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A B S T R A C T

Osteochondrosis is a developmental orthopedic disease affecting growing cartilage in young horses. In this study
we compared the proteomes of equine chondrocytes obtained from healthy and osteochondrotic cartilage using a
label-free mass spectrometry approach. Quantitative changes of some proteins selected for their involvement in
different functional pathways highlighted by the bioinformatics analysis, were validated by western blotting,
while biochemical alterations of extracellular matrix were confirmed via Raman spectroscopy analysis. In total
1637 proteins were identified, of which 59 were differentially abundant. Overall, the results highlighted dif-
ferentially represented proteins involved in metabolic and functional pathways that may be related to the failure
of the endochondral ossification process occurring in osteochondrosis. In particular, we identified proteins in-
volved in extracellular matrix degradation and organization, vitamin metabolism, osteoblast differentiation,
apoptosis, protein folding and localization, signalling and gene expression modulation and lysosomal activities.
These results provide valuable new insights to elucidate the underlying molecular mechanisms associated with
the development and progression of osteochondrosis.
Significance: Osteochondrosis is a common articular disorder in young horses mainly due to defects in en-
dochondral ossification. The pathogenesis of osteochondrosis is still poorly understood and only a limited
number of proteomic studies have been conducted. This study provides a comprehensive characterization of
proteomic alterations occurring in equine osteochondrotic chondrocytes, the only resident cell type that mod-
ulates differentiation and maturation of articular cartilage. The results evidenced alterations in abundance of
proteins involved in functional and metabolic pathways and in extracellular matrix remodelling. These findings
could help clarify some molecular aspects of osteochondrosis and open new fields of research for elucidating the
pathogenesis of this disease.

1. Introduction

Osteochondrosis (OC) is a developmental orthopedic disease char-
acterized by the failure of normal cartilage maturation [1–4]. It is one
of the most common articular disorders in growing horses with a very
high incidence rate (10–70%) [2], depending on the breed as well as
nutritional and genetic factors which may have serious consequences
for animal health and welfare [5–8]. OC has been described in several
animal species including dogs, cattle, pigs and humans with similar
hallmarks [8]. Although, many hypotheses on the etiopathogenesis of

OC have been proposed, such as rapid growth, genetic predisposition,
trauma and nutrition, it is still poorly understood [1,6,9–12].

OC could be interpreted as failure of the transition from the carti-
laginous matrix to skeletal maturity during skeletal growth, mainly due
to the complex cellular events that involve chondrocytes [1,3,5]. These
cells play a significant role in cartilage homeostasis by modulating
extracellular matrix (ECM) turnover and mineralization. Structural
changes in cartilage and subchondral bone, such as fissures, bone cysts,
attached or free-floating cartilage fragments in the joint cavity, are
typical features of OC [1,2,7,9,13]. The presence of fragments that
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classify this pathology as osteochondrosis dissecans (OCD), may cause
joint inflammation that may evolve into osteoarthritis (OA)
[1,6,14,15].

Several proteomic studies have already been carried out to improve
the understanding of the physiopathology of joint diseases such as OA,
rheumatoid arthritis (RA) and juvenile idiopathic arthritis [16–22],
however few studies have focused on the proteomic analysis of OC
[23–28]. Chondrocytes are the unique cartilage cell type and therefore
playing an important role in bone growth and elongation and promote
ECM remodelling and replacement. However, the only proteomic study
on OC chondrocytes was performed using a two-dimensional electro-
phoresis (2DE)-based approach [24].

The aim of the present study was to provide further information on
the cellular and molecular mechanisms underlying OC pathogenesis.
For this purpose, a differential proteomic analysis of healthy and OC
chondrocytes using a label-free mass spectrometry-based protein
quantification strategy was performed. This approach provides a more
comprehensive description of the proteome alterations in OC cells,
overcoming the limits of gel-based analysis used in the previous study.
Proteins showing a significantly differential abundance between OC
and healthy chondrocytes, were functionally annotated using bioin-
formatic tools in order to highlight the metabolic and functional
pathways associated with the disease. Quantitative changes of some
proteins were validated using western blotting. Raman spectroscopy
(RS) was used to confirm the biochemical composition changes of OC
cartilage. Indeed, RS has recently revealed biomolecular features and
distribution of collagens and glycosaminoglycans in cartilage tissue that
cannot be accurately evidenced by conventional radiography and
computed tomography [29,30]. This study provides new insights into
the molecular mechanisms of OC and aims at finding new management
approaches and innovative therapeutic strategies to improve equine
health and welfare.

2. Materials and methods

2.1. Cartilage and chondrocyte harvesting

Equine chondrocytes were isolated from cartilage samples collected
from the metacarpal/metatarsophalangeal joints of 14 male thor-
oughbred race horses (1–4 years old, 7 with OC and 7 without joint
diseases, respectively). In short, the OC cells were obtained from OC
osteochondral fragments collected during arthroscopy from clinical
cases referred to the University of Perugia Veterinary Teaching
Hospital, in accordance with the guidelines issued by the Animal Care
and Use Committee of the University of Perugia. In particular, five
fragments were obtained from proximal sagittal ridge lesions of third
metacarpal/metatarsal bones (MCIII/MTIII) and two from dorsoprox-
imal aspect of proximal phalanx. The racehorse owners signed written
informed consent for the samples used in this study and the diagnoses
were determined using radiography and arthroscopy (Fig. 1 A and B).
The traumatic origin of fragments was excluded based on their OC
radiographic appearance and on the anamnestic data/history of horses
included in the study (none of animals enrolled were involved in
training or in racing). The control (CTR) cells were isolated from
normal articular cartilage obtained from animals euthanized for other
medical reasons. The control joints were selected based on the absence
of macroscopic abnormalities, typical clinical features of joint diseases
(OC or OA) and microscopic alterations. Typical histological features of
normal cartilage were evidenced in hematoxylin and eosin (HE)-
stained, formalin-fixed, paraffin-embedded samples of healthy cartilage
[31] (Fig. 1D).

Cartilage samples (7 OC and 7 CTR) were individually used to ob-
tain chondrocytes. Slices were harvested under sterile conditions, using
sterile scalpels, rinsed twice in Dulbecco's phosphate-buffered saline
(DPBS) (Sigma-Aldrich Corp, St. Louis, USA) containing penicillin
(100 U/mL), streptomycin (100 mg/mL) and amphotericin B (250 μg/

mL) [32]. Minced cartilage slices were then incubated with trypsin
(0.25%) at 37 °C for 10 min and then with collagenase type I (2 mg/mL)
(Sigma-Aldrich Corp.) at 37 °C for 8–10 h. The chondrocytes were se-
parated from undigested tissue cells using a 70 μm cell strainer (BD
Biosciences Inc., San Jose, USA). After washing in DPBS, the cells were
resuspended in low glucose Dulbecco's modified Eagle's medium
(DMEM) (Sigma-Aldrich Corp.) and supplemented with 10% fetal bo-
vine serum (Sigma-Aldrich Corp.), penicillin (100 U/mL) and strepto-
mycin (100 μg/mL). The cells were then placed into cell culture flasks
at the density of 2 × 104 cells/cm2 and incubated at 37 °C in a 5% CO2

humidified atmosphere. Monolayer cells were expanded until confluent
and then detached using trypsin/EDTA (0.25%) (Sigma-Aldrich, Corp.),
washed three times and kept at −80 °C until analysis. Subculture
passages were avoided in order to minimize phenotype changes.

2.2. Proteomic analysis

2.2.1. Protein extraction
Condrocytes from each cell culture (7 OC and 7 CTR) were ana-

lyzed. All samples were individually collected in 5 M Urea (GE
Healthcare, Chicago, USA) and 50 mM Ammonium bicarbonate (ABC)
(GE Healthcare). Cell lysis was performed by three freeze-thaw cycles,
using a − 80 °C freezer and approximately 40 s of sonication in an
ultrasonic bath. Total protein concentration was determined by
Bradford assay (Bio-Rad Hercules, USA), according to the manufac-
turer's instructions.

2.2.2. In solution digestion
Protein samples were reduced with 20 mM Dithiothreitol (DTT) (GE

Healthcare) for 45 min and alkylated with 40 mM Iodoacetamide (IAM)
(GE Healthcare) for 45 min in darkness. The alkylation was stopped by
adding 30 mM DDT. Digestion was performed with a mixture of LysC
and Trypsin (Promega, Madison, USA), which was added at a ratio of
1:25 (enzyme to protein). After two hours of digestion at 37 °C in a
Thermo Shaker (Grant Instruments, Royston. UK) at 250 rpm, the lysate
was diluted with 50 mM ABC to 1 M Urea and further digested at 37 °C,
250 rpm, overnight. The digestion was terminated by adding formic
acid (FA) (Biosolve, Valkenswaard, NL) to a total of 1%.

2.2.3. Ultra high-performance liquid chromatography (UHPLC) and label-
free mass spectrometry (MS)

Peptide separation was performed on a Thermo Scientific Ultimate
3000 Rapid Separation UHPLC system (Dionex, Amsterdam, NL)
equipped with a PepSep C18 analytical column (15 cm, ID 75 μm,
1,9 μm Reprosil, 120 Å). Peptide samples were first desalted on an
online installed C18 trapping column. After desalting, peptides were
separated on the analytical column with a 90 min linear gradient from
5% to 35% Acetonitrile (ACN) (Biosolve) with 0.1% FA at 300 nL/min
flow rate. The UHPLC system was coupled to a Q Exactive HF mass
spectrometer (Thermo Fisher Scientific, San Jose, USA). Data depen-
dent acquisition (DDA) settings were as follows: Full MS scan between
250 and 1250 m/z at resolution of 120,000 followed by MS/MS scans of
the top 15 most intense ions at a resolution of 15,000.

2.2.4. Mass spectrometry data analysis
For protein identification and quantitation the spectra were ana-

lyzed with Proteome Discoverer (PD) version 2.2. Within the PD soft-
ware, the search engine Sequest was used with the SwissProt [Human]
database (Homo sapiens (SwissProt TaxID = 9606)) and SwissProt
[Horse] database (Equus caballus (SwissProt TaxID =9796)).

The database search was performed with the following settings:
Enzyme trypsin, a maximum of 2 missed cleavages, minimum peptide
length of 6, precursor mass tolerance of 10 ppm, fragment mass toler-
ance of 0.02 Da, dynamic modifications of methionine oxidation and
protein N-terminus acetylation, fixed modification of cysteine carba-
midomethylation. Only proteins with false discovery rate (FDR) ≤ 1%
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were considered as confident identifications and subjected to sub-
sequent data analysis.

Protein quantitation was performed by using default Label Free
Quantitation (LFQ) settings in Proteome Discoverer 2.2. In short, for
peptide abundancies the peptide precursor intensities were used and
normalization was performed on total peptide amount. Protein ratios
were calculated based on pairwise peptide ratios and background-based
ANOVA was used for hypothesis testing. Benjamini-Hochberg correc-
tion for multiple testing was used to calculate adjusted p-values.
Proteins that were defined as differentially abundant were those with
a ≥ 1.5 fold change and with a FDR adjusted p value of ≤0.05.

2.3. Bioinformatic analysis

Functional annotation and Network analysis were performed using
STRING software (http://string-db.org/) and Cytoscape platform ver-
sion 3.7.2 (https://cytoscape.org) using human orthologous genes. In
particular, the two plugins of Cytoscape, namely Cluego and Clupedia
[33,34] were used to integrate the GO categories (Biological Process
(BP), Molecular Function (MF), Cellular Component (CC)), Reactome
Pathways, Kyoto Encyclopedia of Genes and Genomes (KEGG), and
Wiki Pathways annotation. The κ score level was set at ≥0.4 while
minimum and maximum levels were set at 3 and 8, respectively.

Fig. 1. Representative images of healthy (CTR) and os-
teochondrotic (OC) joints and healthy cartilage. A)
Radiographic image of metacarpo-phalangeal joint (latero-
medial view) with OC fragment (indicated by the red arrow)
of the proximal aspect of sagittal ridge of the third metacarpal
bone (MCIII). B) Arthroscopic image of the proximal aspect of
the sagittal ridge of MCIII with OC fragment indicated by the
red arrow. C) Radiographic image of normal metacarpo-pha-
langeal joint (Latero-medial view), D) Histological features of
normal cartilage (hematoxylin and eosin-magnification 40×).
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this ar-
ticle.)

Fig. 2. Volcano plot showing differentially abundant proteins in osteochondrotic (OC) vs healthy (CTR) equine chondrocytes. The −log10 (p value) is plotted vs the
log2 (fold change: OC/CTR). The dots above the non-axial horizontal line represent proteins with significantly different abundances (p < 0.05). Dots to the left of the
non-axial vertical line represent protein fold changes of OC/CTR lower than −1.5, while dots to the right of the non-axial vertical line correspond to protein fold
changes of OC/CTR with differences greater than 1.5. Significantly less and more abundant proteins (p < 0.05) are plotted in green and red respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.4. Western blotting

Immunoblotting was performed to validate the findings of the mass
spectrometry-based quantitative proteomic analysis. The proteins ex-
tracted from OC and CTR cells were mixed in six pools (3 OC and 3 CTR,
same quantity of each sample), separated by SDS-PAGE 10% or 12%,
depending on the molecular mass of protein under evaluation) and
blotted on PDVF membranes. The blotted membranes were incubated
with antibodies against actin (ACT) (Sigma-Aldrich, 1:5000), beta-
hexosaminidase subunit beta (HEXB) (Santa Cruz, 1:1000),

mitochondrial superoxide dismutase (SOD2), (Cell Signaling, 1:5000),
collagenase 3 (MMP13) (Santa Cruz, 1:1000), cytochrome P450 1B1
(CYP1B1) (Santa Cruz, 1:1000), catalase (CAT) (Abcam, 1:2000) and
tubulin (TUB) (Santa Cruz, 1:5000) at 4 °C overnight and then with the
appropriate anti-mouse HRP secondary antibody (Sigma-Aldrich,
1:5000) or anti-rabbit HRP secondary antibody (Sigma-Aldrich 1:5000).
Immunoreactivity was detected by chemiluminescence using the ECL
system (Bio-Rad). Images were acquired using a GS-800 imaging sys-
tems scanner (Bio-Rad). A densitometric analysis was performed with
Quantity One 4.5.0 software (Bio-Rad) using tubulin bands as

Table 1
Differentially abundant proteins in osteochondrotic (OC) and healthy (CTR) equine chondrocytes. Gene and protein names, molecular weight (MW), fold change
(OC/CTR) and p value (Benjamini-Hochberg corrected) are listed.

Gene name Protein name MW (kDa) Fold change p-Value

ACTA1 Actin, alpha skeletal muscle 42 1.7 2.48e−05

LMNA Isoform C of Prelamin-A/C 65.1 1.5 4.66e−03

SOD2 Superoxide dismutase [Mn], mitochondria 24.7 1.9 1.18e−06

FBN1 Fibrillin-1 312 1.9 3.02e−06

GSN Gelsolin O 80.8 1.6 1.18e−03

DPYSL3 Isoform LCRMP-4 of Dihydropyrimidinase-related protein 3 73.9 2.0 1.08e−10

CAT Catalase 59.7 1.5 2.75e−03

FAP prolyl endopeptidase FAP 87.7 1.6 2.78e−04

AP1B1 AP-1 complex subunit beta-1 104.6 1.6 3.30e−03

UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme 24.9 1.7 1.99e−04

CTSD Cathepsin D 44.5 1.8 1.39e−04

FTH1 Ferritin heavy chain 21.3 1.5 5.19e−04

MYLK Myosin light chain kinase, smooth muscle 210.6 2 1.72e−07

ITGA11 Isoform 2 of Integrin alpha-11 133.5 1.6 1.27e−03

TAGLN3 Transgelin-3 22.5 2.66 9.42e−05

RBP1 Isoform 3 of Retinol-binding protein 1 17.5 1.6 1.27e−03

DNM1 Dynamin-1 97.3 100 2.1e−15

PLBD2 Putative phospholipase B-like 65.4 1.7 1.5e−05

ZYX Zyxin 61.2 1.5 2.08e−02

CYP1B1 Cytochrome P450 1B1 60.8 1.5 1.29e−03

TPP1 Tripeptidyl-peptidase 1 61.2 1.9 1.58e−08

HEXA Beta-hexosaminidase subunit alpha 60.7 1.7 1.96e−03

SNX18 Sorting nexin-18 68.9 1.7 4.97e−05

GAA lysosomal alpha-glucosidase 105.3 1.8 1.5e−05

MMP13 Collagenase 3 54.2 100 2.1e−15

DNAJC8 DnaJ homolog subfamily C member 8 29.8 1.7 1.49e−04

CBFB Isoform 2 of Core-binding factor subunit beta 22 1.6 1.23e−02

PDLIM2 Isoform 5 of PDZ and LIM domain protein 2 62.7 1.7 1.67e−03

PZP Pregnancy zone protein 163.8 1.9 4.83e−03

H1F0 Histone H1.0 20.9 2.09 1.47e−05

HEXB Beta-hexosaminidase subunit beta 63.1 1.79 1.30e−02

FOLR2 Folate receptor beta 29.3 1.69 1.96e−04

FBLIM1 Isoform 2 of Filamin-binding LIM protein 1 40.3 1.7 2.06e−02

FOLR1 Folate receptor alpha 29.8 1.7 1.44e−02

CPM Carboxypeptidase M 50.5 2.5 1.91e−07

COMMD3 COMM domain-containing protein 3 22.1 1.7 1.85e−02

HTRA1 Serine protease HTRA1 51.3 1.7 1.52e−02

AGA N(4)-(beta-N-acetylglucosaminyl)-L-asparaginase 37.2 2.8 8.27e−09

S100A13 Protein S100-A13 11.5 1.5 2.42e−02

HMOX1 heme oxygenase 1 32.8 1.6 4.16e−02

PDLIM3 PDZ and LIM domain protein 3 39.2 3.1 1.36e−09

TPM3 Tropomyosin alpha-3 chain 32.9 0.2 3.62e−12

COL1A1 Collagen alpha-1(I) chain 138.9 0.6 1.02e−02

STMN1 Isoform 2 of Stathmin 19.8 0.6 2.58e−02

RBBP7 Isoform 2 of Histone-binding protein RBBP7 52.3 0.6 1.25e−02

FABP5 Fatty acid-binding protein, epidermal 15.2 0.6 5.21e−03

CTHRC1 Collagen triple helix repeat-containing protein 1 26.2 0.6 1.91e−02

HMGCS1 hydroxymethylglutaryl-CoA synthase, cytoplasmic 57.3 0.3 2.1e−15

DDX50 ATP-dependent RNA helicase DDX50 82.5 0.4 6.07e−04

SERPINE1 Plasminogen activator inhibitor 1 45 0.4 2.1e−15

DUT Deoxyuridine 5′-triphosphate nucleotidohydrolase, mitochondrial 26.5 0.3 1.02e−08

PPP3R1 Calcineurin subunit B type 1 19.3 0.4 2.28e−04

CRABP2 Cellular retinoic acid-binding protein 2 15.7 0.4 5.34e−04

KPNA2 Importin subunit alpha-1 57.8 0.4 5.54e−07

MBD3 methyl-CpG-binding domain protein 3 32.8 0.01 2.1e−15

SSR1 Translocon-associated protein subunit alpha 32.2 0.4 2.35e−11

SKIL Ski-like protein 76.9 0.3 4.15e−12

PRUNE2 Isoform 3 of Protein prune homolog 2 340.9 0.4 1.13e−03

ALCAM CD166 antigen 65.1 0.01 2.1e−15
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normalization factor. The t-test was carried out for the statistical ana-
lysis where p ≤ 0.05 was considered significant.

2.5. Raman spectroscopy

Cartilage samples were embedded in OCT prior to cryosectioning,
cut (Leica CM1900 Cryostat) at 10 μm and mounted on a silicon sub-
strate. Raman spectra were collected using a micro-Raman setup

Fig. 3. STRING Protein Protein Interaction (PPI) analysis. PPI analysis of differentially abundant proteins in osteochondrotic (OC) vs healthy (CTR) equine chon-
drocytes. p-value = 2.22e−09. Gene name of proteins are reported.
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equipped with a solid-state laser at λ= 532 nm. Power was maintained
at 8 mW to reduce photon damage to the samples during acquisition. A
back-scattering geometry was realized using the 50× long working
distance objective of an OLYMPUS microscope MOD BX40, equipped
with a digital camera HORIBA, model Syncerity. The scattered radia-
tion was analyzed by an iHR320 imaging spectrometer Horiba Jobin-
Yvon. The signal was dispersed by a 1800 grooves/mm grating which
allowed spectra acquisition in the 600–1720 cm−1 range. Spectra were
recorded as an average of 10 scans, each one accumulated within 60s
integration time, using at 5 cm−1 resolution.

3. Results

3.1. Proteomic analysis

The quantitative label free MS-based proteomic analysis identified
1637 proteins, of which 59 resulted as differentially abundant (fold
change ≥1.5, p-value ≤0.05) in OC compared to CTR chondrocytes. In
particular, 18 proteins were less-abundant in OC chondrocytes com-
pared to CTR samples whereas 41 were upregulated in the OC condi-
tion. These results are shown in a volcano plot (Fig. 2), while the list of
the differentially abundant proteins is reported in Table 1. Data

corresponding to MS identification and quantitation are listed in sup-
plementary table 1 (Table S1).

3.2. Functional enrichment and interaction network analysis

An overview of the protein-protein interactions (PPI) was generated
by Search Tool for the Retrieval of Interacting Genes (STRING). The PPI
analysis of proteins that were differentially showed in OC (Fig. 3) evi-
denced an interactome consisting of 59 nodes, 64 edges, 2.17 average
node degree, 0.357 average local clustering coefficient and 28 expected
edges. The PPI enrichment p-value was 2.22e−09. The gene ontology
(GO) analysis by String revealed that the main CC categories were:
“Lysosome” including 12 proteins, “extracellular region” including 23
proteins, “stress fiber” with 5 proteins and others that are listed in Table
S2 with the corresponding FDR. The most significant BP categories were
“system development” with 31 proteins, “anatomical structure mor-
phogenesis” including 20 proteins, “anatomical structure development”
including 34 proteins and “cellular component organization” with 33
proteins (Table S2) .

The statistically significant (p < 0.05) network analysis performed
using Cytoscape is shown in Fig. 4 and listed in Table S3. In particular,
the main functional groups included “degradation of extracellular

Fig. 4. Functionally grouped network analysis of differentially abundant proteins in osteochondrotic (OC) vs healthy (CTR) equine chondrocytes. Biological process,
molecular function, cellular component, Reactome, Kyoto Encyclopedia of Genes and Genomes (KEGG), and WikiPathway have been integrated to perform analysis.
(A) Terms as nodes linked were analyzed based on their kappa score level (≥0.4), where only the label of the most significant term per group is shown.
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matrix” and “extracellular matrix organization” indicating structural
and functional ECM alterations. Moreover, “lysosome” and “exopepti-
dase activity” pathways evidenced a high hydrolase activity. “Main-
tenance of protein location” and “XPB1 (S) activates chaperone gene”
indicated deregulation of protein folding and localization. Among the
most significant terms were also “osteoblast differentiation”, “apoptotic
execution phase” and “growth factor binding” that reflected changes in
cell differentiation and cell death. Finally response to vitamin” and
“response to nutrient” were also evidenced.

3.3. Western blotting

In order to verify the results of the label-free based proteomic
analysis, some proteins of interest were further validated using western
blotting. The candidate proteins were selected based on their involve-
ment in various functional categories or pathways highlighted by the
bioinformatic analysis. ACT, HEXB and MMP13 were analyzed to con-
firm the cytoskeletal, lysosomal and ECM alteration respectively.
Western blotting of SOD2, CYP1B1 and CAT were performed in order to
validate the involvement of oxidative stress in OC (Fig. 5). As shown in
Fig. 5A and B the results confirmed the increase of all tested proteins.

3.4. Raman spectroscopy

The results of the label-free quantification approach were further
corroborated by RS. The spectra (Fig. 6) showed significant differences
in the relative intensities of collagen and GAG bands that indicate a
reduction in GAG content, as well as alterations in collagen fiber
structure and organization in OC tissues.

4. Discussion

Proteomics has, to date, been poorly applied to study the patho-
genesis of OC. In this study we carried out a comparative proteomic
analysis of equine chondrocytes obtained from healthy and OC cartilage
using a label-free MS approach.

Overall, we identified differentially abundant proteins involved in
metabolic and functional pathways that may be related to

endochondral ossification failure in OC. This may confirm the os-
teochondrotic nature of the analyzed fragments. Indeed, there is still
much the debate on the different origins of joint fragments, especially
when they occur within the fetlock joints [35,36].

In particular, the results indicated structural and functional ECM
modifications and cytoskeletal alterations which have direct con-
sequences on cell adhesion. Some proteins involved in cell death and
differentiation, as well as in gene expression, were also modulated.
Moreover, the results confirmed the role of nutrition in OC pathogen-
esis and highlighted a probable involvement of lysosomal enzymes.
According to previous studies [24,25] the deregulation of proteins in-
volved in endoplasmic reticulum stress response and protein folding
and localization were also observed.

The key steps of the endochondral ossification process consisting in
the conversion of cartilage ECM into natural bone ECM [37] seem to
have been highly compromised. Indeed, proteins related to the “de-
gradation of extracellular matrix” and “extracellular matrix organiza-
tion” were identified. Moreover, the RS analysis of OC cartilage, also
showed alterations in ECM consisting of modifications in collagen
protein structure, collagen fiber disorganization and GAG degradation.
Changes in collagen content may be due to the elevated MMP13 levels
revealed by our analysis and previously described in OC lesions [38–40]
as well as to the low level of collagen type 1 content observed in the OC
cells. ECM remodelling may also have been affected by alterations in
the ratio serine proteases/serine protease inhibitors that are essential
for ECM turnover [41]. In fact our results showed a drop in the serpine
1 protein level, which is a serine protease inhibitor that plays a key role
in chondrogenesis, cartilage and bone remodelling [42]. Furthermore,
large amounts of two serine proteases were observed, namely prolyl-
endopeptidase a cell surface glycoprotein with collagenase and gelati-
nase activities, and serine protease HTRA1 that hydrolyses ECM pro-
teins such as fibronectin, fibromodulin and proteoglycans (PGs). ECM
abnormalities can also be caused by lysosomal enzymes. In the OC cells,
we detected a high abundance of beta-hexosaminidase subunit alpha
and beta (HEXA - HEXB), lysosomal alpha-glucosidase, N(4)-(beta-N-
acetylglucosaminyl)-L-asparaginase and cathepsin D. These enzymes
are involved in cartilage turnover [43]. Although initially PG de-
gradation occurs extracellularly, fragments are endocytosed and

Fig. 5. Western Blotting to validate label-free quantitation results. Western blotting of proteins obtained from osteochondrotic (OC) and healthy chondrocytes (CTR)
was performed using antibodies against actin (ACT), beta-hexosaminidase subunit beta (HEXB), collagenase 3 (MMP13) mitochondrial superoxide dismutase (SOD2),
cytochrome P450 1B1 (CYP1B1) and catalase (CAT). Tubulin (TUB) was used as housekeeping. A) Representative images; B) Bar graph showing normalized western
blotting band densities. Data represent the mean ± SEM of three independent experiments.
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subjected to further hydrolysis in lysosomes. Moreover, chondrocyte
lysosomal exocytosis occurs and lysosomal hydrolases such as cathepsin
D and β-hexosaminidase can degrade extracellular PGs during en-
dochondral ossification [44]. Moreover, cathepsin D was found to be
differentially distributed in osteochondrotic cartilage [45]. Another
possible role of lysosomes in OC pathogenesis might also be linked to
their involvement in autophagy that could be triggered in the growth
plate chondrocytes during endochondral ossification [46]. The over-
activation of autophagy and apoptosis, such as evidenced in the present
study are both proposed and still debated to promote chondrocytes cell-
death [47]. Moreover, our functional analysis annotated some deregu-
lated proteins also in the “apoptosis execution phase”.

In accordance with our previous study [24], changes in the abun-
dance of cytoskeletal proteins were detected. In addition to the high
levels of actin, herein alterations were observed in abundance of pro-
teins included in cytoskeletal structures such as “actin filament” and
“stress fiber”. These proteins regulate the chondrocyte phenotype and
the mechanotransduction mechanisms with direct implications in car-
tilage homeostasis and pathology [48]. Alterations in actin dynamics,
cellular architecture, cell adhesion and integrin signalling, may be also
due to the deregulation of isoform 5 of PDZ and LIM domain protein 2,
PDZ and LIM domain protein 3, filamin-binding LIM 1 and zyxin pro-
tein levels [49–52]. Cytoskeletal alterations could be also caused to a
drop in stathmin, also known as OP18, which is a key endogenous
regulator of microtubule dynamism. It plays a role in metabolism and
bone homeostasis by promoting osteoblast differentiation and

inhibiting osteoclast formation [53].
The role of nutrition in OC pathogenesis [54–57] was confirmed, as

alterations in “response to vitamin” and “response to nutrient” were
evidenced. In particular, changes in the amounts of the retinol binding
protein 1 (RBP1) and cellular retinoic acid-binding protein (CRABP2)
were observed as well as in folate receptor beta (FOLR2) and folate
receptor alpha (FOLR1). RBP1 and CRABP2 are key elements of the
retinoid signalling pathway which is essential for skeletal development
and growth [58,59]. FOLR2 and FOLR1 transport folic acids which are
required for chondrocyte differentiation [60] and for one carbon me-
tabolism [61].

The cytoscape analysis confirmed the role of growth factors and
epigenetics that have already been suggested in cartilage maturation
and in endochondral ossification but poorly investigated in OC
[2,3,62,63]. Furthermore “estrogen-dependent gene expression” seems
to be compromised. Although little is known about the role of estrogens
in OC, they are able to directly affect chondrocyte proliferation and
differentiation, ECM collagens and PG content, as well as differentiation
and apoptosis of osteoblasts and osteoclasts [64,65]. Moreover, our
results also revealed alterations in “osteoblast differentiation” that
could be significantly affected by reduction in collagen triple helix re-
peat-containing protein 1 (CTHRC1) in OC chondrocytes. CTHRC1 is
involved in the crosstalk between osteoblasts and osteoclasts [66] and
in the Wnt pathway which is a key regulator of joint remodelling [67].

Furthermore, the results suggested a possible role for bone mor-
phogenetic protein (BMP) signalling in OC, which has been poorly

Fig. 6. Raman spectra of healthy (CTR) and osteochondrotic (OC) cartilage. Raman spectra of cartilage samples in the 600–1720 cm−1 region. Characteristic bands of
GAGs ad collagen are marked with the black and red asterisks, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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investigated. Indeed, the “XBP1(S) activates chaperone genes” emerged
as another signalling pathway deregulated in OC cells. The spliced X-
box binding protein 1 isoform (XBP1s) is a key inducer in the BMP2
signalling pathway, involved in chondrogenesis and bone formation as
well as in osteoblast differentiation and extracellular matrix miner-
alization [68–70].

Finally, impairment of OC chondrocyte homeostasis may also be
due to highly reactive oxygen species (ROS) levels and pro-oxidant
conditions, which could promote an antioxidant cellular response, thus
confirming the role of oxidative stress in OC [14]. Indeed, our results
showed an increased abundance of oxidative stress-related proteins
such as catalase, SOD2, CYP1B1 and heme oxygenase 1 (HMOX1). In
mammalian cells, CYP1B1, a member of Cytochrome P450 enzyme fa-
mily is one of the two main endogenous sources of ROS and the main
inducer of pro-oxidant conditions [71,72]. Moreover, SOD 2, catalase
and HMOX1 expression are induced by the nuclear transcription factor
erythroid 2-related factor 2, which coordinates the response to oxida-
tive stress stimulating the synthesis of antioxidant enzymes [73].

5. Conclusions

This study identified differentially abundant proteins that could be
key players in the onset and progression of osteochondrosis. In parti-
cular, lysosome-associated proteins and proteins that are involved in
ECM organization and degradation, cell adhesion, vitamin metabolism
and osteoblast differentiation were detected. Overall, these findings
could open new fields of research aimed at clarifying the OC patho-
genesis as alterations were observed in some proteins associated with
endochondral ossification. Finally, the results could be translated to
other species as the pathogenesis of OC is shared across different species
and equine OCD is a good animal model for human juvenile OCD.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2020.103927.
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