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Introduction: Joint and tendon sheath diseases are a major cause of lameness 
and reduced performance in horses. Synovial fluid composition changes in 
response to pathological processes and metabolomic profiling offers a promising 
approach to detect these alterations. While equine joint metabolomics has 
been explored, little is known about the metabolomic profile of tendon sheaths. 
This study aimed to characterize and compare the synovial fluid metabolomic 
profiles of healthy and pathological joints and tendon sheaths in horses using 
high-resolution 1H Nuclear Magnetic Resonance spectroscopy, and to identify 
potential biomarkers associated with musculoskeletal pathology.
Methods: Synovial fluid samples were collected from healthy joints and tendon 
sheaths of routinely slaughtered animals, and from pathological joints and tendon 
sheaths from owned athletic horses affected by inflammatory or degenerative 
conditions. The samples were analyzed using 1H Nuclear Magnetic Resonance 
spectroscopy. Synovial fluid samples were collected from healthy joints and 
tendon sheaths of routinely slaughtered animals, and from pathological joints 
and tendon sheaths from owned athletic horses affected by inflammatory or 
degenerative conditions. The samples were analyzed using 1H Nuclear Magnetic 
Resonance spectroscopy.
Results: The metabolomic analysis of equine synovial fluid identified amino acids, 
organic acids, glucose isomers, and other metabolites. No significant differences 
were observed in the metabolic profiles of synovial fluid from healthy joints and 
tendon sheaths (PCA: R2X = 0.761, Q2 = 0.372; OPLS-DA: R2X = 0.48; R2Y = 0.292; 
Q2 = −0.143). In contrast, a clear separation with distinct clustering was observed 
between healthy and pathological synovial fluid joints and tendon sheaths (PCA: 
R2X = 0.88, Q2 = 0.684; OPLS-DA: R2X = 0.775; R2Y = 0.6772, Q2 = −0.432). 
Multivariate statistical analysis revealed distinct clustering of healthy joints samples 
grouping closely with pathological joints samples (OPLS-DA: R2X = 0.662; R2X = 0.859, 
Q2 = 0.786). These findings were supported by univariate analysis (t-test, p < 0.05). 
Similarly, multivariate statistical analysis showed strong discrimination between 
healthy and pathological tendon sheaths synovial fluid (OPLS-DA: R2X = 0.742; 
R2Y = 0.892, Q2 = 0.842), also supported by univariate analysis (t-test, p < 0.05).
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Discussion: Metabolomic profiling by 1H-NMR effectively distinguished healthy from 
pathological synovial fluid in joints and tendon sheaths, providing a clear metabolic 
fingerprint of disease-related alterations that may support earlier detection and a 
better understanding of equine musculoskeletal disorders. The main limitation 
of this study was the small sample size, particularly for tendon sheath samples. 
Additional synovial fluid specimens from both healthy and pathological joints and 
tendon sheaths would be needed to implement metabolomic data. High-resolution 
1H Nuclear Magnetic Resonance spectroscopy proves to be a valuable tool for 
differentiating healthy from pathological equine synovial fluid. Metabolomic analysis 
revealed a specific metabolic fingerprint in diseased joints and tendon sheaths, 
supporting its potential role in the diagnosis and monitoring of orthopedic conditions 
in horses.

KEYWORDS

horse, synovial fluid, joint, tendon sheath, biomarker, 1H-Nuclear Magnetic Resonance 
spectroscopy

1 Introduction

Joints are considered complex organs closely related to the 
musculoskeletal system, which is essential for movement and athletic 
performance. Any traumatic injury affecting the joint organ can 
damage the articular cartilage, leading to its degradation and, 
eventually, to chronic joint disorders such as osteoarthritis (OA) (1).

OA is the most common disease affecting joints and is a major cause 
of pain, disability, and economic loss in humans worldwide (2). Joint 
diseases, including OA, are similarly relevant in equine species (3), as they 
are a leading cause of lameness, reduced performance, and, consequently, 
early retirement from competition in athletic horses (4).

Lameness in horses frequently involves synovial joints, 
characterized by the presence of synovial fluid (SF), which plays a key 
role in joint homeostasis through the balance of anabolic and catabolic 
metabolic processes (5).

Repeated trauma in athletic horses may induce synovitis and 
capsulitis (6), with the release of inflammatory mediators that disrupt 
this balance and contribute to degenerative changes (7).

To provide an earlier and more accurate diagnosis of OA, a 
technique based on the detection of biomarkers from the tissues 
undergoing metabolic changes in the early stages of OA has been 
investigated in both human (8–10) and veterinary medicine (11–13).

Biomarkers are molecules produced physiologically during 
metabolic processes. During inflammation, alterations in the balance 
between metabolic pathways cause qualitative and quantitative 
changes in biomarkers composition. Therefore, the identification and 
quantification of biomarkers in synovial fluid, serum, and urine offer 
an opportunity to employ them as indicators of joint diseases (5).

Biomarker analysis has the advantage of being a simple, repeatable, 
and minimally invasive procedure (14). Potential applications of 
biomarkers include the acquisition of a chemical ‘fingerprint’ of 
specific cellular processes that can be correlated with various 
physiological or pathological conditions (15, 16), supporting the early 
investigation of OA-related changes in joints, the differentiation 
between affected and unaffected joints, the assessment of articular 
cartilage degradation, and the monitoring of therapeutic response (5).

In human medicine, numerous biomarkers associated with joint 
disease have been identified and studied for their potential diagnostic 
and prognostic value. However, despite significant progress, none has 

yet been universally validated for reliable early diagnosis of OA in 
clinical practice (17). Similarly, in veterinary medicine, research on 
biomarkers as indicators of joint pathology and as tools for objectively 
assessing therapeutic efficacy is rapidly evolving but still largely 
exploratory, with few long-term or large-scale studies in animals 
affected by naturally occurring disease.

In addition to biomarkers in joints affected by OA, biomarkers in 
joints of horses with osteochondritis dissecans (OCD) are also 
described (18).

In horses affected by OCD, the detection of biomarkers produced 
by the metabolism of cartilage and bone within synovial fluid may 
provide important data on joint condition and eventually on 
prognosis (18).

Furthermore, another significant cause of lameness in 
performance horses and economic loss due to early career-ending is 
tendon injuries (19).

Similar to OA and OCD, the study of biomarkers in SF from 
tendon sheaths affected by tendon injuries provides useful information 
for the early diagnosis of tenosynovitis and for assessing the 
effectiveness of treatment and rehabilitation. Markers that have been 
studied intensively include carboxyterminal propeptide of type I 
collagen (PICP), cross-linked carboxyterminal telopeptide of type I 
collagen (ICTP) (20), and cartilage oligomeric matrix protein (COMP) 
(21–23).

This study aims to perform a metabolite analysis to investigate the 
biomarkers within the synovial fluid of normal and pathological joints 
and normal and pathological tendon sheaths of horses. The metabolite 
analysis was performed with the high-resolution 1H Nuclear Magnetic 
Resonance (1H-NMR). Although the detection of biomarkers can be 
performed on different matrices such as serum, plasma, blood, and 
urine (24), the degradation products, enzymes, and signal transduction 
molecules involved in any orthopedic disease are mainly released in SF 
from the surrounding joint tissue, providing valuable biochemical 
information on the metabolic status of the affected joint (24–26).

1H-NMR enables the evaluation of several low molecular-weight 
components, which can be observed and quantified simultaneously 
with a margin of error of ± 5% (27). Among the analytical techniques 
available, 1H-NMR is a widely used in human medicine for orthopedic 
diseases, e.g., to distinguish patients with diffuse-type tenosynovial 
giant cell tumor from healthy control (28), to investigate synovial fluid 
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from patients with osteoarthritis (16) and rheumatoid arthritis (29, 
30), and to identify potential biomarkers and perturbed metabolic 
pathways in osteoarthritis (31).

Additionally, in veterinary medicine, the application of the 
1H-NMR is reported, especially in dogs, e.g., to study synovial fluids 
from patients affected by spontaneous osteoarthritis (32), to determine 
metabolomic biomarkers of meniscal injury in dogs with cranial 
cruciate ligament rupture (33), or to monitor the effectiveness of 
therapy in dogs affected by osteoarthritis (34).

In horses, 1H-NMR has been applied to the study of synovial fluid 
metabolomics to differentiate healthy joints from those affected by OA 
(35–37). However, studies investigating biomarkers in healthy and 
pathological tendon sheaths are currently lacking.

We also suppose that the 1H-NMR-based metabolomic analysis is 
a valuable tool for analyzing the metabolite profile of normal and 
pathological joints and normal and pathological tendon sheaths of 
horses to facilitate an early diagnosis of joint and tendon injuries and 
to develop an objective method of evaluating the effectiveness 
of therapies.

2 Materials and methods

2.1 Study design

Prospective clinical study.

2.2 Animal welfare

A written informed consent form was prepared and provided to 
the owner, who, after being fully informed about the study, signed it 
and agreed to the animal’s inclusion.

The study was conducted after the approval of the Ethical 
Committee of Veterinary Clinical and Zootechnical Studies of the 
Department of Precision and Regenerative Medicine and the Ionian 
area of the University of Bari (approval number: 2873–1 III/13 on 
30/04/2025).

2.3 Population and experimental groups

For the purpose of the study, SF from healthy joints and tendon 
sheaths from regularly slaughtered animals, and SF from pathologic joints 
and tendon sheaths from owned athlete horses screened were employed 
at the Surgical Unit of the Section of Veterinary Clinics and Animal 
Production of the Department of Precision and Regenerative medicine 
and the Ionian area (DiMePre-J) of the University of Bari and at the 
Faculty of Veterinary Medicine of Leipzig. The collected samples of SF 
were assigned to the following experimental groups: healthy joints (H-J), 
pathologic joints (P-J), healthy tendon sheaths (H-TS), and pathologic 
tendon sheaths (P-TS).

2.4 Sample size

Given the exploratory nature of this study and the lack of prior 
metabolomic data for equine tendon sheaths, no formal sample size 

calculation was performed a priori. Instead, the sample size was 
determined based on the availability of eligible clinical cases and healthy 
specimens, in line with previously published 1H-NMR metabolomic 
studies in veterinary medicine (35, 36). Nevertheless, to assess the 
adequacy of the collected dataset, a post hoc power analysis was performed 
using G*Power 3.1 software. The analysis was based on univariate 
comparisons of key discriminant metabolites identified through 
multivariate models. Assuming an alpha level of 0.05 and an effect size 
(Cohen’s d) of 1.0, which corresponds to the observed magnitude of 
differences in normalized spectral intensities, the calculated power 
exceeded 80% for most group comparisons. These findings suggest that, 
despite the relatively limited number of tendon sheath samples, the study 
was sufficiently powered to detect biologically relevant differences in 
metabolic profiles between healthy and pathological synovial fluids.

2.5 Inclusion and exclusion criteria

For the H-J and H-TS groups, synovial fluids were collected 
from regularly slaughtered horses, less than 2 years old. Before 
collecting the samples, all animals were assessed. Only lameness-free 
horses with good general conditions, no signs of systemic disease, 
and no visible injuries to the limbs (e.g., wounds, swelling, 
exudations, etc.) were included for SF sampling. For the purpose of 
the study, samples of SF were collected from healthy metacarpal-
phalangeal joints (H-J group) and flexor tendon sheaths (H-TS 
group) of forelimbs.

Regarding the P-J and P-TS groups, all horses presented at the 
clinic for lameness were examined. The evaluation of body condition 
score (BCS) based on the Henneke 1–9 scoring system (38), a full 
orthopedic, radiographic, and ultrasonographic examinations were 
performed. For the sample collection, horses with a diagnosis of OA 
and OCD involving distal interphalangeal, metacarpal/metatarsal-
phalangeal, carpal, talocrural, tibiotarsal, or femorotibial joints and 
synovitis of the flexor tendon sheath were enrolled. The recruited 
horses showed lameness at least equal to or above 1/5 (according to the 
American Association of Equine Practitioners 5-point scale), positive 
flexion test, and positive intra-articular anesthesia. The radiological 
diagnosis of OA or OCD was realized in orthogonal standard and 
oblique projections. X-ray examinations were evaluated by two 
radiologists and classified by assessing the degree of osteophytosis 
according to a previously published score (39). In addition, an 
ultrasound examination was performed by the same operator to 
diagnose bursitis, synovitis, injury, and other tendinopathies of the 
tendon sheaths. Moreover, subjects undergoing anti-inflammatory 
therapy with NSAIDs or intra-articular treatment with steroid drugs 
and/or with hyaluronic acid within 3 weeks were not included. 
Furthermore, horses with acute injuries with open and infected 
wounds (septic arthritis or septic tenosynovitis) were excluded.

2.6 Collection of synovial fluid and sample 
preparation for 1H-NMR

Synovial fluid samples were aliquoted on ice immediately after 
collection. Samples scheduled for analysis within 12 h were stored at 
−20 °C, while those requiring longer storage were frozen at −80 °C 
for a maximum of 3 months. All samples were transported and 
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processed under frozen conditions, following identical procedures to 
minimize freeze–thaw cycles and preserve metabolite stability. This 
workflow ensured consistent pre-analytical conditions, minimized 
freeze–thaw cycles, and preserved metabolite stability (40).

The analysis of SF samples was performed at the General and 
Inorganic Chemistry Laboratory of the Department of Biological and 
Environmental Sciences and Technologies (DiSTeBA), University of 
Salento. The samples were prepared as previously reported (35, 41). 
After defrosting, each sample was spun down in a microcentrifuge at 
18,000 rpm for 5 min (temperature 4 °C). Then, 350 μL of each SF 
sample was added to 350 μL of ultrapure deionized water and 100 μL 
of phosphate buffer [1 M Na2HPO4/NaH2PO4 in D2O containing DSS 
(sodium 4,4-dimethyl-4-silapentane-1-sulfonate) as a chemical shift 
reference and NaN3 2 mmol/L to prevent bacterial contamination] at 
pH 7.4 (δ = 0 ppm). After further centrifugation at the above-described 
conditions, 600 μL of the solution was filled in a 5-mm 1H-NMR tube.

2.7 1H-NMR study

Spectra acquisition was performed at 300 K on a Bruker Advance 
III 600 Ascend NMR spectrometer (Bruker, Karlsruhe, Germany) 
operating at 600.13 MHz, equipped with a TCI CryoProbe (inverse triple 
resonance Cryoprobe Prodigy), a z-axis gradient coil, and automatic 
tuning-matching (ATM). The samples were placed in an autosampler 
(BASC-60 autosampler: Burker Automatic Sample Charger) interfaced 
with IconNMR software, and the acquisition of NMR spectra proceeded 
automatically. For each sample, a 1D 1H one-dimensional CPMG 
(referred to as Carr–Purcell–Meiboom–Gill spin-echo sequence) 
experiment with a transverse-relaxation-filter incorporating pulse 
sequence was run with 128 scans, 16 dummy scans, 64 K time domain, 
spectral width 20.0276 ppm (12,019.230 Hz), 5 s relaxation delay (d1), 
12.380 μs 90 degree high power pulse (p1), and 1.36 s acquisition time 
(AQ). The resulting Free Induction Decays (FIDs) were multiplied by an 
exponential weighting function corresponding to a line broadening (LB) 
of 0.3 Hz before Fourier transformation, automated phasing, and 
baseline correction. Metabolite identifications were based on 1H and 13C 
assignment by 1D and 2D homo- and heteronuclear experiments (2D 
1H Jres, 1H COSY, 1H-13C HSQC, and HMBC) and by comparison with 
the literature data (32, 34, 35).

2.8 Metabolites panel

	•	 Amino acids

	-	 2-Amynobutyrate, 5-aminolevulinate, alanine, asparagine, 
creatine, creatinine, valine, glutamine, glycine, guanidoacetate, 
histidine, isoleucine, leucine, lysine, methionine, N-acetyl-
amino acid, ornithine, phenylalanine, proline, saronine, 
valosin, taurine, and tyrosine.

	•	 Fatty and organic acids

	-	 𝛽-Hydroxybutyrate, 2-hydroxybutyrate, 3-𝛽hydroxybutyrate, 
3-hydroxyisovalerate, acetate, acetoacetate, carnitine, citrate, 
formate, lactate, malonate, pyruvate, and glycerol.

	•	 Sugars

	-	 Acetylated saccharide, glucose, mannose, and myoinositol.

	•	 Other

	-	 Formic acid, acetylcholine, adenosine, choline, dimethylamine, 
ethanol, isopropanol, mobile-lipid, o-phosphocoline, 
oxipurinol, sn-glycero-3-phosphocoline, and xanthine.

2.9 Statistical analysis

The 1H-NMR spectra were processed using Topspin 3.6.4 and 
Amix 3.9.13 (Bruker, Biospin, Italy), both for simultaneous visual 
inspection and the successive bucketing process. All NMR spectra (in 
the range 9.00–0.85 ppm) were segmented into fixed rectangular 
buckets of 0.04 ppm width (normal rectangular bucketing). To avoid 
interference, the spectral regions between 5.18 and 4.67 ppm were 
discarded because of the residual peak of water. Signals assigned to 
EDTA (3.62, 3.22 ppm) and gluconate (4.14, 4.04, 3.82, 3.78, 3.74, 
3.66 ppm) contamination were further excluded from statistical 
analysis. The total sum normalization was applied to minimize small 
differences due to sample concentration and/or experimental 
conditions among samples (42). The data results created a matrix in 
which we can recognize the bucketed 1H-NMR spectra values (in 
columns) and the corresponding sample (in rows). Then, multivariate 
statistical analysis [unsupervised principal component analysis (PCA) 
and the supervised orthogonal partial least squares discriminant 
analysis (OPLS-DA)] was performed to examine the intrinsic variation 
in the data, using SIMCA 14 software (Sartorius Stedim Biotech, 
Umeå, Sweden). The Pareto scaling procedure was applied, performed 
by dividing the mean-centered data by the square root of the standard 
deviation. The robustness of the statistical models was tested by cross-
validation default method (7-fold) and further evaluated with a 
permutation test (400 permutations). The quality of the models (the 
total variations in the data and the internal cross-validation) was 
described by R2 and Q2 parameters (43). The relative change in 
discriminating metabolites, represented as mean intensities and ± 
standard deviation (SD) between the observed groups, was validated 
by analyzing the mean values +/− standard deviation of selected 
buckets. Reduced distinctive unbiased NMR signals were validated 
using a univariate t-test, using the free “Metaboanalyst “version 5.0 
software (44). Statistical significance was set at least at an adjusted 
p-value < 0.05.

3 Results

3.1 Sample collection

Concerning the healthy groups, 19 horses met the inclusion 
criteria. From these horses, 12 samples of SF were collected from 
the metacarpal-phalangeal joint, and 19 samples of SF from the 
flexor tendon sheaths of forelimbs. Data recorded for the enrolled 
horses include sex (9 females and 10 stallions), age (mean 2 years ± 
SD), and BCS (mean 6 ± SD). Whereas, for pathologic groups, 31 
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mixed-breed performance horses were included in the study. Data 
recorded for enrolled horses include sex (13 females, 4 stallions, 14 
geldings), age (mean 7 years ± SD), and BCS (mean 5 ± SD). 
Specifically, 18 samples of SF from joints affected by OCD/OA (5 
samples from stifle joints, 5 samples from talocrural joints, 4 
samples from fetlock joints, 1 sample from pastern joint, and 3 
samples from coffin joints) and 6 samples from pathological flexor 
tendon sheaths (1 with bursitis, 2 with traumatic synovitis, 2 with 
non-specific injuries, and 1 with tendinopathy of digital flexor 
tendon) were collected. All data concerning samples of SF are 
summarized in Tables 1, 2.

3.2 1H-NMR metabolomic analysis

The 1H-NMR metabolomic analysis revealed the presence of 
different metabolites in the analyzed samples. In particular, as 
observed by the reported stacked plot of synovial fluid from 
healthy joints (H-J) and tendon sheaths (H-TS) (Figure 1), the 
main assigned metabolites are amino acids (valine, leucine, 
isoleucine, alanine, glycine, tyrosine, and phenylalanine), organic 
acids (lactate, citrate, and pyruvate), sugars (α/β glucose), and 
other metabolites (such as creatine/creatinine, malonate, and 
3-β-hydroxybutyrate).

To analyze the potential differences in the metabolic profile of the 
considered samples, NMR data were then submitted for 
chemometric analysis.

The preliminary unsupervised analysis of the whole dataset (H-J, 
H-TS, P-J, and P-TS samples) showed a clear clustering of the 
observations along the second component (t2). Interestingly, the P-TS 
group grouped with two P-J samples, forming a subcluster at positive 
t1/t2 values in the scores plot (Figure 2).

Explorative PCA was then applied separately to the H-J and the 
H-TS groups, and to the P-J and the P-TS groups.

No specific clustering was observed in the healthy dataset, 
suggesting a similar metabolite composition between the H-J and the 
H-TS groups (Figure 3a). On the contrary, despite the limited number 
of tendon sheath SF samples, a clear separation between the P-J and 

the P-TS groups was observed, except for two samples of the P-TS 
group with the diagnosis of synovitis, placed close to the P-J group 
samples (Figure 3b).

These observations were refined and clearly observed in the 
OPLS-DA pairwise comparison and relative descriptive and predictive 
parameters (R2X, R2Y, and Q2). Thus, the OPLS-DA pairwise of the 
H-J and the H-TS groups confirmed that no specific separation was 
observed between the considered classes, exhibiting a negative 
predictive parameter (Q2 = -0.143) (Figure 4).

The OPLS-DA comparing the P-J and P-TS classes confirmed the 
separation between pathological joints and tendon sheaths SF samples, 
except for two P-J samples (Figure 5a). The descriptive and predictive 
parameters of the model were quite good, indicating differences in the 
metabolic profiles of the two examined matrices. In fact, the S line plot 
for the model showed as the P-TS class exhibited a higher content of 
lactate (bins at 1.34 and 4.1 ppm) and acetylcholine (bin at 3.18 ppm); 
whereas, the P-J class is characterized by a higher content of α/β 
glucose (bins at 5.22 ppm and 4.62 ppm for α and β, respectively) and 
creatine (bin at 3.90 ppm) (Figure 5b).

Joints and tendon sheaths SF equine samples were then studied 
separately to focus on the possible differences in the metabolic 
profiles between normal and pathological matrices. In the case of 
joint samples, after explorative PCA (data not shown), supervised 
OPLS-DA analysis was performed (Figure 6a). The strong statistical 
parameters of the model revealed a clear partition among the class 
samples, characterized by a higher content of lactate (bins at 1.34 
and 4.1 ppm) and pyruvate (bin at 2.34 ppm) for the H-J class and 
a higher continent of acetate (bin at 1.90 ppm), glutamine (bin at 
2.46 ppm), and methionine (bin at 2.14 ppm) for the P-J class 
(Figure 6b).

Univariate analysis (two samples, t-test) confirmed a statistically 
significant difference in discriminating metabolites (assigned binned 
peak) as represented on their associated box plots (Figure 7). Specifically, 
acetate (bin at 1.90 ppm, p = 3.7 × 10−6), glutamine (bin at 2.46 ppm, 
p = 7.7 × 10−10), and methionine (bin at 2.12 ppm, p = 1.6 × 10−7) were 
significantly higher in the P-J group, whereas lactate (bin at 1.34 ppm, 
p = 0.0011) and pyruvate (bin at 2.36 ppm, p = 1.6 × 10−5) were 
significantly higher in the H-J group (Supplementary Table S1).

TABLE 1  Samples of SF collected for pathological joints (P-J group).

Parameter Stifle joints Talocrural joints Fetlock joints Pastern joints Coffin joints

Number of samples 5 5 4 1 3

Forelimb (F)/Hindlimb (H) 3 F + 2 H 3 F + 2 H 3 F + 1 H H 2 F + 1 H

Left (L)/Right (R) 1 L + 4 R 3 L + 2 R 3 L + 1 R R 2 L + 1 R

Diagnosis (OA/OCD) OA 2 OA + 3 OCD 2 OA + 2 OCD OA OCD

Distribution of synovial fluid samples collected from joints affected by OA and OCD. The table includes the number of samples, anatomical localization, and diagnosis.

TABLE 2  Samples of SF collected for pathological tendon sheaths (P-TS group).

Parameter Flexor tendon sheaths

Number of samples 1 2 2 1

Forelimb (F)/Hindlimb (H) F F F H

Left (L)/Right (R) L 1 L + 1 R 1 L + 1 R R

Diagnosis Bursitis Injuries Synovitis Tendinopathy

Distribution of synovial fluid samples collected from pathological tendon sheaths. The table includes the number of samples, anatomical localization, and diagnosis.
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Comparison between the H-TS and P-TS classes, after a 
preliminary unsupervised PCA (data not shown), reveals, also in this 
case, a good separation between the considered classes, also indicated 
by the excellent statistical parameters for the model (Figure 8a).

The two P-TS class samples with the diagnosis of synovitis, placed 
together, dispersed along the first orthogonal component, 
characterized by a higher content of acetate (bin at 1.90 ppm), as 
observed from the relative variable trend plot (Figure 8b). The S line 

FIGURE 1

Stacked plot of 1H-NMR spectra of representative SF sample collected from healthy joints (H-J) and tendon sheaths (H-TS). Assigned metabolites are 
indicated.

FIGURE 2

PCA (5 components, R2X = 0.817; Q2 = 0.657) scores plot for the whole normal (H-J, H-TS) and pathological (P-J, P-TS) joints and tendon sheaths 
samples, respectively. Observations in the figures are colored according to (a) equine status and matrix type (joints and tendon sheaths) and (b) 
diagnosis.
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for the model is revealed in this case as the P-TS class is characterized 
by elevated lactate (bins at 1.34 and 4.1 ppm) and acetate (bin at 
1.90 ppm), whereas the H-TS class exhibited α/β glucose (bins at 5.22 
and 4.62 for α and β, respectively) and creatine (bin at 3.90 ppm) as 
discriminant compound (Figure 8c).

Discriminating metabolites (binned signals) were then validated 
by univariate analysis to validate the statistical significance in the 
differentiation, as reported in the relative box plots (Figure 9). 
Specifically, acetate (bin at 1.90 ppm, p = 0.0471) and lactate (bin at 
1.34 ppm, p = 7.66 × 10−10) were significantly higher in the P-TS 

group, whereas α-glucose (bin at 5.22 ppm, p = 0.0050) and β-glucose 
(bin at 4.62 ppm, p = 5.06 × 10−4) were significantly higher in the 
H-TS group (Supplementary Table S2).

4 Discussion

Metabolomic analysis performed in this study showed 
characteristic spectra of synovial fluid metabolites from healthy and 
pathological joints (the H-J and P-J classes) and healthy and 
pathological tendon sheaths (the H-TS and P-TS classes). In particular, 
overlapping metabolite panels were observed between the H-J and the 
H-TS classes, whereas distinct metabolite profiles were detected 
between the P-J and the P-TS classes (except for two P-TS samples 
diagnosed with synovitis, which exhibited a metabolic profile 
overlapping with the P-J group), as well as between the H-J and the 
P-J classes and between the H-TS and the P-TS classes.

The main metabolites identified in the metabolic panels of the H-J 
and the H-TS classes included amino acids (valine, leucine, isoleucine, 
alanine, glycine, tyrosine, and phenylalanine), organic acids (lactate, 
citrate, and pyruvate), sugars (α- and β-glucose), and other 
compounds such as creatine/creatinine, malonate, and 
3-β-hydroxybutyrate.

The main part of synovial fluid derives from plasma ultrafiltration, 
enriched with macromolecules locally produced, such as hyaluronic 
acid. In this way, the synovial membrane of joints and tendon sheaths 
acts like a filter, allowing the passage of molecules based primarily on 
their molecular weight (45). In our healthy samples, the detection of 
free amino acids indicates normal protein turnover and metabolic 
activity within the joint and tendon sheath environment. Amino acids 
such as glycine, alanine, and valine are precursors of collagen and 
elastin and participate in the physiological remodeling of connective 
tissues (46). Moreover, they participate in cellular metabolism such as 
the tricarboxylic acid cycle (TCA) cycle and gluconeogenesis to obtain 
energy (36, 45, 47).

FIGURE 3

PCA scores plot for whole (a) normal joints (H-J) and tendon sheaths (H-TS) (5 components, R2X = 0.761, Q2 = 0.372), and (b) pathological joints (P-J) 
and tendon sheaths (P-TS) samples (3 components, R2X = 0.88, Q2 = 0.684).

FIGURE 4

OPLS-DA scores plot for the normal joint (H-J) and tendon sheath 
(H-TS) class samples (1 + 1 + 0, R2X = 0.48; R2Y = 0.292, 
Q2 = −0.143).
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Based on literature, in normal conditions, the joint and the tendon 
sheath metabolic environment is predominantly aerobic and relies on 
glycolysis, demonstrated by high levels of pyruvate visible in the 
synovial fluid of healthy joints spectrum, and α and β glucose visible 
in the synovial fluid of tendon sheaths spectrum (48). However, lactate 
is still produced from glucose, even inside an aerobic environment, 
together with fatty acid metabolism. This phenomenon, actually called 
by researchers “paradox of aerobic glycolysis” (49) and peculiar to 
cartilage and bone, supports the high level of lactate found in the 
synovial fluid of healthy joints. This mechanism was explained by 
observing in a rat model, and later in humans (50), that fatty acid 

oxidation is necessary to supply the right amount of Acetyl Coenzyme 
A for the TCA cycle; at the same time, it inhibits pyruvate 
dehydrogenase and, consequently, the conversion of pyruvate into 
Acetyl Coenzyme A. The pyruvate accumulated is then converted into 
lactate by the pyruvate-reductase and LDH enzyme, useful to activate 
the pentose-shunt pathway (45, 49, 50).

Pathological SF samples showed clear group-specific metabolic 
patterns. The P-J class was characterized by higher α/β-glucose and 
creatine concentrations, while the P-TS class exhibited elevated levels 
of lactate and acetylcholine. Notably, two P-TS samples diagnosed 
with synovitis displayed a metabolic profile similar to that of P-J 

FIGURE 5

(a) OPLS-DA scores plot for the pathological joint (P-J) and tendon sheath (P-TS) class samples (1 + 1 + 0, R2X = 0.775; R2Y = 0.6772, Q2 = −0.432). (b) 
S-line plot for the model colored according to the correlation scaled coefficient (p-corr), displayed for the first component.

FIGURE 6

(a) OPLS-DA scores plot for the normal (H-J) vs. pathological (P-J) joint class samples (1 + 1 + 0, R2X = 0.662; R2Y = 0.859, Q2 = 0.786). (b) S-line plot 
for the model colored according to the correlation scaled coefficient (p-corr), displayed for the first component.
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samples, suggesting that synovitis may share certain metabolic traits 
with OA and OCD.

Comparing the H-J class and the P-J class, we obtained important 
findings regarding discriminating metabolites that characterize the 
health and disease condition of joints. Under normal physiological 
conditions, articular cartilage and synovial tissues exhibit a 
predominantly glycolytic metabolic profile, reflecting their avascular 
structure and the limited oxygen tension within the joint 
microenvironment. This metabolic configuration ensures continuous 
ATP generation and supports biosynthetic activity, enabling cells to 
adapt rapidly to fluctuations in oxygen availability (48, 51). In this 
balanced state, lactate and pyruvate act as central intermediates, 

allowing chondrocytes and synoviocytes to maintain equilibrium 
between glycolytic and oxidative pathways, thereby preserving redox 
homeostasis and extracellular matrix turnover (52). Conversely, in 
osteoarthritic joints, metabolic alterations become evident. The 
reduction of pyruvate concentrations that we have observed in the P-J 
group suggests impaired mitochondrial oxidative capacity and a shift 
toward anaerobic glycolysis, leading to oxidative stress; these 
metabolic signatures are consistently associated with joint 
degeneration (53). Moreover, synovial lactate was significantly 
decreased in the P-J group compared with the H-J group. According 
to our results, a recent study in dogs with spontaneous OA 
demonstrated that, alongside higher synovial pH and glucose, lactate 

FIGURE 7

Box and whisker plots of significantly (t-test; p < 0.05) discriminant metabolites (assigned binned peak) identified from OPLS-DA analysis. Y axes are 
represented as relative units. Data were mean-centered and normalized to the total spectral area. The bar plots on the left show the original values 
(mean ± SD). The box and whisker plots on the right summarize the normalized values. Notch indicates the 95% confidence interval for the median; 
whiskers exclude outliers. The mean value of each group is indicated as a yellow diamond.

FIGURE 8

(a) OPLS-DA scores plot for the normal (H-TS) vs. the pathological (P-TS) tendon sheath class samples (1 + 1 + 0, R2X = 0.742; R2Y = 0.892, Q2 = 0.842). 
(b) Variable trend plot with control limits of selected discriminating X variable (1.9 ppm). (c) S-line plot for the model colored according to the 
correlation scaled coefficient (p-corr), displayed for the first component.
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concentration was lower in OA joints than in normal joints, 
supporting a shift away from classical glycolytic flux in chronic disease 
(54). However, a recent research in which a 1H-NMR analysis was 
conducted on 60 joints demonstrated that lactate levels increased with 
disease severity, being significantly higher in severe OA than in mild 
or moderate forms, consistent with a shift toward glycolytic 
metabolism in affected joints (32). Similarly, a recent equine 
investigation found that joints affected by osteoarthritis exhibited 
higher lactate alongside other glycolytic intermediates compared to 
healthy controls (35). Earlier work in the horse model also reported 
increased lactate in OA synovial fluid relative to normals (36). Finally, 
lactate and pyruvate represent promising yet context-dependent 
metabolic biomarkers of joint pathology, whose diagnostic and 

prognostic values likely reside in their reciprocal ratio and integration 
within broader metabolomic profiles rather than in absolute 
concentration changes alone.

In addition to the statistically significant variation in lactate and 
pyruvate concentrations, other metabolites such as acetate, glutamine, and 
methionine also displayed a significant difference pattern between the H-J 
and the P-J classes. In particular, we observed that acetate, glutamine, and 
methionine were characterized by an increasing trend in the case of joint 
disease. Acetate is derived from articular cartilage and synovial fluid 
breakdown (36). Its increase in joints with osteoarthritis and 
osteochondritis diseases could be related to the hypoxic and acidotic 
microenvironment that characterizes the pathological joint (55). 
Furthermore, this result highlights how fatty acid metabolism plays a 

FIGURE 9

Box and whisker plots of significantly (t-test; p < 0.05) discriminant metabolites (spectral bins) identified from OPLS-DA analysis. Y-axes are represented 
in relative units. Data were mean-centered and normalized to the total spectral area. The bar plots on the left show the original values (mean ± SD). 
The box and whisker plots on the right summarize the normalized values. Notch indicates the 95% confidence interval for the median; whiskers 
exclude outliers. The mean value of each group is indicated as a yellow diamond.
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predominant role in supplying energy to pathological joints (45). In our 
study, contrary to previous studies, we recorded low levels of methionine 
in healthy joints, so in our opinion, the use of methionine as a biomarker 
of pathology should be clarified (35). Glutamine is an intermediate 
product of the TCA cycle and is required for glycosaminoglycans (GAG) 
production; in agreement with the published literature, the finding of 
elevated glutamine levels can be considered an indicator of low GAG 
production and thus an indicator of cartilage breakdown (56, 57).

Comparison of the H-TS and the P-TS classes revealed an elevated 
level of lactate in pathological tendon sheaths; this trend could be 
explained by the conversion of pyruvate to lactate to maintain pentose-
shunt activity during the inflammatory process (45). However, how this 
metabolite may play a role as a metabolic discriminator of pathology 
should be clarified with additional research. Concerning acetate, the 
same upward trend of pathological joints was also found for pathological 
tendon sheaths. The role of the other metabolites that we found in this 
study (acetylcholine and creatine) as indicators of pathological processes 
requires further investigation.

In addition, particular mention is necessary for two SF synovitis-
affected samples from the P-TS group. Completely unexpectedly, these 
two samples show a similar metabolic profile to the OA/OCD-affected 
samples; however, in our opinion, it would be necessary to analyze 
more SF samples to confidently assume that synovitis exhibits the 
same metabolic pattern as OA and OCD.

In the present study, metabolomic analysis performed by 1H-NMR 
was used to identify and quantify a variety of biomarkers in SF. Based on 
both quantitative and qualitative information on the composition of SF 
from the anatomical sites considered, it was possible to distinguish 
healthy from pathological synovial fluids. Furthermore, the detection of 
these specific biomarkers allows the metabolic fingerprint of healthy and 
OA/OCD-affected joints and healthy and tenosynovitis-affected tendon 
sheaths to be established, fulfilling the aim of this study. Therefore, our 
hypothesis that the 1H-NMR-based metabolomic analysis is a valuable 
tool for analyzing the metabolite profile of normal and pathological 
joints and normal and pathological tendon sheaths of horses has been 
successfully satisfied.

However, a potential limitation of this study is the small sample 
size considered, especially for tendon sheaths; in our opinion, further 
SF samples of healthy and pathological joints and tendon sheaths 
would be needed to implement metabolomics data.

In our investigation, the analysis focused on distinguishing healthy 
from pathological samples, without differentiating between individual 
joint locations. This represents a limitation, as potential site-specific 
metabolic variability could influence the observed clustering patterns 
and metabolite concentrations. The metabolomic profile of joint synovial 
fluid may indeed vary according to the anatomical site from which it is 
collected, reflecting differences in joint biomechanics, cartilage 
composition, and local metabolic activity (58–60). Although anatomical 
heterogeneity of the sampling sites could still affect metabolomic 
patterns, the consistent application of this criterion across all groups and 
the clear clustering observed in multivariate analyses suggest that the 
differences identified primarily reflect pathological status rather than 
anatomical location. Further investigations involving larger cohorts and 
site-specific metabolomic characterization of both healthy and 
pathological joints are warranted to determine whether distinct 
metabolic fingerprints exist for each anatomical region.

To our knowledge, this is the first study that investigates the metabolic 
panel of healthy and pathological tendon sheaths using 1H-NMR. Thus, 

the results of our research support the results of previous studies in the 
field of metabolomics with 1H-NMR of healthy and OA-affected joints 
(35, 36) and provide new insights into the metabolomic analysis of healthy 
and tenosynovitis-affected tendon sheaths. These studies can provide an 
important contribution to clinical research as they provide a method to 
identify OA early, to investigate the progression of the disease, and to 
establish effective therapeutic treatment, reducing costs due to premature 
retirement of athletic subjects from competition. However, further studies 
are needed to implement the application of metabolomic analysis of 
tendon sheaths in the clinical field.

Furthermore, our study offers a valuable contribution to research on 
animals as a translational model for human osteoarthritis. The advantages 
of equine models for the translational study of human OA are the 
availability of abundant tissue to be collected, the possibility of arthroscopic 
investigations, and the ability to perform controlled training; whereas, the 
reported disadvantages are the personnel needed for safety and the need 
for special facilities (61). Therefore, in our opinion, our results could 
support research in the field of investigating the processes that characterize 
the synovial fluid metabolome and testing the effectiveness of diagnostic 
and therapeutic technologies in human medicine.

5 Conclusion

In this study, synovial fluid from joints of both healthy horses and 
OA- and OCD-affected horses, as well as from healthy and 
pathological tendon sheaths, was investigated.

Metabolomic analysis of the synovial fluid samples indicated that 
healthy joints and tendon sheaths share similar metabolic profiles, 
dominated by aerobic glycolysis, in which catabolic and anabolic pathways 
are balanced. In contrast, the metabolite profiles of pathological joints 
differed from those of healthy joints, and similarly, the metabolites of 
pathological tendon sheaths differed from those of healthy ones. These 
differences likely reflect homeostasis equilibrium loss caused by the 
increased catabolic processes that occur during inflammation.

To our knowledge, no studies have reported the metabolomic 
analysis of tendon sheath metabolites using 1H-NMR. Therefore, the 
present study contributes to expanding current knowledge on joint 
biomarkers in horses with osteoarthritis and provides a starting point 
for investigating biomarkers in tenosynovitis through a metabolomic 
approach. Applications of this research in the clinical field could facilitate 
an early diagnosis and enable objective evaluation of the effectiveness of 
treatments for joint and tendon sheath diseases. Furthermore, studying 
spontaneous models of joint and tendon injuries is particularly relevant, 
as it offers a realistic translational model of disease.

Data availability statement

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation.

Ethics statement

The animal studies were approved by the Ethical Committee of 
Veterinary Clinical and Zootechnical Studies of the Department of 
Precision and Regenerative Medicine and the Ionian area of the 

https://doi.org/10.3389/fvets.2025.1671176
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Guadalupi et al.� 10.3389/fvets.2025.1671176

Frontiers in Veterinary Science 12 frontiersin.org

University of Bari. The studies were conducted in accordance with the 
local legislation and institutional requirements. Written informed 
consent was obtained from the owners for the participation of their 
animals in this study.

Author contributions

MG: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Validation, Writing  – original draft, 
Writing – review & editing. CG: Conceptualization, Data curation, 
Formal analysis, Investigation, Methodology, Software, Validation, 
Visualization, Writing – original draft, Writing – review & editing. SD: 
Data curation, Investigation, Methodology, Visualization, Writing – 
original draft, Writing – review & editing. FC: Investigation, Writing – 
original draft, Writing  – review & editing. AC: Investigation, 
Methodology, Writing – review & editing. FF: Data curation, Formal 
analysis, Methodology, Software, Supervision, Validation, Writing – 
review & editing. WB: Supervision, Validation, Visualization, 
Writing – review & editing. LL: Conceptualization, Data curation, 
Formal analysis, Investigation, Methodology, Resources, Validation, 
Visualization, Writing – original draft, Writing – review & editing.

Funding

The author(s) declared that financial support was not received for 
this work and/or its publication.

Acknowledgments

We thank Dr. Marilene Sgobba for her contribution.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1671176/
full#supplementary-material

References
	1.	  McIlwraith, CW, Frisbie, DD, Kawcak, CE, and van Weeren, R. Joint disease in the 

horse, Philadelphia, US: Elsevier Health Sciences. (2015).

	2.	Martel-Pelletier, J, Barr, AJ, Cicuttini, FM, Conaghan, PG, Cooper, C, Goldring, MB, 
et al. Osteoarthritis. Nat Rev Dis Primers. (2016) 2:16072. doi: 10.1038/nrdp.2016.72

	3.	McIlwraith, CW, Kawcak, CE, Frisbie, DD, Little, CB, Clegg, PD, Peffers, MJ, et al. 
Biomarkers for equine joint injury and osteoarthritis. J Orthop Res. (2018) 36:823–31. 
doi: 10.1002/jor.23738

	4.	Ortved, KF, and Nixon, AJ. Cell-based cartilage repair strategies in the horse. Vet J. 
(2016) 208:1–12. doi: 10.1016/j.tvjl.2015.10.027

	5.	McIlwraith, CW. Use of synovial fluid and serum biomarkers in equine bone and 
joint disease: a review. Equine Vet J. (2005) 37:473–82. doi: 10.2746/042516405774480102

	6.	McIlwraith, CW, Kawcak, C, Baxter, GM, Goodrich, LR, and Valberg, SJ. Principles 
of musculoskeletal disease In: Adams and Stashak's lameness in horses, Hoboken, New 
Jersey, US. (2020) 801–74.

	7.	Swami, PN, Andriamifidy, HF, Haque, S, Reed, T, Khan, A, and Grande, DA. 
Exosomes from the synovial microenvironment in joint homeostasis and osteoarthritis. 
J. Cartil. Joint Preserv. (2024) 4:100220. doi: 10.1016/j.jcjp.2024.100220

	8.	Nguyen, LT, Sharma, AR, Chakraborty, C, Saibaba, B, Ahn, ME, and Lee, SS. Review 
of prospects of biological fluid biomarkers in osteoarthritis. Int J Mol Sci. (2017) 18:601. 
doi: 10.3390/ijms18030601

	9.	Munjal, A, Bapat, S, Hubbard, D, Hunter, M, Kolhe, R, and Fulzele, S. Advances in 
molecular biomarker for early diagnosis of osteoarthritis. Biomol Concepts. (2019) 
10:111–9. doi: 10.1515/bmc-2019-0014

	10.	Altobelli, E, Angeletti, PM, Piccolo, D, and De Angelis, R. Synovial fluid and serum 
concentrations of inflammatory markers in rheumatoid arthritis, psoriatic arthritis and 
Osteoarthitis: a systematic review. Curr Rheumatol Rev. (2017) 13:170–9. doi: 10.217
4/1573397113666170427125918

	11.	Lee, H, Lee, A, Seo, N, Oh, J, Kweon, OK, An, HJ, et al. Discovery of N-glycan 
biomarkers for the canine osteoarthritis. Life (Basel). (2020) 10:199. doi: 10.3390/
life10090199

	12.	Malemud, CJ. Markers of osteoarthritis and cartilage research in animal models. 
Curr Opin Rheumatol. (1993) 5:494–502. doi: 10.1097/00002281-199305040-00015

	13.	de Bakker, E, Stroobants, V, VanDael, F, Ryssen, BV, and Meyer, E. Canine synovial 
fluid biomarkers for early detection and monitoring of osteoarthritis. Vet Rec. (2017) 
180:328–9. doi: 10.1136/vr.103982

	14.	Perera, TRW, Skerrett-Byrne, DA, Gibb, Z, Nixon, B, and Swegen, A. The future of 
biomarkers in veterinary medicine: emerging approaches and associated challenges. 
Animals Basel. (2022) 12:2194. doi: 10.3390/ani12172194

	15.	Smolinska, A, Blanchet, L, Buydens, LM, and Wijmenga, SS. NMR and pattern 
recognition methods in metabolomics: from data acquisition to biomarker discovery: a 
review. Anal Chim Acta. (2012) 750:82–97. doi: 10.1016/j.aca.2012.05.049

	16.	de Sousa, EB, Dos Santos, GCJ, Duarte, MEL, Moura, VN, and Aguiar, DP. 
Metabolomics as a promising tool for early osteoarthritis diagnosis. Braz J Med Biol Res. 
(2017) 50:e6485. doi: 10.1590/1414-431x20176485

	17.	Lafeber, FP, and van Spil, WE. Osteoarthritis year 2013 in review: biomarkers; 
reflecting before moving forward, one step at a time. Osteoarthr Cartil. (2013) 
21:1452–64. doi: 10.1016/j.joca.2013.08.012

	18.	Machado, TS, Correia da Silva, LC, Baccarin, RY, and Michelacci, YM. Synovial fluid 
chondroitin sulphate indicates abnormal joint metabolism in asymptomatic osteochondritic 
horses. Equine Vet J. (2012) 44:404–11. doi: 10.1111/j.2042-3306.2011.00539.x

	19.	Williams, RB, Harkins, LS, Hammond, CJ, and Wood, JL. Racehorse injuries, 
clinical problems and fatalities recorded on British racecourses from flat racing and 
National Hunt racing during 1996, 1997 and 1998. Equine Vet J. (2001) 33:478–86. doi: 
10.2746/042516401776254808

https://doi.org/10.3389/fvets.2025.1671176
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2025.1671176/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2025.1671176/full#supplementary-material
https://doi.org/10.1038/nrdp.2016.72
https://doi.org/10.1002/jor.23738
https://doi.org/10.1016/j.tvjl.2015.10.027
https://doi.org/10.2746/042516405774480102
https://doi.org/10.1016/j.jcjp.2024.100220
https://doi.org/10.3390/ijms18030601
https://doi.org/10.1515/bmc-2019-0014
https://doi.org/10.2174/1573397113666170427125918
https://doi.org/10.2174/1573397113666170427125918
https://doi.org/10.3390/life10090199
https://doi.org/10.3390/life10090199
https://doi.org/10.1097/00002281-199305040-00015
https://doi.org/10.1136/vr.103982
https://doi.org/10.3390/ani12172194
https://doi.org/10.1016/j.aca.2012.05.049
https://doi.org/10.1590/1414-431x20176485
https://doi.org/10.1016/j.joca.2013.08.012
https://doi.org/10.1111/j.2042-3306.2011.00539.x
https://doi.org/10.2746/042516401776254808


Guadalupi et al.� 10.3389/fvets.2025.1671176

Frontiers in Veterinary Science 13 frontiersin.org

	20.	Jackson, BE, Smith, RK, and Price, JS. A molecular marker of type I collagen 
metabolism reflects changes in connective tissue remodelling associated with injury to 
the equine superficial digital flexor tendon. Equine Vet J. (2003) 35:211–3. doi: 
10.2746/042516403776114135

	21.	Smith, RK, and Heinegård, D. Cartilage oligomeric matrix protein (COMP) levels 
in digital sheath synovial fluid and serum with tendon injury. Equine Vet J. (2000) 
32:52–8. doi: 10.2746/042516400777612053

	22.	Smith, R, Önnerfjord, P, Holmgren, K, di Grado, S, and Dudhia, J. Development 
of a cartilage oligomeric matrix protein neo-epitope assay for the detection of intra-
thecal tendon disease. Int J Mol Sci. (2020) 21:2155. doi: 10.3390/ijms21062155

	23.	Smith, MR, Wright, IM, Minshall, GJ, Dudhia, J, Verheyen, K, Heinegård, D, et al. 
Increased cartilage oligomeric matrix protein concentrations in equine digital flexor 
tendon sheath synovial fluid predicts intrathecal tendon damage. Vet Surg. (2011) 
40:54–8. doi: 10.1111/j.1532-950X.2010.00751.x

	24.	Mickiewicz, B, Kelly, JJ, Ludwig, TE, Weljie, AM, Wiley, JP, Schmidt, TA, et al. 
Metabolic analysis of knee synovial fluid as a potential diagnostic approach for 
osteoarthritis. J Orthop Res. (2015) 33:1631–8. doi: 10.1002/jor.22949

	25.	Balakrishnan, L, Nirujogi, RS, Ahmad, S, Bhattacharjee, M, Manda, SS, Renuse, S, 
et al. Proteomic analysis of human osteoarthritis synovial fluid. Clin Proteomics. (2014) 
11:6. doi: 10.1186/1559-0275-11-6

	26.	Overmyer, KA, Muir, P, and Coon, JJ. Discovery metabolomics and lipidomics of 
canine synovial fluid and serum. Osteoarthr Cartil. (2018) 26:S172. doi: 10.1016/j.
joca.2018.02.374

	27.	Sa, B, Kalinowski, HO, and Berger, S. (1998). 150 and more basic NMR experiments. 
DE. Weinheim editor.

	28.	Cai, W, Yang, L, Li, J, and Li, Q. (1)HNMR-based serum metabolomic profiling for 
patients with diffuse-type tenosynovial giant cell tumor. Asian J Surg. (2023) 46:6033–4. 
doi: 10.1016/j.asjsur.2023.09.027

	29.	Meshitsuka, S, Yamazaki, E, Inoue, M, Hagino, H, Teshima, R, and Yamamoto, K. 
Nuclear magnetic resonance studies of synovial fluids from patients with rheumatoid 
arthritis and osteoarthritis. Clin Chim Acta. (1999) 281:163–7. doi: 10.1016/
S0009-8981(98)00200-9

	30.	Volchenkov, R, Dung Cao, M, Elgstøen, KB, Goll, GL, Eikvar, K, Bjørneboe, O, 
et al. Metabolic profiling of synovial tissue shows altered glucose and choline metabolism 
in rheumatoid arthritis samples. Scand J Rheumatol. (2017) 46:160–1. doi: 
10.3109/03009742.2016.1164242

	31.	Van Pevenage, PM, Birchmier, JT, and June, RK. Utilizing metabolomics to identify 
potential biomarkers and perturbed metabolic pathways in osteoarthritis: a systematic 
review. Semin Arthritis Rheum. (2023) 59:152163. doi: 10.1016/j.semarthrit.2023.152163

	32.	Piccionello, AP, Sassaroli, S, Pennasilico, L, Rossi, G, Di Cerbo, A, Riccio, V, et al. 
Comparative study of 1H-NMR metabolomic profile of canine synovial fluid in patients 
affected by four progressive stages of spontaneous osteoarthritis. Sci Rep. (2024) 14:3627. 
doi: 10.1038/s41598-024-54144-3

	33.	Pye, CR, Green, DC, Anderson, JR, Phelan, MM, Fitzgerald, MM, Comerford, EJ, et al. 
Determining predictive metabolomic biomarkers of meniscal injury in dogs with cranial 
cruciate ligament rupture. J Small Anim Pract. (2024) 65:90–103. doi: 10.1111/jsap.13688

	34.	Stabile, M, Girelli, CR, Lacitignola, L, Samarelli, R, Crovace, A, Fanizzi, FP, et al. 
(1)H-NMR metabolomic profile of healthy and osteoarthritic canine synovial fluid 
before and after UC-II supplementation. Sci Rep. (2022) 12:19716. doi: 10.1038/
s41598-022-23977-1

	35.	Laus, F, Gialletti, R, Bazzano, M, Laghi, L, Dini, F, and Marchegiani, A. Synovial 
fluid metabolome can differentiate between healthy joints and joints affected by 
osteoarthritis in horses. Meta. (2023) 13:913. doi: 10.3390/metabo13080913

	36.	Lacitignola, L, Fanizzi, FP, Francioso, E, and Crovace, A. 1H NMR investigation 
of normal and osteo-arthritic synovial fluid in the horse. Vet Comp Orthop Traumatol. 
(2008) 21:85–8. doi: 10.3415/VCOT-06-12-0101

	37.	Anderson, JR, Phelan, MM, Caamaño-Gutiérrez, E, Clegg, PD, 
Rubio-Martinez, LM, and Peffers, MJ. Metabolomic and proteomic stratification of 
equine osteoarthritis. Equine Vet J. (2025) 57:1204–18. doi: 10.1111/evj.14490

	38.	Henneke, DR, Potter, GD, Kreider, JL, and Yeates, BF. Relationship between 
condition score, physical measurements and body fat percentage in mares. Equine Vet J. 
(1983) 15:371–2. doi: 10.1111/j.2042-3306.1983.tb01826.x

	39.	Lacitignola, L, Imperante, A, Staffieri, F, De Siena, R, De Luca, P, Muci, A, et al. 
Assessment of intra- and inter-observer measurement variability in a radiographic 
metacarpophalangeal joint osteophytosis scoring system for the horse. Vet Sci. (2020) 
7:39. doi: 10.3390/vetsci7020039

	40.	Laus, F, Bazzano, M, Spaterna, A, Laghi, L, Marchegiani, A. Nuclear magnetic 
resonance (nmr) metabolomics: current applications in equine health assessment. 
Metabolites. (2024) 14:269. doi: 10.3390/metabo14050269

	41.	Brugaletta, G, De Cesare, A, Laghi, L, Manfreda, G, Zampiga, M, Oliveri, C, et al. 
A multi-omics approach to elucidate the mechanisms of action of a dietary muramidase 
administered to broiler chickens. Sci Rep. (2022) 12:5559. doi: 10.1038/
s41598-022-09546-6

	42.	van den Berg, RA, Hoefsloot, HCJ, Westerhuis, JA, Smilde, AK, and van der 
Werf, MJ. Centering, scaling, and transformations: improving the biological information 
content of metabolomics data. BMC Genomics. (2006) 7:142. doi: 
10.1186/1471-2164-7-142

	43.	Eriksson, L, Byrne, T, Johansson, E, Trygg, J, and Vikström, C. Multi- and 
Megavariate data analysis basic principles and applications. S. Umeå editor. MKS 
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