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Summary

Background: The present study was designed to investigate
how bone metabolism markers — specifically Procollagen
Type | N-Terminal Propeptide (PINP) and C-Telopeptide of
Type | Collagen (CTX) — correlate with serum pain media-
tors (Prostaglandin E, [PGE,], Norepinephrine [NE],
Substance P [SP]) and inflammatory cytokines (Interleukin-
1B [IL-1B], Interleukin-6 [IL-6], Tumor Necrosis Factor-o
[TNF-a]) in individuals with knee osteoarthritis (KOA). A
further aim was to develop a multi-biomarker predictive
model for identifying patients at risk of suboptimal rehabil-
itation outcomes to guide targeted clinical management.
Methods: In this prospective cohort study, 184 KOA
patients and an 180 healthy controls were enrolled
between January 2023 and May 2024. Using baseline
serum, biomarker levels were assessed; Enzyme-Linked
Immunosorbent Assay (ELISA) was employed for all ana-
lytes except SP, which was determined by radioimmunoas-
say. The primary endpoint, suboptimal rehabilitation out-
come, was determined as either a <30% enhancement in
the Western Ontario and McMaster Universities Osteo-
arthritis Index (WOMAC) score or a <2-point decrease on
the Visual Analogue Scale (VAS). Model construction uti-
lized multivariate logistic regression, with its performance
evaluated through receiver operating characteristic (ROC)
curve analysis, obtaining the area under the curve (AUC),
sensitivity, and specificity.
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Kratak sadrzaj

Uvod: Ova studija je osmisljena da istrazi kako markeri
metabolizma kostiju — posebno prokolagen tipa | N-termi-
nalni propeptid (PINP) i C-telopeptid kolagena tipa | (CTX)
— koreliraju sa medijatorima bola u serumu (prostaglandin
E, [PGE,], norepinefrin [NE], supstanca P [SP]) i inflama-
tornim citokinima (interleukin-1p [IL-1B], interleukin-6 [IL-
6], faktor tumorske nekroze-a [TNF-a]) kod osoba sa
osteoartritisom kolena (KOA). Dalji cilj je bio razvoj predik-
tivnog modela sa viSe biomarkera za identifikaciju pacije-
nata sa rizikom od suboptimalnih ishoda rehabilitacije kako
bi se usmerilo ciljano klini¢ko lecenje.

Metode: U ovoj prospektivnoj kohortnoj studiji, 184 paci-
jenta sa osteoartritisom (KOA) i 180 zdravih osoba su uklju-
¢eni izmedu januara 2023. i maja 2024. godine. Koristedi
osnovne kontrole, procenjeni su nivoi biomarkera; enzimski
imunosorbentni test (ELISA) je kori$¢en za sve analite osim
SP, koji je odreden radioimunoloskim testom. Primarni kra-
jnji cilj, suboptimalni ishod rehabilitacije, odreden je ili kao
povecanje rezultata <30% na indeksu osteoartritisa
(WOMAC) Univerziteta Zapadni Ontario i Makmaster ili
smanjenje <2 poena na vizuelnoj analognoj skali (VAS).
Konstrukcija modela je koristila multivarijantnu logisti¢ku
regresiju, a njene performanse su procenjene analizom
ROC krive, dobijajuéi povrsinu ispod krive (AUC), osetljivost
i specifi¢nost.
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Results: KOA patients exhibited significantly lower serum
PINP levels but elevated levels of CTX, PGE,, NE, SP IL-
1B, IL-6, and TNF-a. compared to controls (P<0.05). PINP
demonstrated significant inverse correlations with the pain
and inflammatory biomarkers, while CTX showed strong
positive correlations with them (P<0.05). The integrative
logistic regression model, integrating PINP CTX, inflam-
matory cytokines, and pain mediators, demonstrated excel-
lent predictive value for poor outcomes, with an AUC of
0.862, 83.58% sensitivity, and 78.63% specificity
(P<0.05).

Conclusions: Dysregulated bone metabolism (characterized
by low PINP and high CTX) in KOA is significantly linked to
heightened expression of pain-associated and inflammato-
ry markers. A combined panel of these biomarkers serves
as an effective tool for predicting individuals likely to expe-
rience suboptimal rehabilitation results.

Keywords: bone metabolism, knee osteoarthritis, pain
mediators, inflammatory factors, diagnostic models

Introduction

Knee osteoarthritis (KOA) ranks among the
most prevalent degenerative joint disorders across the
globe (1). According to epidemiological surveys in
China, KOA affects 5,016.52/100,000 of the popu-
lation aged 40 and above, and this percentage is ris-
ing due to demographic aging (2). The key patholog-
ical hallmarks of KOA include articular cartilage
degeneration, synovial inflammation, and irregular
bone remodeling. Clinically, it mainly presents with
joint pain, stiffness, and functional impairment—
symptoms that severely compromise patients’ well-
being while creating substantial medical and socioe-
conomic pressures (3). Despite advancements in
understanding KOA's pathogenesis in recent years,
the complex »cartilage-bone-synovium« crosstalk has
not been fully unraveled. In particular, how abnormal
bone metabolism contributes to disease development
and the clinical utility of relevant molecular markers
are issues that demand further study.

Contemporary studies have verified that disrupt-
ed bone metabolism serves as a critical driver of KOA
progression (4). Normally, bone metabolism is bal-
anced through osteoblast-mediated formation and
osteoclast-driven resorption. In KOA, however,
»imbalanced bone remodeling« predominates, a state
where bone resorption is enhanced and bone forma-
tion is inhibited. This imbalance gives rise to typical
pathological changes, including subchondral bone
sclerosis and osteophyte development (5). Mean-
while, pain mediators and inflammatory cytokines
that are highly expressed in the synovium and synovial
fluid can trigger pain-signaling neural pathways,
accelerate chondrocyte apoptosis, and boost osteo-
clast activity—ultimately exacerbating joint damage
and pain (6). Nevertheless, the majority of current
research focuses on how individual indicators corre-
late with KOA severity (7, 8). There remains a lack of

Rezultati: Pacijenti sa KOA pokazali su znadajno nize nivoe
serumskog PINP-a, ali povisene nivoe CTX, PGE,, NE, SP
IL-1B, IL-6 i TNF-o. u poredenju sa kontrolnom grupom
(P<0,05). PINP je pokazao znadajne inverzne korelacije sa
biomarkerima bola i inflamacije, dok je CTX pokazao jake
pozitivne korelacije sa njima (P<0,05). Model integrativne
logisticke regresije, koji integrise PINR CTX, inflamatorne
citokine i medijatore bola, pokazao je odli¢nu prediktivhu
vrednost za lo$e ishode, sa AUC od 0,862, osetljivoséu od
83,58% i specifi¢nosc¢u od 78,63% (P<0,05).

Zaklju¢ak: Disregulisani metabolizam kostiju (karakterisan
niskim PINP i visokim CTX) kod KOA je znacajno povezan sa
ekspresijom markera povezanih sa bolom i inflamatornih
markera tokom disanja. Kombinovani panel ovih biomarkera
sluzi kao efikasan alat za predvidanje pojedinaca koji ¢e
verovatno imati suboptimalne rezultate rehabilitacije.

Kljuéne reéi: metabolizam kostiju, osteoartritis kolena,
medijatori bola, inflamatorni faktori, dijagnosti¢ki modeli

comprehensive analysis regarding the multi-di-
mensional interactions among bone metabolism,
inflammatory markers, and pain-related mediators.
Furthermore, despite attempts to utilize serological
biomarkers for predicting KOA progression (9), no
dedicated model has been established to forecast
unfavorable rehabilitation outcomes, thus restricting
the translational value of existing biomarkers.

Drawing on the above-described research sta-
tus, this study seeks to move beyond the traditional
single-dimensional research paradigm. For the first
time, it systematically investigates the correlations
between bone metabolism parameters, serum pain
mediators, and inflammatory cytokines in KOA
patients, with the goal of uncovering their pathologi-
cal connections. Concurrently, by integrating clinical
follow-up data, the study assesses how effectively the
combined use of these indicators predicts suboptimal
rehabilitation outcomes and develops a risk prediction
model based on multiple biomarkers. These findings
will not only advance the understanding of the “bone
metabolism-pain-inflammation” interaction mecha-
nism in KOA but also offer an objective foundation for
clinically precise identification of high-risk individuals
with suboptimal rehabilitation and the design of per-
sonalized intervention strategies.

Materials and Methods

Study Participants and Sample Size
Determination

Between January 2023 and May 2024, KOA
patients undergoing treatment at our hospital and
healthy individuals who received physical assessments
in the same timeframe were included. Approval for
this research project has been granted by the Ethics
Committee, and each enrolled individual has provid-
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ed signed informed consent. Sample size estimation:
A prospective cohort design was adopted, with subop-
timal rehabilitation as the primary outcome. This out-
come was defined as either a <30% improvement in
the Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) score compared to
baseline or an inability to achieve a 22-point reduc-
tion in the Visual Analogue Scale (VAS) pain score at
the 12-month follow-up. Using pilot study data (a
small sample of 20 people, suboptimal rehabilitation
incidence: 28%, HR=2.5) and analogous studies
(10), the Cox proportional hazards model was applied
to calculate the required sample size. With o set at
0.05 (two-sided) and B at 0.2 (80% statistical power),
162 cases were needed for each group. A 10% loss-
to-follow-up rate was factored in, resulting in a final
sample size of 180 cases. The sample size was calcu-
lated using PASS15.0 software.

Case Selection Criteria

Inclusions: (1) Clinical KOA diagnosis (11); (2)
Kellgren-Lawrence (KL) grade = 2 (12); (3) Age 40—
80 vyears; (4) Symptom duration = 6 months; (5)
Baseline WOMAC score = 30 (13); (6) Signed

informed consent.

Exclusions: (1) Secondary arthritis (rheumatoid,
gouty, etc.); (2) Recent (3-month) use of bone-active
drugs (bisphosphonates, calcitonin, glucocorticoids)
or immunosuppressants; (3) Severe cardiac, hepatic,
or renal comorbidity (estimated glomerular filtration
rate [eGFR] < 30 mL/min/1.73 m?; alanine transam-
inase [ALT]/aspartate transaminase [AST] > 2 X
upper limit of normal); (4) Pregnancy or lactation; (5)
Psychiatric/cognitive disorders impeding compliance;
(6) Knee infections, tumors, or severe deformities.

Grouping and Follow-Up Protocol

This prospective cohort study included 184 KOA
cases and 180 baseline-matched (age, gender, etc.)
healthy controls. Upon hospital admission, attending
physicians developed personalized treatment plans
for each KOA patient based on disease severity to
ensure therapeutic consistency across the cohort.
Moreover, all KOA patients were subjected to a 1-year
prognostic follow-up, during which the rate of unfa-
vorable rehabilitation at the 1-year mark was docu-
mented.

Laboratory Indexes

Fasting venous blood was obtained from all par-
ticipants at admission. Following collection, samples
were promptly centrifuged (3000 X g, 10 min) to
prevent interference from hemolysis or lipemia. The
resulting serum was then distributed into aliquots in

EP tubes, with careful attention to restrict repeated
freeze-thaw cycles to three or fewer. An ELISA
methodology was employed to determine serum
PINP CTX, PGE2, NE, IL-1B, IL-6, and TNF-o. con-
tents. Specifically, the assay required pipetting 50 pL
of serum into wells, incubating with 200 pL of
enzyme-labeled antibody for two hours at room tem-
perature, and subsequently washing the plate five
times (1-minute soak per wash). Following Tetra-
methylbenzidine (TMB) substrate addition and a 15-
minute incubation, the reaction was terminated using
2 mol/L H,SO,, after which absorbance was read at
450 nm with the help of a microplate reader. PINP
concentration was calculated based on a standard
curve. For quality assurance, each batch included low
(20 ng/mL), medium (50 ng/mL), and high (100
ng/mL) concentration controls (Bio-Rad). Any assay
with an intra-batch coefficient of variation (CV)
exceeding 5% was repeated.

For radioimmunoassay-based detection of SP
[SP quantification utilized RIA due to its superior sen-
sitivity (detection limit 0.1 pg/mL) for low-concentra-
tion neuropeptides compared to ELISA], serum sam-
ples underwent extraction with ethyl acetate, and the
extracted fraction was dried in a vacuum environ-
ment. After drying, 12°I-SP and anti-SP antibody were
introduced, followed by an 18-hour incubation period
at 4 °C. Immune complexes were then precipitated
using a secondary antibody, and the level of radioactiv-
ity was measured with a gamma counter. Quality con-
trol measures consisted of maintaining non-specific
binding (NSB) below 5% and the inclusion of zero-
standard wells (background controls) in each run.

Laboratory personnel were blinded to the group
assignment (KOA patient or healthy control) and
rehabilitation outcome status during biomarker
assays.

Statistical Analysis

Data processing was performed using SPSS
30.0 software. All categorical data comparisons were
carried out with the chi-square test. The distribution
of continuous variables was first examined using the
Shapiro-Wilk test. Based on the normality outcome,
either the independent samples t-test (for normal dis-
tribution) or the Mann—Whitney U test (for non-nor-
mal distribution) was employed. Pearson correlation
and receiver operating characteristic (ROC) analyses
assessed associations and diagnostic utility, respec-
tively. For multiple comparisons involving the bio-
marker levels, Bonferroni correction was applied. A
significance threshold of P<0.05 was adopted.
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Results
Comparison of Demographic Features

After statistical assessment, we identified no sta-

Disparities in Bone Metabolism Markers, Pain
Mediators, and Inflammatory Cytokines Between
KOA Cases and Controls

In contrast to the control group, KOA patients

tistical disparities in such demographic variables as had lower PINP and higher CTX concentrations
age, sex, and family history of disease between KOA (P<0.05). Furthermore, KSA cases exhibited marked

patients and healthy controls (P>0.05, Table I). This
finding verified group comparability.

Table | Clinical baseline data.

elevations in pain-related mediators (PGE,, NE, SP)
and inflammatory cytokines (IL-1B, IL-6, TNF-a) than
controls (P<0.05, Figure 1).

Sex Combined with Combined with Family history
Group diabetes mellitus hypertension of KOA
Age
Male vs. female yes vs. no yes vs. no yes vs. no
Control (n=180) 62.16+8.63 86 vs. 94 92 vs. 88 59 vs. 121 22 vs. 158
KOA (n=184) 63.26+6.60 82 vs. 102 105 vs. 79 65 vs. 119 28 vs. 156
t or y? 1.375 0.378 1.299 0.263 0.689
P 0.170 0.539 0.254 0.608 0.407
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Figure 1 Comparison of bone metabolism, pain mediators, and inflammatory factors.
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Figure 2 Relationship between bone metabolism, pain mediators, and inflammatory factors in KOA patients. (a) Correlation
between PINP and CTX. (b) Correlation between PINP and pain mediators/inflammatory factors. (c) Correlation between CTX
and pain mediators/inflammatory factors.

Correlation of Bone Metabolism Markers with ed CTX levels in these patients relative to those who
Pain Mediators and Inflammatory Cytokines in recovered well (P<0.05). The combined use of PINP
KOA and CTX showed 68.66% sensitivity and 80.34%

. . . . specificity in predicting poor rehabilitation outcomes
Analysis revealed an inverse relationship between based on ROC analysis, with an AUC value of 0.820,

PINP (a marker of bone formation) and the concentra-
tions of multiple pro-inflammatory cytokines [IL-1B
(r=-0.565), IL-6 (r=-0.748), TNF-a (r=-0.596)] and
pain mediators [PGE2 (r=-0.681), NE (r=-0.651), SP
(r=-0.555)] in KOA patients. This indicates that lower
PINP concentrations are associated with higher levels
of these mediators. Conversely, the bone resorption
marker CTX demonstrated a positive correlation with

higher than that of either biomarker alone (Figure 3).

Development and Validation of a Risk
Assessment Model for Suboptimal Rehabilitation
Outcomes in KOA Based on Bone Metabolic,
Pain, and Inflammatory Biomarkers

the same set of factors [IL-1B (r=0.932), IL-6 Similarly, comparing patients’ pain mediators
(r=0.594), TNF-a (r=0.407), PGE2 (r=0.406), NE and inflammatory factors revealed that patients with
(r=0.401), SP (r=0.339)], meaning that lower CTX favorable recovery exhibited significantly lower levels
levels are linked to reduced expression of pain and of PGEy NE, SP, IL-1B, IL-6, and TNF-o. compared to
inflammatory markers (Figure 2). those with unfavorable recovery (P<0.05, Table Il).

Finally, we assessed the levels of bone metabolic,
pain-associated, and inflammatory biomarkers

Bone Metabolic Activity and lts Association with among patients with varying rehabilitation outcomes
Adverse Rehabilitation Outcomes in KOA and built a multivariate logistic regression model (for-
All patients successfully completed the follow-up. ward stepwise method). The output results showed
During the follow-up period, 67 cases were identified that NE, SB IL-1B and TNF-a were not independent
with suboptimal rehabilitation outcomes. Comparative factors affecting the poor rehabilitation of KOA (P

results indicated markedly decreased PINP and elevat- >0.05), while PINE PGE; and IL-6 were independent
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Figure 3 Relationship between bone metabolism and poor rehabilitation in KOA prognosis. (a) Comparison of the bone meta-
bolic markers PINP and CTX. (b) Diagnostic value of bone metabolic markers for poor prognosis and rehabilitation in KOA.

*x%x

indicates P<0.001 for comparison between the two groups.

Table Il Comparison of pain mediators and inflammatory factors.

Groups PGE, (pg/mL) | NE (pg/mL) SP (pg/mL) | IL1B (pg/mL) | IL-6 (pg/mL) |TNF-a (pg/mL)
Recovered well (n=117) 7.57x3.24 |257.08%£63.64({149.23+45.47| 4.40%1.05 7.27x1.72 7.55+1.63
cuboptimal rehabiliation | g 6642 36 |281.56260.15|162.39+3717| 525140 | 843218 | 852%2.67
t 2.415 2.561 2.014 4.609 3.985 3.079

P 0.017 0.011 0.046 <0.001 <0.001 0.003
Table Il Multivariate analysis of factors influencing the prognosis of KOA with poor rehabilitation.

95%Cl
B SE Wald OR P
Lower limit Upper limit

PINP -0.201 0.046 19.533 0.818 0.748 0.894 <0.001

CTX 6.161 1.874 10.805 1.704 1.027 1.851 0.001

PGE, -0.296 0.11 7.274 0.744 0.6 0.922 0.007

NE -0.009 0.005 3.64 0.991 0.981 1.000 0.056

SP -0.004 0.006 0.532 0.996 0.984 1.007 0.466

IL-1B 0.291 0.194 2.243 1.338 0.914 1.958 0.134

IL-6 -0.399 0.179 4947 0.671 0.472 0.954 0.026

TNF-a -0.089 0.131 0.466 0.914 0.707 1.182 0.495
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Figure 4 Diagnostic effect of the combined detection
model of bone metabolism, pain mediators, and inflamma-
tory factors on the prognosis of KOA with poor rehabilita-
tion.

factors (P<0.05, Table Ill). Subsequently, after con-
trolling for non-independent factors, we established a
combined risk model based on regression analysis
results and validated its effectiveness. An integrative
risk model based on these biomarkers (PINP CTX,
PGE,, and IL-6) exhibited high predictive accuracy,
achieving 83.58% sensitivity, 78.63% specificity, and
an AUC of 0.862, which underscores its potential
clinical utility (Figure V).

Discussion

As the most common degenerative joint disease
in the world, the core case mechanism of KOA is car-
tilage degeneration (14). Emerging evidence has indi-
cated the role of bone metabolism imbalance (featur-
ing inhibited bone formation and enhanced bone
resorption) as a crucial driving force for KOA progres-
sion and a contributor to clinical symptom exacerba-
tion by regulating pain mediators and inflammatory
cytokines (15). This study is the first to systematically
explore the correlation of bone metabolism markers
with serum pain mediators (PGE2, NE, SP) and inflam-
matory cytokines (IL-1B, IL-6, TNF-a) in KOA. Further-
more, a multi-biomarker-based prediction model for
unfavorable rehabilitation outcomes was developed.
The results showed notably reduced levels of PINP a
bone formation marker, as well as markedly increased
levels of CTX (a bone resorption marker), pain media-
tors, and inflammatory cytokines, in KOA cases versus
controls. The AUC of the prediction model constructed
by combining PINR CTX, PGE,, and IL-1B for subop-
timal rehabilitation outcomes reached 0.862, with a
sensitivity of 83.58% and a specificity of 78.63%,
which was significantly better than that of a single indi-
cator.

The interplay between abnormal bone metabo-
lism, pain mediators, and inflammatory cytokines con-
stitutes the core link of the complex pathological net-
work of KOA. This study observed an inverse
correlation between the bone formation marker PINP
and levels of both pain mediators and inflammatory
markers, suggesting that inhibited bone formation may
exacerbate disease progression by activating the
inflammation-pain axis. These findings align with exist-
ing literature, which shows that osteoprotegerin
(OPQ), secreted by osteoblasts, inhibits osteoclast acti-
vation by antagonizing the receptor activator of nuclear
factor- B ligand (RANKL) signal, while OPG deficiency
can lead to enhanced bone resorption and synovial
inflammation (16). Furthermore, the inverse regulatory
relationship observed between PINP levels and inflam-
matory markers may be linked to a pro-inflammatory
milieu facilitated by osteoblast dysfunction. This
decline in osteoblast activity not only reduces the
secretion of anti-inflammatory mediators like IL-10 but
also facilitates a shift toward M1 macrophage polariza-
tion, further amplifying the expression of pro-inflam-
matory cytokines including IL-6 and TNF-a (17).
Conversely, the positive association of the bone resorp-
tion indicator CTX with both pain-related molecules
and inflammatory markers highlights how increased
bone resorption may directly influence pain signaling
pathways. Cytokines released during osteoclast activa-
tion are known to stimulate cyclooxygenase-2 (COX-2)
expression in synovial fibroblasts, which in turn cat-
alyzes the synthesis of PGE, (18). Through its action
on EP2/EP4 receptors, PGE, then exerts a dual effect:
it both activates peripheral nociceptive nerve endings
and stimulates glial cells to release neurotransmitters
like glutamate. These processes collectively establish a
vicious feedback loop integrating bone resorption,
inflammation, and pain sensation (19).

Subsequent analysis confirmed the significant
predictive value of baseline bone metabolism levels
for the one-year rehabilitation outcomes in KOA
patients. Subsequently, ROC analysis indicated a
markedly higher AUC for the PINP+CTX combina-
tion (0.820) than for either marker alone, highlight-
ing the predictive complementarity of bone metabo-
lism markers within a predictive framework. The
predictive power was further enhanced by integrating
these markers with pain mediators and inflammatory
cytokines into a multivariate logistic regression
model. The model we built achieved a substantially
improved AUC of 0.862, with 83.58% sensitivity and
78.63% specificity, indicating strong clinical transla-
tional potential. This model’s advantages are
dual: First, by integrating multi-dimensional indica-
tors of “bone metabolism-pain-inflammation”, it
breaks through the limitations of traditional imaging
evaluation and facilitates earlier identification of high-
risk groups. Second, its composition of readily obtain-
able serum biomarkers allows for non-invasive and
repeated sampling, greatly enhancing the feasibility
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of dynamic tracking and personalized care. The
model’s emphasis on inflammatory cytokines, in par-
ticular, validates targeting inflammation (e.g., IL-1
receptor antagonists) as a key component of rehabil-
itation, opening new doors for precise clinical man-
agement.

We propose that in the future, PINP and CTX
could be incorporated into the standard monitoring
protocol for KOA patients. Integrating these markers
with the WOMAC score would allow for dynamic
assessment of disease progression and therapeutic
response. It is important to note, however, that while
this study offers valuable insights, it has certain limita-
tions. The single-center design and a sample size of
180 patients may introduce bias, necessitating valida-
tion through larger, multi-center cohorts. Additionally,
while this study identifies associations, its cross-sec-
tional design cannot establish causation between
bone metabolic dysregulation and pain mediator lev-
els. Future work must therefore employ longitudinal
data or animal-based intervention experiments to
confirm a causal mechanism.
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