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Abstract

Background: Knee osteoarthritis (KOA) in people with overweight or obesity is clini-
cally heterogeneous, reflecting mechanical loading, synovial and systemic inflammation,
metabolic dysfunction, structural severity, and pain-related factors. We evaluated multido-
main outcomes after semaglutide initiation and characterized clinically relevant response
patterns. Methods: This retrospective, self-controlled cohort included 93 adults treated
in routine rheumatology care; 88 completed a six-month follow-up. There was no un-
treated concurrent comparator; within-patient changes and exposure–outcome associations
were therefore interpreted as non-causal. Changes in pain, Western Ontario and McMas-
ter Universities Osteoarthritis Index (WOMAC) function, anthropometry, inflammatory
markers, glycated hemoglobin (HbA1c), lipids, dose exposure, and safety were evaluated.
Joint multivariable models included percentage weight loss and maximum achieved dose.
Exploratory K-means phenotyping integrated dose, weight loss, body mass index (BMI) de-
crease, visual analog scale (VAS) and WOMAC improvement, and C-reactive protein (CRP),
erythrocyte sedimentation rate (ESR), and HbA1c reductions, with candidate solutions
and resampling stability examined. Results: At six months, mean weight decreased by
10.88 kg, VAS pain score by 2.47 points, WOMAC total by 22.50 points, CRP by 2.67 mg/L,
ESR by 7.62 mm/h, and HbA1c by 0.51 percentage points (all p < 0.001). Weight loss
remained independently associated with WOMAC improvement, while achieved dose
retained positive adjusted associations with pain, function, inflammatory, and metabolic
changes. Exploratory clustering identified five clinically interpretable patterns along a
broader response-intensity gradient, including high-burden multidomain response, high-
dose concordant response, dose-modified intermediate response, inflammation-preserved
response despite moderate weight loss, and dose-limited graded response. These observa-
tional coefficients and clusters cannot distinguish treatment-related effects from residual
confounding or co-interventions. Conclusions: Substantial within-patient improvements
were observed, but the uncontrolled design precludes causal attribution. The exploratory
patterns may be compatible with contributions from baseline disease burden, dose expo-
sure, mechanical unloading, and residual inflammatory variation; they do not establish
weight-independent pharmacologic effects or validated patient subtypes. Prospective
controlled, multicenter validation is required.
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1. Introduction
Knee osteoarthritis (KOA) is a major cause of chronic pain, impaired mobility, and

functional limitation. Its clinical expression is not determined by cartilage loss alone: struc-
tural damage, synovial inflammation, pain sensitization, muscle weakness, mechanical
loading, sleep and mood disturbance, and metabolic comorbidity interact to determine
disability. Overweight and obesity are therefore important modifiable contributors, be-
cause excess body mass increases compressive forces across the knee while adipose tissue
promotes systemic low-grade inflammation. Current international guidance emphasizes
education, exercise, weight management, and individualized non-surgical care for people
with KOA and excess weight [1,2].

The obesity–KOA relationship is both mechanical and immunometabolic. Adipokines,
insulin resistance, dyslipidemia, cytokine signaling, and obesity-associated immune-cell acti-
vation can alter the synovial microenvironment, increase nociceptive signaling, and promote
cartilage matrix catabolism. Intensive diet and exercise interventions improve pain and func-
tion in many patients, but the magnitude of benefit is variable [3]. Real-world analgesic
studies by Conforti and colleagues have likewise shown that symptomatic response in KOA
is heterogeneous and that routine-care evaluation should include clinically meaningful pain,
function, tolerability, and follow-up outcomes rather than a single endpoint [4,5].

Glucagon-like peptide-1 receptor agonists (GLP-1RAs) have transformed the treatment
of obesity and type 2 diabetes. Semaglutide at a dose of 2.4 mg once weekly produces
substantial weight loss and cardiometabolic improvement [6], and exploratory Semaglutide
Treatment Effect in People with obesity (STEP) analyses demonstrated reductions in C-
reactive protein (CRP) [7]. STEP 9 subsequently showed greater reductions in body weight
and KOA-related pain with semaglutide than with placebo [8]. However, trials and cohort
studies with GLP-1RAs have not produced identical pain findings [9,10], suggesting that re-
sponse may depend on baseline disease, inflammatory burden, exposure, co-interventions,
and patient phenotype.

Preclinical evidence provides biological plausibility for effects beyond mechanical un-
loading. GLP-1 receptor activation has been associated with reduced inflammatory mediator
release, macrophage repolarization, inhibition of nuclear factor-kappa B signaling, protection
from endoplasmic reticulum stress, and reduced cartilage matrix catabolism in osteoarthritis
models [11–13]. Obesity itself can induce pro-inflammatory synovial macrophage infiltration
before overt cartilage degeneration, while impaired efferocytosis and altered macrophage
states may sustain the inflammatory joint microenvironment [14–16]. These observations do
not establish a direct human semaglutide effect, but they justify examining whether clinical
and inflammatory outcomes always move in proportion to weight loss.

The primary objective of this study was therefore to characterize treatment-response
heterogeneity in adults with KOA and overweight or obesity treated with semaglutide in
routine care. We quantified six-month changes in pain, function, anthropometry, systemic
inflammation, glycemia, lipids, dose exposure, and safety; assessed the joint associations of
weight loss and achieved dose with improvement; and developed exploratory clinical response
phenotypes. We hypothesized that the cohort would contain clinically distinguishable patterns
reflecting differences in baseline osteoarthritis severity, inflammatory and metabolic burden,
achieved dose, magnitude of weight loss, and concordance or discordance among clinical and
biological responses.
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2. Materials and Methods
2.1. Study Design, Setting, and Reporting Framework

We performed a retrospective, observational, self-controlled longitudinal cohort study
using de-identified routinely collected data from the Rheumatology Center of Azienda
Sanitaria Locale (ASL) Roma 4, San Paolo Hospital, Civitavecchia, Italy. The observation
window extended from December 2024 to April 2026. Each patient served as their own
comparator across baseline, 3-month, and 6-month assessments after semaglutide initiation.
Reporting was informed by the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) statement and the REporting of studies Conducted using
Observational Routinely-collected health Data (RECORD) extension [17,18]. This design
permits description of temporal within-patient change but, without an untreated concurrent
comparator or randomized exposure, cannot estimate a semaglutide treatment effect or
support causal attribution.

2.2. Participants and Eligibility

Eligible participants were adults with documented clinical and/or radiographic KOA
who received semaglutide for weight management or an obesity-related metabolic indi-
cation, had a baseline assessment before treatment initiation, and had at least one post-
baseline assessment. Exclusion criteria were incomplete or non-verifiable records, inflam-
matory arthritis as the dominant knee diagnosis, major knee trauma or surgery close to
baseline, total knee replacement before follow-up completion, or initiation of another ma-
jor weight loss drug or bariatric surgery during the observation period when the record
could not be interpreted separately. Data were extracted from clinical notes, laboratory
records, prescription records, and follow-up documentation. Identifiers were removed
before analysis.

2.3. Exposure and Outcomes

Exposure variables included dose-escalation status, maximum weekly dose achieved,
final recorded dose, treatment persistence, adverse events, and factors limiting titration.
Routine dose levels were 0.25, 0.5, 1.0, 1.7, and 2.4 mg weekly. Achieved dose was treated
as an observational exposure because it was influenced by tolerability, adherence, clinical
judgment, supply, and patient preference.

Clinical outcomes were visual analog scale (VAS) pain score (0–10; lower scores in-
dicate less pain) and Western Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) total score (0–96; lower scores indicate better status) [19]. Anthropometric out-
comes were weight and body mass index (BMI). Inflammatory outcomes were C-reactive
protein (CRP; mg/L), erythrocyte sedimentation rate (ESR; mm/h), and ferritin (ng/mL).
Metabolic and lipid outcomes were glycated hemoglobin (HbA1c; %), low-density lipopro-
tein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and triglycerides
(mg/dL). Safety outcomes included treatment persistence, documented abdominal pain,
clinically suspected pancreatitis, discontinuation for pancreatic concern, and available
amylase, lipase, alanine aminotransferase, and aspartate aminotransferase trajectories.

2.4. Statistical Analysis

Continuous variables were summarized using mean and standard deviation, with medi-
ans and interquartile ranges where informative; categorical variables were summarized as
counts and percentages. Baseline-to-3-month and baseline-to-6-month changes were evaluated
using paired t tests with 95% confidence intervals (CIs) and Cohen dz. Wilcoxon signed-rank
tests and random-intercept mixed models were used for robustness analyses. Percentage
weight loss was calculated as 100 × (baseline weight − six-month weight)/baseline weight.
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Pearson and Spearman coefficients described unadjusted associations between percent-
age weight loss and VAS, WOMAC, CRP, ESR, and HbA1c improvement. For each outcome,
a hierarchical multivariable linear model with heteroskedasticity-consistent type 3 (HC3)
robust standard errors included age, sex, baseline BMI, Kellgren–Lawrence grade, diabetes
status, and the baseline value of the outcome, followed by percentage weight loss and
maximum achieved dose. Collinearity was assessed using variance inflation factors. An ex-
ploratory bootstrapped dose-path decomposition was used for mechanistic orientation but
not interpreted as causal mediation because the dose was not randomized and unmeasured
confounding could not be excluded. Detailed model specifications, diagnostics, sensitivity
analyses, and bootstrap procedures are provided in Supplementary Sections S2–S4. Analy-
ses and figures were implemented in Python version 3.12.13 using NumPy version 2.3.5,
pandas version 2.2.3, SciPy version 1.17.0, scikit-learn version 1.8.0, and Matplotlib version
3.10.8 (Python Software Foundation and the respective open-source development teams;
https://www.python.org/ and https://pypi.org/; accessed on 20 July 2026).

2.5. Exploratory Response Phenotyping

Response phenotyping was intended to describe clinically recognizable patterns rather
than to establish validated biological subtypes. K-means clustering was performed on
standardized maximum achieved dose, percentage weight loss, BMI decrease, VAS im-
provement, WOMAC improvement, CRP reduction, ESR reduction, and HbA1c reduction.
Candidate solutions from k = 2 to k = 6 were evaluated using silhouette, Calinski–Harabasz,
and Davies–Bouldin indices [20–22]; cluster size; and repeated 80% subsampling. The
two-cluster solution provided the strongest broad statistical partition and separated lower
from higher overall multidomain response intensity. Because the clinical objective was to
examine heterogeneity within that broad gradient, the five-cluster solution was retained as
a secondary, clinically oriented decomposition that distinguished differences in achieved ex-
posure, baseline disease burden, magnitude of weight loss, and concordance or discordance
among symptomatic and biological outcomes. This choice was clinical and descriptive, not
evidence that k = 5 was statistically optimal. Phenotype labels were assigned only after
inspection of baseline and follow-up characteristics. Accordingly, the five clusters should
be interpreted as exploratory response patterns within a continuum, not as fixed patient
categories or proven mechanistic subtypes. Full selection metrics, stability analyses, and
pairwise comparisons are reported in Supplementary Section S5. Because derivation and
assessment used the same modest sample, resampling quantified internal stability only
and did not constitute independent or external validation.

2.6. Missing Data and Bias Considerations

Analyses used complete cases for each outcome pair and no values were imputed.
Fasting glucose, fasting insulin or homeostatic model assessment of insulin resistance
(HOMA-IR), waist circumference, and standardized knee swelling or imaging measures
were unavailable or insufficiently complete. Time-varying physical activity, dietary change,
formal physiotherapy or home exercise, and intra-articular corticosteroid or hyaluronic acid
injections were not captured consistently. Medication reconciliation was likewise incom-
plete for oral and topical non-steroidal anti-inflammatory drugs (NSAIDs), paracetamol,
opioids, other analgesics, and changes in dose or combination therapy. These omissions
prevented adjusted analyses of co-interventions and were treated as sources of residual
and time-varying confounding.

2.7. Ethics and Data Governance

The study was reviewed and approved by the Comitato Etico Territoriale Lazio Area 3
(protocol Retro-KOA-2026-01; ID 27580 and conducted in accordance with the Declaration
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of Helsinki. All participants had previously provided written informed consent for the
collection and use of their clinical data for research. The analytic dataset was de-identified
before analysis (Figure 1).

Figure 1. Cohort disposition and analytic sample. WOMAC, Western Ontario and McMaster
Universities Osteoarthritis Index.

3. Results
3.1. Cohort Disposition and Baseline Characteristics

The cohort included 93 adults with KOA and overweight or obesity who initiated
semaglutide. Baseline and 3-month data were available for all 93 patients for most outcomes;
WOMAC data were available for 91 at 3 months. Eighty-eight patients completed a six-
month follow-up. The mean age was 53.9 years, 70 patients (75.3%) were female, and 65
(69.9%) had bilateral KOA. Thirty-eight patients (40.9%) had Kellgren–Lawrence grade 2
and 55 (59.1%) had grade 3 disease. The mean baseline BMI was 35.2 kg/m2, VAS pain
score was 6.5/10, and WOMAC total score was 61.3/96 (Table 1).

Table 1. Baseline demographic, osteoarthritis, anthropometric, inflammatory, and metabolic characteristics.

Characteristic Value Additional Descriptor

Total cohort, n 93 100.0%

Age, years 53.9 ± 9.3 Median 54.0

Female sex, n (%) 70 (75.3)

Bilateral KOA, n (%) 65 (69.9)

Kellgren–Lawrence grade 2, n (%) 38 (40.9)

Kellgren–Lawrence grade 3, n (%) 55 (59.1)

Weight, kg 97.1 ± 18.3 Median 98.2

BMI, kg/m2 35.2 ± 4.7 Median 36.0

KOA duration, years 5.4 ± 2.4 Median 5.0

VAS pain score, 0–10 6.5 ± 1.1 Median 7.0

WOMAC total score, 0–96 61.3 ± 7.3 Median 63.0

CRP, mg/L 6.0 ± 1.8 Median 6.1

ESR, mm/h 25.3 ± 4.5 Median 26.0

Ferritin, ng/mL 155.1 ± 44.3 Median 149.0

HbA1c, % 6.07 ± 0.39 Median 6.00
Values are shown as mean ± SD unless otherwise stated. BMI, body mass index; CRP, C-reactive protein; ESR,
erythrocyte sedimentation rate; KOA, knee osteoarthritis; VAS, visual analog scale; WOMAC, Western Ontario
and McMaster Universities Osteoarthritis Index; SD, standard deviation.

https://doi.org/10.3390/jcm15155876

https://doi.org/10.3390/jcm15155876


J. Clin. Med. 2026, 15, 5876 6 of 16

3.2. Semaglutide Exposure, Persistence, and Safety Events

Dose escalation was completed in 65 patients (69.9%), delayed in 23 (24.7%), and
stopped in 5 (5.4%). The final recorded dose was 2.4 mg in 65 patients, 1.7 mg in 20,
and 1.0 mg or less in 8. At follow-up, 88 patients (94.6%) remained on active treatment.
One patient had documented abdominal pain; no clinically suspected pancreatitis and no
discontinuation for pancreatic concern were recorded (Table 2).

Table 2. Semaglutide dose escalation, exposure, persistence, and selected safety events.

Exposure or Safety Variable n %

Completed escalation 65 69.9

Delayed escalation 23 24.7

Stopped escalation 5 5.4

Final dose 2.4 mg 65 69.9

Final dose 1.7 mg 20 21.5

Final dose ≤ 1.0 mg 8 8.6

Active treatment at follow-up 88 94.6

Abdominal pain recorded 1 1.1

Clinically suspected pancreatitis 0 0.0

Discontinued for pancreatic concern 0 0.0

3.3. Longitudinal Clinical and Biological Changes

Improvement was evident by 3 months and increased by 6 months. At six months,
mean weight decreased by 10.88 kg, BMI by 3.87 kg/m2, VAS pain score by 2.47 points,
and WOMAC total score by 22.50 points. CRP decreased by 2.67 mg/L, ESR by 7.62 mm/h,
ferritin by 17.56 ng/mL, and HbA1c by 0.51 percentage points. LDL-C and triglycerides
decreased by 17.47 and 33.08 mg/dL, while HDL-C increased by 4.56 mg/dL. All paired
comparisons were significant at p < 0.001 and were supported by Wilcoxon and mixed-
model sensitivity analyses (Table 3; Figure 2; Supplementary Tables S2 and S3).

Table 3. Six-month changes from baseline. CI, confidence interval; SD, standard deviation.

Outcome n Baseline Mean ± SD 6-Month Mean ± SD Mean Change (95% CI) p

Weight, kg 88 98.32 ± 17.99 87.44 ± 13.56 −10.88 (−11.97 to −9.79) <0.001

BMI, kg/m2 88 35.48 ± 4.68 31.61 ± 3.36 −3.87 (−4.23 to −3.52) <0.001

VAS pain score, 0–10 88 6.57 ± 1.14 4.10 ± 0.66 −2.47 (−2.66 to −2.27) <0.001

WOMAC total score, 0–96 88 61.60 ± 7.37 39.10 ± 5.53 −22.50 (−24.02 to −20.98) <0.001

CRP, mg/L 88 6.08 ± 1.78 3.41 ± 1.07 −2.67 (−2.85 to −2.48) <0.001

ESR, mm/h 88 25.36 ± 4.45 17.74 ± 3.72 −7.62 (−8.03 to −7.22) <0.001

Ferritin, ng/mL 83 156.18 ± 45.91 138.61 ± 42.72 −17.56 (−18.96 to −16.17) <0.001

HbA1c, % 88 6.08 ± 0.39 5.57 ± 0.31 −0.51 (−0.55 to −0.47) <0.001

LDL-C, mg/dL 88 144.27 ± 13.17 126.81 ± 13.76 −17.47 (−18.36 to −16.57) <0.001

Triglycerides, mg/dL 88 172.02 ± 31.18 138.94 ± 23.03 −33.08 (−35.41 to −30.74) <0.001

HDL-C, mg/dL 88 44.27 ± 4.74 48.83 ± 4.12 +4.56 (+4.29 to +4.82) <0.001
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Figure 2. Longitudinal trajectories for selected outcomes normalized to the relevant baseline mean.
Lower values indicate improvement for all displayed outcomes. BMI, body mass index; CRP,
C-reactive protein; HbA1c, glycated hemoglobin; VAS, visual analog scale; WOMAC, Western
Ontario and McMaster Universities Osteoarthritis Index.

Clinical relevance was considered in addition to statistical significance. The mean VAS
reduction of 2.47 points on a 0–10 scale equals 24.7 points on a 0–100 scale and exceeds the
19.9-point absolute minimal clinically important improvement (MCII) reported for knee
osteoarthritis pain. The 22.50-point decrease in WOMAC total corresponds to 36.5% of
the baseline mean; this is greater than the 26% relative MCII reported for the WOMAC
function subscale, but only as an indirect benchmark because this study used the WOMAC
total score, and MCII varies with baseline severity and context [23]. Group means do not
establish the proportion of individual responders, which was not prespecified.

3.4. Joint Associations of Weight Loss and Achieved Dose

The mean six-month weight loss was 10.56% ± 3.81%; 7 patients lost <5%, 31 lost
5% to <10%, and 50 lost ≥10%. Percentage weight loss correlated strongly with WOMAC
(r = 0.94) and VAS score improvement (r = 0.86) and showed a moderate correlation with
CRP (r = 0.66), ESR (r = 0.59), and HbA1c reduction (r = 0.59); all p < 0.001 (Figure 3).
These unadjusted correlations are consistent with, but do not prove, contributions from
mechanical unloading and weight-related metabolic change.

In joint multivariable models containing percentage weight loss and maximum
achieved dose, weight loss retained an independent association with WOMAC score im-
provement (adjusted beta 0.848 points per 1% additional weight loss; 95% CI, 0.546–1.150;
p < 0.001). The weight loss coefficient for CRP reduction was smaller and borderline
(0.032 mg/L per 1%; 95% CI, −0.001 to 0.065; p = 0.060), while adjusted coefficients for
VAS score, ESR, and HbA1c were not statistically significant. The maximum achieved dose
retained positive adjusted associations with VAS score, WOMAC score, CRP, ESR, and
HbA1c improvement (Table 4). Because dose selection and escalation were not randomized,
the dose coefficients are associations rather than causal dose–response effects.
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Figure 3. Unadjusted associations of six-month percentage weight loss with WOMAC total score
improvement and CRP reduction. The red dashed lines indicate fitted unadjusted linear regressions,
and the vertical dotted line denotes 5% weight loss. CRP, C-reactive protein; WOMAC, Western
Ontario and McMaster Universities Osteoarthritis Index.

Table 4. Correlations and joint multivariable models for six-month improvement.

Outcome Pearson r Weight Loss Beta (95% CI) p Dose Beta (95% CI) p Model R2

VAS score improvement 0.86 −0.005 (−0.059 to 0.048) 0.844 0.951 (0.568 to 1.334) <0.001 0.88

WOMAC score improvement 0.94 0.848 (0.546 to 1.150) <0.001 5.050 (3.320 to 6.780) <0.001 0.94

CRP reduction 0.66 0.032 (−0.001 to 0.065) 0.060 0.553 (0.202 to 0.904) 0.002 0.92

ESR reduction 0.59 0.066 (−0.080 to 0.211) 0.376 1.707 (0.363 to 3.051) 0.013 0.69

HbA1c reduction 0.59 0.012 (−0.005 to 0.029) 0.173 0.154 (0.071 to 0.237) <0.001 0.69

Models adjusted for age, sex, baseline BMI, Kellgren–Lawrence grade, diabetes status, the outcome-specific
baseline value, percentage weight loss, and maximum achieved dose. HC3 robust standard errors were used.
Weight loss beta is per 1% additional weight loss; dose beta is per 1 mg higher achieved weekly dose. BMI, body
mass index; CI, confidence interval; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; HbA1c, glycated
hemoglobin; HC3, heteroskedasticity-consistent type 3; VAS, visual analog scale; WOMAC, Western Ontario and
McMaster Universities Osteoarthritis Index.

In this observational analysis, weight loss accounted for an important component of
functional improvement. Residual dose associations and discordant response patterns were
retained as hypothesis-generating signals only; they may reflect adherence, treatment dura-
tion, clinical selection, tolerability, co-interventions, or other unmeasured factors and cannot
establish additional pharmacologic pathways. Experimental evidence provides biological
plausibility for GLP-1 receptor effects relevant to osteoarthritis, but the present data do not
test mechanisms. Full hierarchical models, collinearity diagnostics, and bootstrapped path
decompositions are provided in Supplementary Tables S4–S6.

3.5. Exploratory Clinical Response Phenotypes

All five-cluster findings reported below are secondary, exploratory, and not externally
validated. The cluster analysis should be read at two complementary levels. The statis-
tically stronger two-cluster solution captured a broad lower-versus-higher multidomain
response gradient. The clinically oriented five-cluster solution then subdivided that gra-
dient into patterns defined by baseline burden, achieved dose, magnitude of weight loss,
and whether clinical and biological outcomes changed concordantly. The five clusters are
therefore not ranked efficacy classes or immutable biological subtypes; they are descriptive
combinations of starting phenotype, treatment exposure, and observed response. The five-
cluster model showed lower global separation than the two-cluster model but moderate
internal resampling stability (mean adjusted Rand index of 0.736; mean assignment agree-
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ment of 84.2%) and was retained to describe clinically meaningful heterogeneity (Figure 4;
Tables 5 and 6). These statistics assess reproducibility within the source dataset, not trans-
portability to new patients. The two-cluster solution remained a robustness sensitivity
analysis (Supplementary Tables S7–S9).

Figure 4. Exploratory five-cluster response phenotypes. The heatmap displays standardized cluster
means across exposure and response variables; the adjacent panel shows the underlying distribution
of achieved weekly doses. BMI, body mass index; CRP, C-reactive protein; ESR, erythrocyte sedimen-
tation rate; HbA1c, glycated hemoglobin; VAS, visual analog scale; WOMAC, Western Ontario and
McMaster Universities Osteoarthritis Index.

C3, the high-inflammatory-burden multidomain responder phenotype (n = 23), in-
cluded patients with the highest baseline pain, WOMAC score, CRP, ESR, and HbA1c
burden. All reached a dose of 2.4 mg and lost 13.83% of baseline weight. They achieved
the largest pain, functional, inflammatory, and glycemic improvements. C1, the high-dose
concordant responder phenotype (n = 23), also reached a dose of 2.4 mg and had almost
identical weight loss (13.62%), but entered treatment with lower pain, WOMAC, CRP, and
ESR than C3 and consequently showed somewhat smaller absolute improvement. Direct
comparison confirmed that C3 and C1 had similar weight loss but significantly different
baseline inflammatory and symptomatic burden and different response magnitude (Supple-
mentary Table S10). Their separation therefore reflects baseline severity and inflammatory
phenotype rather than dose or weight loss differences alone.

Table 5. Baseline and exposure characteristics of the five exploratory response phenotypes.

Phenotype n Age Female n
(%)

KL3 n
(%) BMI VAS WOMAC CRP ESR Achieved Dose

Distribution

C3
High-inflammatory-burden
multidomain

23 51.4 ± 7.7 11 (47.8) 14
(60.9) 38.54 7.61 68.26 7.45 29.00 2.4 mg: 23

C1
High-dose concordant 23 48.5 ± 7.8 17 (73.9) 8 (34.8) 37.83 7.00 63.13 6.54 24.74 2.4 mg: 23

C2
Dose-modified intermediate 16 61.9 ± 9.0 12 (75.0) 14

(87.5) 36.86 6.94 65.50 6.18 27.31 1.7 mg: 14, 2.4 mg: 2

C5
Weight-discordant/
inflammation-preserved

17 51.6 ± 7.7 17 (100.0) 8 (47.1) 29.80 5.00 51.29 4.18 20.88 2.4 mg: 17

C4
Dose-limited
graded response

9 60.1 ± 6.9 8 (88.9) 7 (77.8) 29.94 5.11 53.22 4.78 22.67 0.25 mg: 1, 1.0 mg: 2,
1.7 mg: 6

Values are mean ± SD where shown. CRP in mg/L; ESR in mm/h. KL3, Kellgren–Lawrence grade 3; BMI,
body mass index; SD, standard deviation; VAS, visual analog scale; WOMAC, Western Ontario and McMaster
Universities Osteoarthritis Index.
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Table 6. Six-month response characteristics of the five exploratory phenotypes.

Phenotype Mean Dose
(mg)

Weight
Loss (%)

VAS
Improvement

WOMAC
Improvement

CRP
Reduction

ESR
Reduction

HbA1c
Reduction

C3
High-inflammatory-burden
multidomain

2.40 13.83 3.43 29.48 3.55 9.78 0.67

C1
High-dose concordant 2.40 13.62 2.91 27.04 3.00 7.65 0.56

C2
Dose-modified intermediate 1.79 9.54 2.06 20.31 2.23 6.56 0.38

C5
Weight-discordant/
inflammation-preserved

2.40 6.49 1.71 16.06 1.94 7.12 0.46

C4
Dose-limited graded response 1.38 3.86 1.00 9.11 1.72 4.89 0.29

CRP reduction is shown in mg/L; ESR reduction in mm/h; and HbA1c reduction in percentage points. Cluster
means are descriptive and should not be interpreted as randomized dose effects. CRP, C-reactive protein; ESR,
erythrocyte sedimentation rate; HbA1c, glycated hemoglobin; VAS, visual analog scale; WOMAC, Western Ontario
and McMaster Universities Osteoarthritis Index.

C2, the dose-modified intermediate responder phenotype (n = 16), was older, had
longer KOA duration, and had the highest proportion of Kellgren–Lawrence grade 3
disease. Fourteen patients achieved a dose of 1.7 mg and two achieved 2.4 mg. Weight
loss (9.54%) and multidomain improvement were intermediate, suggesting that structural
severity, longer disease duration, and modified exposure may constrain response.

C5, the weight-discordant/inflammation-preserved responder phenotype (n = 17),
consisted entirely of women who reached a dose of 2.4 mg but had lower baseline BMI and
milder symptomatic and inflammatory burden. Mean weight loss was 6.49%, yet CRP fell
by 1.94 mg/L (46.3% of baseline), ESR by 7.12 mm/h (34.1%), and HbA1c by 0.46 percentage
points. Within this restricted cluster, inflammatory reductions were not closely correlated
with the magnitude of weight loss. C5 is therefore a hypothesis-generating pattern in this
dataset: inflammatory and metabolic changes were relatively preserved despite moderate
weight loss. It does not demonstrate weight-independent pharmacology, because the cluster
was post hoc, small, and vulnerable to residual confounding and regression to the mean; it
identifies a question for prospective mechanistic testing.

C4, the dose-limited graded-response phenotype (n = 9), was older and predominantly
had grade 3 KOA. Six patients achieved a dose of 1.7 mg, two achieved 1.0 mg, and one
achieved 0.25 mg; the mean dose of 1.38 mg is therefore the arithmetic average of these
discrete categories rather than a prescribed dose level. Mean weight loss was 3.86%, and
clinical improvement was smaller than in the higher-exposure clusters; nevertheless, CRP,
ESR, and HbA1c still decreased measurably. This is compatible with a graded observational
pattern but cannot be interpreted as a dose–response effect because the achieved dose was
selected in routine care and the cluster contained only nine patients.

3.6. Safety Laboratory Trajectories

Mean amylase and lipase increased modestly over the follow-up, while alanine and
aspartate aminotransferases decreased. No laboratory trajectory was accompanied by
clinically suspected pancreatitis in the available records. These descriptive findings are
reassuring but cannot estimate uncommon adverse-event risk in a cohort of this size
(Supplementary Figure S4 and Table S12).
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4. Discussion
4.1. Principal Findings

This uncontrolled routine-care cohort showed six-month within-patient improvements
across body weight, pain, physical function, inflammatory markers, glycemic status, and
lipid profile. The central descriptive finding was heterogeneity in within-patient change,
organized into candidate patterns defined by baseline disease burden, achieved dose,
magnitude of weight loss, and concordance or discordance between clinical and biologi-
cal improvement. The five-cluster framework described these candidate patterns, while
the two-cluster sensitivity analysis and resampling supported only internal structural
consistency; neither constitutes external validation.

4.2. Clinical and Biological Basis of Response Heterogeneity

The five phenotypes are best interpreted as positions within a multidimensional re-
sponse space rather than as five mutually exclusive mechanisms. The two-cluster sensitivity
solution confirmed a broad gradient of overall response intensity, whereas the five-cluster
model explained why patients occupied different positions on that gradient. C3 and C1
both reached a dose of 2.4 mg and lost approximately 13.7% of baseline weight, but C3
began with substantially greater pain, functional impairment, systemic inflammation, and
glycemic burden and subsequently showed larger absolute improvement. This difference
may partly reflect greater room for improvement and regression to the mean, but it also
suggests that baseline inflammatory-metabolic burden is clinically relevant when interpret-
ing response. C2 combined older age, longer KOA duration, a high prevalence of grade 3
radiographic disease, and modified dose exposure; these features were associated with an
intermediate multidomain response and may identify patients in whom structural disease
and limited exposure constrain symptom recovery.

C5 was the clearest discordant pattern in the source dataset. Its relatively preserved
inflammatory and metabolic changes despite moderate weight loss generate a hypothesis
for future immunometabolic and synovial studies but do not isolate a weight-independent
mechanism. C4 showed a different pattern: lower achieved exposure, modest weight loss,
older age, and advanced radiographic disease coincided with smaller clinical changes
and measurable biological changes. These observations are compatible with a graded
pattern but cannot establish an exposure–response relationship. Descriptively, the clusters
reflect mechanical unloading, baseline inflammatory-metabolic burden, structural and pain-
related disease severity, and achieved exposure, with probable additional heterogeneity
from tolerability, adherence, rehabilitation, diet, analgesic changes, and other unmeasured
co-interventions.

4.3. Cautious Interpretation of Pathways Beyond Observed Weight Loss

Weight reduction remains a compelling explanation: the strong unadjusted corre-
lations with VAS and WOMAC scores and the adjusted association with function are
consistent with reduced joint loading, improved mobility, and downstream metabolic
change. Residual dose coefficients and the C5 discordance do not establish independence
from weight loss because dose and weight change were collinear and neither was ran-
domized; achieved dose also captured adherence, treatment duration, tolerability, and
clinician selection. Unmeasured activity, analgesic changes, diet, injections, and regres-
sion to the mean could produce or amplify the observed patterns. Accordingly, these
findings are treated as hypotheses about interacting pathways, not as evidence of a direct
anti-inflammatory effect independent of weight loss.

Synovial macrophages are biologically plausible candidates in a multi-pathway model.
Obesity-associated metabolic dysfunction can promote pro-inflammatory macrophage
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infiltration in synovium before overt cartilage degradation [14]. In human knee osteoarthri-
tis, synovial macrophage efferocytosis is impaired [15], while transcriptomic profiling
identifies heterogeneous macrophage states [16]. Experimental GLP-1 receptor activation
has shifted macrophages toward inflammation-resolving phenotypes and reduced local
inflammatory mediators [11]. Such effects could influence systemic CRP and ESR through
both adipose and joint inflammatory compartments while modifying the local synovial
microenvironment.

Chondrocyte, neuroinflammatory, and systemic immunometabolic pathways are also
plausible. In experimental models, GLP-1 receptor activation inhibited nuclear factor
kappa B (NF-κB) signaling, reduced interleukin-6 (IL-6) and tumor necrosis factor alpha
(TNF-α) release, attenuated endoplasmic reticulum stress and apoptosis, and reduced
cartilage matrix catabolism [12]. Protein kinase A/cyclic adenosine monophosphate re-
sponse element-binding protein (PKA/CREB) signaling has likewise been implicated in
anti-inflammatory effects in experimental KOA [13]. Reduced synovial cytokine signaling
could decrease peripheral nociceptor sensitization and improve movement before structural
change occurs, while improved insulin sensitivity and adipose tissue inflammation may
reduce the systemic inflammatory input to the joint. The C5 and C4 patterns motivate—but
do not test—hypotheses about partial dissociation between observed weight change and
biological markers. They are not evidence for a single weight-independent mechanism or a
causal dose gradient.

Accordingly, the most defensible interpretation is that the observed response architec-
ture is compatible with broader immunometabolic effects of GLP-1 receptor agonism, while
remaining insufficient to prove that such effects are independent of weight loss. CRP and
ESR are non-specific systemic markers; no synovial fluid, imaging, cytokine, tissue, body
composition, or physical activity measurements were available; pain improvement can
reflect multiple non-inflammatory processes. Future prospective studies should combine
standardized titration and co-intervention capture with ultrasound or magnetic resonance
imaging (MRI) of synovitis, adipokines, cytokines, macrophage-related biomarkers, pain-
sensitization measures, and repeated mediator assessment. Such designs are required
to determine whether immunometabolic and synovial pathways contribute materially
to disease activity beyond the reduction in mechanical load. Such studies also require a
concurrent comparator and comprehensive time-varying capture of medications and other
co-interventions.

4.4. Relationship to STEP 9 and Existing Clinical Evidence

STEP 9 provides the principal randomized semaglutide evidence in obesity-related
KOA: 407 participants at 61 sites received semaglutide at a dose of 2.4 mg or placebo
plus lifestyle counseling for 68 weeks. The mean weight change was −13.7% versus
−3.2%, the WOMAC pain score change was −41.7 versus −27.5 points, and the WOMAC
physical-function score change was −41.5 versus −26.7 points [8]. The present cohort
showed a mean weight loss of 10.56% at six months, a 2.47/10 VAS score reduction, and
a 22.50/96 WOMAC total score reduction. These values are directionally concordant,
but direct numerical comparison is inappropriate because the outcome scales, follow-up
duration, baseline case mix, co-interventions, and designs differed. Unlike STEP 9, this
study has no control group and cannot estimate improvement attributable to semaglutide
above concurrent care, expectancy, or temporal effects.

Semaglutide-specific real-world evidence in KOA remains sparse. A 2025 systematic
review found only four human GLP-1RA studies and emphasized heterogeneity in study
design and outcomes [9]. The Shanghai Osteoarthritis Cohort associated class-level GLP-
1RA use in patients with type 2 diabetes with lower WOMAC scores and knee surgery
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incidence, with benefit substantially mediated by weight change [10]. That cohort was
not semaglutide-specific and differed in population and baseline BMI. Thus, the present
findings extend descriptive routine-care evidence but should be viewed as complementary
to, not confirmatory of, randomized evidence.

The Conforti studies address a different therapeutic strategy—fixed-dose tramadol/
paracetamol for symptomatic analgesia—but are relevant to the clinical context [4,5]. They
highlight the value of pragmatic follow-up and rapid pain control in routine KOA care.
Semaglutide should not be considered a replacement for individualized analgesia or reha-
bilitation; its potential contribution is broader, combining obesity treatment with possible
downstream effects on function, inflammation, and cardiometabolic risk.

4.5. Clinical and Research Implications

Clinically, the phenotype framework suggests that follow-up should assess more than
kilograms lost. Patients with high inflammatory and symptomatic burden may show
large multidomain gains when target exposure is achieved. Patients with long-standing
grade 3 disease may need intensified rehabilitation and structural reassessment even when
metabolic markers improve. Patients who lose weight without proportional symptom
relief should be evaluated for malalignment, meniscal disease, central sensitization, sleep
disturbance, mood, or inadequate exercise progression. Conversely, biological improve-
ment with modest weight loss should prompt continued monitoring rather than immediate
classification as treatment failure.

The candidate phenotypes may inform future stratification research by prioritizing
baseline symptoms and inflammatory burden, radiographic severity, early weight trajectory,
and dose tolerance as prespecified predictors. They should not guide individual treatment
selection at present; any prediction rule would require locked definitions, calibration and
discrimination testing, and independent prospective validation.

WOMAC and VAS scores are patient-reported and should be complemented in future
studies by objective performance measures such as the 6 min walk, timed chair rise, and
instrumented gait. Wearable inertial sensors have detected pathological gait features in
lumbosacral discopathy [24]; although that condition differs from KOA, the study illustrates
how repeatable kinematic data could complement the WOMAC score and reduce reliance
on a single measurement modality.

Prospective, controlled, multicenter studies should prespecify phenotype variables
and analysis plans; standardize titration and co-interventions; capture time-varying medica-
tions, diet, activity, physiotherapy, and injections; measure body composition and objective
function; and incorporate ultrasound or MRI synovitis, joint effusion, adipokines, cytokines,
macrophage-related biomarkers, and pain-sensitization measures. Repeated measurements
would permit appropriately designed mediation analyses. A candidate solution should be
derived in one cohort and tested in an independent cohort with preregistered assignment
rules. No clinical implementation is warranted until reproducibility, transportability, and
incremental predictive value have been demonstrated.

4.6. Strengths and Limitations

Strengths include the longitudinal within-patient design; integration of clinical, func-
tional, anthropometric, inflammatory, metabolic, lipid, exposure, and safety domains;
explicit joint modeling of weight loss and achieved dose; reporting of robust and mixed-
model sensitivity analyses; and transparent evaluation of both parsimonious and clinically
granular cluster solutions. The revised phenotyping analysis directly describes who the
patients were at baseline and what they achieved during follow-up.
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Limitations include retrospective selection and information bias, absence of a con-
current comparator, residual confounding, and regression to the mean. Consequently,
within-patient change cannot be attributed to semaglutide, and the joint models cannot
establish causal or weight-independent effects. Achieved dose was endogenous and cannot
be separated from adherence, treatment duration, tolerability, access, or clinician selection.
The sample was modest for multivariable modeling and small within individual pheno-
types. The five-cluster model had lower global separation than the two-cluster solution
and moderate rather than perfect stability, particularly at the boundary between C1 and
C3. Because the same 88 participants were used for derivation and stability assessment,
resampling indicates internal reproducibility only, not external validity. No local synovial,
imaging, cytokine, body composition, objective gait, or structural outcomes were avail-
able. The results therefore identify hypotheses and candidate response patterns, not causal
mechanisms or validated biological subtypes.

Medication exposure was not captured comprehensively. Changes in oral or topical
NSAIDs, paracetamol, opioids, other analgesics, and medication combinations could influ-
ence pain, activity, laboratory markers, and safety signals. Large electronic health record
(EHR) analyses demonstrate that concomitant NSAID combinations can be examined sys-
tematically for interaction-related safety outcomes such as drug-induced liver injury [25],
underscoring the need for time-varying medication reconciliation. Diet, physical activity,
formal physiotherapy, home exercise, and intra-articular corticosteroid or hyaluronic acid
injections were likewise not standardized or consistently recorded. These omissions leave
confounding by indication and co-intervention unresolved.

Generalizability is also limited by the single-center Italian setting and the cohort
composition (75.3% women, overweight or obesity, and Kellgren–Lawrence grade 2 or
3 disease). Findings may not transport to men; other racial or ethnic and geographic
populations; people with normal BMI, grade 1 or 4 disease, or prior arthroplasty; or health
systems with different prescribing, access, rehabilitation, and dose-escalation practices.

5. Conclusions
In adults with KOA and overweight or obesity treated with semaglutide in routine

care, six-month improvements were observed in weight, pain, function, systemic inflamma-
tory markers, glycemic status, and lipids. The uncontrolled design does not establish that
semaglutide caused these changes. Response was heterogeneous, and exploratory clustering
described five candidate patterns nested within a broader response-intensity gradient; these
are hypothesis-generating patterns, not validated patient subtypes. Weight loss was associated
with functional improvement, while residual dose and biomarker patterns may reflect unmea-
sured confounding and cannot establish non-weight pharmacologic pathways. Prospective
controlled, multicenter studies with concurrent comparators, comprehensive co-intervention
capture, objective function, local joint biomarkers, repeated mediator measurements, and
independent phenotype validation are required before causal claims or clinical stratification.
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