0.24775 0.26658

0.18557 0.23665 0.21544 0.24115

0.256079 0.264784 0.223736 0.187686

0.245677 0.317197 0.240567 0.198834

0.227079 0.234821 0.168178 0.223826

0.259677 0.235423 0.244667 0.224498

0.206307 0.274784 0.194928 0.241369

0.17293 0.327197 0.26596 0.232864

0.195906 0.216216 0.253361 0.236123

0.250999 0.254074 0.235799 0.254816

 Tb.Sp. (mm) Subchondral bone
Obesity+S Obesity+ Obesity+DObesity+DMM+Pair feeding

0.1455214 0.12547 0.125477 0.15744

0.154427 0.136547 0.168472 0.15472

0.136524 0.145726 0.154752 0.168852

0.1902472 0.1524472 0.1784155 0.1751442

0.119885 0.168475 0.145242 0.162543

0.135447 0.147515 0.1254756 0.1258745

0.165542 0.165247 0.1547752 0.1289554

0.1354712 0.135452 0.168542 0.142215

0.131024 0.129115 0.123152 0.154396

0.17934 0.130413 0.168694 0.146541

0.130239 0.128115 0.1394 0.139482

0.183398 0.138413 0.130888 0.174792

0.129188 0.159896 0.139101 0.130509

 T



0.101481 0.154613 0.13749 0.130965

0.143854 0.193057 0.126617 0.134248

0.175 0.172693 0.16462 0.123673



Obesity+ Obesity+DObesity+DMM+Pair feeding

3.22547 3.55478 3.6245

3.55887 3.88954 3.55415

3.66547 3.99542 3.21554

3.02145 4.01254 3.62554

3.66874 3.254487 3.221463

3.21554 3.36544 3.12455

3.11458 3.11447 3.33254

3.25475 3.45218 3.11452

2.91298 3.23953 3.64865

2.68817 3.037 3.54943

3.167 4.00221 3.28004

3.19881 3.02775 3.32577

2.85298 3.63564 3.13153

2.48817 2.88644 3.22001

3.42878 3.02798 3.11568

2.98218 3.23346 3.03588

 Tb.N. (mm-1)



Figure S4A  Average travel speed (mm/s) Figure S4B

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

2.671692 2.308855 1.256145 2.180883 1.137592

2.717288 2.829254 1.012144 1.861923 1.5462

2.496527 2.143291 1.8415 2.002192 1.52339

2.327163 2.324764 1.64154 2.343965 1.16995

3.204173 2.537957 1.010882 1.753754 1.7451

1.807093 1.912021 1.2456 1.782916 1.54812

2.981704 1.57101 1.031999 1.795023 1.4826

2.590473 3.081417 1.747544 2.067286 1.136779

Figure S4E  Locomotion time (s) Figure S4D

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

2988.85 1696.12 1682.87 2010.61 1344.25

2819.88 1928.01 1435.81 1594.91 2021.38

2200.98 1874.8 1726.9 1977.01 1284.9

1861.92 1885.42 1565.62 1756.14 3230.15

1476.09 2002.91 1651.19 1656.34 1531.33

1861.9 2274.24 2171.01 3244.59 1123.21

1987.38 2128.33 1615.96 1653.39 1712.04

1514.81 2117.76 1885.3 1962.09 1807.53

Figure S4G  Immobility counts (times)

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

1949 1407 2192 897 1727

1806 1256 1785 1465 1729

1662 1890 1557 1339 1448

1690 1743 1693 1567 2334

1372 1215 1794 1498 2096

1198 1758 1803 1332 2064

1508 1420 1536 1547 1675

1267 1342 1783 1301 1225



 Climbing time (s) Figure S4C

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding Obesity

3810.41 4191.51 1680.98 2130.02 1516.17 35

4265.29 4762.06 1654.62 2510.19 1477.13 42

4847.99 4680.27 1601.45 3684.93 1238.62 43

4721.45 4237.62 1545.314 2137.57 1507.18 46

5312.55 4255.63 1596.91 2787.96 1324.17 54

5982.44 4671.42 1692.37 2673.71 1781.95 73

5470.83 6751.77 1238.84 1832.92 1275.35 77

6095.72 6476.77 1479.23 2472.82 1987.32 83

  Locomotion counts (times) Figure S4F

ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding Obesity

1876 3625 1301 2063 1048 16465.88

2167 3511 1575 1985 1576 22894.6

2563 3773 1393 2658 1654 24826.48

2670 1523 1463 2041 1546 15861.68

2692 2267 1458 2102 1632 26120.8

3230 1842 1121 2547 1426 17061.4

2561 2549 1456 2354 1548 23528.94

3153 1859 1010 2154 1182 21130.14



 Climbing counts (times)

Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

37 12 23 9

42 14 20 12

44 15 31 15

57 16 34 14

62 17 39 13

64 9 42 11

81 12 41 18

84 21 47 21

Immobility time (s)

Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

21849.43 21419.68 22575.23 27285.45

26325.14 25622.01 16065.44 20837.6

12863.56 28453.65 15512.64 17068.23

14102.42 19685.55 25591.61 23095.13

18480.5 22472.05 17922.47 18256.73

20452.44 19793.88 21041.06 17478.12

20219.05 26765.9 18438.18 29330.98

25003.1 26567.04 21350.92 16338.53



Accession Description Gene HFD-V-C1 HFD-V-C2 HFD-V-C3

O09111NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 11, mitochondrial OS=Mus musculus OX=10090 GN=Ndufb11 PE=1 SV=2Ndufb11 0 0.2563049522 0.163154

P702656-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2 OS=Mus musculus OX=10090 GN=Pfkfb2 PE=1 SV=2Pfkfb2 0.6138674 0 0.7688302

Q6A085Zinc finger protein 629 OS=Mus musculus OX=10090 GN=Znf629 PE=2 SV=2Znf629 0.1381857 0.1035445583 0.1605253

Q61549Adhesion G protein-coupled receptor E1 OS=Mus musculus OX=10090 GN=Adgre1 PE=1 SV=1Adgre1 0.5226469 0.5205402914 0.3219574

P61080Ubiquitin-conjugating enzyme E2 D1 OS=Mus musculus OX=10090 GN=Ube2d1 PE=1 SV=1Ube2d1 0.5220966 0.4452859802 0.49072

A8E0Y8Immunoglobulin superfamily member 2 OS=Mus musculus OX=10090 GN=Cd101 PE=2 SV=1Cd101 0.0833794 0.0569408795 0.0691012

Q9CQ85Mitochondrial import inner membrane translocase subunit Tim22 OS=Mus musculus OX=10090 GN=Timm22 PE=1 SV=1Timm22 0.3913629 0.4457062175 0.3632433

G3UWS1Nebulin (Fragment) OS=Mus musculus OX=10090 GN=Neb PE=1 SV=1Neb 0.7330556 0.6396298092 0.8642098

Q9WUE3Transmembrane reductase CYB561D2 OS=Mus musculus OX=10090 GN=Cyb561d2 PE=1 SV=1Cyb561d2 0.1682896 0.2343157176 0.2402745

Q8BVE8Histone-lysine N-methyltransferase NSD2 OS=Mus musculus OX=10090 GN=Nsd2 PE=1 SV=2Nsd2 0.3224778 0.2371475439 0.2021194

P11031Activated RNA polymerase II transcriptional coactivator p15 OS=Mus musculus OX=10090 GN=Sub1 PE=1 SV=3Sub1 3.8277972 4.7648064003 3.8418882

Q31099H2-M beta 2 OS=Mus musculus OX=10090 GN=H2-DMb2 PE=1 SV=2H2-DMb2 0.4890682 0.6443845394 0.6966026

P61514Large ribosomal subunit protein eL43 OS=Mus musculus OX=10090 GN=Rpl37a PE=1 SV=2Rpl37a 1.9745198 1.7708703926 2.4793727

O889862-amino-3-ketobutyrate coenzyme A ligase, mitochondrial OS=Mus musculus OX=10090 GN=Gcat PE=1 SV=2Gcat 0.1001165 0.1190502001 0.1068605

Q9EP82tRNA (guanine-N(7)-)-methyltransferase non-catalytic subunit WDR4 OS=Mus musculus OX=10090 GN=Wdr4 PE=1 SV=2Wdr4 0.555567 0.7491270923 0.5981803

P70196TNF receptor-associated factor 6 OS=Mus musculus OX=10090 GN=Traf6 PE=1 SV=2Traf6 0.3517841 0.3980904672 0.3273895

Q8VDT9Large ribosomal subunit protein mL50 OS=Mus musculus OX=10090 GN=Mrpl50 PE=1 SV=2Mrpl50 0.5445119 0.6353494377 0.5551741

Q8BTG3T-complex protein 11-like protein 1 OS=Mus musculus OX=10090 GN=Tcp11l1 PE=1 SV=1Tcp11l1 0.1788643 0.227765428 0.2183822

Q61462Cytochrome b-245 light chain OS=Mus musculus OX=10090 GN=Cyba PE=1 SV=3Cyba 2.5013008 3.3300144138 3.0188007

P28033CCAAT/enhancer-binding protein beta OS=Mus musculus OX=10090 GN=Cebpb PE=1 SV=1Cebpb 0.5068604 0.3703500306 0.479745

P03921NADH-ubiquinone oxidoreductase chain 5 OS=Mus musculus OX=10090 GN=Mtnd5 PE=1 SV=3Mtnd5 0 0.2098528135 0.2014871

Q9CQG1Putative glutathione-specific gamma-glutamylcyclotransferase 2 OS=Mus musculus OX=10090 GN=Chac2 PE=1 SV=1Chac2 0.2071656 0.2105818615 0.2343384

P97494Glutamate--cysteine ligase catalytic subunit OS=Mus musculus OX=10090 GN=Gclc PE=1 SV=4Gclc 1.3412494 1.856175379 1.9251647

Q3TBV5Interleukin-1 OS=Mus musculus OX=10090 GN=Il1rn PE=1 SV=1Il1rn 0.814008 0.8710770889 0.8861326

Q80XI7Vomeromodulin OS=Mus musculus OX=10090 GN=Bpifb9a PE=1 SV=1Bpifb9a 0.4792562 0 0.5324393

Q9JHU2Palmdelphin OS=Mus musculus OX=10090 GN=Palmd PE=1 SV=1Palmd 0.7274974 0.4954931938 0.5562589

P08121Collagen alpha-1(III) chain OS=Mus musculus OX=10090 GN=Col3a1 PE=1 SV=4Col3a1 56.139173 41.492383597 36.353701

F6VQ19Leucine-rich repeats and calponin homology (CH) domain containing 2 (Fragment) OS=Mus musculus OX=10090 GN=Lrch2 PE=1 SV=1Lrch2 4.9126356 3.4313648241 2.3881895

B1ATS5Calcium-transporting ATPase OS=Mus musculus OX=10090 GN=Atp2a3 PE=1 SV=1Atp2a3 1.4631775 1.7874570311 1.0079894

P01872Immunoglobulin heavy constant mu OS=Mus musculus OX=10090 GN=Ighm PE=1 SV=2Ighm 38.574343 52.164023072 67.059408

Q8CI85Carbonic anhydrase 12 OS=Mus musculus OX=10090 GN=Ca12 PE=1 SV=1Ca12 0.4366282 0.2303409732 0.2500925

Q80Z71Tenascin-N OS=Mus musculus OX=10090 GN=Tnn PE=1 SV=2Tnn 30.269271 17.995070171 16.968698

Q61418H(+)/Cl(-) exchange transporter 4 OS=Mus musculus OX=10090 GN=Clcn4 PE=2 SV=2Clcn4 0.3001895 0.1877410097 0.3013473

Q3U4G0CDAN1-interacting nuclease 1 OS=Mus musculus OX=10090 GN=Cdin1 PE=2 SV=2Cdin1 6.1045607 3.4100186799 2.356415

A0A075B5M7Immunoglobulin kappa variable 5-39 OS=Mus musculus OX=10090 GN=Igkv5-39 PE=1 SV=7Igkv5-39 2.9409241 4.6086659615 1.7195131

FigureS5J-1 FigureS5J-2

CTRL SG CTRL
0.329808 0.530963 0.401251

0.425896 0.54869 0.42489

0.318359 0.5374853 0.426824

FigureS5L % PFKFB1+ cells

Obesity Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

60 71.2154 11.5487 55.2145 7.1154

65.224 66.558 11.58 50.14782 11.2488

55.47 69.542 8.2147 51.2458 10.2488

66.87 59.1148 11.5486 54.21158 9.5128

52.154 64.215 11.44875 58.2147 6.21487

54.548 54.2115 7.21547 63.2154 11.5487

 Relative PFKFB1 level (PFKFB1/β-

Actin) 

 Relative

level

(PFKFB2/



58.945 65.2154 8.2145 56.2157 13.2154

61.548 61.224 6.9985 51.2157 8.21547

FigureS5N % PFKFB4+ cells

Obesity Obesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

45.21547 50.2154 21.2154 29.3245 8.3254

48.5514 48.5521 18.2457 31.2154 11.2157

49.6562 45.2215 11.2548 30.2244 9.2154

38.2157 48.2157 14.2154 32.2154 10.2154

41.2215 46.23115 12.314 37.2157 15.24578

38.552 45.2157 8.324 26.8754 20.1124

37.21548 38.21214 9.324 33.2154 14.232

40.1224 41.2285 8.2445 31.248 9.3254



HFD-S-C1 HFD-S-C2 HFD-S-C3 FC P-value FDR SG treatment/vehicle

2.6802872 0.9131345 1.565912551839 8.1999836 0.0131556 0.8100622574601 up

2.6667369 0 3.264246788352 4.2894294 0.0110028 0.8100622574601 up

0.1950316 0.3510592 0.291086501028 2.0812072 0.0326816 0.8100622574601 up

0.7767489 0.8367833 1.004539482888 1.9177981 0.0357073 0.8100622574601 up

0.8756671 0 0.984913415354 1.9140428 0.0096083 0.8100622574601 up

0 0.1374169 0.128472672249 1.9044574 0.0201517 0.8100622574601 up

0.8269107 0.5351054 0.886397149276 1.87319 0.0474329 0.8100622574601 up

1.4928288 1.2320093 1.23629592347 1.7708178 0.0075982 0.8100622574601 up

0.3188963 0.320184 0.466024631881 1.7189914 0.0345981 0.8100622574601 up

0.4409339 0.4534562 0.389208798524 1.6850773 0.0470009 0.8100622574601 up

6.8092114 6.8768763 7.248877189541 1.6836205 0.0136364 0.8100622574601 up

0.8445107 0.8961574 1.285429433795 1.6535552 0.0450342 0.8100622574601 up

4.0540543 3.114267 3.062261508305 1.6435297 0.0210063 0.8100622574601 up

0.1932412 0.156273 0.184869355194 1.6390769 0.0046431 0.8100622574601 up

1.15288 1.0572979 0.844110652106 1.6050921 0.0216446 0.8100622574601 up

0.5897512 0.497294 0.60801090891 1.5734824 0.0060401 0.8100622574601 up

0.965534 0.7190971 1.034317075563 1.5670852 0.042345 0.8100622574601 up

0.2782533 0.358358 0.338300017528 1.5598283 0.0141945 0.8100622574601 up

4.5454372 4.4728368 4.711237109589 1.5513369 0.0302565 0.8100622574601 up

0.6569997 0.6184555 0.817938273967 1.5427135 0.0284784 0.8100622574601 up

0.2587528 0.3544078 0.333840936391 1.5348238 0.043978 0.8100622574601 up

0.3021961 0.3321487 0.352203088392 1.5129108 0.0023528 0.8100622574601 up

2.614522 2.2760172 2.842909449939 1.5096757 0.0464143 0.8100622574601 up

1.3635639 1.1061563 1.390003167829 1.5011267 0.0217501 0.8100622574601 up

0.2322421 0 0.267794113627 0.4942556 0.0194298 0.8100622574601 down

0.3236167 0.3257404 0.215587648361 0.486129 0.016045 0.8100622574601 down

23.512778 19.105304 20.69299877629 0.4725227 0.0159168 0.8100622574601 down

2.0607958 1.2500886 1.609144573605 0.4584366 0.0467099 0.8100622574601 down

0.7063152 0.6633491 0.505233350003 0.440259 0.0218976 0.8100622574601 down

24.166306 20.270004 16.89369441224 0.388662 0.0119558 0.8100622574601 down

0.1627861 0.0668787 0.125003336673 0.386744 0.0464485 0.8100622574601 down

8.3736747 6.5495603 9.180593590051 0.3695034 0.0176758 0.8100622574601 down

0.0830175 0.121413 0.078107567895 0.3579705 0.0084116 0.8100622574601 down

1.3734982 0 0.8844610751 0.2853122 0.0435306 0.8100622574601 down

0.4714762 0.8763259 0.639533219592 0.2144043 0.0166534 0.8100622574601 down

FigureS5J-3 FigureS5J-4

SG CTRL SG
0.701251 0.389644 0.589644

0.72489 0.3748959 0.5748959

0.826824 0.36789 0.56789

FigureS5M % PFKFB2+ cells

Obesity+DMM+Pair feeding ObesityObesity+SemaglutideObesity+DMMObesity+DMM+SemaglutideObesity+DMM+Pair feeding

49.5147 50.1547 10.2154 25.1224 7.2154

51.2145 55.2187 12.2145 30.2214 11.2154

52.3244 56.2157 8.2154 34.2145 8.2145

55.5472 58.1247 13.215 25.1248 9.21554

48.52158 48.2157 11.2458 29.2215 6.2158

50.1124 46.5528 8.2457 28.547 10.2154

e PFKFB2 

evel 

2/β-Actin)

 Relative PFKFB3 

level 

(PFKFB3/β-Actin)



47.5484 48.52144 7.0244 30.2154 11.3254

49.22148 50.1248 9.5147 31.0244 8.2154

FigureS5P p-AMPK / β-Actin Average intensity (fold change)

Obesity+DMM+Pair feeding Ctrl SemaglutidePKA inhibitSemaglutide +PKA inhibitor

1.021254 1.8774 1.011224 1.03254

1 12.1244 0.98524 0.98745

0.99554 1.9124 1.03154 1.0215



CTRL SG
0.444943 0.818565

0.46695 0.92385

0.564753 0.937488

Obesity+DMM+Pair feeding

 Relative PFKFB4 

level 

(PFKFB4/β-Actin)



Figure S6C

Sham Glp-1R Sham DMM Glp-1R+DMMDMM+SGGlp-1R+DMM+SG

0.22114 0.15874 0.85459 1.06678 0.541147 0.77224

0.25314 0.22541 0.993509 0.788565 0.553719 0.839226

0.21224 0.21457 0.84697 0.759248 0.4485558 0.763755

0.19884 0.13654 0.641527 0.694779 0.469023 0.657287

0.254447 0.12115 0.887247 0.793504 0.4735555 0.7817

0.257878 0.14785 0.949245 0.666218 0.3559082 0.770215

0.22115 0.19854 0.631895 0.600009 0.476831 0.63424

0.22115 0.16865 0.822728 0.941107 0.408228 0.821523

0.21448 0.11755 0.590431 0.798144

0.13321 0.11145

Osteophyte volume（mm3）



Figure S6F

WT+ShamPrkaa1 cKO+ShamWT+DMMPrkaa1 cKO+DMMWT+DMM+SGPrkaa1 cKO+DMM+SG

0.239069 0.260529 1.36908 1.52136 0.742217 0.80716

0.287385 0.293133 0.97825 1.29868 0.651693 1.29857

0.271532 0.281269 1.3118 0.877904 0.433741 0.969527

0.286612 0.802151 0.833313 0.304698 1.0998

0.882842 0.691721 0.37697 0.457908

0.427396 0.627674

0.77649 1.41951

1.04769

1.1414

Osteophyte volume（mm3）



FigureS8C FigureS8D
Ctrl TNF-α SG TNF-α +SG

1 0.51 1.1 0.62

0.97 0.32 0.92 0.45

1.03 0.42 1.01 0.37

FigureS8F MMP13 / β-actin average Intensity (fold change)

Ctrl TNF-α SG GLP-1R inhibitorIR inhibitorSG+GLP-1R inhibitorSG+IR inhibitor

1.01 2.11 1.21 1.23 1.11 2.01 1.51

0.98 2.32 1.03 1.22 0.99 2.18 1.42

1 1.99 0.92 0.82 0.79 2.39 1.35

Insulin receptor / β-actin average Intensity 

(fold change)



Ctrl TNF-α SG TNF-α +SG

1.03 0.41 1.63 1.21

1 0.35 1.81 1.12

0.98 0.22 1.42 0.83

FigureS8G Aggrecan/ β-actin average Intensity (fold change)

SG+IR inhibitor Ctrl TNF-α SG GLP-1R inhibitorIR inhibitorSG+GLP-1R inhibitor

1.01 0.54 2.13 1.12 1.14 0.74

1 0.52 2.33 1.23 1.05 0.52

0.99 0.41 2.62 0.81 0.95 0.65

GLP1R / β-actin average Intensity

(fold change)



SG+IR inhibitor

0.98

0.87

0.83



Figure 6.A
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Figure 6.C
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Figure 6.E
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Figure 6.F
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Figure S5.E
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Figure S5.F
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Figure S5.I
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