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Chondrocytes from Osteoarthritis Patients Adopt Distinct Phenotypes in Response to Central
TH1/TH2/TH17 Cytokines
Reprinted from: Int. J. Mol. Sci. 2021, 22, 9463, doi:10.3390/ijms22179463 . . . . . . . . . . . . . . 45

Vilim Molnar, Vid Matišić, Ivan Kodvanj, Roko Bjelica, Željko Jeleč and Damir Hudetz et
al.
Cytokines and Chemokines Involved in Osteoarthritis Pathogenesis
Reprinted from: Int. J. Mol. Sci. 2021, 22, 9208, doi:10.3390/ijms22179208 . . . . . . . . . . . . . . 67

Sara Cheleschi, Sara Tenti, Stefano Giannotti, Nicola Veronese, Jean-Yves Reginster and
Antonella Fioravanti
A Combination of Celecoxib and Glucosamine Sulfate Has Anti-Inflammatory and
Chondroprotective Effects: Results from an In Vitro Study on Human Osteoarthritic
Chondrocytes
Reprinted from: Int. J. Mol. Sci. 2021, 22, 8980, doi:10.3390/ijms22168980 . . . . . . . . . . . . . . 91

Jisook Park, Hyun-Seung Lee, Eun-Bi Go, Ju Yeon Lee, Jin Young Kim and Soo-Youn Lee et
al.
Proteomic Analysis of the Meniscus Cartilage in Osteoarthritis
Reprinted from: Int. J. Mol. Sci. 2021, 22, 8181, doi:10.3390/ijms22158181 . . . . . . . . . . . . . . 111

Nathalie Thielen, Margot Neefjes, Renske Wiegertjes, Guus van den Akker, Elly Vitters and
Henk van Beuningen et al.
Osteoarthritis-Related Inflammation Blocks TGF-β’s Protective Effect on Chondrocyte
Hypertrophy via (de)Phosphorylation of the SMAD2/3 Linker Region
Reprinted from: Int. J. Mol. Sci. 2021, 22, 8124, doi:10.3390/ijms22158124 . . . . . . . . . . . . . . 119

Chenshuang Li and Zhong Zheng
Males and Females Have Distinct Molecular Events in the Articular Cartilage during Knee
Osteoarthritis
Reprinted from: Int. J. Mol. Sci. 2021, 22, 7876, doi:10.3390/ijms22157876 . . . . . . . . . . . . . . 141

Jana Riegger, Julia Baumert, Frank Zaucke and Rolf E. Brenner
The Hexosamine Biosynthetic Pathway as a Therapeutic Target after Cartilage Trauma:
Modification of Chondrocyte Survival and Metabolism by Glucosamine Derivatives and
PUGNAc in an Ex Vivo Model
Reprinted from: Int. J. Mol. Sci. 2021, 22, 7247, doi:10.3390/ijms22147247 . . . . . . . . . . . . . . 159

v



Jacob Spinnen, Lennard K. Shopperly, Carsten Rendenbach, Anja A. Kühl, Ufuk Sentürk
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Abstract: Osteoarthritis (OA) is a degenerative inflammatory condition of the joint cartilage that
currently affects approximately 58 million adults in the world. It is characterized by pain, stiffness,
and a reduced range of motion with regard to the arthritic joints. These symptoms can cause in the
long term a greater risk of overweight/obesity, diabetes mellitus, and falls and fractures. Although
the current guidelines for the treatment of OA suggest, as the gold standard for this condition, phar-
macological treatment characterized by non-steroidal anti-inflammatory drugs (NSAID), opioids,
and cyclooxygenase (COX)-2-specific drugs, a great interest has been applied to nutraceutical supple-
ments, which include a heterogeneous class of molecules with great potential to reduce inflammation,
oxidative stress, pain, and joint stiffness and improve cartilage formation. The purpose of this review
is to describe the potential application of nutraceuticals in OA, highlighting its molecular mechanisms
of actions and data of efficacy and safety (when available).

Keywords: osteoarthritis; nutraceuticals; glucosamine; chondroitin; collagen; methylsulfonylmethane;
vitamin C; vitamin D; hyaluronic acid

1. Introduction

Osteoarthritis (OA) is a degenerative inflammatory condition of the joint cartilage that
currently affects approximately 58 million adults, with an estimated increase to 78.4 million
by 2040 [1]. It represents the principal reason for joint pain and functional impairment in
the world [2].

This inflammation is characterized by pain, stiffness, and a reduced range of motion
with regard to the arthritic joints. These symptoms can cause a greater risk of over-
weight/obesity, diabetes mellitus, and falls and fractures in the long term [3]. Factors
predisposing to OA could be classified as local biochemical factors, including joint injury,
joint space, and physical activities, and general factors, such as sex, age, comorbidities like
obesity, and nutrition disorders [4].

Current guidelines for the treatment of OA suggest three types of approaches, which
can be also combined if necessary. The first approach includes pharmacological treatment,
which is characterized by non-steroidal anti-inflammatory drugs (NSAIDs), opioids, and cy-
clooxygenase (COX)-2-specific drugs. However, it has only a “palliative” role by reducing
symptoms but not considering the essential problem of the cartilage disorder. In addition,
the conventional therapies can cause (especially for long period of consumption) possible
side effects, which can reduce the compliance for the appearance of gastrointestinal prob-
lems, cardiovascular effects, and others [5]. The second approach regards lifestyle change,
a non-pharmacological approach characterized by rehabilitation to facilitate healthy body
composition, physical activity, and the optimization of an appropriate nutrition plan and a
nutraceutical treatment [6]. In this context, a chronic nutritional intervention associated
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with conventional therapies demonstrated to improve OA condition (joint of knee, hip,
and hand) compared with only pharmacological treatments [7]. If lifestyle changes and
medications are not enough, the third approach is surgery. Nevertheless, in recent years,
a great interest has been applied to nutraceutical supplements, which include a hetero-
geneous class of molecules with great potential to reduce inflammation, oxidative stress,
pain, and joint stiffness and improve cartilage formation [8]. The use of nutraceuticals
might be particularly interesting for the action on pain, which is typically chronic in OA
and represents the main cause of disability for this condition. In this regard, for evaluation
of OA pain intensity, the most common criteria include the visual analog scale (VAS) or
numerical rating scale (NRS), the pain subscale of the Western Ontario and McMaster
Universities Arthritis Index (WOMAC), and the Knee injury and Osteoarthritis Outcome
Score (KOOS) [9]. In particular, the WOMAC index is widely used in the evaluation of
hip and knee osteoarthritis based on a self-administered questionnaire consisting of items
regarding pain, stiffness, and physical function. In this regard, a recent meta-analysis
of 42 random clinical trials (RCTs) utilizing nutraceuticals (such as chondroitin sulphate,
glucosamine sulphate, collagen, and hyaluronic acid) found improvements across all OA
measurement parameters expressed through the total WOMAC index, WOMAC pain and
WOMAC stiffness subscales,and VAS [10]. Among the most used nutraceuticals in OA,
chondroitin sulphate, glucosamine sulphate, collagen, hyaluronic acid, and methylsulfonyl-
methane were shown to be impressive in the improvement of clinical symptoms and in
decreasing inflammatory indices in subjects with OA [11]. Confirming this, 69% of patients
with OA receive various forms of nutraceuticals for their problem [12]. However, although
numerous studies have detailed the benefits of nutraceutical usage in OA, inconsistent
reports of the side effects and results of little statistical significance have kept them from
mainstream medical usage as described in further sections.

The purpose of this narrative review is to describe the molecular mechanisms of action
of the most used and clinically tested chondroprotective nutraceuticals.

2. Methods

As a first step, we focused our literature search on the search for the most clinically
studied dietary supplements using as key words on PubMed “Osteoarthritis”, “Nutraceuti-
cals”, “Dietary supplements”, “Randomized”, and “Clinical trials”. Then, we searched for
studies investigating the mechanism of action of the selected nutraceuticals and critically
described it.

A summary of the discussed nutraceuticals and their proposed mechanisms of actions
is reported in Table 1.

Table 1. Nutraceuticals useful in OA diseases: dosages of administration, molecular mechanism of actions, and effect on
OA-related behavior and biomarkers.

Nutraceutical Tested Daily Dose
Molecular Mechanism of

Actions
Effect on OA and Related

Behavior
Ref.

Anthocyanins from
pomegranate juice 300–600 mg

IL-1β, TNF-α, CCR2, NF-κB,
JNK-MAPK, ROS, NO, COX-2,

PGE2
↓ VAS pain, WOMAC pain [13]

Avocado/soybean
unsaponifiables 300 mg IL-1, IL-6, IL-8, and PGE2 ↓ VAS pain, WOMAC pain, ↓

Analgesic and NSAIDs use [14]

Acetyl-keto-β-
boswellic acid (AKBA)
(from Boswellia serrata)

150–250 mg (AKBA) iNOS, NF-κB, COX, LOX ↓ VAS pain, WOMAC pain [15]

Capsaicin (from Chili
pepper) 10 mg TRPV1 agonist ↓ VAS pain, WOMAC pain [16]
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Table 1. Cont.

Nutraceutical Tested Daily Dose
Molecular Mechanism of

Actions
Effect on OA and Related

Behavior
Ref.

Chondroitin 500–1500 mg

IL-1, IL-6, TNF-α, IL-1β, TGF-β
MMPs,NF-κB, ROS formation,
improve of proteoglycans, type

II collagen and GAGs expression

↓ VAS pain, WOMAC pain,
stiffness, function and total,
↓ Analgesic and NSAIDs use

[17–19]

Collagen 4000–10000 mg

Cartilage regeneration by
increasing the synthesis of

macromolecules in the
extracellular matrix, CTXII,

MMP-13, T regulatory (Treg)
modulation

↓ VAS pain, WOMAC pain,
stiffness, function and total [20]

Curcumin (from
Curcuma longa) 1000–3000 mg IL-1β, TNF-α, NF-κB, COX-2,

PGE2

↓ VAS pain, WOMAC pain,
stiffness, function and total,
↓ Analgesic and NSAIDs use

[21]

Epigallocatechin
3-gallate (from green

tea)
400–1000 mg

IL-1β, TNF-α, CCR2, NF-κB,
JNK-MAPK, ROS, NO, COX-2,

PGE2
↓ VAS pain, WOMAC pain [22]

Gingerols (from ginger) 250–400 mg ginger (5%
gingerols) iNOS, NF-κB, TRPV1 agonist ↓ VAS pain, WOMAC pain [23,24]

Glucosamine 500–1500 mg

IL-1, IL-6, TNF-α, IL-1β, TGF-β
MMPs,NF-κB, ROS formation,
improve of proteoglycans, type

II collagen and GAGs expression

↓ VAS pain, WOMAC pain, ↓
Analgesic and NSAIDs use [17–19]

Hyaluronic acid 80–200 mg
CD44 receptors, IL-1β, -6, -9,

MMPs, PGE2, TNFα, RHAMM,
TLR4, ICAM-1, Nf-kB

↓ VAS pain, WOMAC pain,
stiffness, function and total [25]

Methylsulfonylmethane 500–1500 mg NF-Kb, IL-1, IL-6, IL-1β, TNF-α
ROS, COX

↓ VAS pain, WOMAC pain,
stiffness, function and total, ↑
SF-36 quality of life all eight
domains including pain, ↑

Global patient and physician
assessments of disease status

[26]

Omega-3 (EPA and
DHA)

500–4500 mg (EPA +
DHA) NF-κB, COX

↓ Mean WOMAC scores for
pain, stiffness, and function,
↓ Analgesic and NSAIDs use,
↓ OA symptoms including
morning stiffness, pain in

hips and knees

[27,28]

Pycnogenol 100–200 mg MMPs, COX-1, -2, NF-κB, ROS ↓ VAS pain, WOMAC pain [29]

Vitamin C 500–2000 mg MMPs, ROS ↓ VAS pain [30]

Vitamin D 2000–60000 UI

Bone formation and
mineralization, MMPs,

osteoclast and osteoblast activity,
VEGF

Unclear [31,32]

CCR2 = C-C chemokine receptor type 2, CD44 = Cluster of differentiation 44, COX = Cyclooxygenase, IL = Interleukin, GAGs =
glycosaminoglycans, ICAM-1 = Intercellular adhesion molecule, MMPs = Matrix metalloproteinases, LOX = Lipoxygenase, NF-kB =
Nuclear factor-kappa B, NO = Nitric oxide, NSAIDs = Non-steroidal anti-inflammatory drug, OA = Osteoarthritis, PGE2 = Prostaglandin
E2, RHAMM = receptor for hyaluronan mediated motility, ROS = Reactive oxygen species, SF-36 = 36-Item short form survey, TGF = Tumor
grown factor, TLR4 = Toll like receptor 4, TNF = Tumor necrosis factor, VAS = Visual analogue scale, VEGF = Vascular endothelial growth
factor, WOMAC = Western Ontario and McMaster University, ↓ = reduction, ↑ = improvement.
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3. Nutraceuticals Used for the Prevention of Worsening and Management of OA
3.1. Glucosamine and Chondroitin

Chondroitin and glucosamine are nutraceuticals commonly used in clinical practice
for OA patients for its analgesic and chondroprotective effects [33]. Glucosamine is a
water-soluble amino monosaccharide available in two forms (glucosamine sulphate and
glucosamine hydrochloride), which is a normal constituent of glycosaminoglycans (GAGs)
in cartilage matrix and in the synovial fluid and consequently present in high quantities in
articular cartilage. It is a constituent of keratan sulphate. Chondroitin is a major component
of the extracellular matrix of articular cartilage, which played an important role in creating
considerable osmotic pressure. In this way, it could provide cartilage with resistance and
elasticity to resist tensile stresses during loading conditions [34].

3.1.1. Mechanisms of Action

Glucosamine and chondroitin act first as anti-inflammatory agents. A study conducted
in rats treated with different dosages of glucosamine (20, 40, 80, or 160 mg/kg/day) showed,
by the 6th day, the capability of this substance to reduce the levels of proinflammatory
cytokines interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-α, also preventing
the increase in plasma nitrite levels [35]. Similar results were obtained by Li et al., and
Waly et al., on mice with monosodium iodoacetate-induced OA in which glucosamine
was shown to downregulate serum pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α)
and C-reactive protein levels and upregulate the anti-inflammatory cytokines IL-2 and
IL-10 levels [17,18]. Oral glucosamine administration is able to suppress the early increase
in tumor grown factor (TGF)-β levels in monosodium iodoacetate-induced OA rats [17].
Nevertheless, the precise role of TGF-β in different stages of OA is still unclear as well as the
effects of glucosamine on this function required further confirmations [17]. Glucosamine
appears to also have immune-modulatory activity by inhibiting the expression and/or
activity of catabolic enzymes, such as phospholipase A2, MMPs, or aggrecanases [36].

Both chondroitin and glucosamine sulphate were demonstrated to reduce the activa-
tion of the nuclear factor κB (NF-κB) and p38 mitogen-activated protein kinase (MAPK)
pathway, which represent a pathway of inflammation in OA [37]. In addition, further
studies showed that these molecules prevent the cytokine-induced IL-1β expression by sup-
pressing the demethylation of the IL-1β promoter region [36], inhibiting the lipopolysaccha-
ride (LPS)-induced reactive oxygen species (ROS) generation, nucleotide-binding oligomer-
ization domain-like receptor containing pyrin domain 3 (NLRP3) inflammasome activation
and caspase-1 activation, and upregulation and release of IL-1β [38].

Another important activity of both chondroitin and glucosamine concerns its antioxi-
dant properties, which have been reported in several in vitro models [21]. Even though
glucosamine hydrochloride and glucosamine sulphate possess antioxidant activity, glu-
cosamine sulphate shows greater antioxidant and radical scavenging activities compared
with glucosamine hydrochloride [39].

The reduction of ROS produced during the early OA stage by mechanical stress,
trauma, or chemicals is important in order to reduce the cellular damage on the adjacent
cartilage and collagen degradation [40]. Glucosamine was shown to bind directly with
malondialdehyde (MDA) and block the subsequent formation of MDA adducts and protein
cross-linkages and thus prevent lipoprotein oxidation and inhibit MDA adduct formation
in the articular chondrocyte cell matrix [41]. Other in vitro studies reported the ability of
these molecules to inhibit hydrogen peroxide (H2O2)-mediated membrane lipid peroxida-
tion, protein and DNA oxidation, as well as the intracellular ROS level in chondrocytes,
with the upregulation of glutathione (GSH) and other antioxidant enzymes, including
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) in chondro-
cytes [42]. However, direct evidence of the antioxidant activity of both glucosamine and
chondroitin in OA animal models is limited. In a study conducted in the formalin-induced
osteoarthritic rat knee joint, the association of glucosamine hydrochloride, chondroitin
sulphate, methylsulfonylmethane, Harpagophytum procumbens root extract, and bromelain
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administered orally for 30 days resulted in a significant reduction in MDA, NO, and 8-
hydroxyguanine levels and an increased total GSH level was observed. These reductions
were higher in the combination group (with plants) if compared with the administration of
glucosamine or chondroitin alone, probably due to the additional analgesic effects [43].

Glucosamine and chondroitin are also known to improve tissue regeneration as demon-
strated by different in vivo studies. In New Zealand rabbits with surgical-induced knee
joint cartilage damage, treatment with glucosamine sulphate remarkably improved hyaline
cartilage regeneration on autologous chondrocyte implantation repair sites, with upregula-
tion of proteoglycans, type II collagen, and GAGs expression compared with autologous
chondrocyte implantation alone [19]. In addition, these nutraceuticals simultaneously sup-
pressed the osteoclastic cell differentiation in MC3T3-E1 osteoblasts, downregulating the
receptor activator of NF-κB ligand (RANKL) expression [44] and blocked IL-1β-mediated
downregulation of type II collagen and aggrecan gene expression and inhibited the MMP-13
gene expression in both normal and OA chondrocytes [45].

3.1.2. Efficacy and Safety

Chondroitin and glucosamine were tested in several clinical trials of OA. However, the
results remain at least in part contrasting. A recent meta-analysis of 30 randomized clinical
trials including 7127 patients showed that chondroitin could alleviate pain symptoms
(−0.071, 95%CI: −0.228 to 0.085) and improve physical function (−0.090, 95%CI: −0.242
to 0.061) compared with the placebo [46]. Similar results were shown in a previous meta-
analysis in which treatments with glucosamine and chondroitin were found to significantly
reduce pain in VAS [weighted mean difference (WMD) −7.41 mm, 95%CI–14.31, –0.51,
p = 0.04 and WMD–8.35 mm, 95% CI–11.84, –4.85, p < 0.001, respectively] [47]. Even the
meta-analysis by Ogata et al., including 18 RCTs, demonstrated glucosamine’s potential
to alleviate knee OA pain [48]. Moreover, Zhu et al., reported the superiority of the
combination of glucosamine and chondroitin for pain reduction and joint stiffness in
comparison with acetaminophen, even if celecoxib was most likely the best option for knee
or hip OA [49]. In a large meta-analysis of 54 randomized clinical trials including 16,427
patients, the effects of glucosamine and chondroitin were compared with conventional
treatments. Although, even in this case, celecoxib was considered the best option for pain
reduction, only glucosamine plus chondroitin showed a clinically significant improvement
from baseline function. In terms of the structure-modifying effect, both glucosamine
alone and chondroitin alone achieved a statistically significant reduction in joint space
narrowing [50].

However, other studies reported no significant improvement of the OA condition
after both glucosamine and chondroitin supplementation. Kwoh et al., did not observe
any significant changes in the joint structure in people with chronic knee pain treated
with glucosamine 1500 mg/day [51]. In addition, supplementation with chondroitin or
glucosamine (1500 mg/day) for 2 years also did not cause remarkable changes in the joint
structure of OA patients (aged 45–75 years) [52]. Similar conclusions were obtained from a
study regarding 59 people with temporomandibular OA randomly receiving glucosamine
sulphate 1200 mg/day or placebo. At the end of the study (six weeks), no significant
differences in all signs and symptoms of OA were observed in both groups [53]. In
accordance with this data, in a meta-analysis of 17 clinical studies, only seven showed a
statistically significant reduction in pain (−0.35, 95%CI = −0.54 to −0.16) and four studies
met the review criteria for joint space narrowing (SMD= −0.10, 95%CI = −0.23 to +0.04) [54].
Moreover, several smaller dosages throughout the day of glucosamine seem to be better in
pain reduction effects if compared with a single daily large dose (1500 mg) [38].

Both glucosamine and chondroitin were also demonstrated to reduce joint inflamma-
tion and oxidative stress. In an RCT including elderly people with temporomandibular
joint OA, treatment with an intra-articular hyaluronic acid injection in combination with
glucosamine hydrochloride (oral 720 mg for 3 months) was shown to be greatly beneficial
by further reducing the IL-6, IL-1β, and TGF-β levels if compared with people treated with
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only hyaluronic acid injection [55]. Glucosamine sulphate (1500 mg/day) in addition with
celecoxib (200 mg/day) supplemented in patients with knee OA for 8 weeks showed a
better redox status expressed as higher serum SOD activity and lower serum MDA levels
compared with the control group (celecoxib alone) [56].

In conclusion, data indicates that both glucosamine and chondroitin may have a
small to moderate effect in reducing OA-related pain and joint inflammation but little
effect on joint-space narrowing. The discrepancies in the effectiveness of chondroitin and
glucosamine on osteoarthritis between different studies should be further examined.

The supplementation of both chondroitin and glucosamine in the medium term is
considered safe and well tolerated. Different studies reported some mild and transitory
effects, such as diarrhea, abdominal pain, nausea, and headache. However, there was
no significant difference in the comparison between any options (glucosamine alone,
chondroitin alone, glucosamine + chondroitin) versus placebo.

3.2. Methylsulfonylmethane

Methylsulfonylmethane (MSM) is a supplement containing organic sulphur suggested
for relieving joint/muscle pain, thanks to its anti-inflammatory properties and it has also
been reported to slow anatomical joint progressivity in the knee OA. It is a natural member
of the methyl-S-methane compounds, but it can also be obtained through the oxidation of
dimethylsophoxide with H2O2 [42].

3.2.1. Mechanism of Action

In vitro studies showed the ability of MSM to act as an anti-inflammatory agent
through the inhibition of the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) [57] as well as p65-S536 phosphorylation [58], reducing the expression of inter-
leukins (IL-1, IL-6, IL-1β) and TNF-α [59,60]. MSM downregulates NF-κB production of the
leucine-rich repeat family pyrin domain-containing 3 (NLRP3) inflammasome transcript
and/or it blocks the activation signal in the form of mitochondrial-generated ROS, nega-
tively affecting the expression of the NLRP3 inflammasome [44]. In addition, MSM reduces
the expression of cyclooxygenase-2 and nitric oxide synthase, reducing the formation of
superoxide radical (O2

−) and nitric oxide (NO) [61]. MSM influences the balance of ROS
and antioxidant enzymes by mediating at least four types of transcription factors including
NF-κB, signal transducers and activators of transcription (STAT), p53, and nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) [45]. Other pleiotropic effects of MSM include the im-
provement of osteoblast differentiation acting through the Jak2/STAT5b pathway [62] and
the upregulation of the master gene RUNX2, which transactivates its downstream partner
SP7 (Osterix) and thus the expression of osteogenic genes (e.g., COL1A1 and COL1A2
(collagen type I), BGLAP (osteocalcin), SPARC (osteonectin), and SSP1 (osteopontin)) [63].
The osteogenic differentiation operated by MSM is also stimulated by the induction of
BMP2 or transglutaminase-2 (TG2) [64].

3.2.2. Efficacy and Safety

Although the MSM anti-arthritic data of in vitro and in animal models are numerous
and promising [58,65], human studies are for the most part conducted on small samples of
people and in combination with other molecules, such as chondroitin and glucosamine.

RCTs suggest MSM is effective in reducing pain, as indicated by the WOMAC pain
subscale [66,67], the 36-Item Short Form Survey (SF36) pain subscale [26], the VAS pain
scale, and the Lequesne Index [68]. Significant improvements were also observed in
swelling [55] and stiffness [53].

Other RCTs utilizing MSM in combination with other therapies report similar results.
In this regard, the study conducted by Usha et al., reported an improvement in pain, pain
intensity, and swelling after supplementation with MSM and glucosamine, in people with
OA [55]. In another double-blind RCT including 147 people with knee OA, Kellgren–
Lawrence grade I-II, patients were randomized to receive 1500 mg of glucosamine +
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1200 mg of chondroitin sulphate or 1500 mg of glucosamine + 1200 mg of chondroitin
sulphate + 500 mg of MSM or placebo for 3 months. At the end of the treatments, the MSM
treatment group was found to have a statistically significant WOMAC score (p = 0.01) and
VAS score (p < 0.001) compared with the control and the glucosamine and chondroitin
group (WOMAC score (p = 0.03) and VAS score (p = 0.004) [69]. The combination of
glucosamine, chondroitin, and MSM has also been demonstrated to improve functional
ability and joint mobility [70]. However, these positive observations were not confirmed in
the trial by Magrans-Courtney et al. [71]. Further larger and long-term clinical trials are
needed to quantify its efficacy, especially when compared to chondroitin and glucosamine.

MSM appears to be well-tolerated and safe as reported by the Food and Drug Admin-
istration (FDA) GRAS notification, at dosages under 4845.6 mg/day [72].

3.3. Collagen

Collagen is an extracellular matrix protein localized in the skin, tendons, cartilage, and
bone, which is usually contained in foods, such as fish and meat [73]. It is characterized
by a triple-helix configuration with a repeating amino acid sequence, (Gly-X-Y)n, where
X and Y are typically proline and hydroxyproline, respectively. Type II collagen is the
major component (90–95% of total collagen content) of the articular cartilage, forming
the fibrils that give cartilage its tensile strength [74]. It is also generally commercialized
as a nutritional supplement obtained by the action of proteases, which hydrolyze the
gelatine [75]. In fact, the bioavailability of undenatured collagen is very low because it is not
hydrolyzed and thus physiologically available for enteric absorption [76]. However, it has
been demonstrated that bioactive di- or tripeptides containing proline and hydroxyproline
could be absorbed into the blood circulation and exert anti-OA activities [77].

3.3.1. Mechanism of Action

The site of interaction of collagen and its subfractions on cartilage has not yet been fully
clarified. Several in vitro studies have investigated the potential molecular mechanisms
regarding the protection of articular cartilage [78]. Firstly, collagen is well known to be
an extracellular matrix molecule used by cells for structural integrity [79]. Hydrolyzed
collagen may induce cartilage regeneration by increasing the synthesis of macromolecules
in the extracellular matrix [80]. After a single administration with labeled collagen peptide,
a significant improvement in the levels of collagen detected in the skin and cartilage was
shown, indicating an accumulation of these peptides in the connective tissue [81].

Collagen is able to modulate the humoral and cellular immune response. In fact, it
activates the immune cells (it takes place in the gut-associated lymphoid tissue (GALT))
and regulates the oral tolerance, which is an immune process that the body uses to distin-
guish between innocuous molecules, such as dietary proteins or intestinal bacteria, from
potentially harmful foreign invaders [82]. In this regard, the transformation of naive T
cells into T regulatory (Treg) cells permits the secretion of anti-inflammatory mediators,
including the transforming growth factor-beta (TGF-β), interleukin 4 (IL-4), and interleukin
10 (IL-10), which help in the reduction of joint inflammation and promotion of cartilage
repair [83,84].

Proline and hydroxyproline are considered to be the biologically active substances of
collagen, inducing hyaluronic acid synthesis as reported by in-cultured synovial cells [85]
and suppressing the hypertrophic differentiation of chondrocytes, which is well known
to be involved in the pathogenesis of OA [86]. Furthermore, these amino acids stimulate
glycosaminoglycan synthesis by chondrocytes [79]. In a rat experimental osteoarthritis
(OA) model, collagen peptides administration was demonstrated to reduce the CTX-II
(type II collagen degradation) levels and suppress the Mankin score (p < 0.05 for both). In
addition, type II collagen reduced inflammation expressed as MMP-13 levels [87].

Based on these findings, oral administration of hydrolyzed collagen has
anti-inflammatory and chondroprotective actions, which could represent the basis of
the protection of OA initiation/progression. Further in vitro studies investigating the
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components of collagen peptides are required to elucidate the detailed mechanism behind
the beneficial effect of these peptides on joint health.

3.3.2. Efficacy and Safety

Different clinical studies have investigated the protective effects of collagen on
joints [88,89]. It has been suggested that supplementation with 4.5–10 g/day of colla-
gen peptides, at least for 2 months, relieves knee and hip joint pain in people with OA [90].
In a RCT involving 147 athletes, 10 g collagen/day for 24 weeks reduced activity-related
joint pain [91]. In another RCT including 30 subjects with knee OA, supplementation
of 5 g/day of collagen for 13 weeks showed a significant improvement of all the score
levels of WOMAC, VAS, and quality of life (p < 0.01 compared with placebo). In accor-
dance with these results, in a meta-analysis of five RCTs, collagen treatment showed a
significant reduction in the total WOMAC index score (WMD–8.00; 95% CI–13.04, –2.95;
p = 0.002) and in the VAS score (WMD–16.57; 95% CI–26.24, –6.89; p < 0.001). Subgroup
analysis of the WOMAC subscores also revealed a significant decrease in the stiffness
subscore (WMD–0.41; 95% CI–0.74, –0.08; p = 0.01) [20]. Based on the available data, it is
estimated that collagen peptides are effective at dosages of 0.166 g/kg body weight/day
(10 g/60 kg/day) in treating joint pain in humans [92]. In the multicenter RCT by Trc
et al., supplementation for 90 days of hydrolyzed collagen at a dosage of 10 g/day was
demonstrated to be superior to glucosamine sulphate 1.5 g/day in improving the WOMAC
and VAS score (reduction of the WOMAC and VAS index observed in the collagen group:
80.8% of the study population vs. 46.6% observed in the glucosamine sulphate group) [93].
The pain reduction after collagen supplementation in patients with OA indirectly indicates
an improvement in joint conditions. In fact, as discussed below, the initiation of the repair
process by the accumulation of collagen peptide in cartilage tissue helps to maintain the
structure and function of cartilage, resulting in joint comfort, subsequent improvement in
pain, and a reduction in the progression of degradation of articular cartilage tissue.

Collagen supplementation is generally safe with no reported adverse events. Further
studies are needed to elucidate medical use in OA disease and to determine the optimal
dosing regimens as well as the period of treatments.

3.4. Hyaluronic Acid

Hyaluronic acid (HA) is a mucopolysaccharide constituted by repeated monomers
of β-1,4-D-glucuronic acid and β-1,3-N-acetylglucosamine. This molecule is particularly
present in the synovial fluid with excellent viscoelasticity, high moisture retention capac-
ity, high biocompatibility, and hygroscopic properties, thus acting as a lubricant, shock
absorber, joint structure stabilizer, and water balance and flow resistance regulator [94].
HA is considered the treatment of choice for people with knee/hip OA, working slowly
if compared with steroid treatments, but its effect may last considerably longer [95]. Al-
though HA injection has shown great advantages in improving the clinical symptoms of
OA patients, it must be administered repeatedly into the joint cavity [96]. The need for
multiple injections of HA is a major drawback of the therapy because of the proportional
increase of side effects with the repeated injections and the discomfort of repeated clinic
visits. For these reasons, considering the disadvantages of HA injection, it is more favorable
for the symptoms of OA to be relieved by oral administration [97].

3.4.1. Mechanism of Action

The first proposed HA mechanism of action regards chondroprotection. HA has been
shown to reduce chondrocyte apoptosis, while increasing chondrocyte proliferation [98].
This phenomenon is possible through HA binding to cluster of differentiation 44 (CD44)
receptors that cause inhibition of interleukin (IL)-1β expression and a decline in matrix
metalloproteinase (MMP)−1, 2, 3, 9, and 13 production [99]. HA also binds to the receptor
for hyaluronan-mediated motility (RHAMM), which is thought to aid in chondroprotection
in addition to CD44 binding [92]. In addition, it may affect the subchondral bone by the
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suppression of MMP-13 and IL-6 via CD44 binding [100]. The suppression of MMP-13
expression has been suggested to be a critical factor in the effect on OA subchondral
bone [93].

Although human studies demonstrated that oral supplementation with HA can reach
the blood and be distributed to the skin and joints [101], the therapeutic effects of this
molecule on OA may not necessarily require its absorption. HA could in fact bind to
toll-like receptor 4 (TLR4) in the intestine and exert its biological activities, increasing the
secretion of suppressor of cytokine signaling 3 (SOCS3), which leads to the suppression
of pro-inflammatory cytokine expression [102]. In this regard, the suppression of pro-
inflammatory mediators IL-8, IL-6, PGE2, and TNFα has been observed with HA [103].
In addition, the binding of HA to TLR4 also suppresses the expression of pleiotrophin, a
pro-inflammatory molecule [102]. HA also binds to the intercellular adhesion molecule
(ICAM-1), downregulating NF-kB, which in turn decreases the production of IL-6 [104].

Another possible mechanism of action regards the N-acetyl glucosamine, which is the
monosaccharide that comprises HA together with D-glucuronic acid. N-acetyl glucosamine
is converted into glucosamine in the cells by the actions of lysosomal enzymes, which
permit the chondroprotective and anti-inflammatory activities of glucosamine described in
the dedicated paragraph [105]. HA treatment stimulated proteoglycan synthesis (such as
aggrecan), reducing the progression of OA [106].

HA has a mechanical effect, which contributes to the lubrification of the joint capsule,
preventing degeneration through decreased friction. HA provides cushioning to absorb
pressure and vibration, avoiding the degradation of chondrocyte tissue [107].

HA possesses analgesic effects, probably by decreasing the mechanical sensitivity of
stretch-activated ion channels, which effectively blocks the pain response. Moreover, HA re-
duces the action of joint-sensitized nociceptors, which are affected by the HA concentration,
reducing the pain response exhibited by these terminals [108].

3.4.2. Efficacy and Safety

The results of animal experiments using radiolabeled HA clearly demonstrated that
oral HA would indeed be absorbed and distributed to the skin, bone, and synovial joints
and would be retained in those tissues for prolonged periods [109]. In agreement with
these findings, RCTs in humans showed that oral supplementation with this molecule
can reach the blood and can be distributed to the skin and joints, preserving its biological
activities [101].

Several studies have suggested that oral supplementation with HA could alleviate the
symptoms of knee OA [110,111]. Sato et al., demonstrated that treatment with 240 mg/day
of HA for 12 weeks was associated with an improvement of the Japanese Knee Osteoarthri-
tis Measure (JKOM) score and the Japan Orthopaedic Association (JOA) score improved
significantly compared with baseline values [112]. Supplementation with 200 mg/day
of HA in OA people for 8 weeks was also shown to improve the WOMAC scores com-
pared with the placebo group [108]. Similar results were described by Iwaso et al., who
highlighted an improvement of both WOMAC and JKOM scores after 200 mg of HA
supplementation for 8 weeks [113].

In a one-year RCT, 60 osteoarthritic subjects (Kellgren-Lawrence grade 2 or 3) were
randomly assigned to receive HA (200 mg/day) or placebo. At the end of treatment,
the improvement was most evident in the subscale for “pain and stiffness”, and it was
more obvious in patients who performed therapeutic exercises in combination with HA
therapy [114].

Although different studies report positive effects of oral HA supplementation on
OA, several limitations should be described before arriving at any conclusion. In fact, the
lack of appropriate controls, shortness of study periods, small sample size, as well as the
different forms of supplemented hyaluronic acid (in many cases, this was not described in
the studies) may influence the results. To clarify these issues, new long-term RCTs with
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standardized HA are urgently required and desirable to recommend such a nutraceutical
in clinical practice.

It was confirmed that oral supplementation of HA is safe in humans at dosages up
to 200 mg/day ingested for periods up to 12 months [109]. Several safety studies were
conducted with medium-term (3–6 months) supplementation periods, and safety was
confirmed [115].

3.5. Vitamin C

Vitamin C or ascorbic acid was first isolated in 1923 by Szent-Gyorgyi and synthe-
sized by Howarth and Hirst. It is especially found in citrus fruits, red and green peppers,
tomatoes, strawberries, broccoli, Brussels sprouts, turnips, and other leafy vegetables. It
is a water-soluble molecule with highly effective antioxidant properties due to its reac-
tivity with numerous aqueous-free radicals and ROS [116]. A deficiency of this molecule
can be associated with a higher risk of various diseases including scurvy, anemia, capil-
lary hemorrhage, muscle degeneration, infections, bleeding gums, poor wound healing,
atherosclerotic plaques, and neurotic disturbances. In addition, dietary intake of vitamin C
seems to be associated with a decreased risk of cartilage loss and OA in humans, probably
by the reduction of oxidative stress, as highlighted by different studies [117,118]. However,
although vitamin C has an approved claim by the EFSA (European Food Safety Authority)
regarding its role on the normal formation of collagen, it is still unknown whether this
supplement has additional effects on the prevention of OA progression.

3.5.1. Mechanism of Action

Vitamin C acts prevalently as an antioxidant and antiradical supplement. In fact, it
exists in both reduced (ascorbate) and oxidized forms as dehydroascorbic acid, which are
easily inter-convertible and biologically active, thus it acts as an important antioxidant.
In this regard, ascorbic acid reacts directly with free radicals undergoing single-electron
oxidation to produce a relatively poor reactive intermediate, the ascorbyl radical, which
disproportionates to ascorbate and dehydroascorbate. In this sense, ascorbic acid has
the ability to reduce toxic ROS superoxide anion (O2•), and hydroxyl radical (OH•),
as well as organic (RO2) and nitrogen (NO2•) oxy radicals. In addition, this molecule
could also act indirectly, by protecting the oxidation of other vitamins, such as vitamin
A and E. In this context, damage caused by ROS has long been thought to be pathogenic
and it has an important role in the progression of OA, causing cytotoxicity and cellular
damage [8]. Although OA is classified as a ‘non-inflammatory arthropathy’, growing
evidence highlights the key role of pro-inflammatory mediators in the pathogenesis of
OA [119]. Vitamin C also plays an important role as an electron donor in the synthesis
of type II collagen [120] and a sulphate carrier in glycosaminoglycan synthesis [121].
Moreover, ascorbic acid is a co-factor for the hydroxylation and activity of mono-oxygenase
enzymes in the synthesis of collagen, carnitine, and neurotransmitters, maintaining the
active center of metal ions in a reduced state for optimal activity of the enzymes hydroxylase
and oxygenase [109]. The depletion of sulphated proteoglycans’ extracellular matrix of the
articular cartilage is considered one of the most relevant expressions of OA, often associated
with cartilage degeneration [117]. Vitamin C deficiency could therefore be considered a
risk factor for OA development and thus, its supplementation in primary prevention
may represent a possible solution for OA, especially in combination with conventional or
unconventional therapies.

3.5.2. Efficacy and Safety

Vitamin C possesses multiple abilities for the prevention of OA progress, including the
modulation of apoptosis processes (via procaspase-3 and procaspase-9 and Bax expression)
and the expression of pro-inflammatory cytokines and MMPs, in addition to the well-
known antioxidation. In an in vitro chondrosarcoma cell line (SW1353), treatment with
100 µM of vitamin C was shown to prevent oxidative stress, apoptosis, and proteoglycan
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loss induced by the treatment with 5 µM of monosodium iodoacetate (MIA). Moreover,
the expression levels of the pro-inflammatory cytokines IL-6, IL-17A, and TNF-α and
MMP-1, MMP-3, and MMP-13 were also prevented [122]. Similar results were obtained
in in vivo monosodium iodoacetate (MIA)-induced OA rats (vitamin C supplemented:
100 mg/kg) [118]. Many in vivo studies indicated that increased intake of vitamin C may
decrease the risk of OA progression and cartilage loss in humans, a causal association
with its capacity against oxidative stress [113,117]. However, some studies indicated a non-
correlation between circulating vitamin C levels and incident radiographic knee OA [123].
In a prospective cohort study including 1023 people, individuals without baseline knee
OA who self-reported vitamin C supplement usage were 11% less likely to develop knee
OA than those individuals who self-reported no vitamin C supplement usage (risk ratio
(RR)=0.89, 95% CI 0.85, 0.93). In addition, among those participants with radiographic knee
OA at baseline, after controlling for confounding variables, vitamin C supplementation
was demonstrated to be potentially useful in preventing incident knee OA [124]. In a
cross-sectional analysis (4685 participants) regarding the associations between the intake of
dietary antioxidants (carotenoid, vitamin C, E, and selenium) and radiographic knee OA,
radiographic knee OA was not significantly associated with dietary carotenoids, vitamin
E, and selenium but significantly associated with vitamin C intake [117]. Moreover, the
use of vitamin C significantly decreased the lipoperoxides (p < 0.05 compared with the
placebo group) linked with hip bone loss [125]. Vitamin C may also reduce the use of
painkillers and improve quality of life, probably acting as a cofactor for the enzyme peptidyl
glycine α-amidating mono-oxygenase (PAM), which is involved in the synthesis of the
endomorphin-1 [30,126].

Given the massive economic burden of OA, the use of a simple, inexpensive, and
widely available supplement to potentially reduce the impact of this disease merits further
consideration. However, long-term RCTs are urgently required before making any final
consideration.

Overall, vitamin C appears to be a safe and effective adjunctive therapy for acute and
chronic pain relief in specific patient groups [125]. Nevertheless, future studies are needed
in order to measure the vitamin C concentrations at baseline and following intervention to
determine if specific patient groups respond, determination of the optimal route of admin-
istration, the optimal dose and frequency of administration, and the potential mechanisms
of action of this molecule in OA disease.

3.6. Vitamin D

Vitamin D is well known to be a lipophilic molecule, which was recommended by
the Institute of Medicine (IOM) in 2011for bone health, in order to improve the calcium
absorption, bone mineral density, and vitamin D deficiency rickets/osteomalacia [127].
Although it can be obtained both through foods, such as mushrooms fatty fish, and vitamin
D-fortified products, and through the cutaneous synthesis in response to ultraviolet-B
exposure, vitamin D deficiency occurs in <20% of the population in northern Europe;
in 30–60% in western, southern, and eastern Europe; and up to 80% in Middle East
countries. Severe deficiency (serum 25(OH)D < 30 nmol/L or 12 ng/mL) is found in >10%
of Europeans [128].

Several studies have investigated the possible role of vitamin D on the initiation and
progression of OA. In this regard, the expression of vitamin D receptors (VDRs) in the
articular cartilage of OA people, but not in that of healthy volunteers, may indicate the
direct influence of this hormone on the potential damage of articular cartilage [129,130]. In
addition, vitamin D may also act on OA indirectly through the endocrine system.

3.6.1. Mechanism of Action

Vitamin D is an important immunoregulator of inflammation, influencing the response
of white cells (macrophages, dendritic cells, T and B lymphocytes) [131]. In particular,
the activation of VDR localized on white cell membranes also promotes the blocking of
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cytokine genes’ transcription, such as NF-AT (nuclear factor of activated T cells) and NF-κB,
reducing the production of TNF-α and IL-1, which are considered inflammatory pathways
for the deterioration of cartilage [129]. In addition, several studies have shown that VDRs
are upregulated on damaged cartilage. An in vitro study reported the hyperexpression of
VDR in the areas of erosion of late-stage rheumatoid arthritis cells [129]. This result was
confirmed in humans by the same research group [131] and by Orfanidou et al. [132]. The
upregulation of VDR seems to stimulate a signaling cascade that enhances the production
of MMPs 1, 3, and 9 from chondrocytes, which induces the degradation of both cartilage
and bone [133].

Vitamin D acts also with the VDRs expressed on osteoblasts. A study by Corrado
et al. [134] found that OA osteoblasts expressed a significantly lower receptor activator of
NF-κ B ligand (RANKL)/osteoprotegerin (OPG) ratio compared to healthy and osteoporotic
cells. RANKL and its decoy receptor OPG are regulators of osteoclastogenesis and thus
bone resorption. Moreover, OPG expression in OA osteoblasts was significantly higher
than in controls and in osteoporosis patients. Nevertheless, these results contrasted with
those obtained by Giner et al., who found OPG secretions to be higher in osteoporotic
osteoblasts compared to OA [135].

Vitamin D may regulate the angiogenesis process, which is an important pathway
in the pathophysiology of OA. In fact, the expression of vascular endothelial growth
factor (VEGF) is regulated in part by 1α,25(OH)2D3 as demonstrated by studies in vitro,
including osteoarthritic osteoblasts [136]. This supports the idea that osteoblasts could
regulate angiogenesis in subchondral bone and may link vitamin D with the development
and progression of OA.

Limited evidence suggests that vitamin D acts indirectly on osteoclasts through the
activation of the abovementioned RANKL signaling, increasing bone resorption [137].

Lastly, vitamin D may also regulate the transforming growth factor-beta (TGF-β)/
SMAD pathway that is involved in OA [133]. In healthy joints, TGF-β protects the joint,
repressing MMP13 expression [138]. In this regard, the blockage of TGF-β, the expression
of which decreases with age, results in alteration of the repairing responses in the joint
and cartilage damage [139]. However, in contrast with these results, TGF-β seems to
aggravate OA in OA joints. The inhibition of TGF-β signaling was shown to attenuate
OA in the mesenchymal stem cells of subchondral bone [140]. These observations indicate
that TGF-β may protect healthy joints from OA, even if it may aggravate the condition
of joints with existing OA. Nevertheless, vitamin D should be recommended, especially
in OA elderly with low plasmatic levels of this hormone (<30 ng/mL) associated with
comorbidities, such as cardiovascular diseases and disorders related to bone health. In fact,
it was demonstrated to reduce oxidative protein damage, decrease pain (VAS), improve
quality of life, and improve grip strength and physical performance in these patients [141].

3.6.2. Efficacy and Safety

Whether vitamin D deficiency increases the risk of developing OA is still unclear
and results are contrasting. Several observational studies have shown no relationship
between relatively high (≥50 nmol/L) vitamin D status and OA initiation expressed as
pain, radiologic OA, and cartilage volume loss [142–145]. In a study in Ireland including
rheumatology outpatients, 26% were found to be severely deficient (<12 ng/mL) and 70%
vitamin D deficient (<21 ng/mL) [146]. In this regard, 62% of OA patients suffered from
hypovitaminosis D and a low vitamin D status has also been associated with radiographic
hip OA [147]. Similar conclusions were obtained by the osteoporotic fractures in a study of
men in which vitamin D insufficiency or deficiency status were associated with a doubled
risk of hip OA [148]. Even in Egypt [149] and in Iran [150], people with lower serum
25(OH)D3 had a major risk of developing knee OA. A systematic review by Cao and
colleagues [151], including 15 studies, showed strong evidence for an association between
25(OH)D3 and cartilage loss in knee joints and moderate evidence to support a positive
association between low levels of vitamin D and radiographic knee OA. In accordance with
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this observation, the Tasmanian Older Adult Cohort Study found an inverse correlation
between time of sunlight exposure and knee cartilage loss [143].

In contrast with these results, the research group of Konstari and colleagues showed no
correlation between vitamin D status and the risk of developing knee OA in Scandinavian
people [152,153]. Felson et al., found no association between low vitamin D and structural
worsening of affected joints (cartilage loss by magnetic resonance imaging and joint space
narrowing by radiography) in two longitudinal studies (1203 people) [145].

People with deficiencies of plasma vitamin D (12.5–25 nmol/L) at baseline predicted
a five-year change in knee pain and hip pain [154]. However, although elevated vitamin
D status may attenuate joint pain and possibly radiologic OA in subjects with hypovita-
minosis D [155,156], studies regarding the potential relationship between vitamin D status
and the initiation of radiologic OA or cartilage volume loss in people with ‘suboptimal’
25(OH)D are still lacking or contrasting. In a 2-year RCT, supplementation of cholecalciferol
in patients with symptomatic knee OA showed no difference in the WOMAC knee pain
scores or cartilage loss compared with the placebo group [156]. In partial accordance with
this result, 787 members of the Hertfordshire Cohort Study (enrolled in a cross-sectional
study) showed no association between vitamin D status and radiographic knee OA, even
if there was a significant correlation between vitamin D and knee pain [157]. Further-
more, an RCT including 103 knee OA people treated with vitamin D oral supplements
(60,000 IU/day for 10 days followed by 60,000 IU/month for 12 months) showed a small
but significant correlation between the supplementation and the severity of pain and the
functional scores (in comparison with the placebo group) [32].

In people undergoing total hip replacement, vitamin D levels have been shown to
predict the OA outcomes, also suggesting a positive correlation of both preoperative and
postoperative Harris hip scores and plasma 25(OH)D3 levels [158].

In conclusion, the research presented to date is conflicting as to the effects low vitamin
D levels have on the functional aspects of knee OA. Although it appears that vitamin
D has negative effects on OA cartilage health, as reported by the studies in vitro, which
investigated the molecular mechanisms of action of this hormone, other human studies
reported a possible role in prevention of pain, radiologic OA, and cartilage volume loss.
In this context, to fully determine the relationship between vitamin D supplementation
and the progression or development of OA, large scale longitudinal and multicentric
studies including individuals with various skin pigmentations and different nationalities
and ethnicities are urgent. In addition to this, large scale meta-analyses will yield more
powerful interpretations of the existing findings and help to elucidate any associations low
vitamin D has with OA.

Vitamin D supplementation is in general safe and well tolerated. The upper limit
of vitamin D dose safety could differ depending on several factors, such as the vitamin
D plasmatic levels, dose of administration and regimen, outcomes, as well as sex and
age, which may play a role. However, the prevention or correction of vitamin D defi-
ciency/insufficiency with 1000–2000 IU/daily of vitamin D is considered safe [159].

3.7. Other Promising Nutraceuticals

Avocado/soybean unsaponifiables have been shown to be effective in pain reduction
as highlighted by human RCTs. In a 3-month RCT, daily intake of avocado/soybean
unsaponifiables was demonstrated to significantly reduce the NSAID intake and the
Lesquesne pain score [14]. Similar results were observed using the combination of av-
ocado/soybean unsaponifiables with chondroitin sulphate (50% decrease in WOMAC
scores) [160].

Boswellia serrata is well known to be rich in anti-inflammatory boswellic acids (3-
O-acetyl-11-keto-beta-boswellic acid (AKBA), as the major potential active ingredient),
which were shown to decrease pain (VAS, WOMAC pain), increase knee/hip flexion and
walking distance (function and stiffness), as well as affecting the frequency of swelling if
administered in patients with OA [5,161,162]. Similar results were observed in patients
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who took N-acetylglucosamine, ginger (5% gingerols at 250 mg/tablet), and B. serrata (65%
boswellic acids at 180 mg/tablet), who reported a significant improvement in pain-free
walking distance [15].

Another anti-inflammatory molecule is capsaicin, which is an agonist that binds to
transient receptor potential V1 (TRPV1) channels in sensory nerve endings. This molecule
extracted from the chili pepper is responsible for producing the sensation of heat or
piquancy, which was shown to reduce mean WOMAC pain, stiffness, and functional scores
compared with placebo in people with OA [16].

Curcumin, the most important curcuminoid in turmeric (Curcuma longa), has been well
studied in OA disease, showing chondroprotective, antioxidative, and anti-inflammatory
effects. In a 6-week trial including people with OA, the analgesic effect of oral curcumin
(2 g/day) was comparable to ibuprofen (800 mg/day), improving the time spent walking
100 m and going up and down stairs [163]. The same conclusion was reported in another
study in which curcumin (1500 mg/day) administered for 4 weeks resulted in a reduction
in pain comparable to that with ibuprofen at 1200 mg per day [21]. In addition, it decreases
inflammatory markers in the serum including IL-1β, IL-6, soluble CD40 ligand, sVCAM-1,
and Coll2-1, a biomarker of type II collagen degradation [164].

Even ginger powder (titrated in gingerols) supplementation (1 g/day) can reduce
inflammatory markers in patients with OA in addition to decreasing pain on standing,
pain after walking, and WOMAC stiffness scores [23,24].

Polyphenols from pomegranate juice, pine bark, and green tea have demonstrated
anti-inflammatory and antioxidative efficacy in relieving OA pain in human trials [13]. In
particular, epigallocatechin 3-gallate (EGCG) from green tea reported a lower VAS pain
score, as well as the total WOMAC score and physical function subscore after 4 weeks
of administration in people with OA, compared with diclofenac 100 mg [22]. Similar
results were observed with 150/200 mg/day of pycnogenol [29] and anthocyanins from
pomegranate juice [13].

Lastly, omega-3 fatty acids (EPA and DHA) were reported to improve WOMAC
pain, stiffness, and physical function scores and reduce NSAID use after 3 months of
treatment [27]. These actions were confirmed even in association with the co-administration
of 500 mg/day of glucosamine sulphate and other nutraceutical supplements like Urtica
dioica, zinc, and vitamin E [165].

4. Discussion

Nutraceuticals supplementation has been shown to be a significant adjuvant strategy
in the management of OA as reported by extensive evidence collected in cellular OA
models, animals, and human RCTs.

From a molecular point of view, the abovementioned nutraceuticals act predominantly
in the signaling pathways underlying OA pathogenesis, inflammation, and oxidative stress,
with the former triggering the latter and vice versa [166].

Although complete knowledge of all the molecular effects in OA management is still
lacking, a summary of the latter is shown in Table 1. As reported by different in vitro
and in vivo studies, the advantage of most of the nutraceutical molecules is they ex-
ert pleiotropic effects, acting through different but complementary pathways of action
regarding the reduction of inflammation and oxidative stress. For this reason, the syner-
gistic integration of nutraceuticals with conventional therapy could eventually reduce the
dosages and/or the number of administrations of drugs and thus the side effects [167].

An important point with regard to the nutritional supplements is the low bioavail-
ability of the more promising compounds, which inevitably reduces the final effectiveness
of the treatments. In this context, it is important to underline how the success of a nu-
traceutical supplementation does not depend exclusively on the correct choice of the active
ingredient and the dosage of administration, but also on the correct bionutraceutical formu-
lations [164]. This aspect may explain in part the great heterogeneity of results from clinical
studies, which depend on the principles of clinical research, including the careful selection
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and stratification of the patients with inclusion and exclusion criteria, power analyses, and
avoidance of confounding variables, in order to avoid inconsistent results.

However, one of the most relevant limits in the use of anti-OA nutraceuticals regards
the high costs involved in obtaining titrated and standardized extracts. In general, the
conventional techniques that are naturally available and used by industries do not always
allow the production of inexpensive quality extracts and thus low-cost strategies to prevent
or treat OA disease. The problem of cheap but poor-quality nutraceutical extracts is a
serious, underestimated, and potentially dangerous problem for people’s health, not only
because of the absence of specific active ingredients or the low quality of un-titrated extracts,
but above all due to the presence of contaminants [168]. An important challenge for the
future is to develop a food-compatible method for the extraction of specific phytochemicals
and thus produce qualitatively effective and safe nutraceutical extracts with anti-OA
properties. In this context, unconventional techniques, such as ultrasound or microwave-
assisted extraction associated with hydroalcoholic solvents, may potentially improve
the quality of the extracts and ensure good yields [169]. Nevertheless, although the
unconventional processes used for extracting value-added products are well established
in the laboratory, industrial-scale production with specific cost-effective analyses is still
a challenge.

Finally, another important goal in OA management is the reduction of pain, which
remains a major source of distress and disability, and the improvement of quality of
life. In fact, current pharmacological analgesics have limited efficacy, in addition to being
potentially correlated with important adverse events, especially for chronic administrations.
In this regard, the abovementioned nutraceuticals could be associated with other extracts of
both botanical and animal origin in order to act comprehensively on the clinical picture of
the patient with OA. While the specific molecular mechanism underlying the effect of these
nutraceuticals on OA pain is at least in part unknown and not well understood, growing
evidence suggests it may be attributable to their anti-inflammatory actions [11].

5. Conclusions

In conclusion, nutraceuticals may represent a valid strategy in OA management in
association with conventional therapies. However, larger and longer studies are urgently
required to definitively consider this unconventional approach in clinical practice, in
order to focus the attention on the molecular mechanisms of nutraceuticals in mitigating
OA processes and pain, the potential combination of anti-OA molecules with pain relief
nutraceuticals, as well as both the efficacy and the safety of these treatments in long-term
periods.
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Abstract: Notch signaling has been identified as a critical regulator of cartilage development and
homeostasis. Its pivotal role was established by both several joint specific Notch signaling loss of
function mouse models and transient or sustained overexpression. NOTCH1 is the most abundantly
expressed NOTCH receptors in normal cartilage and its expression increases in osteoarthritis (OA),
when chondrocytes exit from their healthy “maturation arrested state” and resume their natural route
of proliferation, hypertrophy, and terminal differentiation. The latter are hallmarks of OA that are eas-
ily evaluated in vitro in 2-D or 3-D culture models. The aim of our study was to investigate the effect
of NOTCH1 knockdown on proliferation (cell count and Picogreen mediated DNA quantification),
cell cycle (flow cytometry), hypertrophy (gene and protein expression of key markers such as RUNX2
and MMP-13), and terminal differentiation (viability measured in 3-D cultures by luminescence
assay) of human OA chondrocytes. NOTCH1 silencing of OA chondrocytes yielded a healthier
phenotype in both 2-D (reduced proliferation) and 3-D with evidence of decreased hypertrophy
(reduced expression of RUNX2 and MMP-13) and terminal differentiation (increased viability). This
demonstrates that NOTCH1 is a convenient therapeutic target to attenuate OA progression.

Keywords: osteoarthritis; chondrocytes; hypertrophy; remodeling; angiogenesis

1. Introduction

Osteoarthritis (OA) is the leading cause of chronic disability in the elderly, with
worldwide estimates showing that 9.6% of men and 18.0% of women over 60 years old
suffer for symptomatic OA [1]. Therefore, OA represents a huge problem for the quality of
life of millions of individuals and for the national healthcare systems. Established OA is
associated with the progressive derangement of articular cartilage structure and function
and is maintained by positive feedback loops with the involvement of subchondral bone
and synovial tissue [2]. However, at its onset most often OA is an articular cartilage disease
caused by the failure of the homeostatic mechanisms that actively maintain chondrocytes
in a differentiation arrested state [3]. Indeed, chondrocytes are post-mitotic cells that in
healthy cartilage do not proliferate and are only in charge of a very limited turnover of
extracellular matrix (ECM) [4]. It has become increasingly evident that degeneration of
articular cartilage is sustained by multiple inflammatory loops that can be targeted in order
to restore the functionality of the tissue or at least to delay OA progression [5].

Notch signaling has been identified as a critical regulator of cartilage development
and homeostasis with an on/off expression in the different phases of chondrogenesis as
resumed in the growth plate [6]. As detailed elsewhere, the activation of this pathway
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occurs after triggering the receptor with a ligand [7]. The pathway requires proteolytic
cleavages of the internal portion of the transmembrane receptor, which translocates to the
nucleus to act as a transcription coactivator on target genes, thereby being renamed as Notch
intracellular domain (NICD). NICD binds to RBPJ (recombination signal-binding protein
for Ig region) and Maml (mastermind-like) in order to start transcription [7]. Although
there is occurrence of multiple crosstalks with other pathways as detailed in [8], Notch
activation directly leads to the induction of several target genes, among which HES1 (hairy
and enhancer of split-1) has been recognized as relevant in OA pathogenesis [9].

Expression of members of the Notch pathway occurs in early differentiation phases
of skeletal development, such as mesenchymal progenitor condensation [10]. Likewise,
functional genomic studies carried out in mice indicated that proper functioning of the
pathway in postnatal chondrocytes is required for the correct cartilage differentiation as
well as for the expression of ECM genes (col2, aggrecan), transcription factors (Sox9), and
ECM degrading enzymes (adamts 4, adamts 5, and mmp-13) [11]. Later on, a subsequent
time specific expression of Notch1 and Notch2 drives the progression from the prolifer-
ating to the pre-hypertrophic and hypertrophic chondrocyte phenotype in the context of
endochondral ossification in the growth plate [6].

Although transient (growth plate) and stable (articular) cartilages are different tissues
from an anatomical and morphogenetic point of view, steps occurring in the former have
represented a reference to understand OA pathogenesis. This represents the so-called
EVO-DEVO approach [4], i.e., a pathogenetic model whereby functional changes occurring
in OA in adulthood in many species (EVO) are interpreted as an attempt to recapitulate
developmental programs (DEVO) to contrast structural changes. The expression of NOTCH
receptors and ligands in healthy articular cartilage has been reported several years ago [12]
as well as changes due to OA. Both NOTCH1 and NOTCH2 were found expressed in
human cartilage particularly in the superficial zone, but major changes in OA are related
to NOTCH1, whose increased expression in OA cartilage, particularly in the so-called
“clusters”, suggests its involvement in the abnormal cell activation and differentiation
process of OA chondrocytes [13,14]. Indeed, NOTCH1 and NOTCH2 move to the nucleus in
chondrocytes of developing growth plate cartilage and drive endochondral ossification via
RPBJ signaling and are also found increased in murine and human OA [15]. Karlsson et al.
showed the dramatic increase of the cells positive for NOTCH1, Jagged, and HES in OA
compared to healthy cartilage [16]. A more recent study reported an increase in NOTCH1,
Jagged-1, HES1, and NICD1 in human OA, a pattern also reproduced in a murine OA
model [17]: the destabilization of the medial meniscus (DMM), the method of choice for
surgically induced OA in mice that reproduces the slow onset and progression of human
OA [18,19]. Interestingly, Jagged-1, the pivotal trigger of NOTCH1 activation is a NF-κB
target gene [20] and resulted upregulated at early (2 weeks) stages of DMM [19] as shown
in a matched comparison of nine microarrays carried out in similar conditions [21]. This
suggests an early and pivotal involvement of the NOTCH pathway in OA development as
well as occurrence of crosstalks with other master signaling pathways in OA.

Gain of function mouse models for the Notch pathway have shown an OA-like phe-
notype [15,22,23]. On the other hand, a chondroprotective role of “housekeeping” NOTCH
levels is consistent with worsening of the disease following Notch1 inactivation in surgical
mouse OA models [17,24]. Therefore, in human articular cartilage, the NOTCH pathway
might have a dual role both in cartilage homeostasis maintenance and OA development.
NOTCH1 and its target genes are overexpressed in OA compared to healthy articular carti-
lage [14]. Conversely, the prevention of pathway activation by γ-secretase inhibitors leads
to reduced expression of ECM catabolic factors in in vitro cultured chondrocytes [15,22,25].

A recent report has shed light on the signaling network that links NOTCH1 with
chondrocyte proliferation, differentiation, and MMP-13 expression via RUNX2 [26] and
modulation with γ secretase inhibition (via N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester or DAPT) or Jagged induction.
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Despite the large amount of information reported above, further investigation is
needed to shed light on the role of NOTCH1 role in human OA. In particular, no literature
data are available about the effects of NOTCH inactivation on human primary OA chon-
drocytes. As described above, the pathway is overexpressed in OA compared to healthy
chondrocytes, and a nonspecific DAPT-dependent NOTCH pathway inactivation exerts
chondroprotective and anabolic effects in human OA cartilage explants [27]. Therefore, tun-
ing NOTCH signaling down to a homeostatic level may represent one of the constraints that
prevent progression of the differentiation of articular chondrocytes toward hypertrophy.

The aim of our work has been to characterize the effects of NOTCH1 silencing on major
features of OA chondrocytes (increased proliferation and loss of maturational arrest driven
by increased extracellular remodeling) in suitable culture models. Given the pleiotropic
effects of NOTCH that are peculiar to the differentiation stage of the cells, we undertook the
present study to characterize the effects of its silencing on proliferation and differentiation
in vitro, exploiting both 2-D and 3-D culture models, established with primary human OA
chondrocytes, in the perspective of elaborating a potential therapeutic strategy for OA
management. Some preliminary findings presented in this manuscript have been already
presented at an OARSI Congress in 2018 [28].

2. Results
2.1. NOTCH1 Expression Is Higher in 2-D Compared to 3-D Chondrocyte Culture

Figure 1a shows that the level of NOTCH1 (as assessed by evaluating the intensity of
the NICD1 band at 105–110 kDa) was higher in 2-D (monolayer) compared to 3-D (micro-
mass) chondrocyte cultures (p < 0.05, n = 3), the latter representing a culture model where
chondrocytes stop proliferation and recover their differentiated status, with progression to
hypertrophy and terminal differentiation over time [29]. On the other hand, monolayer
chondrocyte cultures maintain a small fraction of proliferating cells, although its percent-
age is further reduced at high density [30]. Thus, the different NOTCH1 level may be
related to the proliferative status. The relationship between NOTCH1 expression level and
the percentage of cells in mitosis is further highlighted in Figure 1b and Supplementary
Figures S2 and S3: NOTCH1 expression is much higher in the immortalized chondrocyte
cell line C28/I2 compared to primary chondrocytes, with the former showing about 40%
cells in the S-G2M cell cycle phases [31] and the latter about 5% [30].

The level of cleaved NOTCH1 (Val1744) was also investigated in both primary chondro-
cytes and C28/I2 cells upon stimulation with EDTA [32] or IL-1 [9]. Supplementary Figure S4
shows that the level of this antigen is almost undetectable in primary chondrocytes.

With regard to NOTCH1 proteolytic processing, it is well known that NOTCH1
cleaved at the level of Val1744 is the result of sequential cleavages of the membrane bound
NOTCH1 [8]: (1) S1: furin mediated cleavage to obtain a 120 kDa peptide, (2) S2: ADAM10
or 17 mediated cleavage to obtain a 115 kDa, and (3) S3: γ-secretase mediated cleavage to
obtain the 110 kDa NICD1 peptide that exposes Val1744 epitope [32].

The NICD1 band presented in our Western blot has a molecular weight of 105–110,
therefore, it likely corresponds to the NICD1 fragment, that possibly becomes suddenly
post-translational modified with masking/degradation of the epitope, so that the signal
of anti-cleaved (Val1744) NOTCH1 is hardly detectable at least in primary chondrocytes
(Supplementary Figure S4).

Despite the marked difference in band intensity, a similar pattern of anti-cleaved
(Val1744) NOTCH1 is observable in both C28/I2 and primary chondrocytes, with a fraction
of the signal under 1 h EDTA treatment showing higher molecular weight in both cell types.
This possibly indicates a fraction of the molecules that undergo marked phosphorylation
with a massive apparent shift (5–10 kDa) [33] in molecular weight. Phosphorylation, the
“fulcrum of NOTCH1 signaling [34]”, then increases activity of NICD1, that is however
immediately degraded. Taken together, the findings presented in Figure 1b and Supple-
mentary Figure S4, we can conclude that there is much less active NOTCH1 in primary
chondrocytes, i.e., cleaved NICD1 able to enter the nucleus and regulate NOTCH1 tar-
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get genes in a canonical (RBPJ dependent) way. In addition, the protease rich cellular
environment of chondrocytes may concur to rapidly terminate the pathway.

Figure 1. Higher NOTCH1 expression is evident in proliferating chondrocyte cultures. (a) To assess NOTCH1 expression
and modulation in human chondrocyte cultures, the active form of the receptor was evaluated in monolayer culture and in
micromasses at 1 week maturation. GAPDH was used as a loading control. A representative example and a cumulative
evaluation performed with samples from three different patients. * p < 0.05. (b) Western blot analysis of NOTCH1 expression
in C28/I2 cells compared to primary chondrocytes, with β-actin as a loading control.

2.2. NOTCH1 Transient Silencing Is Efficient at Both Protein and RNA Level

The siRNA-mediated NOTCH1 silencing of the primary chondrocyte cultures was
quite efficient, as determined by both Western blot and real time RT-PCR. At the pro-
tein level, assessment in Western blot of the intensity of the NOTCH1 intracellular and
transcriptionally active domain (NICD1 fragment of about 110 kDa) pointed at a 58 ± 20
(mean ± SD, n = 4) percentage reduction in NOTCH1 KD cells (N1) compared to the level
in the control siRNA (NC) chondrocytes (Figure 2, left image). At the RNA level, assess-
ment in real time RT-PCR of NOTCH1 expression in NOTCH1 KD chondrocytes at 48 h
post transfection pointed at a 82 ± 14 (p = 0.0023, mean ± SD, n = 5) percentage reduction
compared to the level in the control siRNA cells (Figure 2, right image). The difference was
statistically significant.
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Figure 2. Efficiency of NOTCH1 silencing. (a) Cumulative Western blot evaluation of NOTCH1 KD in four different
samples (Western blot shown below) as evaluated by assessment of the 110 kDa NICD1 active form at 48 h after transfection
(mean ± SD, n = 4) with GAPDH used as a loading control; * p < 0.05. (b) NOTCH1 KD in five different samples assessed
by real time RT-PCR (mean ± SD, n = 5). NC—control; N1—NOTCH1 silenced chondrocytes; ** p < 0.01.

The earlier effects of the siRNA on NOTCH1 transcripts are consistent with the higher
knockdown efficiency as assessed by mRNA compared to the protein quantification. This
is possibly because in the case of abundantly expressed proteins such as NOTCH1 the cells
need time to get rid of it according to the physiological turnover of the siRNA target. On
the other hand, the downstream experimental design of our work relied on the stability of
the silencing effects. For this purpose, it has been reported that rather than on intracellular
siRNA half-life, the duration of gene silencing is mostly dependent on dilution effects due
to cell division, with differences according to the type of cells: rapidly dividing or slowly
dividing (such as chondrocytes), with a duration of at least 3 weeks in the latter [35].

2.3. NOTCH1 KD Determines Biphasic Effects on Cell Proliferation

Compared to the effects on NOTCH1 RNA, the delayed kinetic of NOTCH1 protein
reduction was also reflected in the different proliferative behavior of cells after NOTCH1
silencing at early or late time points.

At 48 h post transfection (Figure 3a), NOTCH1 silencing gave an advantage in cell
proliferation. Cell count of different primary chondrocyte cultures indicated a higher
recovery of NOTCH1 KD cells (p = 0.033, n = 7), in keeping with a significantly lower
percentage of cells in the G1 phase and higher percentage of cells in the S-G2M phase
(p = 0.0331, n = 4).
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Figure 3. Effects of NOTCH1 silencing on cell proliferation. (a) Early effects (at 48 h) of increased cell proliferation in different
NOTCH1 KD primary chondrocyte cultures (n = 7) in keeping with statistically significant increased percentage of cells in
the S-G2M fraction as shown by one representative sample and cumulative data (n = 4); * p < 0.05. Immunofluorescence
indicates the close NOTCH1/DNA interaction during mitosis. Bottom: NOTCH1 immunofluorescence in chondrocytes at
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72 h post control siRNA transfection. NOTCH1 staining (red), nuclei (blue), and merged images obtained with a NIKON
Eclipse 90i fluorescence microscope equipped with 20 × objective lens. The white square indicates a detail that has been
further zoomed and represented in the right image to indicate that the cells with strong NOTCH1 signal are caught during
mitosis based on condensed chromatin. (b) Late effects (plating the cells recovered at 48 h post-transfection and assessment
at days 0, 3, 5, 7, 10, 12) of delayed cell proliferation in NOTCH1 KD chondrocytes. Upper image shows the signal of the
highly specific Picogreen staining of the nuclei of control cells (upper row) or NOTCH1 silenced cells (lower row). The right
graph represents the mean ± SD of the fluorescence intensity obtained by scanning the bottom of the quintuplicate wells;
* p < 0.05, *** p < 0.001. Bottom: HES1 immunofluorescence in chondrocytes at 72 h post control siRNA transfection. HES1
staining (red), nuclei (blue), and merged images obtained with a NIKON Eclipse 90i fluorescence microscope equipped
with either 20× objective lens (with gain 1.2×, upper row) or 40x (with gain 1.2×, lower row).

Immunofluorescence indicated a stronger and mainly nuclear NOTCH1 staining in
the cells during mitosis, suggesting a close interaction of NOTCH1 with DNA compared to
those in interphase (Figure 3a).

Possibly because of its involvement in DNA replication [36], at a later analysis,
NOTCH1 silencing showed opposite consequences in cell proliferation, as shown in
Figure 3b that presents Picogreen (i.e., a specific dye for dsDNA) staining relative to
one out of three different experiments performed, along with the quantitative assess-
ment of fluorescence performed in quintuplicate that shows decreased cell proliferation
of NOTCH1 KD cells. The right graph shows the cumulative data represented as mean
± standard deviation. The reason for the impaired cell proliferation may correspond to
a reduced expression of HES1, the main NOTCH target gene. HES1 localizes in actively
dividing cells suggesting an active role in controlling cell cycle progression, namely G1/S
transition as also reported in other cell types [37] and in the output of the research for
pathways in the Reactome pathway analyzer, (https://reactome.org/PathwayBrowser/#/
DTAB=AN&ANALYSIS=MjAyMTA2MTUxNDQ2NTJfMTU%3D&FLG=HES1, accessed
on 25 march 2021).

2.4. NOTCH1 KD Determines a Delayed Differentiation in 3-D Culture

2.4.1. Reduced Transcription of Differentiation Related Genes

The data provided above about the delayed but persistent clearance of the protein
were confirmed in the evaluation of the effects of NOTCH1 silencing in differentiation
recapitulated in 3-D cultures [38], as a model whereby evaluating correlated phenomena in
differentiation progression from hypertrophy to terminal differentiation, including hyper-
trophy, catabolic markers, and chondrocyte viability. The 3-D cultures were established at
48 h after transfection with either control or NOTCH1 silenced chondrocytes, so that the
amounts of siRNA in the cells were not diluted because of division [35] and collected at 1,
2, and 3 weeks. Data shown in Supplementary Figure S6 show the persistence of NOTCH1
silencing over time. To analyze the effects on transcription we focused on micromasses at
1 week maturation. We selected this time point in order to avoid biases connected with the
reduced viability at later time points due to recapitulation of terminal differentiation in
these 3-D cultures [29].

At first, we checked and confirmed the maintenance of NOTCH1 knockdown (Figure 4
upper left graph, showing that the level of knockdown remained high: 73 ± 30 (mean ± SD,
p = 0.0134, n = 5).

Then, we assessed the effects on signaling intermediates and NOTCH1 targets. As ex-
pected, we found that HES1 was significantly reduced in NOTCH1 silenced micromasses.
We also confirmed significantly reduced levels of CHUK (i.e., IKKα, one of the NF-κB
upstream activating kinases and a NOTCH target gene [39]) and a reduction of NFKB1, i.e.,
NF-κB p105, one member of the family of NF-κB monomers recognized among the NF-κB
target genes [40].

We then moved to assess expression of genes connected with progressed differentiation
from resting to hypertrophic and terminal differentiated chondrocytes, in keeping with [3,4].
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Figure 4. Effects of NOTCH1 silencing at the level of transcription of key genes in osteoarthritis. Total RNA was extracted
from 1 week micromasses established with control (NC) or NOTCH1 silenced chondrocytes (N1). mRNA levels were
calculated for each target gene and normalized using the reference housekeeping gene GAPDH according to the formula
2-∆Ct and expressed as number of molecules per 100,000 GAPDH molecules; * p < 0.05, ** p < 0.01.

RUNX2, a pivotal transcription factor that drives hypertrophy [41] was significantly
reduced by NOTCH1 silencing, as well as transcription of aggrecan, that continues across
the chondrogenesis-hypertrophy maturation. Concerning the key matrix degrading en-
zymes in OA [42], a profound yet not significant reduction of ADAMTS5 was found in 3-D
cultures with NOTCH1 silencing while milder effects were observed with MMP13, possibly
because of a high degree of patient variability together with the effects of pre-activated
NF-κB and p38 MAPK in high density cultures [43].

Lastly, we observed reduced levels of IL8 and IL6 and significant reduced (p = 0.018,
n = 4) levels of VEGF, the master angiogenetic factor, responsible for neovascularization
of late OA cartilage, thus reproducing the status of terminally differentiated cartilage of
growth plate [4].

2.4.2. Reduced Expression of RUNX2 Protein and Reduced Deposition of
Glycosaminoglycan and Calcium

Given the importance of RUNX2 in the phenomena underlying OA progression [41],
we further assessed the effect of NOTCH1 ablation on RUNX2 at the protein level (Figure 5).

The level of RUNX2 protein in 1 week old micromasses was significantly reduced,
down to 60% of the level in control chondrocytes (p < 0.05, n = 5) as assessed by Western blot
analysis with the normalization with reference to β-actin (Figure 5a). The reduced RUNX2
level paralleled that of HES1 in the 1w–3w maturation of N1 micromasses (Figure 5a right
images). Consequently, the reduced RUNX2 determined a delayed maturation of the
extracellular matrix, as shown by a markedly reduced glycosaminoglycan deposition at
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1 week in N1 compared to NC micromasses. In parallel, alizarin red staining showed
a markedly reduced deposition of calcium crystals, particularly evident at 1 week, but
also maintained at 2 and 3 weeks. Supplementary Figure S8 shows the results of the
image analysis of the pictures shown in Figure 5, performed with the Nikon Imaging
Software (NIS).

Figure 5. Effects of NOTCH1 silencing in the differentiation of chondrocytes in 3-D cultures. (a) NOTCH1 silencing impacts
on RUNX2 expression: left, a representative Western blot indicates that RUNX2 protein is significantly reduced in NOTCH1
silenced 3-D cultures at 1 week as confirmed in the cumulative assessment shown in the lower graph (n = 5, * p < 0.05); right,
immunohistochemistry imaging of the correlated reduced expression of RUNX2 and HES1 in micromass maturation across
1–3 weeks. (b) NOTCH1 silencing impacts on ECM maturation. Left, GAG deposition at 1, 2, and 3 weeks as evidenced
by toluidin blue staining: GAG deposition resulted delayed in N1 KD 3-D constructs. Right: Alizarin Red staining on
micromasses showed a markedly reduced calcium deposition at all time points in N1 KD micromasses. All images were
obtained with a NIKON Eclipse 90i microscope equipped with 10× objective lens.

2.4.3. Reduced Release of Matrix Remodeling Enzymes

In keeping with the observed delayed maturation of 3-D chondrocyte cultures, we
expected an effect on the repertoire of catabolic enzymes. The analysis was carried out in
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the supernatant of micromasses established with cells from four different patients. From
each patient, triplicate micromasses were seeded and tested separately.

The regulation of ECM remodeling downstream N1 KD and across differentiation
(1–3 week maturation) of the 3-D cultures was investigated evaluating the released MMP
repertoire by means of the Bio-Plex Pro™ Human MMP Panel, 9-Plex (Biorad). High levels
of MMP-2 were found in the supernatant of micromasses, but unaffected by NOTCH1
silencing. On the other hand, levels of MMP-9, -8, -7, and -12 were below the calibration
curve. Therefore, we focused on comparison of the levels of MMP-1, 3, 10, and 13 (Figure 6).
In most cases, reduction of MMP release was evident at the beginning of maturation.
Quantification of major collagenases MMP-1 and 13 and of stromelysin 1 (MMP-3) and
2 (MMP-10) showed statistically significant reduction after NOTCH1 KD. In particular,
the reduction of MMP-10 in the supernatant of N1 KD samples at 1 week of maturation,
suggested a decreased activation of collagenases.

Figure 6. Effects of NOTCH1 silencing in the repertoire of MMPs released by chondrocytes cultured in 3-D. A representative
patient out of four analyzed. Data are relative to triplicate micromasses at 1, 2, and 3 week maturation and are expressed as
mean ± standard error of mean. Statistical analysis was performed by Student’s t test; * p < 0.05, ** p < 0.01.

2.4.4. Reduced Terminal Differentiation and Increased Viability

We previously showed that in 3 weeks’ time, chondrocytes cultured in 3-D recapitulate
progression from hypertrophy to terminal differentiation with evidence of cell death that
can be attenuated by means of selective targeting of critical effectors of progressed differen-
tiation [29]. Therefore, to avoid biases connected to different viability we performed at 1
week maturation the assessment of the NOTCH1 dependent differential gene and protein
expression of critical genes connected to hypertrophy. On the other hand, to maximize
the effect of NOTCH1 silencing on terminal differentiation, we evaluated cell viability
at 3 weeks as cell death is a hallmark of terminal differentiation (Figure 7). We found
that NOTCH1 silencing significantly increases viability (p = 0.0396, n = 3) in chondrocytes
cultured in 3-D compared to control chondrocytes, as evaluated by mean of the Cell Titer
GLO 3D assay.

32



Int. J. Mol. Sci. 2021, 22, 12012

Figure 7. Effects of NOTCH1 silencing in the long term viability of chondrocytes cultured in 3-D.
Assessment of cell viability in 3 week micromasses by means of the Cell Titer GLO 3D cell viability
assay. N1 samples exhibited a statistically significant increased viability compared to NC. Data
represent N1 luminescence normalized as fold change compared to NC values and are expressed
as mean ± SD (n = 3). Statistical analysis was performed by Student’s t test for paired samples;
* p < 0.05.

3. Discussion

Previous evidence of the increased NOTCH1 expression in OA cartilage in human and
animal models has supported the hypothesis that NOTCH1 inhibition could be therapeutic
in OA management, but recent evidence has suggested that this issue should be carefully
managed [17], since complete abrogation of this pathway via NOTCH1 antisense in all
joint tissues in the DMM model instead exacerbated experimental OA. In keeping with the
activity of NOTCH being both context and time specific other authors have shown that
while sustained NOTCH1 activation promotes OA changes, transient NOTCH activation
is chondroprotective and enhances ECM synthesis [24]. The crucial role of NOTCH in
both development and OA disease has also been recently reported in arthritis of the
temporomandibular joint in rats [44].

The aim of our work was to assess the effects of NOTCH1 silencing 2-D and 3-D cul-
tures established with primary human osteoarthritic chondrocytes. The silencing strategy
was chosen to selectively target NOTCH1 and therefore both its canonical (i.e., RBPJ-
dependent) and non-canonical effects while sparing the NOTCH2 pathway which is quite
highly expressed in articular chondrocytes [15]. The latter would have been affected by
other possible strategies to dampen NOTCH1 pathway such as the use of RBPJ siRNA.
Collectively, our results confirm that NOTCH1 inhibition is effective in reducing the major
hallmarks of chondrocyte phenotypic dysregulation in OA cartilage: proliferation and
differentiation progression to hypertrophy and terminal differentiation driven by extracel-
lular matrix remodeling. The latter processes, that must be prevented in healthy cartilage
but that are improperly triggered in OA, are also driven by re-expression of NOTCH1 [6].
NOTCH1 overexpression induces hypertrophy in condrocytes in vitro and in vivo [45].
In contrast, our data show that NOTCH1 silencing delays differentiation in 3-D, based
on reduced gene expression of differentiation markers, reduced calcium deposition, and
reduced cell death. Therefore, NOTCH1 signaling inhibition may represent one of the
constraints that prevent progression of the differentiation of articular chondrocytes toward
hypertrophy. Indeed, across chondrogenesis and endochondral ossification, the expres-
sion of NOTCH1 is time and space restricted. In endochondral ossification, NOTCH1 is
switched on at the stage of pre-hypertrophic and early hypertrophic chondrocytes [6].
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Our findings on chondrocyte proliferation show biphasic effects of NOTCH1 inhibi-
tion, further confirming the complexity of the pathway. At early time points (48 h) NOTCH1
KD elicit higher proliferation based on a higher chondrocyte yield and higher fraction
of cycling (S-G2M) cells. These findings are in keeping with those of Shang et al. [22],
who showed that activation of the NOTCH1 signaling pathway via NICD1 transfection
coordinately promoted cell cycle arrest (via Cyclin D1 inhibition and p57 induction) and
chondrocyte hypertrophy (via SMAD1/5/8) [22]. However, findings at 48 h, based on
cells collected after siRNA transfection are obtained before the completion of replication of
primary chondrocyte cultures, since the estimated doubling time of chondrocyte cultures
is 72 h [46,47]. On the other hand, at later times, NOTCH1 KD chondrocytes exhibited a
lower proliferation, possibly because of a reduced expression of HES1, the main NOTCH1
target gene, known to be regulated by both NOTCH canonical and non-canonical pathways.
Besides NOTCH, regulation of HES1 also involves other pathways [48], among which
the Wnt-β-catenin and the Hedgehog pathways deserve to be mentioned for their role in
chondrocyte differentiation. HES1 localizes in actively dividing cells confirming a role in
controlling cell cycle progression, namely G1/S transition (Reactome pathway analyzer,
https://reactome.org/, accessed on 25 March 2021), in keeping with [49]. Moreover, the
ability of HES1 of reducing p27 [37] and p57 [50], two cyclin-dependent kinase inhibitors,
has previously been reported. Our findings are also in agreement with those of Karlsson
et al. who found reduced proliferation of normal human chondrocytes after NOTCH1
signaling antagonism with a γ-secretase inhibitor [51].

The requirement of high NOTCH1 levels in “proliferating” 2-D compared to the “dif-
ferentiating” 3-D cultures has been confirmed by our Western blot results that show a much
higher expression of NICD1 in the former. Moreover, the evidence of differential impact
and function of the pathway in 2-D or 3-D cultures is in keeping with findings of Karlsson
et al. [51] who assessed the regulation of NOTCH using normal human chondrocytes dur-
ing proliferation or across differentiation recapitulated in micromass and found reduction
of NOTCH related proteins in differentiating pellet cultures [51], mimicking the levels
found in cartilage biopsies.

The connection between NOTCH1 expression and chondrocyte proliferation has
also been reported by Khan and coworkers who treated cartilage explants with the mito-
gen FGF-2 [52] and found increased expression of NOTCH1 and related genes (MMP-13,
ADAMTS, and HES-1). The same authors proved that the role of NOTCH1 in the context
of cell proliferation was a non-canonical activity being insensitive to γ-secretase inhibitors.

With regard to the effects on chondrocyte differentiation recapitulated in 3-D micro-
mass cultures, globally our results confirm that NOTCH1 signaling inhibition delays the
progression towards hypertrophy, via reduced expression of RUNX2 and ECM remodeling.
OA onset and progression are sustained by changes in ECM remodeling [41]. Increased
ECM remodeling may derive from increased MMP expression along with increased acti-
vation and/or decreased inhibition by the TIMPs. To our knowledge, few studies have
investigated the relationship of NOTCH signaling with ECM degrading enzymes in artic-
ular chondrocytes, and mainly using murine chondrocytes. Indeed, in the latter settings,
Sugita et al. described HES1 responsive elements in ADAMTS-5 and MMP-13 genes [23].
RBPJ, the primary nuclear mediator of NOTCH canonical activity upregulates RUNX2
promoter transcriptional activity [53]. NOTCH signaling in chondrocytes has been pre-
viously linked to increased MMP expression, particularly of MMP-13 that represents the
pivotal collagenase in cartilage degradation [41]. A first study suggested a direct connec-
tion between MMP-13 and NOTCH: employing NOTCH signaling inhibition (DAPT) on
murine chondrocytes a significant reduction of MMP-13 mRNA and protein was found [25],
particularly in cells at later passages while MMP-2 resulted unaffected (as also found in
supernatants from NC and N1 micromasses). A similar study was reproduced by Sassi et al.
using human healthy articular chondrocytes from young donors. These cells do not express
MMP-13 at early passages, while MMP-13 expression is induced by serial subculturing
(at p3), together with that of Col1 and eNOS (dedifferentiation markers) preceded by that of
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NOTCH1, found at p2. At the same time, expression of differentiation markers of “healthy
chondrocytes” such as collagen 2 and aggrecan decreased, while the addition of DAPT was
able to restore collagen 2 expression at p3 [27].

Blaise and Sassi therefore suggested that NOTCH signaling was pivotal in “chondro-
cyte dedifferentiation”, but findings collected when the chondrocyte phenotype is lost,
such as at the third passage, are less informative compared to those collected with primary
chondrocytes cultured in 3-D [38,54], a culture model that allows for the recovery of the
correct phenotype of the chondrocytes, in close relationship with their ECM [55,56]. Some
differential cell reaction patterns of phenotypic modulation have been previously described
in OA chondrocytes [57], but the current view is that rather than to “dedifferentiation”,
changes of chondrocyte features in OA are better related to a loss of maturational arrest, i.e.,
to a “progressed differentiation” into endochondral ossification and toward terminal differ-
entiation [3,58], a process that can be reproduced dynamically in vitro in 3-D (micromass)
cultures. Indeed, using this model and primary OA chondrocytes, we were previously able
to show the effects of targeting critical effectors or signaling intermediates [29,59,60] of this
process. The status of chondrocytes within 3-D cultures is similar to that of chondrocytes in
cartilage explants but is more amenable for a large and multiplexed series of analyses [61].

The chondroprotective and anabolic effects of DAPT-dependent NOTCH1 inhibition
was also confirmed in human cartilage: OA cartilage explants expressed MMP-13 but this
expression was abrogated upon DAPT treatment, that was also able to rescue collagen II
and aggrecan expression [27]. In the context of NOTCH1 pathway inhibition, it should
be underlined that our data obtained with siRNA mediated NOTCH1 silencing are more
selective compared to those obtained with DAPT, that at least also inhibits the other
NOTCH receptors.

Other studies exploiting transfection of NICD in murine chondrocytes have shown
that NOTCH1 induces MMP-13 via IL6-mediation [62]. Moreover, NOTCH signaling is
involved in the expression of many other genes relevant in OA pathophysiology, such as
IL-8 and MMP-9 [16].

The NOTCH-MMP-13 connection was confirmed with several other findings derived
from both in vivo and in vitro studies. In a mouse model with selective inhibition of
NOTCH signaling (via SOX-9-Cre; Rbpj fl/fl), a significant decrease was observed of
markers related to endochondral ossification (MMP-13) and angiogenesis (VEGF-A), that
paralleled the decrease of HES1, the master target gene of NOTCH1 [15]. A similar pat-
tern of regulation was observed in an inducible and articular cartilage specific murine
model (Col2a1-Cre; Rbpj fl/fl) where inactivation of Rbpj signaling was executed at skeletal
maturity: this mouse was resistant to OA development as induced by means of surgical
induction of joint instability, and this resistance was phenocopied with intraarticular deliv-
ery of DAPT [15]. More recently, it was shown that inducible and articular specific HES1
ablation in mice (in a Col2a1-CreERT; Rbpj fl/fl background) prevented OA progression,
and inhibited expression of the key matrix degrading enzymes in OA, i.e., MMP-13 and
ADAMTS-5 [23].

The NOTCH1 connection with chondrocyte hypertrophy and MMP-13 expression
was shown in a recent study that used the murine chondrocytic cell line ATDC5. In these
settings, transfection of NICD1 resulted in significant Sox9 reduction and Runx2 induction
(and of alkaline phosphatase), suggesting that NOTCH1 signaling has profound effects on
chondrocyte differentiation [22].

In agreement with our findings, a recent report of both in vitro and in vivo (rats)
experiments has further addressed the relationship between NOTCH1, RUNX2, and MMP-
13 [26] by either activating (with Jagged-1, the relevant ligand) or inhibiting (by DAPT
treatment) the NOTCH1 pathway in conjunction with strategies of RUNX2 modulation via
either silencing shRNA or overexpressing plasmids.

In our 3-D model, we observed reduced expression of RUNX2 and MMP-13 following
NOTCH1 RNA interference. Moreover, our bioplex assay showed significantly reduced
expression of MMP-1, the other collagenase relevant in OA [63], in NOTCH1 KD cells.
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In addition, we observed markedly reduced expression of MMP-10, an enzyme that con-
tributes to activation of collagenases in OA [64], besides decreased expression of MMP-3,
a stromelysin included among the serum biomarkers of OA activity [65].

Some recent reports have also indicated the occurrence of relevant crosstalks in carti-
lage between the NOTCH1 and the NF-κB pathways [8,9], the latter exerting a fundamental
role in OA onset and progression [66]. In addition, in 1 week micromasses established
with NOTCH1 KD chondrocytes, we observed reduced gene expression of IKKα, a gene
that we highlighted as having a role in OA pathophysiology [29,60,67,68] and that has also
been included among the known NOTCH targets [39], although not much information
is available with regard to human chondrocytes. IKKα might play multiple roles in OA
pathophysiology. It contributes to NF-κB canonical activation [69], it is pivotal in NF-κB
delayed non canonical activation, and also plays a peculiar role in chromatin remodeling
required for NF-κB transcription [70,71]. In breast cancer cells, IKKα favors the chromatin
recruitment of NOTCH1 transcriptional complex (NTC) and is recruited to the NTC itself
in a NOTCH dependent manner [72]. Moreover, NOTCH1–IKKα interaction has been
shown to exert an anti-apoptotic role [73]. In a rheumatoid arthritis mouse model, the
IKKα-dependent non-canonical heterodimer relB-p52 enhances the transcriptional activity
of NOTCH and Rbpj, required for the transcription of ADAMTS5 and MMP-13 [8]. In the
latter disease context recent evidence has shown the feasibility of nanomedicine approaches
for the intra-articular delivery of NOTCH1 siRNA-coupled micelles in a rheumatoid arthri-
tis model developed in rats [74]. This approach is amenable to fine tuning in order to spare
the chondroprotective and anabolic activities of the NOTCH1 pathway.

4. Materials and Methods
4.1. Establishment of Chondrocyte Cultures

Primary cultures of human osteoarthritic chondrocytes were established from knee
cartilage derived from total knee replacement in OA patients. The study was conducted
according to the guidelines of the Declaration of Helsinki and approved by the Ethics
Committee of Istituto Ortopedico Rizzoli (ethic approval code: 0019715, approved on
28 September 2016), including documentation of written patient informed consent.

The patients (5 females and 1 male) had a mean ± SD age of 74 ± 2. The patients
admitted to the study had to meet inclusion (patients undergoing total knee replacement,
aged more than 18, and able to autonomously express the informed consent to participate
to the study) and exclusion criteria (the latter criteria excluded patients with BMI higher
than 35, or with complicating disease such as rheumatic diseases, diabetes, severe chronic
infective diseases or malignancies, severe psychiatric diseases or use of steroid drugs or
insulin). These patients had Kellgren-Lawrence (KL) grade 3 or 4.

After tissue retrieval, all patient identifiers were removed, and samples were coded
by arbitrary designations to distinguish them solely for experimental purposes. Primary
chondrocytes were isolated by mean of sequential enzymatic digestion (1 h with pronase
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)) and 1–2 h with 0.2% collagenase
(Sigma-Aldrich) at 37 ◦C) from cartilage (n = 6, age = 73.8 ± 1.72, mean ± SD), as described
in [75]. After recovery, isolated chondrocytes were filtered by 100 and 70 µm nylon meshes,
washed, centrifuged, and counted. Chondrocytes were cultured in 10% FCS D-MEM
(Sigma-Aldrich) with the addition of antibiotics in T150 flasks at an initial seeding density
of 20.000 cells for cm2 and left to grow until confluence. Only P0 chondrocytes (i.e., cells that
did not undergo subculturing and therefore retaining proper chondrocyte differentiation)
were used for silencing experiments.

Some experiments were also performed with C28/I2 cells, an immortalized cell line
widely used to mimic the behavior of primary chondrocytes [76].

4.2. Small Interfering RNA Mediated NOTCH1 Gene Silencing

NOTCH1 silencing of several chondrocyte cultures was obtained by mean of RNA in-
terference (RNAi), using ON-TARGETplus SMARTpool with si-NOTCH1 or ON-TARGET
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plus Non-targeting Pool, Dharmacon (Horizon Discovery, Perkin Elmer, Cambridge, UK).
The SMARTpool is a mixture of four siRNA providing advantages in both potency and
specificity. Transient transfection was performed by Lipofectamine RNAiMAX Transfection
Reagent (ThermoFisher Scientific, Waltham, MA, USA). Then, 48 h after siRNA delivery,
chondrocytes were collected for count and evaluation of NOTCH1 knockdown (KD) at
both gene and protein level, and for either monolayer or micromass seeding. Some cells
were fixed in ethanol for subsequent cell cycle analysis. Given the high variability at the
level of gene expression in the different primary cultures evaluated, the comparison was
performed after variance normalization by using the Log10 of the values.

4.3. Cell Cycle Assessment

Flow cytometry was employed to evaluate cell cycle by means of DNA staining (Sytox
green at 5 µM, Molecular Probes, ThermoFisher Scientific) of cells previously fixed with
70% ethanol and RNAse treated: 2.5 U RNAse One (Promega, Madison, WI, USA) plus
100 µg/mL RNAse A, Sigma-Aldrich). Analyses were performed using a FACS Canto II
flow cytometer (Becton Dickinson Biosciences, Franklin Lakes, NJ, USA).

4.4. Chondrocyte Cultures

The 2-D culture was employed to evaluate the effect of NOTCH1 silencing on chondro-
cyte growth by means of the Picogreen assay as described below performed in combined
NC and N1 cultures collected at 48 h after transfection.

The 3-D cultures established as described in [29] were allowed to mature across
3 weeks, with medium changes every second day to assess the effects of NOTCH1 silencing
on differentiation progression. At selected time points (1w, 2w, and 3w) parallel samples
were either embedded in OCT compound for immunohistochemistry and alizarin red
or toluidine blue staining as described in [59] or dry frozen for subsequent Western blot
or real time RT-PCR analysis or viability assay. Supernatants were also collected for
MMP measurement. Noteworthy, for each experimental condition at least 4–6 replicate
were established, and MMP assessment was carried out in triplicate for each of the four
cultures assessed.

4.5. PicoGreen Assessment of Cell Growth

The analysis of cell growth was undertaken essentially as reported in [29], by means
of a quantitative (Quant-IT PicoGreen dsDNA assay kit, Molecular Probes, ThermoFisher
Scientific) DNA analysis of the proliferating cells. The fluorescence signal was collected
from the bottom of the wells exploiting the well scan mode (3 × 3 areas) of the Spectra Max
Gemini plate fluorometer (Molecular Devices, Sunnyvale, CA, USA).

NOTCH1 KD and control chondrocytes were seeded at low density (1000 cells per
well in quintuplicate) in 96 well plates 48 h after transfection and cultured for 12 days.
Parallel plates were established in order to measure the cell growth at times 0 (the day after
seeding), 3, 7, 10, and 12, using one plate for each chondrocyte phenotype (NC or NOTCH1
KD) for each time point. At the selected time points, the plates were emptied and frozen at
−20 ◦C until analysis, that was performed at the same time for cultures established from
the same patient. To correct for differences in cell counts, values were calculated as the
percentage increase over the starting (day 0) values [29]. Images of the wells were also
obtained by using an inverted Nikon (Nikon Corporation, Tokio, Japan) Eclipse TS100
microscope equipped with a 465-495EX, 505DM, 515-555BA nm filter to collect the green
signal of the stained nuclei.

4.6. Western Blot

Western blot was carried out to assess the differential NOTCH1 level in 2-D and 3-D
cultures and to assess the level of KD efficiency, after siRNA delivery. The experimental de-
tails were essentially as described in [75]. Proteins from equal cell equivalents (150,000 cells)
or micromasses (one half 1 w micromass per well, established with 250,000 cells) were
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extracted by means of Lysis buffer supplemented with benzonase to improve extraction of
proteins bound to DNA, besides NaF, Na3VO4, PMSF, and Protease Inhibitor cocktail. In
the case of 3-D cultures, improved extraction was achieved by using pestles connected to a
pellet pestles cordless motor (Sigma-Aldrich). Extraction was carried out on ice (30 min),
with 10 s vortexing every 10 min. At the end, the samples were centrifuged for 15 min
at 10,000 rpm at 4 ◦C. The supernatants were collected and kept at −80 ◦C until analy-
sis. Lysates corresponding to 150,000 cells (in 10 µL) or half micromasses (in 15 µL) were
loaded in wells of NuPage pre-cast Bis-Tris 4–12% (ThermoFisher Scientific), after addi-
tion of LDS NuPage sample buffer and NuPage reducing agent and boiling to 100 ◦C for
10 min then transferred to ice. Electrophoretic run of proteins exploited MOPS or MES
as a running buffer. In each gel, a molecular weight marker (Novex Sharp pre-stained
protein standards, ThermoFisher Scientific) was loaded along the samples to allow accurate
estimation of correct molecular weight. At the end of the run, the proteins were transferred
to PVDF (Immobilon-P, Millipore, Merck) membranes exploiting the iBlot Dry Blotting
system (ThermoFisher Scientific). To allow retention of proteins, the membranes were
dried by immersing them in methanol, and stored at 4◦C until use. At the time of analysis,
the membranes were rehydrated by methanol and subjected to Western blot by means
of the SNAP-ID 2.0 device (Millipore, Merck) or by conventional overnight incubation.
Primary antibodies were as follows: NOTCH1 (polyclonal rabbit anti-human NOTCH1,
sc-6014R used at 0.1 µg/mL, Santa Cruz Biotechnology, Dallas, TX, USA), cleaved Notch1
(Val1744) (rabbit monoclonal, #4147 used 1:1000, Cell Signaling Technology, Danvers, MA,
USA), RUNX2 (polyclonal goat anti-human RUNX2, AF2006 used at 1:20,000, R&D Sys-
tems, Minneapolis, MN, USA). β-actin (mouse monoclonal, #A2228, clone AC-74, used at
0.8 µg/mL, Sigma-Aldrich) or GAPDH (mouse monoclonal, MAB374, used at 0.8 µg/mL,
Sigma-Aldrich) were used as loading controls. Appropriate HRP conjugated anti sec-
ondary antibodies anti species (mouse, rabbit, goat) immunoglobulins were from Jackson
ImmunoResearch Europe (Cambridge, UK) and the substrate was ECL-Select (Amersham,
Cytiva, Marlborough, MA, USA). Signals were acquired by means of a ChemiDoc MP
Imaging System (Bio-Rad Laboratories, Hercules, CA, USA). For accurate assessment of
molecular weight, the signals were referred to the molecular weight marker stained with a
chemiluminescent pen (Glow Writer, Sigma-Aldrich). With regard to NOTCH1, Western
blot experiments showed occurrence of multiple bands, in keeping with the existence of
intracellular enzymes in charge of cleavage and/or ubiquitination [77]. Therefore, for
quantitative purposes we considered the intensity of the band corresponding to the NICD1
fragment, that in our hands resulted in 105-110 kDa. Semi-quantitative analysis of band
intensity was performed considering “optical density” values and using Image Lab soft-
ware (version 6.0, Bio-Rad). Samples were compared considering the expression level of
the band of interest normalized to that of the housekeeping control.

4.7. Immunofluorescence and Immunohistochemistry

Immunofluorescence was carried out essentially as in [67] to disclose the pattern of
NOTCH1 and HES1 in chondrocytes cultured on chamber slides, in relationship to mitosis
or interphase.

For this purpose, NC and N1 chondrocytes at 72 h post-transfection were seeded
onto chamber slides (8 well chamber slides, at a density of 10,000 cells per cm2) and let
to adhere for 72 h. Then, after a brief washing with PBS the cells were fixed with 100 µl
of 4% paraformaldehyde (PFA) for 30 min at RT and washed again with PBS. The wells
were filled with PBS and stored at 4 ◦C until the time of processing. The samples were
pretreated for antigen unmasking with 0.02 U/mL Chondroitinase ABC (Sigma-Aldrich)
in 50 mM pH 8.0 Tris/HCl solution for 20′ at 37 ◦C and permeabilized with 0.2% Triton
in TBS (TRIS buffered saline) solution for 5 min at RT. After another wash with TBS, the
nonspecific bindings were blocked with a 5% BSA (bovine serum albumin, Sigma-Aldrich),
5% Normal Donkey serum (Jackson ImmunoResearch Europe), and 0.1% Triton in TBS
for 30′ at RT and washed again. Then, primary and control antibodies were delivered at a
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concentration of 5 µg/mL in TBS with 3% BSA 0.1% Tween and left overnight at 4 ◦C: anti
NOTCH1 (rabbit anti NOTCH1 (NBP1-78292, Novus Biologicals, Centennial, CO, USA),
anti-HES1 (rabbit anti-HES1, PA5-28802, ThermoFisher Scientific), or control antibody
(normal rabbit immunoglobulins, AB105-C, R&D Systems). After rinsing in TBS, the signal
was revealed by a 15 µg/mL donkey anti-rabbit Alexa Fluor 555 secondary antibody
conjugate (ThermoFisher Scientific) in TBS with 3% BSA 0.1% Tween and incubated 30′

at RT together with 1µg/mL Hoechst 33342 (Sigma- Aldrich) for nuclear counterstaining.
At the end, the samples were mounted with the addition of anti-fading (1% 1,4 Diazobicyclo
(2.2.2) Octane (DABCO, Sigma-Aldrich) in 90% glycerol, in 0.1 M pH 8.0Tris-HCl), sealed
with nail-polish and stored refrigerated and in the dark for subsequent analysis.

Images of these experiments were observed by mean of a NIKON (Nikon Corporation)
Eclipse 90i microscope equipped with 540/25EX, 565DM, 605/55BA nm filters to evaluate
NOTCH1 or HES1 stained with a red emitting fluorochrome while nuclear counterstaining
with Hoechst 33342 was evaluated with 330-380EX, 400DM, 420BA nm filters.

Immunohistochemistry was instead carried out to assess the correlated expression
levels of RUNX2 and HES1 along the maturation of N1 micromasses. To this end, 5 µm
sections were obtained from micromasses established with NC or N1 chondrocytes and
embedded in OCT compound. The slides were put on silanized glass slides and stored at
−20 ◦C. At the time of processing, the slides were left to equilibrate to room temperature
still wrapped with aluminum foil. The areas bearing the micromass slide for immunode-
tection were delimited with the pap pen and fixed with 4%PFA for 30 min at RT, followed
by washing. Here again, a step of antigen unmasking was carried out with 0.02 U/mL
Chondroitinase ABC (Sigma-Aldrich) followed by blocking of nonspecific bindings as
detailed above. Then, primary antibodies and control antibodies were delivered at a con-
centration of 5µg/mL in TBS with 3% normal goat serum, 2% BSA, and 0.1% Triton and
left 2 h at RT: anti RUNX2 (rat monoclonal MAB2006 used at 5 µg/mL, R&D Systems)
and anti-HES1 (rabbit polyclonal PA5-28802 used at 5 µg/mL, ThermoFisher Scientific)
or control rabbit antibody (normal rabbit immunoglobulins BD AB105-C, R&D Systems).
In addition, a sample with only secondary antibody was set up, to control for nonspecific
binding of immunodetection reagents. At the end of the incubation with primary anti-
bodies two washings with TBS were performed, and immunodetection was carried out
using the supersensitive IHC Detection System (BioGenex, Fremont, CA, USA) suitable to
detect mouse, rat, or rabbit primary antibodies exploiting the avidin-biotin amplification
system, to localize the alkaline phosphatase enzymes at antigen sites finally revealed with
FAST RED substrate. At the end, the sections were washed and mounted with Aquamount.
Pictures at 200× magnification (objective 20×) were obtained with Eclipse 90i Nikon.

To provide quantitative assessment of signal intensity, results of immunohistochem-
istry, toluidin blue, and alizarin red staining were analyzed with the Nikon Imaging
Software (NIS, Nikon Corporation). For each signal, tissue areas underwent a thresholding
using the intensity function of the software. NIS identified several areas (from tens to
hundreds for each section with more areas in sections with higher staining) and produced
an output with several calculated parameters, including mean intensity and area for each.
These data were used in a statistical analysis (ANOVA) to compare the conditions. To
emphasize the information that the cumulative area identified by NIS as “beyond the
threshold” was variable according to the specific condition, we also included the graphical
representation of the product of the mean intensity and the cumulative area.

4.8. MMPs Quantitative Assessment

Supernatants of micromasses derived from control siRNA (NC) or NOTCH1 siRNA
(N1) chondrocytes were used to test the role of NOTCH1 on the expression of major matrix
metalloproteinases, across micromass maturation.

To this end we used the Bio-Plex Pro™ Human MMP Panel, 9-Plex (Bio-Rad Laboratories,
#171AM001M), a multiplex bead based sandwich immunoassay kit, with high sensitivity
and dynamic range, to simultaneously evaluate the three collagenases (collagenase1/MMP-1,
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collagenase 2/MMP-8 and collagenase 3/MMP-13), the two stromelysins (stromelysin1/MMP-
3 and stromelysin2/2MMP-10), the two gelatinase A (72 kDa, MMP-2) and B (92 kDa, MMP-9),
the matrylisin/MMP-7, and the macrophage metalloelastase MMP-12.

4.9. Evaluation of Progressed Chondrocyte Terminal Differentiation/Cell Viability

Loss of maturational arrest leads to chondrocyte hypertrophy and terminal differentia-
tion. This process can be recapitulated in vitro since 3w micromasses present a considerable
number of dead cells that are reduced by selective targeting of effectors of chondrocyte
hypertrophy [29]. Therefore, to test the effects of NOTCH1 silencing we used a recently
developed assays: the CellTiter-Glo 3D Cell viability assay (Promega), that relies on the
properties of a proprietary thermostable luciferase (Ultra-Glo™ Recombinant Luciferase),
which generates a stable “glow-type” luminescent signal that is proportional to the amount
of ATP present. The homogeneous “add-mix-measure” format results in cell lysis, “ex-
traction” of intracellular ATP from healthy and viable cells, generation of a proportional
luminescent signal, and good performance across a wide range of assay conditions.

Luminescence readings were collected from micromasses left to mature for 3 weeks
and readings of NOTCH1 siRNA samples were normalized to their relative CTRLsiRNA
samples. NOTCH1siRNA increased viability of 3 weeks samples of 1.82 ± 2.29 (mean ±

standard deviation, p = 0.04, n = 3) fold.

4.10. Real-Time RT-PCR Analysis

Total RNA was extracted from cell pellets collected at 48 h from NOTCH1 silencing
and micromasses (1w maturation), with TRIzol RNA isolating agent (ThermoFisher Scien-
tific) according to manufacturer’s instructions. Total RNA (1 µg) was reverse-transcribed
using SuperScript VILO cDNA synthesis kit (ThermoFisher Scientific) following manu-
facturer’s protocol. Real-time RT PCR analysis were performed employing QuantiTect
SYBR Green PCR Kit (TaKaRa Bio inc., Shiga, Japan) and following standard protocol:
Taqman DNA Polymerase activation 95◦ (45 cycles; denaturation 95◦, amplification anneal-
ing temperature variable according to primers design, as indicated in Table 1). Results of
mRNA quantification for both N1 and NC samples analysis were mRNA levels calculated
for each target gene and normalized using the reference gene GAPDH according to the
formula 2-∆Ct and expressed as a percentage of the reference gene. Primer specificity was
established by evaluation of melting curves. Target gene primers sequences are shown
below (Table 1).

Table 1. List of primers used for real time RT-PCR.

Gene Forward Primer Reverse Primer
Amplicon Size
(Annealing T)

GAPDH TGGTATCGTGGAAGGACTCA GCAGGGATGAGTTCTGGA 123 bp (56 ◦C)
NOTCH1 CCTGAAGAACGGGGCTAACA GATGTCCCGGTTGGCAAAGT 127 bp (60 ◦C)

HES1 AAGAAAGATAGCTCGCGGCA TACTTCCCCAGCACACTTGG 134 bp (60 ◦C)
ADAMTS5 GCACTTCAGCCACCATCAC AGGCGAGCACAGACATCC 187 bp (58 ◦C)

MMP-13 TCACGATGGCATTGCT GCCGGTGTAGGTGTAGA 277 bp (58 ◦C)
ACAN TCGAGGACAGCGAGGCC TCGAGGGTGTAGCGTGTAGAGA 85 bp (60 ◦C)

RUNX2 GGAATGCCTCTGCTGTTATG AGACGGTTATGGTCAAGGTG 105 bp (58 ◦C)
NFKB1 CAGGAGACGTGAAGATGCTG AGTTGAGAATGAAGGTGGATGA 109 bp (60 ◦C)

CHUK (IKKα) GCACAGAGATGGTGAAAATCATTG CAACTTGCTCAAATGACCAAACAG 86 bp (60 ◦C)
IL6 TAGTGAGGAACAAGCCAGAG GCGCAGAATGAGATGAGTTG 184 bp (60 ◦C)
IL8 CCAAACCTTTCCACCC ACTTCTCCACAACCCT 153 bp (60 ◦C)

VEGFA TGATGATTCTGCCCTCCTC GCCTTGCCTTGCTGCTC 82 bp (58 ◦C)

4.11. Statistics

Data are represented as mean ± standard deviation (SD) and compared by means
of two tailed Student’s t test using the GraphPad Prism 5.0 software (GRAPHPAD SOFT-
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WARE, La Jolla, CA, USA). Differences were considered significant when p < 0.05 with
* p < 0.05; ** p < 0.01; *** p < 0.001.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms222112012/s1, Figure S1: full blots used to derive the NICD1 and GAPDH results
shown in Figure 1a of the main manuscript; Figure S2: full blots used to derive the NICD1 and
β-actin results shown in Figure 1b of the main manuscript; Figure S3: full blots used to derive
the NOTCH1/NICD1 and β-actin results useful to compare NOTCH1/NICD1 intensity in both
C28/I2 immortalized chondrocytes and primary chondrocytes cultured at either low density (LD) or
high density (HD); Figure S4: full blots used to compare the signal of Cleaved NOTCH1 (Val1744)
in C28/I2 immortalized chondrocytes or primary chondrocytes in basal conditions or after 1 hour
stimulation with either 5 mM EDTA or 2.5 ng/ml IL-1β; Figure S5: full blots used to derive the NICD1
and GAPDH results shown in Figure 2a of the main manuscript obtained with lysates of chondrocytes
in either control (NC, control siRNA) or NOTCH1 KD conditions; Figure S6: full blots (used to derive
the NICD1 and β-actin results) and real time PCR results useful to assess the persistence of NOTCH1
silencing across 1, 2 and 3 weeks’ maturation of micromasses; Figure S7: full blots used to derive
the RUNX-2 and β-actin results shown in Figure 5 of the main manuscript, obtained with lysates of
chondrocytes cultured in 3-D, in either control (NC, control siRNA) or NOTCH1 KD (N1, NOTCH1
siRNA) conditions; Figure S8: image analysis of the immunohistochemistry (HES1 and RUNX2),
toluidin blue and alizarin red results shown in Figure 5.
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Abstract: Chronic low-grade inflammation plays a central role in the pathogenesis of osteoarthritis
(OA), and several pro- and anti-inflammatory cytokines have been implicated to mediate and regulate
this process. Out of these cytokines, particularly IFNγ, IL-1β, IL-4 and IL-17 are associated with
different phenotypes of T helper (TH) cells and macrophages, both examples of cells known for great
phenotypic and functional heterogeneity. Chondrocytes also display various phenotypic changes
during the course of arthritis. We set out to study the hypothesis of whether chondrocytes might
adopt polarized phenotypes analogous to TH cells and macrophages. We studied the effects of
IFNγ, IL-1β, IL-4 and IL-17 on gene expression in OA chondrocytes with RNA-Seq. Chondrocytes
were harvested from the cartilage of OA patients undergoing knee replacement surgery and then
cultured with or without the cytokines for 24 h. Total RNA was isolated and sequenced, and GO
(Gene Ontology) functional analysis was performed. We also separately investigated genes linked
to OA in recent genome wide expression analysis (GWEA) studies. The expression of more than
2800 genes was significantly altered in chondrocytes treated with IL-1β [in the C(IL-1β) phenotype]
with a fold change (FC) > 2.5 in either direction. These included a large number of genes associated
with inflammation, cartilage degradation and attenuation of metabolic signaling. The profile of
genes differentially affected by IFNγ (the C(IFNγ) phenotype) was relatively distinct from that of the
C(IL-1β) phenotype and included several genes associated with antigen processing and presentation.
The IL-17-induced C(IL-17) phenotype was characterized by the induction of a more limited set
of proinflammatory factors compared to C(IL-1β) cells. The C(IL-4) phenotype induced by IL-4
displayed a differential expression of a rather small set of genes compared with control, primarily
those associated with TGFβ signaling and the regulation of inflammation. In conclusion, our results
show that OA chondrocytes can adopt diverse phenotypes partly analogously to TH cells and
macrophages. This phenotypic plasticity may play a role in the pathogenesis of arthritis and open
new therapeutic avenues for the development of disease-modifying treatments for (osteo)arthritis.

Keywords: chondrocyte; IL-1β; IFNγ, IL-17; IL-4; RNA-Seq

1. Introduction

Osteoarthritis (OA) is the most common form of arthritis. It has been estimated to
affect up to a half of the elderly population, and therefore causes widespread disability and
human suffering as well as an immense burden to healthcare systems [1]. Once thought
as a mostly mechanical “wear and tear” disease, the chronic inflammatory component of
osteoarthritis has been increasingly recognized during recent decades [2]. Constant low-
grade inflammation in the joint contributes to pain, oxidative stress, increased catabolism,
and the eventual breakdown of articular cartilage [3,4]. Despite intense research, no disease-
modifying pharmacological treatments are currently available for OA [5], demonstrating
that our understanding of the pathogenesis of the disease remains limited.
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When comparing chondrocytes from OA patients with healthy cells, several changes
in gene expression can be observed [6,7]. The potential causal roles of these changes in
the pathogenesis of OA are currently largely unknown. However, some of them can be
considered harmful (such as secretion of catabolic enzymes and proinflammatory cytokines)
and others protective (e.g., the production of extracellular matrix [ECM] components) [8,9].
The changes in OA chondrocyte phenotype are thought to be caused by several physical
and chemical factors, among them local proinflammatory cytokines [10].

The T helper (TH) cell is probably the most well-known example of a cell capable
of adopting distinct phenotypes in response to environmental factors. The different TH
phenotypes, in turn, are associated with different cytokines. The TH1 phenotype drives
inflammation and defense against intracellular pathogens. These cells are induced by inter-
leukin 12 (IL-12) and produce mainly interferon gamma (IFNγ) as an effector cytokine [11].
In addition, they induce macrophages to produce IL-1β, which in turn promotes the proin-
flammatory effects of TH1 cells [12]. TH2 cells are induced by interleukins 2 and 4. They
secrete various factors that promote humoral immunity and regulate inflammation, of
which IL-4 is regarded as the central cytokine [11]. TH17 cells are most closely associ-
ated with autoimmunity; they are induced by transforming growth factor beta (TGFβ)
along with several proinflammatory cytokines, such as interleukins 6, 21 and 23, and they
produce IL-17 as the central effector [13].

The macrophage is another cell type with well-defined differential phenotypes. The
so-called “macrophage polarization” has two main phenotypes analogous to TH1 and
TH2. The proinflammatory or “classically activated” M1 phenotype is associated with
proinflammatory cytokines such as IL-1β and IFNγ, while the healing-promoting “alter-
natively activated” M2 phenotype is mainly linked to IL-4 [14]. The effects of IL-17 on
macrophage phenotype have also attracted considerable interest. The M17 phenotype is not
as well-defined as the M1 and M2 phenotypes; however, macrophages stimulated by IL-17
are characterized by the increased production of chemotactic and proinflammatory factors
in the initial stages of the inflammatory response [15] and by the clearance of apoptotic
cells and resolution of inflammation in the later phase [16].

Some authors have noted similarities between the variable functions and gene expres-
sion profiles of macrophages and chondrocytes in the setting of arthritis [17]. As another
intriguing observation, major TH1/2/17 cytokines have been shown to play roles in the
development of different forms of arthritis. Of the cytokines that have been implicated
in the development of OA, IL-1β is probably the most prominent. It has been shown to
decrease the anabolic activity in chondrocytes and promote their apoptosis [18]. It also
induces the expression of the proteolytic enzymes of the matrix metalloproteinase (MMP)
and a disintegrin-like and metalloproteinase with trombospondin motifs (ADAMTS) fami-
lies [19]. OA chondrocytes have been shown to upregulate the expression of IL-1 receptor
(IL-1R) increasing their sensitivity to this cytokine [20]. Despite this, systemic treatment
strategies specifically targeting IL-1β seem to have rather limited efficacy in OA [21], and
none have reached clinical use.

Another major proinflammatory cytokine playing a role in the pathogenesis of arthritis
is interleukin 17A (IL-17A) [22]. It promotes inflammation in concert with other proin-
flammatory cytokines [23], and its concentration in the synovial fluid correlates with
radiographic severity of joint destruction [24]. In chondrocytes, it induces proinflamma-
tory and catabolic factors and reduces proteoglycan synthesis [25–27]. Along with other
proinflammatory cytokines, it also increases bone degradation by activating RANK lig-
and (RANKL) in osteoclasts [28]. In a murine model of collagen-induced arthritis, IL-17
deficiency has been shown to protect joints from the disease and IL-17 overexpression to
exacerbate it [29,30]. Some functional gene expression analyses have actually implicated
IL-17 signaling as a pathophysiological factor over IL-1β, the cytokine long known to drive
OA [31].

In contrast to IL-1β and IL-17, the potential role of IFNγ as a causative factor in OA
has attracted less interest. However, it has been found to be upregulated in chondrocytes by
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proinflammatory cytokines [32] as well as to be present in OA synovial fluid [33]. Some gene
variants that affect the development of OA, particularly those of T-cell immunoglobulin
and mucin-domain containing-3 (TIM-3), exert their effects via the modulation of IFNγ

expression [34].
In the light of the above connections between the cytokines linked to major T helper

cell/macrophage phenotypes and OA, it can be hypothesized that chondrocytes might also
adopt phenotypes analogous to TH1/2/17 or M1/2/17 cells, and that these phenotypes
might play a role in the development of OA. In the present study, we investigated the effects
of the central TH1/2/17 cytokines on gene expression in OA chondrocytes. We sought
to identify significantly differentially expressed genes and modulated pathways. The
results were also compared to those of a recent genome-wide association study comparing
degraded OA cartilage to preserved cartilage [35]. To our knowledge, this is the first
study comparing the effects of the central TH1/2/17 cytokines on OA chondrocytes and to
characterize the resulting phenotypes.

2. Results
2.1. Effects of IL-1β on Chondrocyte Phenotype

After normalization and correction for multiple testing, a total of 2822 genes were
found to be differentially expressed in IL-1β-treated chondrocytes [in the C(IL-1β) pheno-
type] versus controls in a statistically significant manner (FDR-corrected p-value < 0.05)
and with a fold change (FC) 2.5 or more in either direction. Of these, 1092 were up- and
1730 downregulated. The list of the 20 most strongly upregulated genes contains several
proinflammatory cyto- and chemokines, while the most strongly downregulated ones in-
clude several factors associated with regulation of gene expression, such as histone proteins
(Table 1).

2.2. Effects of IL-17 on Chondrocyte Phenotype

Three hundred and eighty genes were differentially expressed in IL-17-treated chon-
drocytes [in the C(IL-17) phenotype] versus controls with FC > 2.5 in either direction,
314 of which were up- and 66 downregulated. Among the 20 most strongly upregulated
genes were several associated with inflammation and chemotaxis, while the most strongly
downregulated include genes involved in connective tissue development (Table 2).

2.3. Effects of IFNγ on Chondrocyte Phenotype

After normalization and correction for multiple testing, a total of 548 genes were found
to be differentially expressed in IFNγ-treated chondrocytes [in the C(IFNγ) phenotype]
versus controls in a statistically significant manner and FC 2.5 or more in either direction.
Of these, 462 were up- and 86 downregulated. The 20 genes most strongly upregulated
in C(IFNγ) cells included many associated with inflammation, antigen processing and
presentation, and the regulation of proliferation. The most strongly downregulated genes
included those involved in cell adhesion, proliferation and migration, and in Wnt signaling
(Table 3).

2.4. Effects of IL-4 on Chondrocyte Phenotype

Twenty-six genes were upregulated by IL-4 with FC > 2.5 (Table S1). No genes were
downregulated by IL-4 to a similar extent, but 10 genes were downregulated with FC < −1.5
(Table S2). In the C(IL-4) phenotype, the upregulated genes included those associated with
the regulation of inflammation and TGFβ signaling as well as metabolism and cell adhesion,
while several genes linked to cell proliferation were among the downregulated ones.
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Table 1. Twenty most strongly up- and downregulated genes in interleukin 1-treated OA chondrocytes (IL1) relative to control (Co).

Gene Name Function Mean (Co) Mean (IL1) Fold Change adj. p

IL6 Interleukin 6 Inflammation 12.4 18,406.9 3685.72 <1.0 × 10−4

CXCL1 C-X-C motif chemokine ligand 1 Inflammation, chemotaxis 13.8 23,793.7 3457.68 <1.0 × 10−4

IL1B Interleukin 1 beta Inflammation 2.8 9575.7 3332.44 <1.0 × 10−4

CXCL8 C-X-C motif chemokine ligand 8 Inflammation, chemotaxis 329.5 855,146.3 2968.9 <1.0 × 10−4

CXCL6 C-X-C motif chemokine ligand 6 Inflammation, chemotaxis 2.8 4951.8 2352.02 <1.0 × 10−4

CXCL5 C-X-C motif chemokine ligand 5 Inflammation, chemotaxis 7.4 7352.4 1239.8 <1.0 × 10−4

CXCL2 C-X-C motif chemokine ligand 2 Inflammation, chemotaxis 3.9 4798.2 1198.05 <1.0 × 10−4

CXCL3 C-X-C motif chemokine ligand 3 Inflammation, chemotaxis 3.1 3154.6 1130.76 <1.0 × 10−4

CCL20 C-C motif chemokine ligand 20 Inflammation, chemotaxis 418 381,100.8 1128.35 <1.0 × 10−4

IL36RN Interleukin 36 receptor antagonist Regulation of inflammation 8.6 5863.8 914.19 <1.0 × 10−4

ADORA2A Adenosine A2a receptor Regulation of inflammation 5.5 1550.7 641.44 <1.0 × 10−4

IL36G Interleukin 36 gamma Inflammation 1.8 1065.5 562.03 <1.0 × 10−4

EREG Epiregulin Regulation of proliferation 31.9 13,697.7 506.87 <1.0 × 10−4

CSF3 Colony stimulating factor 3 Granulocyte-mediated inflammation 0.1 63.9 300.02 <1.0 × 10−4

VNN1 Vanin 1 T cell migration 9.2 2467.2 273.35 <1.0 × 10−4

CCL5 C-C motif chemokine ligand 5 Inflammation, chemotaxis 4.1 1134.2 271.85 <1.0 × 10−4

C15orf48 Chromosome 15 open reading frame 48 ? 27.2 4669.1 253.13 <1.0 × 10−4

CCL3 C-C motif chemokine ligand 3 Inflammation, granulocyte activation 0.5 166.3 242.88 <1.0 × 10−4

FCAMR Fc fragment of IgA and IgM receptor Adaptive immunity, leukocyte migration 2.6 492 213.45 <1.0 × 10−4

SERPINB7 Serpin family B member 7 Endoproteinase inhibition 22.1 3747.9 205.63 <1.0 × 10−4

HRCT1 Histidine rich carboxyl terminus 1 ? 105.8 4.1 −38.85 <1.0 × 10−4

LSP1 Lymphocyte specific protein 1 Regulation of neutrophil mobility 1749.6 58.1 −31.39 <1.0 × 10−4

HIST1H3G Histone cluster 1 H3 family member g Regulation of transcription 183.4 9.6 −28.26 <1.0 × 10−4

ACTC1 Actin, alpha, cardiac muscle 1 Heart muscle constituent 195.2 10.5 −24.79 <1.0 × 10−4

NXPH3 Neurexophilin 3 ? 39.2 2.4 −23.89 <1.0 × 10−4

SCN2B Sodium voltage-gated channel beta subunit 2 Cell adhesion and migration 167 8.7 −22.19 <1.0 × 10−4

HIST1H1A Histone cluster 1 H1 family member a ? 908.5 47.2 −21.2 <1.0 × 10−4

GDF10 Growth differentiation factor 10 Skeletal system development 813.6 45.7 −20.57 <1.0 × 10−4

LINC02593 Long intergenic non-protein coding RNA 2593 ? 68.3 3.4 −20.53 <1.0 × 10−4

HIST1H3B Histone cluster 1 H3 family member b Regulation of transcription 990.6 59.2 −20.46 <1.0 × 10−4

TMEM26 Transmembrane protein 26 ? 403.7 21.4 −19.3 <1.0 × 10−4

PHYHIPL Phytanoyl-CoA 2-hydroxylase interacting protein like ? 22 1.6 −19.19 <1.0 × 10−4

SARDH Sarcosine dehydrogenase Mitochondrial metabolism 25.8 2.4 −19.08 <1.0 × 10−4

HIST1H2BO Histone cluster 1 H2B family member o Regulation of transcription? 234.4 12.7 −18.99 <1.0 × 10−4
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Table 1. Cont.

Gene Name Function Mean (Co) Mean (IL1) Fold Change adj. p

ID3 Inhibitor of DNA binding 3, HLH protein Regulation of transcription 676.5 45.8 −18.32 <1.0 × 10−4

HIST1H2AJ Histone cluster 1 H2A family member j Regulation of transcription? 857 47.1 −18.12 <1.0 × 10−4

HIST1H1B Histone cluster 1 H1 family member b Regulation of transcription? 736 50.6 −17.69 <1.0 × 10−4

MFAP2 Microfibril associated protein 2 ECM organization 33 3.2 −17.52 <1.0 × 10−4

TNNT3 Troponin T3, fast skeletal type Muscle constituent 95.6 6.4 −17.51 <1.0 × 10−4

HIST1H2AL Histone cluster 1 H2A family member l Regulation of transcription? 321.4 21.2 −17.32 <1.0 × 10−4

Red = upregulated genes; blue = downregulated genes.

Table 2. Twenty most strongly up- and downregulated genes in interleukin 17-treated OA chondrocytes (IL17) relative to control (Co).

Gene Name Function Mean (Co) Mean (IL17) Fold Change adj. p

SAA2 Serum amyloid A2 Chemotaxis 5.5 659.2 319.99 <1.0 × 10−4

IL6 Interleukin 6 Inflammation 12.2 1431.4 250.15 <1.0 × 10−4

SAA1 Serum amyloid A1 Inflammation, chemotaxis 63.7 3520.0 183.26 <1.0 × 10−4

SAA2-SAA4 SAA2-SAA4 readthrough Chemotaxis? 2.9 216.7 156.18 <1.0 × 10−4

CXCL6 C-X-C motif chemokine ligand 6 Inflammation, chemotaxis 2.8 276.4 141.01 <1.0 × 10−4

CXCL1 C-X-C motif chemokine ligand 1 Inflammation, chemotaxis 13.6 1170.5 136.48 <1.0 × 10−4

VNN1 Vanin 1 T cell migration 9.1 820.5 84.13 <1.0 × 10−4

CCL20 C-C motif chemokine ligand 20 Chemotaxis 412.8 26,508.9 73.49 <1.0 × 10−4

TNFSF18 TNF superfamily member 18 T cell survival 4.2 470.3 73.05 <1.0 × 10−4

IL36RN Interleukin 36 receptor antagonist Regulation of inflammation 8.5 468.0 69.09 <1.0 × 10−4

VNN3 Vanin 3 ? 1.8 130.3 66.35 <1.0 × 10−4

ADORA2A Adenosine A2a receptor Inflammation, phagocytosis 5.4 105.9 64.74 <1.0 × 10−4

CXCL2 C-X-C motif chemokine ligand 2 Inflammation, chemotaxis 3.9 220.3 55.90 <1.0 × 10−4

CXCL8 C-X-C motif chemokine ligand 8 Inflammation, chemotaxis 324.8 14,116.5 48.18 <1.0 × 10−4

C15orf48 Chromosome 15 open reading frame 48 Mitochondrial respiration? 26.9 820.3 46.34 <1.0 × 10−4

PDZK1IP1 PDZK1 interacting protein 1 Regulation of apoptosis 5.2 206.9 41.18 <1.0 × 10−4

NOS2 Nitric oxide synthase 2 Inflammation 137.9 3370.2 40.02 <1.0 × 10−4

ODAPH Odontogenesis associated phosphoprotein Enamel production 1.4 41.9 37.29 <1.0 × 10−4

SLC28A3 Solute carrier family 28 member 3 Nucleoside transport 4.3 150.4 35.34 <1.0 × 10−4

CXCL5 C-X-C motif chemokine ligand 5 Inflammation, chemotaxis 7.3 207.5 34.25 <1.0 × 10−4
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Table 2. Cont.

Gene Name Function Mean (Co) Mean (IL17) Fold Change adj. p

ACTC1 Actin, alpha, cardiac muscle 1 Cardiac muscle component 191.7 26.7 −8.14 <1.0 × 10−4

TOX Thymocyte selection associated high mobility group box T cell development 14.6 3.9 −5.66 0.0010
TMEM26 Transmembrane protein 26 ? 396.3 69.8 −5.47 <1.0 × 10−4

TNNT3 Troponin T3, fast skeletal type Muscle component 93.9 17.9 −5.28 <1.0 × 10−4

TENT5B Terminal nucleotidyltransferase 5B Regulation of cell proliferation 152.5 39.7 −4.81 <1.0 × 10−4

TMEM26-AS1 TMEM26 antisense RNA 1 ? 32.0 14.4 −4.77 3.8 × 10−4

RCAN2 Regulator of calcineurin 2 Regulation of transcription 326.5 74.6 −4.74 <1.0 × 10−4

OPRL1 Opioid related nociceptin receptor 1 ? 11.8 3.0 −4.51 0.0068
CSRNP3 Cysteine and serine rich nuclear protein 3 Regulation of apoptosis 59.7 19.7 −4.01 <1.0 × 10−4

ASPN Asporin Cartilage constituent 2011.2 505.2 −3.92 <1.0 × 10−4

HRCT1 Histidine rich carboxyl terminus 1 ? 104.1 25.8 −3.85 <1.0 × 10−4

AQP1 Aquaporin 1 (Colton blood group) Regulation of osmotic pressure,
angiogenesis, apoptosis 42.9 13.4 −3.69 <1.0 × 10−4

YWHAZP5 YWHAZ pseudogene 5 ? 10.2 3.2 −3.68 0.013
MRAP2 Melanocortin 2 receptor accessory protein 2 cAMP signaling 1295.9 376.5 −3.62 <1.0 × 10−4

C1QTNF7 C1q and TNF related 7 ? 63.4 20.1 −3.54 <1.0 × 10−4

MFAP2 Microfibril associated protein 2 Connective tissue organization 32.4 8.7 −3.47 <1.0 × 10−4

CLEC3A C-type lectin domain family 3 member A Skeletal system development 847.3 264.6 −3.46 <1.0 × 10−4

GREM1 Gremlin 1, DAN family BMP antagonist Regulation of connective tissue development 5141.6 1566.4 −3.41 <1.0 × 10−4

CRISPLD1 Cysteine rich secretory protein LCCL domain containing 1 Morphogenesis 946.1 280.2 −3.39 <1.0 × 10−4

HRASLS5
(=PLAAT5)

HRAS like suppressor family member 5 Glycerophospholipid metabolism 12.8 3.6 −3.37 0.019

Red = upregulated genes; blue = downregulated genes.

Table 3. Twenty most strongly up- and downregulated genes in interferon gamma -treated OA chondrocytes (IFNγ) relative to control (Co).

Gene Name Function Mean (Co) Mean (IFNγ) Fold change adj. p

IDO1 Indoleamine 2,3-dioxygenase 1 Regulation of T cell -mediated immunity 17.5 42,320.0 4643.74 <1.0 × 10−4

LGALS17A Galectin 14 pseudogene ? 0.4 1065.1 1750.58 <1.0 × 10−4

GBP1P1 Guanylate binding protein 1 pseudogene 1 ? 2.6 2838.8 1245.34 <1.0 × 10−4

CXCL10 C-X-C motif chemokine ligand 10 Chemotaxis 2.2 2065.2 1117.91 <1.0 × 10−4

GBP5 Guanylate binding protein 5 Inflammasome activation 1.4 1518.3 1112.44 <1.0 × 10−4

CXCL9 C-X-C motif chemokine ligand 9 T cell chemotaxis 1.1 1069.9 1033.80 <1.0 × 10−4

GBP4 Guanylate binding protein 4 Inflammation? 30.9 27,565.6 955.57 <1.0 × 10−4



Int. J. Mol. Sci. 2021, 22, 9463

Table 3. Cont.

Gene Name Function Mean (Co) Mean (IFNγ) Fold change adj. p

IFI44L Interferon induced protein 44 like ? 9.7 6185.8 694.66 <1.0 × 10−4

GBP1 Guanylate binding protein 1 Negative regulation of inflammation 124.3 54,562.1 454.62 <1.0 × 10−4

HLA-DRA Major histocompatibility complex, class II, DR alpha Antigen presentation 5.6 2338.3 408.93 <1.0 × 10−4

HLA-DRB1 Major histocompatibility complex, class II, DR beta 1 Antigen presentation 10.7 2430.7 383.18 <1.0 × 10−4

CD74 CD74 molecule Antigen presentation 31.9 11,211.5 353.35 <1.0 × 10−4

RSAD2 Radical S-adenosyl methionine domain containing 2 Antiviral action 44.5 15,365.2 338.82 <1.0 × 10−4

RARRES3 Retinoic acid receptor responder 3 Phospholipid catabolism 33.1 8271.1 286.40 <1.0 × 10−4

BST2 Bone marrow stromal cell antigen 2 Antiviral action 10.1 2908.5 285.04 <1.0 × 10−4

GBP6 Guanylate binding protein family member 6 Inflammation 1.0 193.3 273.26 <1.0 × 10−4

HLA-DRB5 Major histocompatibility complex, class II, DR beta 5 Antigen presentation 4.4 825.4 253.47 <1.0 × 10−4

HLA-DRB6
Major histocompatibility complex, class II, DR beta

6 (pseudogene) Antigen presentation? 0.3 125.7 226.68 <1.0 × 10−4

APOL4 Apolipoprotein L4 Lipid metabolism 2.6 500.8 225.95 <1.0 × 10−4

IFIT2 Interferon induced protein with tetratricopeptide repeats 2 Regulation of proliferation 96.2 20,648.8 225.79 <1.0 × 10−4

TNFRSF10D TNF receptor superfamily member 10d Inhibition of apoptosis 4135.1 501.9 −7.65 <1.0 × 10−4

ARHGAP9 Rho gtpase activating protein 9 ? 10.7 2.4 −5.27 0.0028
NANOS1 Nanos C2HC-type zinc finger 1 Regulation of translation and cell migration 83.4 16.9 −4.94 <1.0 × 10−4

SNORD108 Small nucleolar RNA, C/D box 108 ? 66.6 13.8 −4.81 <1.0 × 10−4

FAM189A2 Family with sequence similarity 189 member A2 ? 13.6 4.3 −4.39 0.0033
PWAR6 Prader Willi/Angelman region RNA 6 ? 34.0 7.9 −4.32 <1.0 × 10−4

GABRA4 Gamma-aminobutyric acid type A receptor alpha4 subunit Synaptic transmission 2346.1 549.2 −4.28 <1.0 × 10−4

CORO2A Coronin 2A ? 13.5 3.7 −4.11 0.020
WFDC1 WAP four-disulfide core domain 1 Regulation of proliferation 65.1 18.0 −4.06 <1.0 × 10−4

PRSS35 Serine protease 35 ? 51.4 13.5 −4.01 <1.0 × 10−4

SLC16A14 Solute carrier family 16 member 14 Organic acid transport 40.2 13.3 −3.98 <1.0 × 10−4

PWAR5 Prader Willi/Angelman region RNA 5 ? 359.7 91.4 −3.93 <1.0 × 10−4

MTURN
Maturin, neural progenitor differentiation

regulator homolog ? 1857.1 519.7 −3.63 <1.0 × 10−4

C1QTNF5 C1q and TNF related 5 Cell adhesion 152.4 46.1 −3.47 <1.0 × 10−4

LONRF2 LON peptidase N-terminal domain and ring finger 2 ? 206.8 59.5 −3.46 <1.0 × 10−4

FGFR4 Fibroblast growth factor receptor 4 Cell proliferation and migration 11.1 5.1 −3.31 0.045
TRABD2B Trab domain containing 2B Wnt signaling, proteolysis 14.2 5.5 −3.29 0.0014

TNNT3 Troponin T3, fast skeletal type Muscle contraction 106.0 31.6 −3.26 <1.0 × 10−4

NCALD Neurocalcin delta Endocytosis 17.3 6.6 −3.24 0.029
CDH2 Cadherin 2 Cell adhesion 12.0 4.1 −3.23 0.0012

Red = upregulated genes; blue = downregulated genes.
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2.5. Functional Gene Categories in Different Chondrocyte Phenotypes

Table 4 shows the Gene Ontology (GO) terms affected with a high significance (FDR-
corrected p-value < 0.01) by at least one studied proinflammatory cytokine (IL-1β, IFNγ

or IL-17). The C(IL-1β) phenotype was involved in the activation of a wide range of
inflammatory terms and pathways, along with those related to cell adhesion as well as
extracellular matrix production and degradation. The TH17-associated cytokine IL-17
affected a partly overlapping, but smaller, set of inflammatory cytokines compared to
IL-1β. The C(IFNγ) phenotype was quite distinct compared to the C(IL-1β) and C(IL-17)
phenotypes; several terms related to antigen processing and presentation were affected by
this cytokine alone. Nitric oxide synthase biosynthetic process and chemotaxis were among
the functions involved solely in the C(IL-17) phenotype. In addition, many high-level GO
terms related to inflammation were affected by all of the three proinflammatory cytokines.

In C(IL-4) cells, no significantly affected GO terms were detected when analyzing the
genes with FC > 2.5 in either direction. When the FC threshold was lowered to 1.5, GO
terms associated with cell division were among the significant ones (Table S3).

2.6. Comparing the Effects of Different Proinflammatory Cytokines

Next, we cross-compared the genes markedly upregulated (FC > 2.5) in the C(IL-1β),
C(IFNγ) and C(IL-17) phenotypes to further characterize the differences and similarities
between the resulting phenotypes. As shown in Figure 1A, a large portion (nearly 85%)
of genes markedly upregulated in C(IL-17) cells were included in the large set of those
similarly affected by IL-1β, but 45 genes were solely affected by IL-17, and the overlap
of C(IL-17) and C(IFNγ) phenotypes was considerable smaller than that of C(IL-17) and
C(IL-1β). The intersection of genes upregulated by both IL-17 and IFNγ was nearly
completely contained in those upregulated by IL-1β (Figure 1A). Many central regulators
of inflammation such as IL6, PTGS2 (cyclo-oxygenase 2 or COX-2) and NOS2 (inducible
nitric oxide synthase or iNOS) were markedly upregulated by all the three TH1/TH17
cytokines, in line with the widespread activation of inflammatory pathways observed in
the GO analysis (Table 5).

When comparing genes markedly downregulated (FC < −2.5) by the three proin-
flammatory cytokines, the large (>1000 genes) list of genes downregulated by IL-1β again
contained a large proportion (85%) of those downregulated by IL-17 and a smaller amount
(48%) of genes similarly affected by IFNγ (Figure 1B). Genes downregulated by all of the
three cytokines are presented in Table 6 and include, for example, those associated with
cell proliferation and skeletal system development.

2.7. Effects of the Cytokines on Genes Differentially Expressed in Degraded and Preserved
OA Cartilage

Some previous studies have investigated the differences in gene expression between
degraded and preserved OA cartilage. Of these, the study by Almeida et al. [35] is probably
the most comprehensive. To see whether the studied cytokines shift chondrocyte phenotype
towards either degraded or preserved cartilage, we compared the differentially expressed
genes in the phenotypes observed in the present study to those differentially expressed
in the study by Almeida et al. [35] As a very large number (over 2300) of significantly
differentially expressed genes were identified in that study, we focused on those 84 genes
which were most strongly upregulated (FC > 2.5 and FDR-corrected p-value < 0.01) in the
degraded cartilage. Of those 84 genes, 38 were significantly affected by at least one of the
proinflammatory cytokines (IL-1, IL-17 or IFNγ) in our data. A large majority (30) of these
38 genes were also upregulated by IL-1β, showing that the cytokine shifts chondrocyte
phenotype towards the one observed in the degraded cartilage. Several mediators of
inflammation, such as LIF, CCL20 and TREM1, were especially strongly upregulated. Only
four of the 84 genes (namely CLIC3, ERFE, SLC27A2 and ANK3) were downregulated
by IL-1β.
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Table 4. GO terms affected by different proinflammatory cytokines. Genes with FC > 2.5 in either direction were analyzed
with DAVID, and the resulting lists were reduced with REVIGO. GO terms significantly affected (with FDR-corrected
p-value < 0.05) by a cytokine are marked with an X.

Term IL1 IL17 IFNγ Term IL1 IL17 IFNγ

Inflammatory response X X X Nucleosome assembly X
Immune response X X X Chromosome segregation X

Response to lipopolysaccharide X X X Protein heterotetramerization X
Chemotaxis X X X Wound healing X

Negative regulation of viral entry X X X Regulation of cell proliferation X
into host cell Cell migration X

Negative regulation of type I X X X Regulation of gene silencing X

interferon production Positive regulation of
interleukin-12 production X

Response to progesterone X X Odontogenesis X
Cell-cell signaling X X Cellular response to mechanical stimulus X

Angiogenesis X X Peptidyl-tyrosine phosphorylation X
Negative regulation of growth X X Collagen catabolic process X
Positive regulation of mitotic X X Positive regulation of cell division X

nuclear division Positive chemotaxis X

Negative regulation of cell X X
Positive regulation of nitric-oxide

synthase biosynthetic X

proliferation process
Signal transduction X X Acute-phase response X

Response to virus X X
Positive regulation of cytosolic calcium

ion concentration X

Positive regulation of interleukin-6 X X Positive regulation of gtpase activity X
production Response to glucocorticoid X

Response to hydrogen peroxide X X Response to wounding X

Positive regulation of I-kappab X X
Positive regulation of NF-kappab

transcription factor X

kinase/NF-kappab signaling activity

Response to drug X X
Negative regulation of tumor necrosis

factor production X

Cellular response to zinc ion X X
Cellular response to organic cyclic

compound X

Response to toxic substance X X Antigen processing and presentation X

Tumor necrosis factor-mediated X X
Antigen processing and presentation of

peptide or X

signaling pathway polysaccharide antigen via MHC class II

Cell division X
Antigen processing and presentation of

exogenous peptide X

DNA replication X
antigen via MHC class I,

TAP-independent
Telomere organization X Response to interferon-beta X

Positive regulation of gene X Response to interferon-alpha X
expression T cell costimulation X

Cell adhesion X
Positive regulation of T cell

mediated cytotoxicity X

Extracellular matrix organization X Defense response X
Skeletal system development X Protein trimerization X

Sister chromatid cohesion X Proteolysis X
DNA replication initiation X Defense response to protozoan X

Cellular protein metabolic process X
Positive regulation of

peptidyl-tyrosine phosphorylation X

Cell proliferation X Protein polyubiquitination X
Negative regulation of gene X

expression, epigenetic
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Figure 1. Venn diagrams of genes markedly upregulated (FC > 2.5) (A) or markedly downregulated
(FC < 2.5) (B) by IL-1β, IL-17 and IFNγ. Red denotes up- and blue downregulated genes.

In the C(IFNγ) phenotype, 13 of the 84 genes associated with degraded cartilage
(including LIF and NGF) were upregulated compared with control, but nearly as many
(nine) were downregulated, including TREM1. This shows that the effects of IFNγ on chon-
drocyte phenotype in relation to the degraded/preserved cartilage are more ambiguous
than those of IL-1β.

In C(IL-17) chondrocytes, 25 of the 84 genes associated with degraded cartilage
were upregulated compared to naïve chondrocytes (including CCL20 and IL11), and none
were significantly downregulated. Nine genes, including IGFBP1, LIF and GPR158, were
upregulated in all three inflammatory phenotypes C(IL-1β), C(IFNγ) and C(IL-17) and one
(ANK3) was downregulated in all of them. (Figure 2 and Table S4).
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Table 5. Genes upregulated by all studied proinflammatory cytokines with FC > 2.5. Shown are mean normalized expression levels in control (Co) and in C(IL1), C(IL17) and C(IFNγ)
phenotypes, fold changes (FCs) for all comparisons vs. control and false discovery rate (FDR)-adjusted p values for them.

Gene Name
Mean

exp. (Co)
Mean exp.

(IL1)
Mean

exp. (IL17)
Mean

exp. (IFNγ)
FC (IL1
vs. Co)

adj. p (IL1
vs. Co)

FC (IL17
vs. Co)

adj. p (IL17
vs. Co)

FC (IFNγ

vs. Co)
adj. p (IFNγ

vs. Co)

IL6 Interleukin 6 12.8 18,406.9 1431.4 94.2 3685.72 <1.0 × 10−4 250.15 <1.0 × 10−4 12.34 <1.0 × 10−4

IL36RN Interleukin 36 receptor antagonist 8.9 5863.8 468.0 36.7 914.19 <1.0 × 10−4 69.09 <1.0 × 10−4 4.59 <1.0 × 10−4

ESM1 Endothelial cell specific molecule 1 276.7 37,984.1 1373.5 1449.2 157.25 <1.0 × 10−4 5.09 <1.0 × 10−4 4.70 <1.0 × 10−4

SAA2 Serum amyloid A2 5.8 371.4 659.2 27.1 149.11 <1.0 × 10−4 319.99 <1.0 × 10−4 8.73 <1.0 × 10−4

iNOS/NOS2
Inducible nitric oxide synthase/Nitric oxide

synthase 2 144.2 12,704.9 3370.2 3046.1 131.22 <1.0 × 10−4 40.02 <1.0 × 10−4 30.16 <1.0 × 10−4

NOD2
Nucleotide binding oligomerization domain

containing 2 7.6 919.4 96.7 43.9 116.73 <1.0 × 10−4 13.67 <1.0 × 10−4 5.61 <1.0 × 10−4

PTX3 Pentraxin 3 184.4 18,888.7 4615.3 479.6 113.19 <1.0 × 10−4 27.47 <1.0 × 10−4 2.60 <1.0 × 10−4

SAA1 Serum amyloid A1 66.6 2188.7 3520.0 227.6 94.66 <1.0 × 10−4 183.26 <1.0 × 10−4 6.46 <1.0 × 10−4

CD300E CD300e molecule 3.6 316.9 32.7 71.6 72.79 <1.0 × 10−4 7.91 <1.0 × 10−4 17.15 <1.0 × 10−4

IL36B Interleukin 36 beta 11.3 466.3 80.1 39.1 67.27 <1.0 × 10−4 9.65 <1.0 × 10−4 3.60 <1.0 × 10−4

TNFRSF1B TNF receptor superfamily member 1B 40.0 2370.7 525.8 118.9 62.58 <1.0 × 10−4 14.66 <1.0 × 10−4 3.02 <1.0 × 10−4

TNFAIP6 TNF alpha induced protein 6 1176.4 42,950.3 5512.4 4561.2 36.87 <1.0 × 10−4 4.59 <1.0 × 10−4 3.59 <1.0 × 10−4

TMEM132A Transmembrane protein 132A 10.3 328.1 165.0 32.6 33.90 <1.0 × 10−4 16.64 <1.0 × 10−4 3.18 <1.0 × 10−4

ICAM1 Intercellular adhesion molecule 1 1415.2 42,657.2 4388.3 8524.5 31.66 <1.0 × 10−4 3.15 <1.0 × 10−4 5.54 <1.0 × 10−4

C3AR1 Complement C3a receptor 1 2.2 66.2 11.4 11.2 28.15 <1.0 × 10−4 6.36 1.5 × 10−4 5.32 4.9 × 10−4

CLEC2B C-type lectin domain family 2 member B 5.3 145.0 48.5 20.6 27.53 <1.0 × 10−4 9.35 <1.0 × 10−4 3.85 <1.0 × 10−4

COX-2/PTGS2
Cyclooxygenase-2/Prostaglandin-endoperoxide

synthase 2 1310.7 37,281.5 4678.6 5349.2 26.96 <1.0 × 10−4 3.28 <1.0 × 10−4 3.57 <1.0 × 10−4

TLR2 Toll like receptor 2 134.9 3348.9 782.0 371.4 22.64 <1.0 × 10−4 5.02 <1.0 × 10−4 2.54 <1.0 × 10−4

CCL7 C-C motif chemokine ligand 7 2.1 36.7 20.6 24.4 20.66 <1.0 × 10−4 12.14 <1.0 × 10−4 10.56 <1.0 × 10−4

CCL2 C-C motif chemokine ligand 2 150.4 2475.0 815.0 430.6 19.42 <1.0 × 10−4 5.85 <1.0 × 10−4 2.61 <1.0 × 10−4

IRF4 Interferon regulatory factor 4 23.5 400.1 94.9 114.2 18.20 <1.0 × 10−4 4.62 <1.0 × 10−4 4.69 <1.0 × 10−4

CD274 CD274 molecule 61.8 1048.8 350.1 3845.7 17.56 <1.0 × 10−4 6.18 <1.0 × 10−4 60.08 <1.0 × 10−4

RBM47 RNA binding motif protein 47 8.8 122.3 30.6 22.8 14.96 <1.0 × 10−4 3.38 <1.0 × 10−4 2.67 0.040
CD38 CD38 molecule 9.8 133.8 74.3 211.4 14.81 <1.0 × 10−4 7.67 <1.0 × 10−4 20.76 <1.0 × 10−4

BDKRB1 Bradykinin receptor B1 29.0 401.5 129.6 105.0 13.95 <1.0 × 10−4 4.88 <1.0 × 10−4 3.19 <1.0 × 10−4

GCH1 GTP cyclohydrolase 1 591.7 7968.7 2212.7 3584.2 13.38 <1.0 × 10−4 3.90 <1.0 × 10−4 5.63 <1.0 × 10−4

LRRC38 Leucine rich repeat containing 38 11.2 132.1 44.4 35.8 11.59 <1.0 × 10−4 3.79 <1.0 × 10−4 2.98 <1.0 × 10−4

KIAA1217 KIAA1217 15.3 157.8 55.1 109.1 10.61 <1.0 × 10−4 3.80 <1.0 × 10−4 6.39 <1.0 × 10−4

SSTR2 Somatostatin receptor 2 90.0 971.2 1549.7 340.1 10.56 <1.0 × 10−4 16.11 <1.0 × 10−4 3.36 <1.0 × 10−4

DUSP5 Dual specificity phosphatase 5 77.3 746.8 302.4 236.1 10.54 <1.0 × 10−4 4.02 <1.0 × 10−4 2.90 <1.0 × 10−4

TYMP Thymidine phosphorylase 311.3 3020.1 1275.1 9324.0 10.15 <1.0 × 10−4 4.24 <1.0 × 10−4 28.71 <1.0 × 10−4

GPR158 G protein-coupled receptor 158 6.9 38.0 22.0 21.5 9.98 <1.0 × 10−4 6.77 0.0018 5.55 7.6 × 10−4

PRLR Prolactin receptor 8.3 78.8 29.7 33.0 9.93 <1.0 × 10−4 3.05 0.0034 3.92 <1.0 × 10−4

GSAP Gamma-secretase activating protein 122.2 1109.8 378.0 509.3 9.18 <1.0 × 10−4 3.26 <1.0 × 10−4 3.74 <1.0 × 10−4
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Table 5. Cont.

Gene Name
Mean

exp. (Co)
Mean exp.

(IL1)
Mean

exp. (IL17)
Mean

exp. (IFNγ)
FC (IL1
vs. Co)

adj. p (IL1
vs. Co)

FC (IL17
vs. Co)

adj. p (IL17
vs. Co)

FC (IFNγ

vs. Co)
adj. p (IFNγ

vs. Co)

GPR39 G protein-coupled receptor 39 15.4 110.6 39.1 41.4 9.17 <1.0 × 10−4 3.24 1.7 × 10−4 2.71 <1.0 × 10−4

LYPD1 LY6/PLAUR domain containing 1 10.5 71.5 28.7 27.7 8.44 <1.0 × 10−4 3.31 5.6 × 10−4 2.62 0.0023
ODF3B Outer dense fiber of sperm tails 3B 34.6 261.0 106.0 773.8 7.98 <1.0 × 10−4 3.28 <1.0 × 10−4 21.57 <1.0 × 10−4

SLC15A3 Solute carrier family 15 member 3 16.3 119.4 54.7 607.4 7.63 <1.0 × 10−4 3.45 <1.0 × 10−4 35.59 <1.0 × 10−4

HAL Histidine ammonia-lyase 6.2 44.1 28.7 47.4 7.57 <1.0 × 10−4 4.71 <1.0 × 10−4 6.97 <1.0 × 10−4

DOCK4 Dedicator of cytokinesis 4 44.0 306.8 144.9 139.2 6.94 <1.0 × 10−4 3.21 <1.0 × 10−4 2.91 <1.0 × 10−4

RAB27B RAB27B, member RAS oncogene family 16.5 77.2 60.5 84.5 5.98 <1.0 × 10−4 3.85 <1.0 × 10−4 5.62 <1.0 × 10−4

CH25H Cholesterol 25-hydroxylase 7.4 36.5 25.8 41.8 4.41 <1.0 × 10−4 3.27 0.022 6.32 <1.0 × 10−4

USP43 Ubiquitin specific peptidase 43 4.4 12.8 13.6 16.1 3.94 0.020 3.41 0.013 4.50 0.0091
AC104966.1 Ceruloplasmin (ferroxidase) (CP) pseudogene 16.5 47.6 57.3 53.7 3.39 <1.0 × 10−4 3.79 <1.0 × 10−4 3.36 <1.0 × 10−4

KLK10 Kallikrein related peptidase 10 14.0 37.1 33.0 43.1 3.11 0.022 3.29 0.0067 2.65 0.0028

Red = upregulated genes.

Table 6. Genes downregulated by all studied proinflammatory cytokines with FC < −2.5. Shown are mean normalized expression levels in control (Co), in C(IL1), C(IL17) and C(IFNγ)
phenotypes, fold changes (FCs) for all comparisons vs. control and false discovery rate (FDR)-adjusted p values for them.

Gene Name Function
Mean

exp. (Co)
Mean exp.

(IL1)
Mean

exp. (IL17)
Mean

exp. (IFNγ)
FC (IL1
vs. Co)

adj. p (IL1
vs. Co)

FC (IL17
vs. Co)

adj. p (IL17
vs. Co)

FC (IFNγ

vs. Co)
adj. p (IFNγ

vs. Co)

SCN2B
Sodium voltage-gated
channel beta subunit 2 Sodium ion transport 170.8 8.7 65.9 63.7 −22.19 <1.0 × 10−4

−2.59 <1.0 × 10−4
−2.90 <1.0 × 10−4

TNNT3
Troponin T3, fast

skeletal type
Skeletal

muscle constituent 97.8 6.4 17.9 31.6 −17.51 <1.0 × 10−4
−5.28 <1.0 × 10−4

−3.26 <1.0 × 10−4

MRAP2
Melanocortin 2 receptor

accessory protein 2 Metabolism? 1348.7 91.1 376.5 572.0 −15.12 <1.0 × 10−4
−3.62 <1.0 × 10−4

−2.85 <1.0 × 10−4

WFDC1
WAP four-disulfide

core domain 1
Negative regulation of

cell growth 60.1 6.1 34.9 18.0 −12.06 <1.0 × 10−4
−2.68 0.0019 −4.06 <1.0 × 10−4

RANBP3L
RAN binding protein

3 like Nuclear export 654.8 74.6 284.8 280.0 −9.40 <1.0 × 10−4
−2.54 <1.0 × 10−4

−2.60 <1.0 × 10−4

ASPN Asporin

Skeletal system
development, negative

regulation of
TGFβ signaling

2094.0 206.3 505.2 837.5 −8.28 <1.0 × 10−4
−3.92 <1.0 × 10−4

−2.77 <1.0 × 10−4

FGFR4
Fibroblast growth factor

receptor 4
Cell proliferation and

migration 10.3 2.3 3.1 5.1 −5.59 5.2 × 10−4
−3.12 0.036 −3.31 0.045

PTGER3
Prostaglandin E

receptor 3
Inflammation,

cell death 494.1 173.6 162.3 188.8 −2.69 <1.0 × 10−4
−3.03 <1.0 × 10−4

−2.82 <1.0 × 10−4

blue = downregulated genes.
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Figure 2. Heatmap of genes markedly upregulated (FC > 2.5) in degraded cartilage in the study
by Almeida et al. [35] and significantly affected by at least one studied proinflammatory cytokine.
Upregulated genes are marked with red, downregulated with blue, and genes with no significant
fold change with white.

In the study by Almeida et al. [35], 52 genes were associated with preserved rather than
degraded cartilage (i.e., significantly downregulated in degraded cartilage with FC < −2.5).
Of these, 19 were significantly affected by at least one of the proinflammatory cytokines
in our data. In C(IL-1β) cells, 13 of these 19 genes were significantly downregulated
with GDF10 displaying especially strong downregulation. In contrast, five of these genes
were upregulated compared to control (including the especially strongly upregulated
C3 and RSPO3). This again shows that the net effect of IL-1β is to shift chondrocyte
phenotype towards degraded cartilage. IFNγ showed a directionally similar, but less
pronounced effect: seven of the genes associated with preserved cartilage were significantly
downregulated and three upregulated in the C(IFNγ) phenotype. In C(IL-17) cells, eight
genes associated with preserved cartilage were down- and four upregulated; C3 once again
displayed especially strong upregulation. Five genes, including PTGER3 and GDF10, were
downregulated in all of the three chondrocyte phenotypes. On the other hand, RSPO3
and PRLR, both downregulated in degraded compared with preserved cartilage, were
upregulated by all of the three cytokines. These data indicate that the C(IL-1β) and C(IL-17)
phenotypes at least partly resemble the transcriptomic profile associated with degraded OA
cartilage as identified by Almeida et al. [35]. In contrast, IFNγ seems to have a smaller effect
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on the genes directly linked to cartilage degradation in OA being instead characterized by
the upregulation of genes associated with antigen processing and presentation. (Figure 3
and Table S5).
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Figure 3. Heatmap of genes markedly downregulated (FC < −2.5) in degraded cartilage in the study
by Almeida et al. [35] and significantly affected by at least one studied proinflammatory cytokine.
Upregulated genes are marked with red, downregulated with blue, and genes with no significant
fold change with white.

Relatively few genes were significantly affected by IL-4 in our data, and none of them
were markedly (with FC > 2.5) associated with either degraded or preserved cartilage in
the data of Almeida et al. [35]. However, looking at genes with a smaller proportional
difference between degraded and preserved cartilage (FC > 1.5 in either direction) produced
several genes that were significantly affected by IL-4. Ten genes (including DUSP5 and
COL7A1) were upregulated in degraded cartilage and also upregulated in C(IL-4) cells.
In contrast, one gene associated with degraded cartilage (HMMR) was downregulated
by IL-4, and seven genes (including COL14A1) associated with preserved cartilage were
upregulated by IL-4. (Table S6)

To demonstrate that naïve chondrocytes can be affected by the cytokines studied, we
separately studied the expression of their receptors. As shown in Table S7, receptors for all
studied cytokines were expressed in unstimulated OA chondrocytes at meaningful levels.

3. Discussion

Chondrocytes from OA patients were found to adopt distinct phenotypes in response
to the central TH1/TH2/TH17 cytokines. The phenotype induced by the TH1 cytokine
interleukin 1 (IL-1β), the C(IL-1β) phenotype, can be characterized by widespread, strong
upregulation of inflammation and catabolism as well as downregulation of metabolic
signaling. The effects of the TH17 cytokine IL-17 appear to be somewhat less widespread
and partly overlapping those of IL-1β, with induction of inflammatory and chemotactic
factors. The phenotype induced by the second TH1 cytokine interferon gamma (IFNγ)

58



Int. J. Mol. Sci. 2021, 22, 9463

seems to be distinct from both C(IL-1β) and C(IL-17) phenotypes, with a significant theme of
antigen processing and presentation. The effects of the TH2 cytokine IL-4 were much more
modest; some factors involved in the regulation of inflammation and TGFβ signaling were
upregulated, while the downregulated genes were mostly associated with cell proliferation
and migration.

In T cells, the TH1 phenotype drives inflammation and defense against intracellular
pathogens (cell-mediated immunity) and is associated with the production of proinflam-
matory cytokines such as IFNγ and IL-1β [36]. Conversely, TH2 cells promote humoral
immunity, regulate inflammation and direct resolving and injury-healing responses [11].
Central TH2 cytokines are IL-4 and IL-13. A third relatively well-established population of
TH cells is the TH17 phenotype. These cells produce IL-17, drive autoimmune reactions
and activate neutrophils. This contrasts with TH1 cells that preferentially affect mono-
cytes/macrophages, as well as TH2 cells that are associated with eosinophils, basophils
and mast cells [37].

The central TH1/TH2/TH17 cytokines also induce loosely analogous macrophage
phenotypes. Like TH1 cells, M1 or “classically activated” macrophages are induced by
proinflammatory cytokines such as IL-1β and IFNγ and promote inflammation by se-
creting further proinflammatory factors. M2 or “alternatively activated” macrophages
are induced canonically by IL-4. In addition to functioning as antiparasite effectors, they
attenuate inflammation, direct wound-healing processes and promote the resolution of
inflammation. [38] IL-17 induces a less-studied macrophage phenotype characterized
by increased chemotaxis and the production of proinflammatory factors such as cyclo-
oxygenase 2 (COX-2), IL-6 and tumor necrosis factor alpha (TNFα) [15,39] as well as
resolution-promoting effects in the later phases of inflammation [16].

The chondrocyte phenotypes induced by different cytokines in our study can be
considered analogous to TH cell and particularly macrophage phenotypes. IL-1β affects
a very large number of genes and induces a phenotype characterized by the expression
of inflammatory and matrix-degrading genes. The C(IL-17) phenotype appears likewise
proinflammatory, but with a somewhat more limited repertoire of inflammatory genes.
C(IFNγ) also appears to be a phenotype that is inflammatory, but is also characterized
by genes linked to antigen presentation. The C(IL-4) phenotype is characterized by the
expression of genes linked to TGFβ signaling and the regulation of inflammation.

The chondrocyte phenotypes induced by the TH1/TH2/TH17 cytokines appeared
to be quite distinct as only 45 genes were markedly (FC > 2.5) upregulated and eight
markedly downregulated (FC < −2.5) by all three proinflammatory cytokines, considering
that hundreds of genes were up- and dozens downregulated to a similar extent by each of
the three cytokines. The factors upregulated by all of the three proinflammatory cytokines
(IL-1β, IFNy and IL-17) include the well-known inflammatory mediators IL6, nitric oxide
synthase 2/inducible nitric oxide synthase (NOS2/iNOS) and prostaglandin-endoperoxide
synthase 2/cyclooxygenase 2 (PTGS2/COX-2). On this list were also included, for example,
pentraxin 3 (PTX3), toll-like receptor 2 (TLR2), chemokine (C-C motif) ligand 2 (CCL2),
interferon regulatory factor 4 (IRF4) and prolactin receptor (PRLR). Pentraxin 3 (PTX)
promotes inflammation by activating the classical complement pathway and by facilitat-
ing antigen recognition by mononuclear phagocytes [40], and it has been shown to be
elevated in the serum and synovial fluid of patients with rheumatoid arthritis [41]. TLR2
is a pattern recognition receptor mediating innate immune activation by microbial par-
ticles. In osteoarthritis, it is activated by hyaluronan and aggrecan fragments leading to
the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
signaling, which may contribute to OA progression and pain [42,43]. CCL2 is a monocyte-
attracting chemokine that has been linked to OA development and pain [44,45]. IRF4 has
recently been associated with cartilage destruction and pain in OA via the induction of
CCL17 [46]. Prolactin has been implicated to promote chondrocyte differentiation and
attenuate apoptosis, and thus the upregulation of its receptor might promote cartilage
survival [47,48].
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Factors downregulated by all of the three proinflammatory cytokines include asporin
(ASPN) and prostaglandin EP3 receptor (PTGER3). Asporin belongs to the family of leucine-
rich repeat proteins and is associated with cartilage matrix, also bearing a similarity to
decorin [49]. The potential role of asporin in OA appears to be unclear; several studies have
linked the protein to the development of the disease, where it might impair chondrogenesis
by inhibiting TGF-β signaling [50]. Polymorphisms of the asporin gene have also been
linked to OA risk [51], even though the most recent meta-analysis failed to find evidence
for this [52]. Prostaglandin E2 (PGE2)-induced PTGER3 downregulation may contribute to
cartilage inflammation and damage via NF-κB activation and IL-6 synthesis [53].

When the Gene Ontology (GO) terms significantly affected by the three different
proinflammatory cytokines were studied, all three were found to affect those associated
with inflammation. IL-1β was alone in significantly affecting several terms, such as cell
adhesion, extracellular matrix metabolism and collagen catabolism, linking the chondrocyte
phenotype induced by this cytokine to these functions. IL-17 solely affected nitric oxide
synthase biosynthesis. This is intriguing, as the nitric oxide production is an important
part of inflammatory response in chondrocytes [54]. The C(IFNγ) phenotype seems to be
differentiated from others by activation of pathways related to antigen processing and
presentation. Chondrocytes are not considered “professional” antigen-presenting cells, but
they have, interestingly, been shown to present cartilage proteoglycans as antigens to CD8+
T cells, potentially contributing to local joint inflammation [55,56].

Previously published genome-wide expression analyses (GWEAs) have identified a
number of differentially expressed genes between either damaged and intact OA cartilage
or healthy and OA cartilage. These include genes involved in inflammation, skeletal
system development, cell adhesion and monosaccharide metabolism [35,57–59]. When
comparing our results to those of the comprehensive study by Almeida et al. [35], the C(IL-
1β) phenotype most closely resembled degraded OA cartilage, while IL-17 upregulated a
smaller number of proinflammatory factors associated with degraded cartilage in that study.
Accordingly, some genes associated with preserved as opposed to degraded cartilage were
also downregulated by these proinflammatory cytokines. Most of these genes are linked
to cartilage anabolism. The effects of IFNγ and (especially) IL-4 on the genes identified
by Almeida et al. [35] were more modest. It is important to note that the receptors for all
cytokines studied were expressed at marked levels in our samples, which lends further
validity to our results.

A potential limitation of the study is that whole thickness pieces of cartilage obtained
from joint replacement surgery were used for chondrocyte isolation. Thus, the cells ob-
tained are likely a mixture of chondrocytes from different layers of cartilage, and there
might be some differences in the effects of cytokines between these groups. However, all
chondrocytes can be expected to be exposed to cytokines diffused from the synovial fluid
and/or produced by chondrocytes (in autocrine or paracrine manner). Thus, we think
that the observed clear differences in the chondrocyte phenotypes in response to the major
TH1/TH2/TH17 cytokines are relevant for further understanding of chondrocyte biology
and OA pathophysiology. In future studies, cartilage layer-specific cell isolation methods
or single-cell RNA-Seq could be considered to unravel possible zone-specific responses.

Another limitation of the study is that the chondrocytes used were obtained from
OA joints; therefore, some of the detected effects of the cytokines might differ from those
observed in healthy chondrocytes. Studying the effects of the cytokines on healthy chon-
drocytes would be an interesting avenue of future study; however, obtaining healthy
primary human chondrocytes presents a practical challenge (compared to OA chondro-
cytes which can be obtained from joint replacement surgery). In the present study, we
observed similarities between the C(IL-1β) and C(Il-17) phenotypes and the gene expres-
sion profile of chondrocytes from degraded OA cartilage published by Almeida et al. [35];
C(IFNγ) and especially C(IL-4) bore less resemblance to that phenotype. This suggests
that the cytokine-induced phenotypes observed in our data have relevance regarding
OA pathogenesis.
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In conclusion, OA chondrocytes, analogously to macrophages, can assume distinct
phenotypes in response to the cytokines associated with the TH1/TH2/TH17 phenotypes
of T helper cells. These results provide novel information on chondrocyte biology and the
pathogenesis of OA with further insights into the development of disease-modifying drugs
for (osteo)arthritis.

4. Materials and Methods
4.1. Cartilage and Cell Culture

Leftover cartilage pieces were collected from nine patients undergoing total knee
replacement surgery in Coxa Hospital for Joint Replacement, Tampere, Finland. All
patients fulfilled the American College of Rheumatology classification criteria for knee
OA [60]. Patients with diabetes mellitus were excluded from the study to avoid potential
confounding effects on chondrocyte metabolism [61]. The study was approved by the
Ethics Committee of Tampere University Hospital, Finland, and carried out in accordance
with the Declaration of Helsinki. Written informed consent was obtained from the patients.
Chondrocyte isolation and culture was carried out as previously described [62]. To ensure
an adequate yield of chondrocytes, all available cartilage was removed aseptically using
a scalpel from the bony parts received from joint replacement surgery and cut into small
pieces. The pieces were first washed with phosphate buffered saline (PBS). After that,
they were incubated for 24 h in the presence of Liberase enzyme (Roche, Mannheim,
Germany) 0.25 mg/mL, diluted in serumless Dulbecco’s modified Eagle’s medium (DMEM,
Sigma-Aldrich, St Louis, MO, USA) with glutamax-I containing penicillin (100 units/mL),
streptomycin (100 µg/mL), and amphotericin B (250 ng/mL) (all three from Invitrogen,
Carlsbad, CA, USA) at 37 ◦C. The resulting cell suspension was poured through a 70 µm
nylon mesh and centrifuged for five minutes at 200 g. Cells were then washed twice
and seeded on 24-well plates (0.2 million cells/mL) in DMEM supplemented with 10%
heat-inactivated fetal bovine serum (Lonza) together with the aforementioned compounds.
Confluent cultures were exposed to fresh culture medium alone, with 10 ng/mL IFNγ, with
100 pg/mL IL-1β, with 50 ng/mL IL-17 or with 10 ng/mL IL-4, for 24 h. The concentrations
used were chosen based on our preliminary experiments with cultured chondrocytes.

4.2. RNA Isolation and Sample Preparation

Culture medium was removed at the indicated time points and total RNA of the
chondrocytes was extracted with GenElute Mammalian Total RNA Miniprep kit (Sigma-
Aldrich). The sample was treated with DNAse I (Fermentas UAB, Vilnius, Lithuania).
RNA concentration and integrity were confirmed with the 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA).

4.3. Next Generation Sequencing and Data Analysis

Sequencing of samples was performed in the Finnish Institute of Molecular Medicine
(FIMM) sequencing core, Helsinki, Finland, using the Illumina HiSeq 2500 sequencing
platform. Sequencing depth was 20 million paired-end reads 100 bp in length. Read quality
was first assessed using FastQC [63], and the reads were trimmed using Trimmomatic [64].
Trimmed reads were aligned to reference human genome with STAR [65]. Count matrices
were prepared with the featureCounts program [66]. Differential expression was assessed
with DESeq2 [67]. Gene expression levels were given as DeSeq2-normalized counts, and
genes with an average normalized count 10 or less across all samples were excluded from
further analysis. For the purposes of further analysis, genes with a minimum of 2.5 fold
change (FC) in abundance and FDR-corrected p-value < 0.05 were deemed biologically and
statistically significant (unless otherwise indicated). Functional analysis was performed
against the Gene Ontology (GO) database [68,69] using the DAVID tool [70], and REVIGO
was used to reduce the resulting list [71].
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4.4. Statistics

For NGS data analysis, normalization was performed and differential expression
studied using a negative binomial model implemented in DESeq2.
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Vrdoljak, T.; Vidović, D.; et al.
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Abstract: Osteoarthritis is a common cause of disability worldwide. Although commonly referred
to as a disease of the joint cartilage, osteoarthritis affects all joint tissues equally. The pathogenesis
of this degenerative process is not completely understood; however, a low-grade inflammation
leading to an imbalance between anabolic and katabolic processes is a well-established factor. The
complex network of cytokines regulating these processes and cell communication has a central role
in the development and progression of osteoarthritis. Concentrations of both proinflammatory and
anti-inflammatory cytokines were found to be altered depending on the osteoarthritis stage and
activity. In this review, we analyzed individual cytokines involved in the immune processes with an
emphasis on their function in osteoarthritis.

Keywords: osteoarthritis; cytokines; chemokines; pathogenesis; inflammation; biomarker

1. Introduction

Osteoarthritis (OA) is the most common musculoskeletal condition and the largest
cause of disability in the world [1]. The knee is predominantly affected in OA. A recent
study concluded that knee OA globally affects 16% of the population, more often women,
and that its prevalence, due to today’s lifestyle, higher obesity rates and higher average
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life expectancy, is constantly increasing [2]. Although OA is often referred to as a joint
disease with damage and loss of cartilage, OA is a much more diverse disease with complex
pathogenesis that affects all tissues within the joint [3].

One of the most important factors in the pathogenesis of OA is a disturbed cytokine
balance in favor of proinflammatory cytokines that by their action initiate a vicious cycle
that leads to final effects such as damage to cartilage and other intra-articular structures
by activating catabolic enzymes (matrix metalloproteinases (MMPs) and ADAMTS (a
disintegrin-like and metalloproteinase with thrombospondin motif)) (Figure 1) [4]. The
most important inflammatory mediators in the pathogenesis of OA are IL-1β, TNF-α and
IL-6. They are activators of a plethora of different signaling pathways that activate other
cytokines and pathologic processes. Part of this unstoppable process are chemokines that,
stimulated by cytokines, attract inflammatory cells to the joint that further promote the
secretion of inflammatory factors and disease progression [5]. The aim of this review was
to describe the mechanisms of action of the most important cytokines and chemokines
involved in OA pathogenesis, with emphasis on knee OA.

Figure 1. Schematic representation of key inflammatory processes and factors in osteoarthritis pathogenesis. The disturbed
balance of proinflammatory and anti-inflammatory cytokines (in favor of proinflammatory cytokines) is responsible for the
secretion of enzymes and other inflammatory factors involved in the pathogenesis of osteoarthritis leading to morphological
changes within the joint such as cartilage degeneration, osteophyte formation and other inflammatory changes such as
synovitis. Chemokines also contribute to inflammatory processes, stimulating the chemotaxis of inflammatory cells that
then further secrete proinflammatory cytokines, thus creating a vicious circle that poses a major challenge in treating and
slowing the progression of osteoarthritis. IL—interleukin; CCL-CC—chemokine ligand; TNF-α—tumor necrosis factor α;
MMPs—matrix metalloproteinases (MMPs); ADAMTS—a disintegrin-like and metalloproteinase with thrombospondin
motif; COX-2—cyclooxygenase-2; PGE-2—prostaglandin E2; NO—nitric oxide.

2. Cytokines and Chemokines Involved in Knee Osteoarthritis Pathogenesis
2.1. Proinflammatory Cytokines

2.1.1. IL-1β

IL-1β is one of the main proinflammatory cytokines involved in the pathogenesis
of numerous diseases and a member of the IL-1 superfamily, which consists of IL-1α,
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IL-1β, IL36α, IL-36β, IL-36γ, IL-36RA, IL-37, IL-38 and IL-1Ra (IL-1 receptor antagonist).
It achieves its effects by binding to the receptor named type I IL-1 receptor I (IL-1RI),
a type I transmembrane protein that is the binding site of IL-1α and IL-1Ra as well [6].
IL-1Ra competes for an IL-1RI binding site with IL-1β with antagonistic activity. These
receptors are expressed on a number of cell types in the knee joint, including chondrocytes,
synoviocytes, osteoblasts, osteoclasts and inflammatory cells such as macrophages [7].
Furthermore, it has been observed that the number of IL-1RI is increased in isolated
human OA chondrocytes in vitro [8]. By binding to the receptor, IL-1β activates several
signaling pathways, which, combined, lead to the progression of OA. IL-1Ra binds to
the same receptors as IL-1β and acts as its competitive antagonist, thus blocking IL-1β
proinflammatory effects. Although IL-1Ra is an anti-inflammatory mediator, its plasma
levels have been found to correlate with the radiological stage of symptomatic OA and its
progression, regardless of risk factors such as age, sex and body mass index, confirming the
idea of a constant competition of proinflammatory and anti-inflammatory factors in OA [9].

Through mitogen-activated protein kinase (MAPK) signaling, IL-1β induces catabolic
events such as cartilage degradation, as the most dominant process in OA. MAPK consists
of three families: extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases
(JNKs) and p38 MAPKs. By downregulating type II collagen and aggrecan gene expression,
ERK activation by IL-1β reduces cartilage extracellular matrix (ECM) production [10]. JNK
signaling also inhibits collagen synthesis through SOX-9 suppression [11]. Furthermore,
IL-1β leads to ECM degradation by inducing collagenases and aggrecanases such as
MMP-1 (via ERK, p38, JNK), MMP-3 (via ERK), MMP-13 (via ERK, p38, JNK), ADAMTS-
4 (via ERK, p38, JNK) and ADAMTS-5 (via JNK) [12]. These catabolic events result
in chondrocyte hypertrophy, dedifferentiation and, finally, apoptosis [13]. Through all
three MAPK signaling pathways, IL-1β stimulates the secretion of IL-6, LIF and other
proinflammatory cytokines, which potentiate the catabolic effects of IL-1β and at the same
time serve as catabolic mediators on their own [12]. In that way, IL-1β can upregulate itself
through a positive feedback mechanism. ERK-mediated effects can also be activated by
PGE-2 (prostaglandin E2), NO (nitric oxide) and COX-2 (cyclooxygenase-2), inflammatory
mediators that are, again, induced by IL-1β [14]. These mediators also contribute to
synovial inflammation, which additionally enhances the secretion of IL-1β and other
cytokines and aggravates the vicious circle of OA progression [15].

Another important signaling pathway in IL-1β mediated OA progression is NF-κB,
which, when activated, leads to inhibition of type II collagen expression, increased produc-
tion of matrix metalloproteinases (MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9 and
MMP-13) and aggrecanases (ADAMTS4 and ADAMTS5), but also COX-2, iNOS, PGE-2 and
NO [16,17]. Additionally, the IL-1β-activated NF-κB pathway supports proinflammatory
cytokines synthesis and secretion, such as IL-6 and TNF-α [16].

Furthermore, IL-1β-mediated NF-κB activation stimulates the production of various
chemokines including IL-8, monocyte chemoattractant protein-1 (MCP-1 or CCL2), CCL5,
also known as RANTES (regulated on activation, normal T cell expressed and secreted)
and macrophage inflammatory protein-1a (MIP-1a), which, by attracting additional in-
flammatory cells, potentiate the inflammatory state in the joint [4]. In addition, activated
macrophages, attracted to the synovial tissue due to the effects of chemokines, are the pri-
mary source of IL-1β secretion in the synovium, which once again confirms the complexity
of the vicious inflammatory cycle in OA [12]. A schematic representation of the mechanism
of action and effects of IL-1β is shown in Figure 2.
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Figure 2. Schematic representation of IL-1β function in osteoarthritis pathogenesis. By binding to its receptor (IL-1RI),
IL-1β activates signaling pathways (NF-κB and MAPK) that, by raising the expression of enzymes (ADAMTS and MMPs),
lead to catabolic reactions, i.e., proteoglycan degradation and collagen disruption. Furthermore, via the same signaling
pathways, IL-1β inhibits type II collagen synthesis through SOX-9 suppression but also proteoglycan synthesis by increasing
the synthesis of COX-2, PGE-2 and NO. In addition, IL-1β increases the expression of chemokines such as IL-8, CCL2
and CCL5, as well as the cytokines IL-6 and TNF-α, which attract inflammatory cells and cause synovial inflammation,
respectively, resulting in the even greater production and secretion of IL-1β. IL-1β—interleukin 1β; IL-1RI—interleukin
1 receptor 1; MAPK—mitogen-activated protein kinase; ERK—extracellular signal-regulated kinases; JNK—c-Jun N-
terminal kinases; NF-κB—nuclear factor kappa-light-chain-enhancer of activated B cells; MMPs—matrix metalloproteinases
(MMPs); ADAMTS—a disintegrin-like and metalloproteinase with thrombospondin motif; COX-2—cyclooxygenase-2;
PGE—prostaglandin E2; NO—nitric oxide; IL-8—interleukin 8; CCL2—chemokine ligand 2; CCL—chemokine ligand 5;
SOX-9—SRY-Box Transcription Factor 9; IL-6—interleukin 6; TNF-α—tumor necrosis factor α.

Due to its significant proinflammatory effects and ability to activate a number of
signaling pathways in the pathogenesis of OA, the suppression of IL-1β action has been
studied as a potential therapeutic method in treating OA and stopping its progression.
However, IL-1β inhibition did not produce the desired effects of preventing OA progres-
sion; therefore, the negative results led to the idea that IL-1β does not likely drive OA
progression [18–21]. With that in mind, researchers should consider that the pathogenesis
of OA does not depend on a single cytokine; rather, the same signaling pathways can be
activated by different cytokines, and the interplay of multiple factors is crucial in the onset
and progression of the disease.

2.1.2. TNF-α

TNF-α is a potent proinflammatory cytokine that plays an important role in the
inflammatory response. As such, it is involved in cell differentiation, proliferation and
apoptosis [22]. TNF-α was discovered in 1975 by Carswell et al. as a protein that showed
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cytotoxic activity and caused the necrotic regression of certain tumor types. Alongside
IL-1β, this cytokine is considered the key proinflammatory cytokine in the pathogenesis
of OA [23].

It is a part of the tumor necrosis factors superfamily, together with 18 other ligands [24].
The TNF superfamily members are type II transmembrane proteins that can be expressed
in soluble and membrane-bound forms [25]. TNF-α is a homotrimeric, cone-shaped protein
secreted in two forms, as mentioned above. The membrane-bound form (tmTNF-α) differs
from the soluble form (sTNF-α) in its biological activity and is considered more active [26].
TNF-α binds to two isotypes of membrane receptors present on almost all known cell types
except erythrocytes and unstimulated T lymphocytes. Tumor necrosis factor receptor 1
(TNRF-1) can be activated by both TNF-α forms, while TNRF-2 is mainly activated by
the membrane form. Westacott et al. claim that TNRF-1 activity has a greater impact
on local cartilaginous tissue loss, but both receptors are involved in signal transduction
related to the pathogenesis of OA [27]. Due to their differences and unique structural
features, both receptors are able to participate in different signal pathways [28]. Ligands
can induce two different signaling complexes by binding to TNRF-1 receptors. Complex
1 leads to the stimulation of cell survival and the expression of pro-inflammatory genes
and complex 2 leads to apoptosis and cell death. Complex 1 is associated with TNFR-1
associated death domain protein (TRADD), which allows for the binding of another two
adapter proteins—receptor interacting protein-1 (RIP-1) and TNF receptor-associated factor-
2 (TRAF-2). The most important transcription pathways are NF-κB and AP-1. Furthermore,
another important signaling pathway is activated by mitogen-activated protein kinases
(MAPK), more precisely by its three independent pathways (ERK, JNK and p38 MAPK). On
the contrary, signaling complex 2 is directed towards cell death or apoptosis [28,29]. The
formation of FADD (Fas-associated death domain protein), procaspase 8/10 and caspase 3
are responsible for programmed cell death. Not so long ago, TNRF-2 initiated signaling
was considered less investigated than those initiated by the activation of TNRF-1 receptors.
It is claimed that TNRF-2 stimulation notably supports cell activation, migration and
proliferation [29]. It activates the JNK kinase and the transcription factor NF-κB. It is worth
mentioning that polymorphism in the gene (M196R) encoding TNFR-2 may predetermine
the development of OA by increasing the number of receptor proteins on the surface of
chondrocytes [28]. The mechanism of action of TNF-α is shown in Figure 3.

The activation of the same signaling pathways as IL-1ß results in synergism between
these two cytokines [30]. Chondrocytes’ synthesis of proteoglycan components and type II
collagen is blocked by TNF-α [31]. TNF-α also leads to extracellular matrix (ECM) degrada-
tion by inducing collagenases and aggrecanases including MMP-1, MMP-3, MMP-13 and
ADAMTS-4, which coincides with IL-1β [32]. The possibility of cartilage repair is vastly
reduced because of the earlier mentioned complex 2 signaling pathway and consequent
cell apoptosis. Furthermore, TNF-α increases the synthesis of IL-6, IL-8, RANTES and
VEGF. Together with the already mentioned IL-1β, TNF-α induces the production of iNOS,
COX-2 and PGE-2 synthase, which further upregulates IL-1β and TNF-α production [28].
Considering its proinflammatory nature, it is important to mention that the inhibition
of TNF-α could be a sufficient therapeutic option in treating OA. Present data suggest
that monoclonal antibodies may exhibit a favorable risk-benefit ratio considering future
targeted therapeutic methods. However, current monoclonal antibodies targeting TNF-α
such as adalimumab, infliximab and etanercept have shown poor results in clinical studies
of general OA patients. They demonstrated only limited benefits in pain reduction and no
significant disease modification [33].
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Figure 3. Schematic representation of TNF-α function in osteoarthritis pathogenesis. TNF-α can bind to two receptors,
TNRF-1 and TNRF-2. By binding to TNRF-1, TNF-α can induce two different signaling complexes. Complex 1 leads to
the stimulation of cell survival and the expression of NF-κB, MAPK and AP-1, which results in proteoglycan degradation,
collagen disruption and the inhibition of proteoglycan and collagen synthesis. On the other hand, the activation of
complex 2 leads to a cascade of reactions, which include the formation of FADD and the activation of procaspase 8/10
and caspase 3, which consequently leads to cell apoptosis. Additionally, the binding of TNF-α to TNRF-2 activates NF-κB
and JNK. In summation, TNF-α leads to degeneration of cartilage and other joint structures, thus contributing to the
onset and progression of osteoarthritis. TNF-α—tumor necrosis factor α; TNRF-1—Tumor necrosis factor receptor 1;
TNRF-2—Tumor necrosis factor receptor 2; TRADD—TNFR-1 associated death domain protein; RIP-1—receptor interacting
protein-1; TRAF-2—TNF receptor-associated factor-2; MAPK—mitogen-activated protein kinase; ERK—extracellular signal-
regulated kinases; JNK—c-Jun N-terminal kinases; NF-κB—nuclear factor kappa-light-chain-enhancer of activated B cells;
AP-1—activator protein 1; FADD—Fas-associated death domain protein.

2.1.3. IL-6

Classic immunology textbooks commonly depict interleukin-6 (IL-6) as a proinflam-
matory cytokine important in many inflammatory diseases [34,35]. Contrary to this, the
biological role of IL-6 is far more complex.

In 1986, the molecular cloning and structural analysis of B-cell differentiation factor
(BCDF) was first reported [36]. Today, BCDF is known as interleukin-6, and as its name sug-
gests, IL-6 is a protein that is essential for the communication between leukocyte cells [37].
IL-6 is a member of the IL-6 family (IL-11, ciliary neurotrophic factor, leukemia inhibitory
factor, oncostatin M, cardiotrophin 1, cardiotrophin-like cytokine and IL-27), a group of cy-
tokines that share a common signal-transducing protein gp130 that signals through various
signaling pathways, including JAK/STAT (Janus kinase/signal transducers and activators
of transcription) and MAPK, PI3K (phosphoinositide 3-kinases), and to which IL-6 has no
binding affinity [38,39]. Although it is most commonly mentioned in the context of immune
system functioning, IL-6 is essential for various organ systems, including the hematopoietic,
endocrine and nervous system, and it is classified as an adipokine and myokine [40,41]. It is
produced by a number of cells, including T cells, B cells, granulocytes, smooth muscle cells,
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eosinophils, mast cells, glial cells and keratinocytes, but in the context of OA, chondrocytes,
osteoblasts and synoviocytes are the most important to mention [42,43].

IL-6 acts by binding to the IL-6 receptors, either membrane-bound (mbIL-6R) or soluble
(sIL-6R). The binding of IL-6 to sIL-6R forms a complex that associates with ubiquitously
expressed gp130 protein and activates trans-signaling responsible for the proinflammatory
action of IL-6 [44]. On the other hand, the binding of IL-6 and selectively expressed
mbIL-6R is considered to form a complex that activates classic-signaling responsible for the
anti-inflammatory and regenerative properties of IL-6 [44]. Trans-signaling affects virtually
all cell types since gp130 is ubiquitously expressed, while classic signaling only affects
cells that express mbIL-6R, namely, the hepatocytes, neutrophils, monocytes, macrophages,
osteocytes, chondrocytes and some lymphocytes [45–47]. The concentration of sIL-6R
is considered a determining factor of trans- or classic signaling dominance [48,49]. sIL-
6R is considered to be produced as a result of the alternative splicing of mRNA and,
to a greater extent, by the proteolytic cleavage of mbIL-6R mediated by metzincin type
proteases that are known to have increased expression in OA, specifically a disintegrin
and metalloproteinases 10 and 17 (ADAM10 and ADAM17) [50,51]. Furthermore, the
endogenous soluble form of gp130 (sgp130) has the ability to bind and stabilize IL-6 and
sIL-6R. Although it was initially claimed that this could suppress trans-signaling without
affecting the classic signaling, newer studies have shown that inhibition of classic signaling
can occur as well when there is a molar excess of sIL-6R over IL-6 [52–54]. Interestingly,
ADAM10 and 17 can also shed membrane-bound gp130, but their affinity for gp130 is small
and thus their proteolytic activity against gp130 is likely not biologically significant [55].

IL-6’s exact role in OA is difficult to define, as there are beneficial and detrimental
effects of IL-6. In vitro studies on chondrocytes have shown that IL-6 alone can induce
TIMP-1, with the effect even more pronounced when chondrocytes are co-treated with
sIL-6R [56,57]. Some studies have shown that IL-6, with and without sIL-6R, increases the
expression of collagen type 2, while others have shown that IL-6 or IL-6 + sIL-6R treatment
inhibits collagen type 2 production via transcriptional control [58]. The combination of
IL-6 and sIL-6R induces the expression of MMP-1, 3 and 13 and ADAMTS-4, 5/11 [57]. On
the other hand, animal studies have shown that IL-6 knockout mice develop OA in higher
prevalence and severity than wild-type mice and that IL-6 intraarticular injection induces
OA-like cartilage lesions [45,59]. Conversely, the systemic treatment using anti-IL-6 or
STAT-3 alleviated experimental OA in mice [57].

When compared with healthy controls, patients with end-stage OA have a significantly
higher concentration of IL-6 in synovial fluid (median 4.8 vs. 196.9 pg/mL), and the
concentration of IL-6 in synovial fluid is known to correlate with the pain experienced
by patients with OA [60,61]. Additionally, IL-6 seems to have a predictive value as well.
In a prospective cohort study conducted on 163 subjects aged 50–79, disease severity
assessment and IL-6 and TNF-α serum measurements were performed at baseline and a
3-year follow-up. The findings of both univariate and multivariate analyses suggest that
increased IL-6 and TNF-α concentration at baseline are associated with an increased loss
of cartilage volume [62]. Furthermore, the decreased innate production of IL-6 has also
been associated with a decreased risk for developing hand OA, and a trend of decreased
risk can be observed for knee and hip OA as well [63]. IL-6 might also be an important
link between obesity and OA. It has been shown that infrapatellar fat, and to a lesser
extent subcutaneous adipose tissue, can induce the expression of IL-6 in fibroblast-like
synoviocytes [64]. Moreover, obese OA patients are known to have higher IL-6 and sIL-6R
than non-obese patients with OA [65].

Thus, it is clear that the interpretation of IL-6 role in OA should not be based solely on
the concentration of IL-6 but also on the concentration of sIL-6R and sgp130 and on the
assessment of trans- and classic-IL-6 signaling. This is often overlooked in studies, making
it hard to demystify the pathophysiological role of IL-6 in OA. A schematic representation
of the mechanism of action and effects of IL-6 is shown in Figure 4.

73



Int. J. Mol. Sci. 2021, 22, 9208

Figure 4. Schematic representation of IL-6 function in osteoarthritis pathogenesis. IL-6 acts by binding membrane-
bound IL-6R or sIL-6R that associates with gp130. Gp130 initiates intracellular signaling that regulates the inflammation
and expression of enzymes, collagen and proteoglycans. sIL-6R is produced by means of alternative splicing or the
shedding of membrane-bound IL-6R. sgp130 can inhibit IL-6 signaling. Through classic and trans-signaling, IL-6 activates
the PI3K, JAK/STAT and MAPK signaling pathways that regulate enzymes production (TIMP, MMPs and ADAMTS)
and type II collagen and proteoglycan synthesis. Thus, IL-6 balances between anti-inflammatory and proinflammatory
effects, but the latter predominates, ultimately leading to the progression of osteoarthritis. ADAM—a disintegrin and
metalloproteinase; ADAMTS—a disintegrin-like and metalloproteinase with thrombospondin motifs; gp130—glycoprotein
130; IL-6—interleukin-6; MMP—matrix metalloproteinases; sgp130—soluble glycoprotein 130; sIL-6R—soluble IL-6 receptor;
TIMP—tissue inhibitor of metalloproteinase; JAK/STAT—Janus kinase/signal transducers and activators of transcription;
PI3K—phosphoinositide 3-kinases; MAPK—mitogen-activated protein kinase.

2.1.4. IL-15

IL-15 is a proinflammatory cytokine produced by various cell types such as fibroblasts,
synoviocytes, phagocytes, skeletal muscle, inflammatory cells and many others [66,67].
Although the role of inflammation in the development of the disease has largely been
studied in rheumatoid arthritis (RA), recent findings suggest inflammation as an important
factor in the pathogenesis of OA. The division of OA into phenotypes speaks in favor of
this, defining the inflammatory phenotype of OA among other forms [68]. Likewise, IL-15
has been studied more in the pathogenesis of RA because of its effect on the activation,
differentiation and proliferation of T lymphocytes and NK cells [67,69]. However, a study
comparing cytokine expressions in synovial fluid of the knee joints of patients with OA
and RA showed no significant difference in IL-15 concentrations between OA and RA [70].
Furthermore, according to a study by Scanzello et al., higher concentrations of IL-15 were
found in the synovial fluid of patients with early-stage OA compared to patients with
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late-stage disease, independently of age, gender and BMI [71]. Also, the study found that
IL-15 was detectable in all patients with early-stage OA included in the study, indicating
its importance in disease progression [71]. Another study found increased IL-15 levels in
the serum of patients with OA compared with healthy controls [72,73]. In addition, serum
IL-15 correlated with patient-reported pain severity measured by the WOMAC pain score,
independently of age, gender and BMI [72].

The exact mechanism by which IL-15 affects the onset and progression of OA is not
yet known, but it is known that IL-15 enhances the production of MMPs, as is the case with
MMP-9 [74]. It was also shown that the concentration of IL-15 in the synovial fluid of the
knee correlates with the concentrations of MMP-1 and MMP-3 and that the concentration of
IL-15 in the serum correlates with the concentration of MMP-7 in the serum [71,73]. Despite
the association of IL-15 with the enhanced production of matrix-degrading enzymes, an
association with the radiological severity of OA has not been established [75]. Precisely
because of the unclear mechanism of action, further research is needed to elucidate the
role of IL-15 in the development of OA. Elevated concentrations in the early stages of the
disease suggest a potential role for IL-15 as a biomarker for the early diagnosis of OA. The
confirmation of these findings would be an excellent tool in stopping disease progression
in a timely fashion.

2.1.5. IL-17

IL-17, also named IL-17A, is considered a proinflammatory cytokine and a member of
the IL-17 cytokine family that includes IL-17B, IL-17C, IL-17D and IL-17E [76]. IL-17A is the
most extensively researched cytokine of the IL-17 family, and it has been shown to induce
the most potent changes of all IL-17 family cytokines in the transcriptome of synovium
and chondrocytes of patients with OA [76,77].

Multiple types of cells secrete IL-17, but little is known about the particular role
of these cells in OA and their contribution to IL-17 production in OA. In general, IL-17
is prominently produced by the Th17 subtype of T helper (Th) cells [78]. These cells
can act as either pathogenic (responsible for the development of autoinflammatory (AI)
diseases, including AI diseases of the joint) or non-pathogenic (protective), depending
on the cytokine milieu that stimulates them [78]. The most prominent influence on them
is exhibited by IL-23, which is induced in fibroblast-like synoviocytes by IL-17 in RA
patients [79]. However, only several studies measured these cells in OA patients, and their
explicit role in OA is unclear. Another important source of IL-17 are γδ T cells. These cells
are abundant in mucosal tissue and essential in microorganism sensing but also seem to
be implicated in bone healing [80,81]. Nevertheless, γδ T cells do not seem altered in the
synovial tissue in patients with OA, and we could not find relevant articles investigating γδ

T cells’ contribution to IL-17 production in OA [82]. Other known sources of IL-17 include
natural killer (NK) cells and macrophages. The abundance of NK cells is present in the
synovium and synovial fluid of OA patients [83,84]. Additionally, the enrichment of CD56
bright CD16 (-) subtypes of NK cells in the synovial fluid, and their numbers, correlate with
the concentration of IL-6 [84]. The same cells also accumulate in inflamed tissue and in the
interplay with monocytes. They are prone to stimulation by IL-12, IL-15 and IL-18 secreted
by monocytes and recurrently stimulate TNF-α secretion in monocytes [85]. These findings
accentuate the importance of the inflammatory component to OA, but whether NK cells
are a significant source of IL-17 in OA is unknown (unmeasured).

IL-17 signals by binding to the heterodimeric receptors IL17RA and IL17RC to activate
downstream NF-κB, MAPK and C/EBP pathways. Although it is a weak activator of NF-κB,
IL-17 TRAF-mediated signaling can stabilize the mRNAs of proinflammatory cytokines [86].
IL-17RA and IL-17RC, the main targets for IL-17, are both found on chondrocytes and
synovial fibroblasts, with IL-17RA more expressed on the synovial fibroblasts of OA
patients with highly inflamed synovium [87]. Furthermore, IL-17 has been found to
upregulate catabolic factors (MMP 1, 3 and 13) and downregulate anabolic factors (TIMP3,
COL2A1 and SOX9) in chondrocytes isolated from the cartilage of patients with OA and

75



Int. J. Mol. Sci. 2021, 22, 9208

induce cartilage degradation in bovine full depth explant [88,89]. It has also been shown
that IL-17 can increase IL-6 and TNF-α production in OA [87]. OA-prone guinea pigs had
a higher concentration of IL-17 in comparison to OA-resistant guinea pigs [90]. Moreover,
a weak correlation was observed in a longitudinal study of serum cytokines in Hartley
guinea pig OA between serum IL-17 and histological score (R2 = 0.16, p = 0.047) [91].
Furthermore, a single intra-articular IL-17 injection induces the depletion of proteoglycans
with no signs of inflammation, whereas repeated injection induces both inflammation and
proteoglycan degradation [92].

There are multiple studies with conflicting results investigating IL-17 in the serum
and synovial fluid of OA patients. We identified two studies that failed to demonstrate the
difference in concentration of IL-17 and the presence of Th17 cells in the serum of patients
with OA and the healthy control [93,94]. On the other hand, Qi et al. identified a statistically
significant increase in IL-17 concentration in the serum of OA patients. However, the
difference between OA and healthy controls is minor (approximately 2 pg/mL, based
on Figure 4) [95]. Similarly, Liu et al. have found slightly increased serum IL-17 in
OA patients (2.17 pg/mL in control vs. 6.04, 6.35, 6.00 and 5.85 in KL grades 1–4 of
OA, respectively). Although not statistically significant, a slight decrease in IL-17 serum
concentration is present in KL grade 4 vs. KL grade 1, 2 and 3 [96]. Conversely, another
study identified an increase in serum IL-17 only in patients with KL grade 4 OA compared
to control (6.161 vs. 4.173 pg/mL), suggesting that IL-17 is increased in patients with
more severe OA [97]. We identified two more studies that demonstrated an increase in
IL-17 in patients with OA; however, the IL-17 concentration measured in the serum was
remarkably higher than in the previous studies (mean values of 106.24 and 134.89 vs.
63.46 and 67.37 pg/mL) [98,99]. Furthermore, IL-17 seems to be negatively associated with
infrapatellar fat pat volume and positively associated with the severity of infrapatellar
fat pad signal intensity alteration [100]. Both variables are associated with OA, but the
observed association with IL-17 is rather tiny. In summation, these results demonstrate
high variance, and it is not clear whether IL-17 is altered in OA patients or not. More
importantly, the significance of a slight change in the serum IL-17 observed in most of the
studies is questionable, especially when changes in the IL-17 target receptors and the other
molecules affecting IL-17 signaling are unknown (unmeasured).

Regarding IL-17 in the synovial fluid, Chen et al. reported that IL-17 concentra-
tion from synovial fluid increases from KL grade 2 to KL grade 4, ranging from 5.565 to
8.701 pg/mL, and correlates with the severity of the knee OA graded using the Lequesne
index. Although the authors did not specifically comment on this, we observe that the con-
centration of the IL-17 in the synovial fluid is insignificantly higher than the concentration
in the serum [97]. Similarly, two studies reported no difference in the IL-17 measured in
the synovial fluid and the peripheral blood [84,101]. A recent study performed measure-
ments of several cytokines in the synovial fluid of patients that underwent total hip or
knee arthroplasty, including IL-17, and successfully detected IL-17 in only 14 out of 152
(9.6%). However, the authors suggest that IL-17 identifies an inflammatory OA type based
on observed increased IL-6, leptin, resistin, CCL7 and NGF in patients with detectable
IL-17 [102]. Similarly, it was reported that the serum IL-17 levels were not significantly
associated with cartilage defects and bone marrow lesions, except in a subgroup of patients
with hs-CRP of > 2.45 pg/mL, where a moderate association was demonstrated [103].

To date, numerous studies have investigated the association between IL-17 polymor-
phism and OA. Lee and Song conducted a meta-analysis and concluded that rs2275913 and
rs763780 polymorphism is a risk factor for developing OA [104,105].

2.1.6. IL-18

IL-18, a cytokine primarily identified as an IFN-γ-inducing factor, is a member of the
IL-1 family. It is produced, as a biologically inactive precursor (pro-IL-18), by a variety
of cells, including chondrocytes, osteoblasts, synoviocytes, macrophages, keratinocytes,
dendritic cells, astrocytes, microglia, respiratory epithelial cells and osteoblasts [106,107].
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The enzyme responsible for obtaining the active form of IL-18 is caspase-I, known as IL-1
converting enzyme [108].

IL-18 was found in elevated concentrations in the plasma, synovial fluid, and articular
cartilage of patients with OA compared with healthy controls, indicating the increased
local and systemic production of IL-18 in OA [106]. Furthermore, IL-18 levels, either
from plasma, synovial fluid or articular cartilage, were higher in advanced OA than in
early-stage OA; that is, they correlated with the radiographic severity of the disease [106].
Furthermore, a more recent study found that synovial fluid IL-18 levels correlated with the
severity of post-traumatic OA [109].

IL-18 achieves its effects by various mechanisms of action, which begin when IL-18
binds to its receptors, IL-18Rα and IL-18Rβ, both of which are expressed on chondro-
cytes [110]. Moreover, IL-18 induces an increase in the number of receptors on the chondro-
cyte surface and the synthesis of metalloproteinases, MMP-1, MMP-3 and MMP-13, the key
enzymes responsible for cartilage degradation [111]. Similar to IL-1β, IL-18 triggers signal
transduction via the NF-κB and MAPK-p38-AP1 signaling pathways and thus upregulates
COX-2 expression, thereby increasing PGE-2 synthesis in chondrocytes, which inhibits
proteoglycan production and aggrecan synthesis but also upregulates MMPs, leading to
cartilage degradation [107,112–114]. In addition, IL-18 increases the production of NO, a
cytotoxic free radical that is an independent factor in cartilage degradation and, unlike the
PGE-2 mechanism, is not inhibited by the use of anti-inflammatory drugs [113].

As OA is not a disease of the cartilage but rather of the whole joint, the effects of
inflammatory mediators in other tissues within the joint are also important [3]. Thus,
COX-2, NO and PGE-2 stimulate both catabolic and anabolic processes in the bone, leading
to bone resorption and the formation of osteophytes, respectively [115,116].

Furthermore, IL-18 induces the enhanced expression of genes for the synthesis of IL-6
and TNF-α in chondrocytes and synoviocytes, which further contributes to the fact that
one of the most important factors in the pathogenesis of OA is a complex vicious circle of
proinflammatory cytokines and other inflammatory mediators [110].

2.1.7. IL-21

Produced by NK cells, Th17 and follicular T-cells, IL-21 is another pleiotropic cytokine
involved in immune processes, including OA. The IL-21 signal is transduced when it
binds to its receptor (IL-21R) and the common cytokine receptor γ-chain, γc (shared by the
receptors for IL-2, IL-4, IL-7, IL-9 and IL-15), which are found in a variety of cell types [117].
The effect of IL-21 has been thoroughly explored in studies on RA, where its immunologic
function is used as a potential drug target [118,119]. In RA, IL-21 levels correlate with
IL-17 levels in the sera and synovial fluid of these patients, promoting the production of
Th17 cells that perpetuate the immune reaction. IL-21 levels also correlate with IL-6 levels,
and the inhibition of IL-6 lowers the concentration of IL-21 as well [117]. However, in OA,
its place in the underlying immunologic mechanism is still to be defined. In a study by
Scanzello et al. IL-21 was found in the majority of synovial fluid samples of patients with
cartilage degeneration [71]. A more recent study by Shan et al. increased the levels of
IL-21 and IL-21–follicular helper T-cells were found, which correlated with OA severity
measured by WOMAC scores and CRP levels, indicating the potential role of IL-21 as a
biomarker of OA [120].

2.1.8. IL-22

IL-22 is a member of the IL-10 family produced primarily by Th17 and NK cells. Other
cells producing IL-22 include macrophages, neutrophils and fibroblasts [121]. Higher IL-22
concentrations were found In RA and OA joints when there was active synovial inflamma-
tion, a common feature of RA but found in OA as well [122]. In OA patients, IL-22 was
increased in the synovial fluid and fibroblast-like synoviocytes, and IL-22 receptors were
elevated almost tenfold in chondrocytes. Conversely, no difference in IL-22 concentration
was observed in the serum of OA patients [123]. Constitutively expressed by fibroblast-like
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synoviocytes, IL-22 plays an important role in the pathophysiologic mechanism of OA
by promoting MMP-1 activity. The potential therapeutic strategy includes blocking this
signaling pathway, since it was shown that blocking JAK 2 and JAK 3 decreased the effect
of IL-22 on S100A8/A9 [124]. Indeed, in the experimental model of OA, IL-22R neutralizing
antibodies proved beneficial [123].

2.2. Anti-Inflammatory Cytokines

2.2.1. IL-4

IL-4 is a potent regulator of the immune system and is often called the prototypic
immunoregulatory cytokine. It is secreted by Th2 cells, eosinophils, basophils and mast
cells [125]. IL-4 is a protein consisting of 129 amino acids, and it takes the form of a
four-helix bundle [28].

Its biological effect is achieved by binding to a multimeric receptor system shared
with some other cytokines, such as IL-2 and IL-13. There are two different receptor
type complexes. Type 1 complex is formed by the dimerization of IL-4Rα and IL-2Rγc
and enables the attachment of IL-4, while the interaction between IL-4Rα and IL-13Rα1
forms type 2 complex, which enables the attachment of both IL-4 and IL-13 [28]. The
exact signaling pathway of IL-4 is still not clearly described, although there is some
relevant information regarding the initial intracellular events. It is known that the gradual
phosphorylation of the IL-4Rα/JAK1/STAT3/STAT6 cascade leads to the expression of
several proinflammatory genes [126].

There is evidence that polymorphism within the functional candidate gene IL4R is
associated with OA of the hand, knee and hip [127]. Silvestri et al. found that serum
soluble interleukin-4 receptor (sIL-4R) concentration was significantly higher in all OA
patients compared to the healthy control group. IL-4 concentration within the synovial
fluid and synovial cells was also increased [128,129]. CD4+ T-cells were detected in the
sublining layer of the synovium of patients with OA, and their number was significantly
higher than that of those in the same layer of healthy control. This suggests that the
production of IL-4 is primarily determined by T cells (Th2) infiltrating the synovium of the
joint [130]. It is worth mentioning that IL-4 has a noticeable chondroprotective effect. It
inhibits the secretion of MMPs metalloproteinases, reduces the variation in the production
of proteoglycans that are visible in the course of OA and, consequently, has an inhibiting
effect on the degradation of proteoglycans in the articular cartilage [131,132]. Furthermore,
IL-4 alone or in combination with IL-10 protects against blood-induced cartilage damage
and inhibits the apoptosis of both the chondrocytes and FLS [28,133]. Considering its
chondroprotective effect and the effect on other cell lineages, it is not surprising that IL-4
decreases the synthesis of inflammatory cytokines such as IL-1β, TNF-α and IL-6 [134]. In
addition, IL-4 also decreases the secretion of other inflammatory mediators such as PGE-2,
COX-2, PLA2 and iNOS [28].

2.2.2. IL-10

Another cytokine with pleiotropic anti-inflammatory properties is IL-10. IL-10, struc-
turally related to interferons, initiates its effect by binding to its receptor IL-10R—a het-
erodimer composed of IL-10R1 and IL-10R2 subunits. Mainly produced by immune cells,
IL-10 is also synthesized by chondrocytes, where it has a role in the complex mechanism
of cartilage extracellular matrix turnover [135]. Upon binding, IL-10R activates the JAK-
STAT kinase intracellular pathway and stimulates the expression of genes dependent on
IL-10 [28]. The end product of this stimulation is a net chondroprotective, antiapoptotic
and anti-inflammatory effect caused by the stimulation of type II collagen and aggrecan
synthesis, as well as the inhibition of MMP synthesis [135,136]. Alternatively, IL-10 ex-
presses its profound anti-inflammatory properties by the stimulation of IL-1β antagonist
synthesis by macrophages and the inhibition of TNFα, IL-6 and IL-12, thus opposing
their proinflammatory effect [28,137]. In vitro IL-10 treatment of cartilage injury model
demonstrated a chondroprotective effect and increased glycosaminoglycan content (GAG).
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Autologous chondrocyte implant grafts treated with IL-10 also demonstrated an improve-
ment in chondrocyte differentiation and cartilage matrix formation [138]. A recent study
observed decreased serum levels of IL-10 and the decreased IL-10/TNFα ratio in patients
with high-stage knee OA (Kellgren-Lawrence 4) compared with patients with moderate
knee OA (Kellgren-Lawrence 3), potentially indicating its prognostic value [139]. The
therapeutic effect of physical activity is often taken as an axiom in modern medicine. A
clinical study exploring the effect of physical activity on IL levels in 31 female OA patients
found increased levels of IL-10 intra- and periarticularly in a 3-h post-exercise period,
while IL-6 and IL-8 levels remained stable throughout, thus strengthening the recommen-
dation of physical activity for OA patients [140]. Studies also demonstrated that physical
activity promotes M” anti-inflammatory macrophage phenotype differentiation, which
in turn produces IL-10 and other anti-inflammatory chemokines and helps in achieving
a chondroprotective anabolic joint environment [141]. The effect of mesenchymal stem
cell (MSC) therapy on M2 macrophage differentiation has been established as one of the
mechanisms by which they stabilize micro-inflammation in knee OA [3,141,142]. Targeted
intraarticular plasmid DNA therapy was found to be safe and effective in a canine OA
study, highlighting a potential for further treatment options based on IL-10 activity in knee
OA [143].

2.3. Chemokines

Chemokines, also known as chemotactic cytokines, are small molecules with the
ability to induce chemotaxis in a wide variety of cells. They are best known for their effect
on the trafficking and guiding of immune effector cells to sites of infection or inflamma-
tion. Their wide range of action affects the proliferation, differentiation and activation of
cellular responses. Thus, chemokines play an important role in persistent and ongoing
inflammation in OA joints [5].

These small (8–12 kDa) protein ligands are divided into four families based on the
positioning of the N-terminal cysteine residues: C, CC, CXC and CX3C. In the CC family,
the cysteine residues are adjacent to each other. On the contrary, the CXC family is
characterized by the separation of the two cysteine residues by an amino acid. The vast
majority of known chemokines belong to these two families. The third identified chemokine
family is the C family, containing a single cysteine residue in the conserved position. Finally,
in the CX3C family, cysteine residues are separated similarly to the CXC family but by three
variable amino acids instead of one [144]. Chemokines achieve their effects by binding to
G-protein coupled cell-surface receptors. These receptors show different levels of binding
specificity and promiscuity, but they do not bind different groups of chemokines. For
example, CCR receptors bind only CCL chemokine ligands and CXCR receptors bind
CXCL ligands. In order to understand the importance of chemokines in the course of OA,
it is inevitable to mention their role in driving cellular motility during the inflammatory
response. Leukocytes express a specific set of chemokine receptors and migrate to sites
of infection or tissue damage along the gradients of their cognate chemokine ligands.
Furthermore, chemokines arrange the recruitment of pluripotent cell types to sites of tissue
repair. They perform a variety of functions aside from chemotaxis, including T helper
cell differentiation and function as well as angiogenesis, and have a pleiotropic effect on
multiple cell types related to the pathogenesis of OA [5,145].

The most important CC family chemokines that are related to OA are CCL2, CCL3,
CCL4 and CCL5 [5]. The monocyte chemoattractant protein-1 (MCP-1/CCL2) is a potent
chemotactic factor for monocytes that also recruits memory T-lymphocytes and natural
killer (NK) cells. Its effects are primarily associated with its binding to the CCR2 recep-
tor [146]. Elevated levels of CCL2 were found in the synovial fluid of patients with both
knee injuries and knee OA [147,148]. Miller et al. found that both CCL2 and CCR2 were
upregulated in the innervating dorsal root ganglia (DRG) of the knee 8 weeks after surgical
injury in a murine model [149]. The same authors did a follow-up study and reported
that CCL2 production by murine DRG neurons was induced by alarmin S100A8 and the
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plasma protein α2 macroglobulin, which are molecular “danger signals” strongly involved
in OA pathogenesis [150]. CCL2 (MCP-1) production is dependent on Toll-like receptor-4
(TLR-4) signaling. These findings imply that products of tissue damage and inflammation
during OA could stimulate nociceptive pathways. Genetic variation in the CCL2 gene may
be associated with knee OA [151]. CCL2 increases MMP-3 expression, which results in
proteoglycan loss and the degradation of cartilaginous tissue [152].

CCL3 (MIP-1α), CCL4 (MIP-1β), and CCL5 (RANTES) are other members of the CC
family that are also upregulated in OA. Zhao et al. investigated chemokine levels in the
plasma of 181 patients (75 control patients, 47 pre-radiographic knee OA patients and
50 radiographic knee OA patients) [153]. CCL3 in plasma showed the highest ability to
discriminate pre-radiographic knee OA patients from the control group. Levels in plasma
increased with the radiographic severity of the disease. Beekhuizen et al. found that CCL5
levels were among the most significantly elevated mediators in OA synovial fluid compared
with controls [60]. Another study that confirms this statement documented CCL5 levels
elevation in 18 additional patients [147]. It is worth mentioning that all of these three
chemokines are ligands for CCR5. Consequently, Takabe et al. found that CCR5 deficient
mice were partially protected against post-traumatic cartilage erosion [154]. There were no
signs of bone remodeling or synovial response to surgery, suggesting that CCR5 functions
primarily in cartilage during the development of post-traumatic OA. IL-1β-treated human
chondrocytes showed the significant upregulation of CCL3, CCL4 and CCL5 [155].

Chemokines from the CXC family that play a significant role in the pathogenesis
of OA are CXCL8 (IL-8) and CXCL12. IL-8 is a chemokine molecule, first described as
a chemoattractant of neutrophils. Today it is known that IL-8 exhibits effects on many
different cells, and it is researched in numerous diseases [156]. It is expressed by cells
of the immune system, most prominently CD8+ T cells, macrophages and monocytes,
but also by keratinocytes, fibroblasts, epithelial cells, hepatocytes and synovial cells [156].
It acts on CXCR1 and CXCR2 receptors expressed not only on leukocytes but also on
chondrocytes, osteoclasts, fibroblasts, epithelial and endothelial cells and on the cells of the
nervous system [156–158].

It has been shown on the human chondrocyte cell line (CHON-002) that IL-8 can be
upregulated by TNF-α [159]. Furthermore, IL-8 production is stimulated by advanced
glycation end products (AGEs) through NF-κB signaling, which are known to accumulate in
cartilage with age and stimulate catabolic metabolism in chondrocytes [160]. Additionally, it
has been shown that in human OA chondrocytes, IL-8 is regulated by DNA demethylation
that is affected by IL-1b signaling [161]. Free fatty acids also increase the production
of IL-8 in the osteoblasts of patients with OA but have little effect on IL-8 secretion in
osteoclasts [162]. Osteopontin is yet another molecule involved in the regulation of IL-8
expression, and it is known to stimulate IL-8 in chondrocytes [163]. The mechanical load
also increases IL-8 secretion in the chondrocytes of OA patients [164].

Without a doubt, IL-8 is significantly more expressed in the synovial tissue and
synovial fluid of patients with RA than in OA [165–170]. OA patients undergoing surgery
had 37-fold higher IL-8 expression in chondrocytes than patients undergoing surgery due
to a fracture of the neck of the femur (likely due to osteoporosis) [161]. Koh et al. have
shown that IL-8 is higher in the synovial fluid of OA patients than in young patients with
ligament injury [171]. This is also supported by animal studies demonstrating increased
IL-8 in dogs with OA [172,173]. Furthermore, it has been shown that IL-8 is also slightly
higher in the serum of OA patients than in healthy control [167,171]. IL-8 in synovial fluid
has been shown to correlate with the clinical severity of OA, but IL-8 in serum has not [174].
On the other hand, Ruan et al. have demonstrated a certain correlation between serum IL-8
and the clinically and radiologically assessed severity of OA [174,175].

IL-8 is also known to increase collagen I, MMP1- and MMP-13 protein concentration
and to enhance the phosphorylation of STAT3 and NF-Kb subunit p65 [159]. It can also
affect chondrocyte morphology by decreasing endogenous GTP-Cdc42 and increasing
stress fibers. HA concentration in the knee negatively correlates with IL-8 in synovial
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fluid [170]. In patients with a good response to sodium hyaluronate treatment in terms of
improvement of hydrarthrosis, there was a prominent reduction of IL-8 and IL-6 concentra-
tion following the treatment [170]. IL-8 also stimulates the hypertrophy of chondrocytes
and the calcifications of the matrix [157]. Further studies by the same group have shown
that IL-8 increases the expression of PiT-1 expression and stimulates the uptake of inorganic
phosphate in chondrocytes [176].

CXCL12, also known as stromal cell-derived factor-1 (SDF-1), is a chemokine that
plays a key role in tissue regeneration. It mobilizes mesenchymal stem cells (MSCs) to sites
of injury by binding to CXCR4 [177]. Shen et al. confirmed this statement by studying the
effects of human meniscus-derived stem/progenitor cells (hMeSPCs) in a rat meniscectomy
model [178]. hMeSPCs were injected intra-articularly after meniscectomy and homed to
the injured meniscus. The meniscal repair was superior in the hMeSPCs-treated mice, with
significantly reduced cartilage degeneration. In a study consisting of 252 patients with
knee OA and 144 healthy controls, CXCL12 levels in the synovial fluid were closely related
to the radiographic severity of OA [179]. Besides their effect on MSCs, there is evidence
that articular chondrocytes express CXCR4, and CXCL12 also induces MMP13 and some
other catabolic mediators. The disruption of these catabolic events could be achieved by
the pharmacological blockade of CXCL2/CXCR4 signaling. Thus, the disruption of the
CXCL12/CXCR4 signaling can be used as a therapeutic approach to attenuate cartilage
degeneration in OA [180]. Taking into consideration all of the above, it is obvious that
CXCL12 has diverse effects that depend on cellular targets.

3. Conclusions

The pathogenesis of OA is largely determined by the imbalance of proinflammatory
and anti-inflammatory mediators, leading to low-grade inflammation, which is respon-
sible for cartilage degradation, bone remodeling and synovial proliferation [181]. Many
cytokines, by activating multiple signaling pathways, increase COX-2 expression and
consequently PGE-2, which subsequently affects cartilage degradation and osteophyte
formation. COX-2 inhibitors such as nonsteroidal anti-inflammatory drugs, which are
generally listed as first-line drugs in the relevant guidelines, do not slow down disease
progression [182]. The potential answer to this problem lies in the finding that the activa-
tion of signaling pathways such as NF-κB and MAPK also activates other mechanisms that
lead to OA progression that are not affected by NSAIDs. However, changes in lifestyle
habits, such as diet, supplementation and physical activity, can lead to improvements in
OA symptoms, even before drug therapies, and it would be of great value to continue
research on the mechanism of lifestyle changes on cytokines modulation and slowing OA
progression, as it could provide valuable new findings [183–186]. Furthermore, targeting
major cytokines in the development of OA, such as IL-1β and TNF-α, and suppressing their
effects did not offer the expected results in clinical studies [18–20,187,188]. Since in OA
the effects of one cytokine are not necessarily dependent on the activation of another, the
suppression of one cytokine may not sufficiently contribute to stopping the inflammation
and the production of matrix-degrading enzymes. Therefore, biological treatment methods
such as the application of mesenchymal stem cells, which have various anti-inflammatory
effects and have obtained significant clinical effects in numerous studies, deserve atten-
tion in future research in terms of proving the role of certain anti-inflammatory factors
in suppressing OA progression [189–195]. This potential future research should take into
consideration the effect of these therapeutic options on the interplay between different
cytokines. Therefore, it would be imprudent to choose a single cytokine to measure the
therapeutic effect, as the change of a single variable does not necessarily reflect the change
at the level of cellular interactions.

In conclusion, much further research is needed to fully understand the role of cy-
tokines and chemokines in the onset and progression of OA. The epigenetic regulation of
cytokine synthesis is also an interesting area to be explored and could offer new solutions
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in OA management. A sound biological understanding is necessary for any therapeutic
intervention to be successful in treating OA patients.

Author Contributions: Conceptualization, V.M. (Vilim Molnar) and V.M. (Vid Matišić); writing—
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Comprehensive Review of Knee Osteoarthritis Pharmacological Treatment and the Latest Professional Societies’ Guidelines.
Pharmaceuticals 2021, 14, 205. [CrossRef]

183. Messina, O.D.; Vidal Wilman, M.; Vidal Neira, L.F. Nutrition, osteoarthritis and cartilage metabolism. Aging Clin. Exp. Res. 2019,
31, 807–813. [CrossRef] [PubMed]

184. Malorgio, A.; Malorgio, M.; Benedetti, M.; Casarosa, S.; Cannataro, R. High intensity resistance training as intervention method to
knee osteoarthritis. Sport. Med. Health Sci. 2021, 3, 46–48. [CrossRef]

185. Hill, C.L.; March, L.M.; Aitken, D.; Lester, S.E.; Battersby, R.; Hynes, K.; Fedorova, T.; Proudman, S.M.; James, M.; Cleland,
L.G.; et al. Fish oil in knee osteoarthritis: A randomised clinical trial of low dose versus high dose. Ann. Rheum. Dis. 2016,
75, 23–29. [CrossRef]

186. Schell, J.; Scofield, R.; Barrett, J.; Kurien, B.; Betts, N.; Lyons, T.; Zhao, Y.; Basu, A. Strawberries Improve Pain and Inflammation in
Obese Adults with Radiographic Evidence of Knee Osteoarthritis. Nutrients 2017, 9, 949. [CrossRef]

187. Cohen, S.B.; Proudman, S.; Kivitz, A.J.; Burch, F.X.; Donohue, J.P.; Burstein, D.; Sun, Y.N.; Banfield, C.; Vincent, M.S.; Ni, L.; et al.
A randomized, double-blind study of AMG 108 (a fully human monoclonal antibody to IL-1R1) in patients with osteoarthritis of
the knee. Arthritis Res. Ther. 2011, 13, R125. [CrossRef] [PubMed]

188. Verbruggen, G.; Wittoek, R.; Vander Cruyssen, B.; Elewaut, D. Tumour necrosis factor blockade for the treatment of erosive
osteoarthritis of the interphalangeal finger joints: A double blind, randomised trial on structure modification. Ann. Rheum. Dis.

2012, 71, 891–898. [CrossRef]
189. Cosenza, S.; Ruiz, M.; Toupet, K.; Jorgensen, C.; Noël, D. Mesenchymal stem cells derived exosomes and microparticles protect

cartilage and bone from degradation in osteoarthritis. Sci. Rep. 2017, 7, 1–12. [CrossRef]
190. Petryk, N.; Shevchenko, O. Mesenchymal stem cells anti-inflammatory activity in rats: Proinflammatory cytokines. J. Inflamm.

Res. 2020, 13, 293–301. [CrossRef]
191. Kyurkchiev, D. Secretion of immunoregulatory cytokines by mesenchymal stem cells. World J. Stem Cells 2014, 6, 552. [CrossRef]
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Abstract: This study investigated the possible anti-inflammatory and chondroprotective effects of a
combination of celecoxib and prescription-grade glucosamine sulfate (GS) in human osteoarthritic
(OA) chondrocytes and their possible mechanism of action. Chondrocytes were treated with celecoxib
(1.85 µM) and GS (9 µM), alone or in combination with IL-1β (10 ng/mL) and a specific nuclear
factor (NF)-κB inhibitor (BAY-11-7082, 1 µM). Gene expression and release of some pro-inflammatory
mediators, metalloproteinases (MMPs), and type II collagen (Col2a1) were evaluated by qRT-PCR
and ELISA; apoptosis and mitochondrial superoxide anion production were assessed by cytometry;
B-cell lymphoma (BCL)2, antioxidant enzymes, and p50 and p65 NF-κB subunits were analyzed
by qRT-PCR. Celecoxib and GS alone or co-incubated with IL-1β significantly reduced expression
and release of cyclooxygenase (COX)-2, prostaglandin (PG)E2, IL-1β, IL-6, tumor necrosis factor
(TNF)-α, and MMPs, while it increased Col2a1, compared to baseline or IL-1β. Both drugs reduced
apoptosis and superoxide production; reduced the expression of superoxide dismutase, catalase, and
nuclear factor erythroid; increased BCL2; and limited p50 and p65. Celecoxib and GS combination
demonstrated an increased inhibitory effect on IL-1β than that observed by each single treatment.
Drugs effects were potentiated by pre-incubation with BAY-11-7082. Our results demonstrated the
synergistic effect of celecoxib and GS on OA chondrocyte metabolism, apoptosis, and oxidative stress
through the modulation of the NF-κB pathway, supporting their combined use for the treatment
of OA.

Keywords: celecoxib; glucosamine sulfate; osteoarthritis; chondrocytes; inflammation; chondropro-
tection; oxidative stress; NF-κB

1. Introduction

Osteoarthritis (OA) is the most common degenerative musculoskeletal disorder that
affects the entire joint. Its main symptoms are chronic pain, functional limitation, instability,
and deformity, with a considerable reduction in quality of life; therefore, OA is considered
the leading cause of disability and impairment in middle-aged and older people worldwide
and represents a real burden to health care systems [1,2]. The pathogenesis of OA is
complex and remains largely unknown; however, it is assumed that multiple factors
including aging, gender, joint injury, obesity, and metabolic factors contribute to the onset
and the progression of the disease [1]. Furthermore, the risk of developing OA is increased
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by physical inactivity and by a low-fiber diet rich in sugar and saturated fats. All these
different factors are associated with an alteration of composition and function of the gut
microbiota, causative of low-grade inflammation, which is an important contributor to joint
damage in OA [3,4]. This microbial dysbiosis could represent the missing link between
the different conditions contributing to OA pathogenesis, suggesting microbiota as a new
pharmacological strategy for OA management [5,6].

Current strategies for the management of OA include a combination of pharmaco-
logical and/or non-pharmacological approaches. Among the pharmacological treatments,
the updated European Society for Clinical and Economic Aspects of Osteoporosis and
Osteoarthritis (ESCEO) algorithm recommends chronic symptomatic slow-acting drugs
for OA (SYSADOAs), such as prescription-grade glucosamine sulfate (GS) or chondroitin
sulfate (CS), as first-line long-term background treatment, and as-needed paracetamol as a
short-term step to rescue analgesia only [7]. Topical nonsteroidal anti-inflammatory drugs
(NSAIDs) may be added to the treatment regimen in step 1 if the patient is still symptomatic
after establishing appropriate background pharmacological therapy with SYSADOAs, and
rescue analgesia with paracetamol provides insufficient symptom relief. The use of oral
NSAIDs (selective or non-selective) is proposed as second step, and short-term therapy,
with selective COX-2 inhibitors (COXIBs) preferred in the case of increased gastro-intestinal
risk [7]. Despite this protocol being endorsed by several groups of experts from around
the world, the recommendation to use SYSADOAs as first-line background treatment
for knee OA is not endorsed by other respected scientific societies [8–12]. Recently, the
ESCEO working group reinforced the use of GS and CS as first-line long-term treatment
for their activity on gut microbiota. Indeed, they have limited intestinal absorption and
are predominantly utilized as substrates by the gut microbiota. They may have prebiotic
properties and exert their therapeutic effects through gut bacterial pathways [5,13,14].

Traditionally, COXIBs have been widely used for their well-established analgesic
and anti-inflammatory properties for the treatment of OA; in recent years, growing ev-
idence raised the question of whether COXIBs can be viewed as disease-modifying OA
drugs (DMOADs), able to reduce cartilage degradation and slow down OA disease pro-
gression [15–18]. Different in vivo and in vitro studies focused on the potential role of
celecoxib as DMOADs [15,19–22]. In particular, this drug showed the ability to decrease
the production of prostaglandin (PG)E2, interleukin (IL)-1β, tumor necrosis factor (TNF)-α,
and nitric oxide (NO) release, and it increased the synthesis of proteoglycans and type II
collagen (Col2a1) in human OA cartilage and chondrocytes [21–23]. Furthermore, celecoxib
reduced the synthesis of metalloproteinases (MMPs), apoptosis, and the activation of nu-
clear factor (NF)-κB and receptor activator of NF-κB ligand (RANKL) in OA chondrocytes,
fibroblast-like synoviocytes, and subchondral bone osteoblasts [21,24,25].

GS is an amino-monosaccharide and a natural constituent of long-chain glycosamino-
glycans present in human tissues, with the highest part in cartilage matrix. The high-quality
prescription-grade crystalline GS formulation is widely used for the treatment of OA due
to the demonstrated symptomatic effects as well as disease-modifying properties [26–31].
Furthermore, its specific role in cartilage and chondrocyte metabolism has been also demon-
strated [30,32]. Indeed, different studies showed the effects of GS in reducing expression of
COX-2, PGE2 production, and inhibiting activation of the NF-κB pathway in human OA
chondrocytes and synoviocytes [33–35]. Furthermore, GS promoted chondrocyte prolifera-
tion and proteoglycan production, while it decreased the expression of inducible form of
nitric oxide (iNOS), IL-6, and TNF-α and matrix degrading factors [35–38].

The aim of the present study was to investigate the possible anti-inflammatory and
chondroprotective effects of celecoxib and GS, tested alone or in combination, in human OA
chondrocytes in the presence of IL-1β. In particular, matrix-degrading enzymes (MMP-1,
MMP-3, MMP-13), Col2a1, and cytokines (COX-2, PGE2, IL-1β, IL-6, TNF-α) were analyzed
at their expression levels as well as at their release in the supernatant. Cell viability, the
ratio of apoptosis, and the mRNA levels of the anti-apoptotic mediator B-cell lymphoma
2 (BCL)2 were also assessed. Furthermore, the production of mitochondrial superoxide
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anion and the gene levels of the main antioxidant enzymes—superoxide dismutase (SOD)-
2, catalase (CAT), glutathione peroxidase (GPx)4, and nuclear factor erythroid 2 like 2
(NRF2)—were evaluated. Finally, possible regulation of the NF-κB pathway was detected.

2. Results
2.1. Celecoxib and GS Attenuate Inflammation

Figures 1 and 2 show the effects of treatment with celecoxib (1.85 µM) and GS (9 µM),
for 24 h and 48 h, on gene expression and supernatant release of the main pro-inflammatory
mediators, in OA chondrocytes stimulated or not with IL-1β.
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Figure 1. Celecoxib and GS reduce the expression of pro-inflammatory cytokines. Human osteoarthritic (OA) chondrocytes
were incubated for 24 and 48 h with celecoxib (1.85 µM) and prescription-grade glucosamine sulfate (GS) (9 µM) (2 h
of pre-treatment) in the presence of interleukin (IL)-1β (10 ng/mL). (A–L) Expression levels of cyclooxygenase (COX)-2,
prostaglandin (PG)E2, IL-1β, IL-6, and tumor necrosis factor (TNF)-α analyzed by quantitative real-time PCR. The gene
expression was referenced to the ratio of the value of interest and the value of the basal condition, reported equal to 1. Data
were represented as mean ± SD of triplicate values. * p < 0.05, ** p < 0.01, *** p < 0.001 versus basal condition. ◦ p < 0.05,
◦◦ p < 0.01 versus IL-1β.
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Figure 2. Celecoxib and GS reduce the release of pro-inflammatory cytokines. Human osteoarthritic (OA) chondrocytes
were incubated for 24 and 48 h with celecoxib (1.85 µM) and prescription-grade glucosamine sulfate (GS) (9 µM) (2 h of pre-
treatment) in the presence of interleukin (IL)-1β (10 ng/mL). (A–L) Total amount of cyclooxygenase (COX)-2, prostaglandin
(PG)E2, IL-1β, IL-6, and tumor necrosis factor (TNF)-α, released in the supernatant, analyzed by ELISA assay. The total
amount was referenced to the ratio of the value of interest and the value of the basal condition, reported equal to 1. Data
were represented as mean ± SD of triplicate values. * p < 0.05, ** p < 0.01 versus basal condition. ◦ p < 0.05, ◦◦ p < 0.01
versus IL-1β.

The treatment of OA chondrocytes with celecoxib, tested alone or in combination
with GS, significantly reduced COX-2, PGE2, IL-1β, and IL-6 gene expression and release
in comparison to basal conditions (p < 0.05, p < 0.01), while no changes in TNF-α were
observed (Figure 1A–L, Figure 2A–L). The incubation with GS alone did not show any
detectable modification compared to baseline (Figure 1A–L, Figure 2A–L).

Stimulation of the cells with IL-1β caused a significant up-regulation of all analyzed
genes (p < 0.05, p < 0.01). Pre-treatment of the cells with celecoxib or GS significantly limited
the negative effect of IL-1β, in particular when the drugs were tested in combination, both
at 24 and 48 h (p < 0.05, p < 0.01) (Figure 1A–L, Figure 2A–L).

2.2. Effects of Celecoxib and GS on Cellular Survival and Apoptosis

The incubation of chondrocytes with celecoxib or GS alone significantly increased
the percentage of survival cells, reduced the apoptotic rate, and up-regulated the gene
expression of the anti-apoptotic marker BCL2 (p < 0.05), in comparison to basal conditions,
at both analyzed time points (Figures S1 and S2, Figure 3A–F); this trend was maintained
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and enhanced when the compounds were tested in combination (p < 0.05, p < 0.01). On
the contrary, the stimulus with IL-1β significantly reduced viability (p < 0.01) and induced
apoptosis (p < 0.01), which were counteracted by the pre-incubation of the cells with
celecoxib and GS alone and, especially, in combination (p < 0.05, p < 0.01) (Figure 3A–F).
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Figure 3. Celecoxib and GS regulate viability and apoptosis. Human osteoarthritic (OA) chondrocytes were incubated
for 24 and 48 h with celecoxib (1.85 µM) and prescription-grade glucosamine sulfate (GS) (9 µM) (2 h of pre-treatment) in
the presence of interleukin (IL)-1β (10 ng/mL). (A,B) Evaluation of cell viability by MTT assay. (C,D) Apoptosis detection
performed by flow cytometry analysis and measured with Annexin Alexa fluor 488 assay. Data were expressed as the
percentage of positive cells for Annexin-V and propidium iodide (PI) staining. (E,F) Expression levels of B-cell lymphoma
(BCL2) analyzed by quantitative real-time PCR. The percentage of surviving cells, the ratio of apoptosis, and the gene
expression were referenced to the ratio of the value of interest and the value of the basal condition, reported equal to 100
or 1. Data were represented as mean ± SD of triplicate values. * p < 0.05, ** p < 0.01 versus basal condition. ◦ p < 0.05,
◦◦ p < 0.01, ◦◦◦ p < 0.001 versus IL-1β.

2.3. Celecoxib and GS Modulate the Oxidant/Antioxidant System

The potential role of celecoxib and GS in the regulation of oxidant/antioxidant balance
in chondrocytes stimulated with IL-1β was reported in Figure S3 and Figure 4. Celecoxib
and GS, analyzed alone or in combination, significantly reduced the production of mi-
tochondrial superoxide anion and the gene expression of SOD-2, CAT, and NRF2, at
24 and 48 h, compared to baseline (p < 0.05, Figure 4A–H). Conversely, IL-1β stimulus
induced mitochondrial ROS production and mRNA levels of the antioxidant enzymes
(p < 0.05, p < 0.01); otherwise, pre-treatment with either celecoxib or GS limited the nega-
tive effect of IL-1β on redox balance, with an enhancement when the drugs were used in
combination, both at 24 and 48 h (p < 0.01, p < 0.001) (Figure 4A–H).
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Figure 4. Celecoxib and GS regulate oxidative stress balance. Human osteoarthritic (OA) chondrocytes were incubated
for 24 and 48 h with celecoxib (1.85 µM) and prescription-grade glucosamine sulfate (GS) (9 µM) (2 h of pre-treatment) in
the presence of interleukin (IL)-1β (10 ng/mL). (A,B) Mitochondrial superoxide anion production evaluated by MitoSox
Red staining at flow cytometry. (C–H) Expression levels of superoxide dismutase (SOD)-2, catalase (CAT), and nuclear
factor erythroid 2 like 2 (NRF2) analyzed by quantitative real-time PCR. The production of superoxide anion and the gene
expression were referenced to the ratio of the value of interest and the value of basal condition, reported equal to 1. Data
were represented as mean ± SD of triplicate values. * p < 0.05, ** p < 0.01 versus basal condition. ◦ p < 0.05, ◦◦ p < 0.01,
◦◦◦ p < 0.001 versus IL-1β.

2.4. Celecoxib and GS Regulate Cartilage Turnover

As reported in Figures 5 and 6, the gene expression and supernatant release of the
matrix-degrading enzymes—MMP-1, MMP-3, and MMP-13—did not show any significant
change in OA chondrocytes incubated, for 24 and 48 h, with celecoxib or GS alone in
comparison to basal conditions (Figure 5A–F, Figure 6A–F). GS significantly increased the
expression and release of Col2a1 (p < 0.05, p < 0.01) when tested alone or in combination
with celecoxib (Figure 5G–H, Figure 6G–H).
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Figure 5. Celecoxib and GS regulate cartilage metabolism. Human osteoarthritic (OA) chondrocytes were incubated for
24 and 48 h with celecoxib (1.85 µM) and prescription-grade glucosamine sulfate (GS) (9 µM) (2 h of pre-treatment) in the
presence of interleukin (IL)-1β (10 ng/mL). (A–H) Expression levels of metalloproteinase (MMP)-1, -3, -13, and type II
collagen (Col2a1), analyzed by quantitative real-time PCR. The gene expression was referenced to the ratio of the value
of interest and the value of basal condition, reported equal to 1. Data were represented as mean ± SD of triplicate values.
* p < 0.05, ** p < 0.01, *** p < 0.001 versus basal condition. ◦ p < 0.05, ◦◦ p < 0.01 versus IL-1β.
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Figure 6. Celecoxib and GS regulate cartilage metabolism. Human osteoarthritic (OA) chondrocytes were incubated for
24 and 48 h with celecoxib (1.85 µM) and prescription-grade glucosamine sulfate (GS) (9 µM) (2 h of pre-treatment) in the
presence of interleukin (IL)-1β (10 ng/mL). (A–H) Total amount of metalloproteinase (MMP)-1, -3, -13, and type II collagen
(Col2a1) released in the supernatant, analyzed by ELISA assay. The total amount was referenced to the ratio of the value of
interest and the value of the basal condition, reported equal to 1. Data were represented as mean ± SD of triplicate values.
* p < 0.05, ** p < 0.01, *** p < 0.001 versus basal condition. ◦ p < 0.05, ◦◦ p < 0.01, ◦◦◦ p < 0.001 versus IL-1β.

The statistically significant increase in MMP-1, MMP-3, and MMP-13 and the down-
regulation of Col2a1 induced by IL-1β stimulus (p < 0.05, p < 0.01, p < 0.001) were partially
inhibited by pre-treatment of the cells with celecoxib or GS. Co-incubation of OA chondro-
cytes with both drugs induced a more significant exacerbation by the combination of them,
both at 24 and 48 h (p < 0.05, p < 0.01, p < 0.001) (Figure 5A–H, Figure 6A–H).

2.5. Celecoxib and GS Reduce NF-κB Signaling Pathway Activation

Figure 7 shows the effects of celecoxib and GS on NF-κB signaling pathway regulation.
PCR real-time analysis reported no significant changes in OA chondrocytes incubated
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for 4 h with celecoxib or GS alone in comparison to baseline, except for the combination
of them, which induced a significant reduction in p65 and p50 subunits gene expression
(p < 0.01, p < 0.05, Figure 7A,B). As expected, the significant up-regulation of p65 and p50
gene expression induced by IL-1β stimulus (p < 0.01, p < 0.05) was partially counteracted
by the pre-treatment of the cells with celecoxib or GS (p < 0.05) and, especially, when the
drugs were tested in combination (p < 0.01) (Figure 7A,B).
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Figure 7. Celecoxib and GS modulate the NF-κB signaling pathway. Human osteoarthritic (OA)
chondrocytes were incubated for 4 h with celecoxib (1.85 µM) and prescription-grade glucosamine
sulfate (GS) (9 µM) (2 h of pre-treatment) in the presence of interleukin (IL)-1β (10 ng/mL). (A,B)
Expression levels of p65 and p50 subunits were analyzed by quantitative real-time PCR. The gene
expression was referenced to the ratio of the value of interest and the value of basal condition,
reported equal to 1. Data were represented as mean ± SD of triplicate values. * p < 0.05, ** p < 0.01
versus basal condition. ◦ p < 0.05, ◦◦ p < 0.01 versus IL-1β.

2.6. NF-κB Inhibitor Enhances Celecoxib and GS-Induced Effects

To demonstrate the involvement of the NF-κB signaling pathway in mediating cele-
coxib and GS-induced effects on inflammatory, apoptotic, and oxidative stress media-
tors, OA chondrocytes were pre-incubated with a specific NF-κB inhibitor (BAY 11-7082,
IKKα/β) (Figures 8–10).

The transcriptional levels of COX-2, PGE2, IL-1β, IL-6, TNF-α (Figure 8), SOD-2, CAT,
NRF2 (Figure 9), MMP-1, MMP-3, and MMP-13 (Figure 10) were significantly reduced
(p < 0.01, p < 0.001) in OA cells incubated with BAY 11-7082, while an up-regulation of
Col2a1 mRNA levels was observed (p < 0.05, Figure 10) in comparison to the basal condition
and IL-1β.

The co-treatment of the cells with BAY 11-7082 and celecoxib or GS, alone or in com-
bination, did not show any significant difference in target gene expression with respect to
what was observed in OA chondrocytes incubated with BAY 11-7082 alone (Figures 8–10).

Furthermore, incubation of the NF-κB inhibitor with celecoxib and GS, in the presence
of IL-1β stimulus, significantly reduced the expression levels of the analyzed genes beyond
that caused by each treatment and, in particular, limited that induced by IL-1β (Figures 8–10).
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Figure 8. BAY 11-7082 influences celecoxib and GS effects on pro-inflammatory cytokines. Human osteoarthritic (OA)
chondrocytes were incubated for 24 h with celecoxib (1.85 µM) and prescription-grade glucosamine sulfate (GS) (9 µM)
(2 h of pre-treatment) in the presence of interleukin (IL)-1β (10 ng/mL) and BAY 11-7082 1 µM (NF-κB inhibitor, 2 h of
pre-treatment). (A–E) Expression levels of cyclooxygenase (COX)-2, prostaglandin (PG)E2, IL-1β, IL-6, and tumor necrosis
factor (TNF)-α analyzed by quantitative real-time PCR. The gene expression was referenced to the ratio of the value of
interest and the value of basal condition, reported equal to 1. Data were represented as mean ± SD of triplicate values.
* p < 0.05, ** p < 0.01, *** p < 0.001 versus basal condition. ◦ p < 0.05, ◦◦ p < 0.01 versus IL-1β. # p < 0.05, ## p < 0.01 versus
celecoxib or GS plus BAY.
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Figure 9. BAY 11-7082 influences celecoxib and GS effects on anti-oxidant enzymes expression.
Human osteoarthritic (OA) chondrocytes were incubated for 24 h with celecoxib (1.85 µM) and
prescription-grade glucosamine sulfate (GS) (9 µM) (2 h of pre-treatment) in the presence of inter-
leukin (IL)-1β (10 ng/mL) and BAY 11-7082 1 µM (NF-κB inhibitor, 2 h of pre-treatment). (A–C) Ex-
pression levels of superoxide dismutase (SOD)-2, catalase (CAT), and nuclear factor erythroid 2 like 2
(NRF2) analyzed by quantitative real-time PCR. The gene expression was referenced to the ratio of
the value of interest and the value of basal condition, reported equal to 1. Data were represented as
mean ± SD of triplicate values. * p < 0.05, ** p < 0.01 versus basal condition. ◦ p < 0.05, ◦◦ p < 0.01,
◦◦◦ p < 0.001 versus IL-1β. # p < 0.05, ## p < 0.01 versus celecoxib or GS plus BAY.
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Figure 10. BAY 11-7082 enhances celecoxib and GS effects on cartilage metabolism. Human osteoarthritic (OA) chondrocytes
were incubated for 24 h with celecoxib (1.85 µM) and prescription-grade glucosamine sulfate (GS) (9 µM) (2 h of pre-
treatment) in the presence of interleukin (IL)-1β (10 ng/mL) and BAY 11-7082 1 µM (NF-κB inhibitor, 2 h of pre-treatment).
(A–E) Expression levels of metalloproteinase (MMP)-1, -3, -13, type II collagen (Col2a1), and B-cell lymphoma (BCL2)
analyzed by quantitative real-time PCR. The gene expression was referenced to the ratio of the value of interest and the
value of basal condition, reported equal to 1. Data were represented as mean ± SD of triplicate values. * p < 0.05, ** p < 0.01
versus basal condition. ◦ p < 0.05, ◦◦ p < 0.01 versus IL-1β. # p < 0.05, ## p < 0.01 versus celecoxib or GS plus BAY.

3. Discussion

The goal of the present research was to examine the possible anti-inflammatory and
chondroprotective effects of a combination of celecoxib and GS on inflammation, cartilage
turnover, apoptosis, and oxidative stress in human OA chondrocyte cultures, and the
potential mechanism of action underlying their favorable effects.

The concentrations of celecoxib and GS tested in the present study seem to be the
most appropriate to reflect the mean plasma concentration of drugs reaching the systemic
circulation, and they were chosen according to those used by other authors [39,40]. Fur-
thermore, our chondrocytes were grown in culture medium containing low concentrations
of glucose (DMEM with 25 mmol/L of glucose), to avoid any possible competition with GS
for glucose transporters, thus impeding adequate GS uptake into the cells [35,41]. Finally,
the cultures were stimulated with IL-1β, a potent pro-inflammatory cytokine generally
used in in vitro models to mimic the circumstances driving to in vivo cartilage degradation
and inflammatory status [35,42].

Our first result confirmed the significant increase in gene expression and supernatant
release of the main pro-inflammatory cytokines, IL-1β, IL-6, TNF-α, and PGE2, the latter
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probably related to the increase in COX-2, in OA chondrocytes stimulated with IL-1β, as
previously reported [22,35]. The incubation of the cells with celecoxib or GS counteracted
the negative effects of IL-1β on these mediators, similarly to what was observed on OA
chondrocytes and OA canine models by other authors [19,22,23,33,35]. Furthermore, we
demonstrated, for the first time, a synergistic anti-inflammatory effect of celecoxib and GS,
when tested in combination, in IL-1β-treated chondrocytes, with an activity retention until
48 h of treatment.

The regulation of chondrocytes survival is important for the maintenance of a proper
cartilage structure and function. Indeed, morphological changes due to an increase in
apoptosis are typical features of OA damage [43]. The analysis of viability and apoptosis
carried out in the present study showed a reduction in survival and an increase in apop-
totic chondrocytes in the presence of IL-1β, which appeared in agreement with previous
research [22,44,45]. On the contrary, celecoxib and GS, tested alone or in combination,
increased viability and decreased apoptosis, with a concomitant up-regulation of the anti-
apoptotic marker BCL2; the anti-apoptotic effect of our drugs was also demonstrated in OA
cells stimulated with IL-1β. These results are consistent with other authors who reported
the ability of both compounds to promote proliferation and reduce the apoptosis rate of OA
chondrocytes with or without the influence of the negative stimulus of IL-1β [21,22,38,46].
Furthermore, we firstly observed that the anti-apoptotic activity of celecoxib and GS was
increased when IL-1β-stimulated chondrocytes were simultaneously incubated with the
drugs, at both 24 and 48 h of treatment.

Accumulating evidence indicates ROS and reactive nitrogen species as important
mediators of cartilage damage that occurs in OA; the failure in oxidant/antioxidant balance
in OA chondrocytes induces an altered redox status, which promotes cartilage breakdown
and makes cells more susceptible to oxidant-mediated apoptosis [2]. In the current study,
the assessment of oxidative stress showed an increase in mitochondrial superoxide anion
production and antioxidant enzymes expression, SOD2, CAT, and of the transcriptional
factor NRF2, in OA chondrocytes exposed to IL-1β, in agreement with our previous find-
ings [22]. Furthermore, we demonstrated the ability of celecoxib or GS to decrease ROS
release and antioxidant enzyme gene levels, and their effect was also maintained following
IL-1β stimulus, in line with the current literature. Indeed, some authors reported the
reduction of superoxide anion production and SOD2 activity, caused by celecoxib, in OA
chondrocytes stimulated with IL-1β [22,47]. Similarly, a decrease in superoxide anion and
inducible nitric oxide synthase (iNOS) expression, induced by IL-1β, was found in human
OA chondrocytes treated with GS [48–50]. Interestingly, our results further demonstrated
that the activation of oxidative stress caused by IL-1β was strongly reversed by the si-
multaneous treatment of the cells with celecoxib and GS, indicating a more efficacious
anti-oxidant effect of the studied drugs when used in combination.

The activation of different matrix-degrading enzymes, such as MMP-1, MMP-3, and
MMP-13, and the consequent degradation of proteoglycans and Col2a1 represents one
of main characteristics of OA and has been amply demonstrated in human OA articular
cartilage and chondrocytes following IL-1β stimulus [9,17,18,41,45,46]. In agreement with
these data, in the present paper, we observed a significant increase in MMP-1, -3, and -13
and a reduction in Col2a1 gene expression and supernatant release in IL-1β-stimulated OA
chondrocytes. The incubation of our cultures with celecoxib or GS alone did not modify
the studied MMPs and Col2a1, according to other findings [47,48], while it was able to
counteract the negative effect of IL-1β on these factors, especially when the drugs were
co-incubated, until 48 h of treatment, suggesting a possible anti-catabolic effect of the
tested compounds. In a similar manner, other authors reported a reduction in MMP-1,
MMP-3, MMP-13, aggrecanases, and a production of proteoglycans and Col2a1 in IL-1β-
stimulated OA chondrocytes treated with celecoxib or GS [16,22,35,36,51–56], while no
data from the literature are available concerning the combination of celecoxib and GS on
cartilage turnover.
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Finally, our experience focused on a deeper investigation on the potential mechanism
of action underlying favorable effects of celecoxib and GS combination on chondrocytes
metabolism through analysis of the NF-κB signaling pathway.

It is known that NF-κB proteins constitute a family of ubiquitously expressed transcrip-
tion factors triggering the expression of inflammatory mediators and matrix-degrading
enzymes involved in detrimental processes occurring during OA [57].

A number of studies showed the protective role of GS on cartilage metabolism by
inhibiting activation of the NF-κB signaling pathway, as well as its nuclear translocation, in
human OA chondrocytes stimulated with IL-1β [33]; this effect was also observed when
GS was used at a range of concentration similar to that found at plasma concentration, as
established by pharmacokinetics studies [37,40].

Growing evidence suggests that celecoxib exerts a direct effect on cartilage metabolism
by modulating pathways independent to COX-2 activity and PGE2 inhibition, probably
through the regulation of NF-kB signaling [15,47,58].

Our data are in line with the current literature demonstrating that the treatment of
OA chondrocytes with celecoxib or GS reduced NF-kB signal activation as well as p50 and
p65 subunits nuclear translocation induced by IL-1β; this effect was strongly enhanced
when the drugs were tested in combination. We further demonstrated that the use of a
specific NF-κB inhibitor, BAY11-7082, reduced the effect of IL-1β on inflammation, oxidative
stress, apoptosis, and cartilage turnover, potentiating the activity of celecoxib and GS, as
previously reported [54]. This allows us to speculate the hypothesis that celecoxib and GS
could be effective in the regulation of chondrocyte metabolism through a direct inhibition
of NF-κB signaling.

Different findings pointed out that GS seems to exert its effect on NF-κB-dependent
transcription via an epigenetic mechanism, regulating the demethylation of specific CpG
sites of DNA in the IL1β promoter, responsible for the aberrant expression of MMPs,
ADAMTS, and IL-1β in human articular chondrocytes [37,54]. On the other hand, it is
currently not completely defined how celecoxib mediates the activity of NF-κB, but it
is possible to assume that it follows the PI3K/AKT/IKK/NF-kB pathway regulation,
implicated in the regulation of apoptosis and cell proliferation, as demonstrated in different
studies on cancer cell lines [59,60].

4. Materials and Methods
4.1. Sample Collection and Cell Cultures

Human OA articular cartilage was collected from femoral heads of five non-obese
(body mass index ranging from 20 to 23 kg/m2) and non-diabetic patients (two men and
three women, age ranging from 65 to 75) with coxarthrosis according to ACR criteria [61],
undergoing hip replacement surgery.

OA grade ranged from moderate to severe, and cartilage showed typical disease
changes, as the presence of chondrocyte clusters, fibrillation, and loss of metachromasia
(Mankin degree 3–7) [62]. The femoral heads were supplied by the Orthopaedic Surgery,
University of Siena, Italy. The use of human articular samples was authorized by the
Ethic Committee of Azienda Ospedaliera Universitaria Senese/Siena University Hospital
(decision no. 13931/18) and the informed consent of the donor.

After surgery, cartilage fragments were aseptically dissected and processed by an
enzymatic digestion, as previously described [63]. For growth and expansion, cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Euroclone, Milan, Italy) with
phenol red and 4 mM L-glutamine, supplemented with 10% fetal bovine serum (FBS)
(Euroclone, Milan, Italy), 200 U/mL penicillin, and 200 µg/mL streptomycin (P/S) (Sigma-
Aldrich, Milan, Italy). The medium was changed twice a week, and the cell morphology
was examined daily with an inverted microscope (Olympus IMT-2, Tokyo, Japan). OA
primary chondrocytes at the first passage were employed for the experiments [64]. For
each single experiment a cell culture from a unique donor was used.
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4.2. Pharmacological Treatment

Human OA chondrocytes were plated in 6-well dishes at a starting density of
1 × 105 cells/well until 85% confluence. Prescription-grade crystalline GS (Dona®) and
celecoxib (Celebrex®) were supplied by Meda Pharma SpA (Viatris group). The powders
of the substances were dissolved in the culture medium in phosphate-buffered saline (PBS)
(Euroclone, Milan, Italy), according to the instructions, and directly diluted in the culture
medium for the treatment to achieve the final concentrations required.

The cells were cultured in DMEM enriched with 0.5% FBS and 2% P/S, and they
were treated for 24 and 48 h with celecoxib and GS, at the concentration of 1.85 µM and
9 µM, respectively, to better reproduce their therapeutic effect in vivo. The treatment
was performed in the presence of IL-1β (10 n g/mL) (Sigma-Aldrich, Italy), added after
2 h of pre-incubation with the drugs; the experiments were also assessed analyzing the
combination of both drugs at 24 and 48 h. Afterwards, the cells were recovered and
immediately processed to carry out flow cytometry and quantitative real-time PCR, while
the supernatant was collected and stored at −80 ◦C until ELISA assay.

Some cultures were pre-incubated for 2 h with BAY 11-7082 1 µM (NF-κB inhibitor,
IKKα/β, Sigma–Aldrich, Milan, Italy) and then treated for 24 h with celecoxib and GS.
Afterwards, the gene expression of the target genes (COX-2, IL-1β, IL-6, TNF-α, MMP-1,
MMP-3, MMP-13, Col2a1, BCL2, SOD-2, CAT, and NRF2) was evaluated.

4.3. Cell Viability

The viability of the cells after pharmacological treatment was evaluated by MTT (3-
[4,4-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazoliumbromide) (Sigma-Aldrich, Milan, Italy)
for each experimental condition, as previously described [65]. Timing of drug treatment
was selected according to the percentage of surviving cells (Figure S1). The percentage
of surviving cells was evaluated as (absorbance of considered sample)/(absorbance of
control) × 100. Data were reported as OD units per 104 adherent cells.

4.4. RNA Isolation and Quantitative Real-Time PCR

OA chondrocyte were grown and maintained in 6-well dishes at a starting density of
1 × 105 cells/well until they became 85% confluent in DMEM supplemented with 10% FBS,
before replacement with 0.5% FBS for the treatment. Then, cells were collected, and total
RNA was extracted using TriPure Isolation Reagent (Euroclone, Milan, Italy) according
to the manufacturer’s instructions. Five hundred nanograms of RNA of target genes was
reverse-transcribed by using the QuantiTect Reverse Transcription kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions. Target genes were assessed by
real-time PCR using the QuantiFast SYBR Green PCR kit (Qiagen, Hilden, Germany).
Primers used for PCR reactions are listed in Table S1.

All qPCR reactions were achieved in glass capillaries by a LightCycler 1.0 (Roche
Molecular Biochemicals, Mannheim, Germany) with LightCycler Software Version 3.5. The
reaction procedure has been described in detail in our previous studies [63].

For the data analysis, the Ct values of each sample and the efficiency of the primer
set were calculated by LinReg Software and converted into relative quantities [66,67]. The
normalization was performed considering Actin Beta (ACTB) as a housekeeping gene for
the analyzed target genes [68].

4.5. ELISA Assay

After the pharmacological treatment, the supernatant was collected and stored at
−80 ◦C until analysis. PGE2 production, the release of COX-2, IL-1β, IL-6, TNF-α, MMP-1,
MMP-3, MMP-13, and Col2a1 were detected using ELISA kits (Boster Biological Technology,
CA, USA).

IL-1β limit of detection was 250 pg/mL. Inter-assay and intra-assay coefficients of
variation were 5.7–8.9%and 4.1–7.3%, respectively.
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IL-6 limit of detection was 300 pg/mL. Inter-assay and intra-assay coefficients of
variation were 7.2–8.6% and 6.2–7.4%, respectively.

TNF-α limit of detection was 1000 pg/mL. Inter-assay and intra-assay coefficients of
variation were 5.4–6.4% and 4.8–7.4%, respectively.

MMP-1 limit of detection was 10,000 pg/mL. Inter-assay and intra-assay coefficients
of variation were 7.6–8.3% and 5.8–6.5%, respectively.

MMP-3 limit of detection was 10000 pg/mL. Inter-assay and intra-assay coefficients
of variation were 6.2–6.9% and 6.4–6.9%, respectively.

MMP-13 limit of detection was 10,000 pg/mL. Inter-assay and intra-assay coefficients
of variation were 7.5–8.1% and 6.4–7.0%, respectively.

Col2a1 limit of detection was 20 ng/mL. Inter-assay and intra-assay coefficients of
variation were <10% and <8%, respectively.

4.6. Apoptosis Detection

Apoptotic cells were measured by using the Annexin V-FITC and propidium iodide
(PI) (ThermoFisher Scientific, Milan, Italy) kit. OA chondrocyte were seeded in 12-well
plates (8 × 104 cells/well) for 24 h in DMEM with 10% FBS, before replacement with
0.5% FBS used for the treatment. The apoptosis assay was performed as previously
described [69]. A total of 10,000 events (1 × 104 cells per assay) were measured by the
instrument. The results were examined with Cell Quest software (Version 4.0, Becton
Dickinson, San Jose, CA, USA). Cells simultaneously stained with Alexa Fluor 488 annexin-
V and PI were considered for the evaluation of apoptosis (total apoptosis) [22]. The results
were represented as percentage of positive cells to each dye.

4.7. Mitochondrial Superoxide Anion (•O2
−) Production

OA chondrocyte were seeded in 12 well-plates (8 × 104 cells/well) for 24 h in DMEM
with 10% FCS, before replacement with 0.5% FBS for the treatment. The mitochondrial
superoxide anion detection has been performed by MitoSOX Red staining as previously
described [69]. A density of 1 × 104 cells per assay (a total of 10,000 events) was measured
by flow cytometry, and data were analyzed with CellQuest software (Version 4.0, Becton
Dickinson, San Jose, CA, USA). Results were collected as median of fluorescence (AU) and
represented the mean of three independent experiments.

4.8. Statistical Analysis

Three independent experiments were carried out, and the results were expressed as
the mean ± standard deviation (SD) of triplicate values for each experiment. Data normal
distribution was evaluated by Shapiro–Wilk, D’Agostino and Pearson, and Kolmogorov–
Smirnov tests. Flow cytometry, ELISA, and Western blot results were assessed by ANOVA
with Bonferroni post hoc test. Quantitative real-time PCR was evaluated by one-way
ANOVA with a Tukey’s post hoc test using 2−∆∆CT values for each sample. All analyses
were performed through the SAS System (SAS Institute Inc., Cary, NC, USA) and GraphPad
Prism 6.1. A p-value < 0.05 was considered as statistically significant.

5. Conclusions

In the present study we confirm the anti-inflammatory and anti-catabolic effects of the
therapeutic dose of prescription-grade GS on human OA chondrocyte metabolism.

Furthermore, our results demonstrate the chondroprotective role of celecoxib in OA
cells, reinforcing the evidence in favor of using this drug as potential DMOADs. In fact,
in vitro studies showed the direct effects of celecoxib on cartilage, bone, and synoviocytes
metabolism [15], raising the question of whether it is more than an anti-inflammatory and
analgesic drug and, thus, has additional disease modifying effects.

A number of clinical studies reported that the combination of celecoxib and GS
effectively modulate immune inflammatory response, oxidative stress damage, and joint
pain and function in patients with knee OA [70–72]. Our results demonstrate, for the first
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time, the synergistic effect of celecoxib and GS on human OA chondrocyte metabolism.
In particular, this combination treatment exerts a protective role on chondrocytes against
the detrimental activities induced by IL-1β stimulus, reducing inflammation, apoptosis,
oxidative stress, and regulating cartilage turnover, and this activity was effective through
direct regulation of NF-κB signaling pathway activation.

Taken together, our in vitro findings suggest that the simultaneous treatment of cele-
coxib and GS seems to be more effective overall than each single treatment alone, for all
the evaluated processes. This result may support the use of a combination therapy for
the treatment of OA in clinical practice, since attenuating multiple pathways leading to
inflammation and joint destruction can facilitate a safe and effective management of OA.

Our data provide indicative interesting results that deserve to be confirmed with
further investigations.

Some limitations need to be mentioned. The same analyses on healthy primary
chondrocytes are recommended, to better understand the effectiveness of celecoxib and
GS on chondrocyte homeostasis and, in particular, their relevance in OA damage. Then,
a deeper examination of the molecular mechanism responsible for the pharmacological
effects may contribute to find out the exact role of celecoxib and GS in OA.
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Abstract: The distribution of differential extracellular matrix (ECM) in the lateral and medial menisci
can contribute to knee instability, and changes in the meniscus tissue can lead to joint disease. Thus,
deep proteomic identification of the lateral and medial meniscus cartilage is expected to provide
important information for treatment and diagnosis of various knee joint diseases. We investigated the
proteomic profiles of 12 lateral/medial meniscus pairs obtained from excess tissue of osteoarthritis
patients who underwent knee arthroscopy surgery using mass spectrometry-based techniques and
measured 75 ECM protein levels in the lesions using a multiple reaction monitoring (MRM) assay
we developed. A total of 906 meniscus proteins with a 1% false discovery rate (FDR) was identified
through a tandem mass tag (TMT) analysis showing that the lateral and medial menisci had similar
protein expression profiles. A total of 131 ECM-related proteins was included in meniscus tissues such
as collagen, fibronectin, and laminin. Our data showed that 14 ECM protein levels were differentially
expressed in lateral and medial lesions (p < 0.05). We present the proteomic characterization of
meniscal tissue with mass spectrometry-based comparative proteomic analysis and developed an
MRM-based assay of ECM proteins correlated with tissue regeneration. The mass spectrometry
dataset has been deposited to the MassIVE repository with the dataset identifier MSV000087753.

Keywords: meniscus; proteomics; MRM; ECM

1. Introduction

The knee is the largest hinge joint associated with weight-bearing and movement
in the human body. The meniscus is at type of fibrocartilage, has properties similar to
those of bone, and serves many important biomechanical functions such as stabilizing
joints and absorbing damage. The knee contains medial and lateral menisci; the medial
meniscus tends to experience more frequent damage than the lateral meniscus due to its
anatomical structure and articular mechanism [1]. Such damage includes a tear, which
occurs when placing excessive pressure on or twisting the knee joint. Meniscal degeneration
and surgically removed meniscus are risk factors for osteoarthritis [2], while aging of
the meniscus results in molecular and cellular changes. Thus, an understanding of the
proteomic changes in the medial and lateral meniscal tissues will contribute to uncovering
the cause of knee-related degenerative disease.

The extracellular matrix (ECM) plays an essential role in many processes, including
cell-cell adhesion, signaling, and tissue repair. The meniscal ECM consists of water, fibrillar
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protein, proteoglycans, and adhesive glycoproteins, the activities of which are not fully
understood.

To date, meniscus proteomics studies are rare, although information on hyaline carti-
lage protein has been reported [3–5]. Recently, global proteomic investigations have been
performed on medial meniscal tissues to analyze the global protein expression profiles
in radial zones using mass spectrometric technologies. Pairwise comparisons of the me-
dial/lateral meniscus is a potentially unique model for the study of cartilage proteomics in
osteoarthritis genesis and progression, because the anatomical structure and biomechanical
configuration of the knee is typically associated with much more severe cartilage loss on
the predominantly weight-bearing medial compartment. Also, pairwise comparisons of
the lateral/medial meniscus have advantages independent of heterogeneous factors such
as age, sex, osteoarthritis severity, underlying disease, and individual variability.

Deep proteomics might be a powerful tool in characterization of meniscal tissues [6,7].
Therefore, we investigated the proteome profile of meniscal tissue of lateral and medial
lesions and characterized the extracellular matrix proteins. Herein, we provide extracel-
lular matrix data and use multiple reaction monitoring (ECM-MRM) assays to compare
expression levels in two lesion types.

2. Results
2.1. Proteomic Analysis of Meniscal Tissues

Semi-quantitative analysis was performed on meniscal tissues to compare the protein
compositions of lateral and medial lesions using six plex-tandem mass tag (TMT) labeling.
A total of 7876 unique peptides representing 906 proteins (903 genes) were identified in the
meniscal tissues. Here, we found that the lateral and medial menisci have similar protein
expression profiles. Most proteins showed similar concentrations in the lateral and medial
lesions. Cartilage oligomeric matrix protein (COMP), cartilage intermediate layer protein
(CILP), aggrecan (CAN), and 7 types of collagens (collagen type I, III, VI, XII, XIV, XV, and
XVIII) were dominantly identified in both groups (Supplementary Table S1). A total of
24 proteins showed more than a two-fold concentration difference between the two lesions
on TMT analysis. Of them, eleven proteins were ECM proteins (46% of the total), and
further verified using MRM assay (Supplementary Table S2).

2.2. Characterization of ECM Proteins in the Meniscus

Among 906 proteins identified, 131 ECM or ECM-associated proteins were identified
in meniscal tissues by MatrisomeDB 2.0 (http://www.pepchem.org/matrisomedb accessed
on 31 May 2021) that integrated experimental proteomic data on the ECM composition of
meniscal tissues (Supplementary Figure S1A). These proteins were categorized into 41 ECM
glycoproteins, 14 proteoglycans, 11 collagen isoforms, 34 ECM regulators, 16 ECM affiliated
proteins, and 15 secreted factors (Supplementary Figure S1B). To identify their biological
function, we conducted functional enrichment analysis of the 131 proteins (130 genes)
using Funrich software (Supplementary Figure S1C). Cell growth and/or maintenance
(37.7% of genes) and protein metabolism (23.1%) were enriched according to the biological
process. Extracellular matrix (82%) and ECM-related (38.3%) genes were dominantly
enriched in the cellular component. According to molecular function, 34.6% of genes were
categorized in the extracellular matrix structural constituent. These genes were highly
involved in biological pathways such as the epithelial to mesenchymal transition (34%)
and beta3 integrin cell surface interaction (20%). Interestingly, the structural constituents
of cytoskeleton, ribosome, and extracellular matrix were dominantly enriched in both
meniscal tissues by functional analysis.

2.3. Development of the MRM Method for ECM Proteins

ECM played a structural role and contributed to the mechanical properties of cartilage
tissues. Thus, we focused on 131 ECM-related proteins (130 genes) identified in meniscal
tissues by LC-MS/MS analysis. A number of the 131 proteins assigned to ECM proteins
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was analyzed by the MRM method. Herein, 3024 MRM transitions were generated using
Skyline software against 474 peptides from 131 ECM proteins of interest. These MRM
transitions were experimentally refined in protein extracts obtained from pooled meniscal
tissues. Of them, MRM assays of 119 proteins were established (Supplementary Table S3).

2.4. Differentially Expressed ECM Proteins Identified in the Meniscus by MRM Assay

To identify ECM proteins differentially expressed in lateral and medial meniscus, we
measured 75 ECM proteins of interest in 12 lateral/medial pairs obtained from meniscus
tissues from osteoarthritis patients during total knee arthroscopy using MRM assay. Herein,
we showed that 14 proteins were different in the two lesions using the Wilcoxon test
(p < 0.05) (Supplementary Table S4, Figure 1). Nine proteins consisting of collagen alpha-
1(XVIII) chain (COL18A1), Cystatin-B (CSTB), Cathepsin D (CTSD), Cathepsin Z (CTSZ),
Protein ERGIC-53 (LMAN1), Protein S100-A13 (S100A13), Adiponectin (ADIPOQ), Alpha-
1-antichymotrypsin (SERPINA3), and SPARC-related modular calcium-binding protein 2
(SMOC2) had greater expression in the medial lesion compared to the lateral (Figure 1A).
In contrast, expression of the five proteins Kininogen-1 (KNG1), Secreted frizzled-related
protein 3 (FRZB), Plasminogen (PLG), Protein S100-A1 (S100A1), and Protein S100-A10
(S100A10) decreased in the medial lesions (Figure 1B). Interestingly, among these proteins,
the MRM results of SMOC2 and FRZB are consistent with those of the TMT experiment,
where SMOC2 increased 2.3-fold and FRZB decreased 2-fold in medial lesions.
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Figure 1. MRM results of meniscal tissues. (A) Increased proteins in medial lesions, (B) Decreased proteins in medial lesions
by the Wilcoxon test. A p-value < 0.05 is statistically significant.
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3. Discussion

To investigate the type and distribution of ECM proteins in meniscal tissue is very
important in cartilage tissue engineering as well as in identifying related disease etiologies,
including osteoarthritis. Several studies have profiled the proteome of articular cartilage
and medial meniscus tissue, but the ECM profile in these tissues is not sufficiently covered
and quantified [8,9]. Thus, in this study, we characterized the proteomic profile of meniscal
tissues consisting of medial and lateral lesions from osteoarthritis patients, which are
still uncovered their protein composition but also quantified. We focused on meniscal
ECM proteins, which contribute to repair and regenerate tissues and reported that ECM
composition and expression levels in both lesions using both TMT analysis and MRM-MS.
Herein we first provided the characterization of osteoarthritic meniscus using quantitative-
based proteomic analysis, although there was few concentration change for major cartilage
proteins such as COMP, CILP, CAN and collagens in the protein expression profile between
lateral and medial meniscus.

Recently only a few pairwise comparisons of the lateral and medial osteoarthritis knee
have been conducted (Supplementary Table S5). Moreover, only one study was performed
for the proteomic comparison between osteoarthritis menisci. Our study was conducted as
a preliminary study to help us understand the mechanisms of osteoarthritis by comparing
protein composition within lateral and medial from an expanded number of osteoarthritis
subjects. We think it is important to analyze ECM proteins and to discover biomarkers that
are definitely lacking in this field.

Osteoarthritis is caused by failure of chondrocytes to maintain homeostasis between
synthesis and degradation of ECM components, such as polypeptide, growth factors and
cytokines. Recent studies reported that the Wnt/β-catenin pathway plays an important role
in the pathophysiology of osteoarthritis [10]. We found that these differentially expressed
ECM proteins were increased in regulation of peptidase activity, biological extracellular
matrix processes, and ECM modulation. Among these ECM proteins, FRZB showed lower
expression in the medial meniscus than lateral meniscus, whereas SMOC2, CSTB, CTSD,
and CTSZ showed higher expression in the medial than lateral meniscus. FRZB acts as
the WNT inhibitor, and loss of function of FRZB results from excessive WNT activation
and increases susceptibility to osteoarthritis [10]. SMOC2 is a member of the secreted
protein acidic and rich in cysteine (SPARC) family and is associated with adult wound
healing and age-dependent bone loss. Lu et al. recently demonstrated that SMOC2 directly
interacted with WNT receptors and activated the WNT/β-catenin pathway in endometrial
carcinoma [11]. Furthermore, inflammation modulators (such as CSTB, CTSD, and CTSZ),
which have been reported to contribute to osteoarthritis, were more highly expressed in the
medial than lateral meniscus [12]. These proteins might play an important role in regulation
of chondrocyte growth and proliferation compared to cartilage proteins, which have a slow
turnover rate. Therefore, alteration of these proteins can affect ECM regeneration, leading
to promotion of osteoarthritis.

Our study has some limitations. First, we could not perform comparisons between
osteoarthritis patients and healthy controls, because it is difficult to obtain intact menis-
cus samples from healthy subjects. Also, it is unclear whether the differences in protein
expression levels of ECM in lateral and medial menisci from osteoarthritis patients di-
rectly correlate with tissue damage. Further study should be conducted to elucidate the
relationship between the patterns of protein expression in meniscus and tissue damage
in osteoarthritis.

Despite these limitations, the results of this study would be expected to provide
important information in the treatment and diagnosis of various joint diseases as well as
osteoarthritis in the future.
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4. Methods
4.1. Clinical Samples

This study enrolled 12 osteoarthritis patients who received knee arthroscopy surgery
at Samsung Medical Center. All 12 patients were female and had a mean age of 72.9 years
(range 65–82 year). Tissue from lateral/medial menisci pairs was obtained during surgery,
and the mean weight of the tissues was 2260 mg (range 950–4100 mg). Written informed con-
sent was obtained from all enrolled patients. This study was approved by the Institutional
Review Board (IRB) of Samsung Medical Center (Seoul, Korea) (IRB file No. 2015-12-166).

4.2. Preparation of Tissues

About 200–300 mg of cartilage tissue was cut from each sample and pulverized in
liquid nitrogen using a ball grinder. RIPA buffer (150 mM sodium chloride, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl pH 7.5, 2 mM EDTA, sterile
solution, protease inhibitor) was added to the pulverized tissue and sonicated four times
for 15 s each. A total of 500 µg of protein extract was subjected to FASP [13]. Trypsin
digestion was performed in a microwave at 450 W and 55 ◦C for one hour using a Rapid
Enzyme Digestion system (Asta, Seoul, Korea). Desalting and concentration of the samples
were performed using a StrataTM-X 33 um (Phenomenex Inc., Torrance, CA, USA) accord-
ing to manufacturer instructions. These protein extracts were subjected to further mass
spectrometry-based comparative proteomic analysis and an MRM assay (Figure 2).
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4.3. LC-MS/MS Analysis

In-solution digestion with trypsin, followed by 6-plex TMT treatment were performed
according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA,
USA). After pooling each disease group, labeled peptide mixtures were separated via
reverse phase HPLC into 12 fractions and were analyzed using an Orbitrap Elite mass
spectrometer (Thermo Finnigan, San Jose, CA, USA) equipped with a nano-electrospray
ion source.

The TMT-labeled peptide mixtures were analyzed using an Orbitrap Elite mass spec-
trometer equipped with a nano-electrospray ion source. The mobile phase consisted of
buffer A (0.1% formic acid in water) and buffer B (0.1% formic acid in ACN). After injecting
a sample onto the analytical column (75 um × 50 cm packed C18, 2 um particles, 100 Å
pores) (Thermo Finnigan, CA, USA), a 90-min gradient method was used to separate the
peptide mixture. Sample loading onto the analytical column was conducted at 3% buffer B,
the mobile phase was held at 4% buffer B for 1 min, followed by a linear gradient to 32%
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buffer B over 91 min, followed by a linear gradient to 80% buffer B over 8 min at a flow
rate of 300 nL/min.

4.4. MRM Assay for ECM Protein Determination

To develop the MRM assay, ECM MatrisomeDB 2.0 depository (http://www.matrisomedb.
org/) (accessed on 20 September 2018) was used to extract ECM-related proteins from the
identified meniscal tissue profile. Those peptides and MRM transitions were generated
using Skyline 4.1.011796 (MacCoss Lab Software, Seattle, WA, USA) and employed for
further refinement of the selected peptides. At least three transitions from one proteotypic
peptide were generated; 2 or 3 peptide charge states containing 8–30 amino acids, no post-
translational modification (PTM), and non-specific cleavage were not allowed. Therefore, a
total of 3024 MRM transitions was generated against 131 ECM proteins and 474 peptides.
These MRM transitions were refined experimentally in protein extracts obtained from
pooled meniscal tissues. A minimum of 3 MRM transitions per peptide should match the
same retention times with S/N > 10. MRM was performed in positive mode using a QTRAP
5500 hybrid triple quadrupole/linear ion trap mass spectrometer (Sciex, Framingham, MA,
USA) interfaced with a nano-electrospray ion source.

4.5. Data Annotation

All MS/MS spectra were searched against the UniProt Human protein database
(8 August 2016, Reviewed 20197proteins) using the Integrated Proteomics Pipeline v.3
(IP2) search algorithm for peptide identification. The search parameters were as follows:
specific to trypsin with two missed cleavages, variable modification of methionine oxida-
tion, fixed modification of carbamidomethyl cysteine, ±10 ppm precursor-ion tolerance,
±600 ppm fragment-ion tolerance, and ±10 reporter ion tolerance.

Peak area ratio (PAR) was calculated to compare expression profiles among meniscal
tissues. The peak area of each peptide transition was divided by the peak area of the
corresponding transition from the isotope-labeled peptide. The concentration of these
proteins was calculated as the product of PAR.

Gene Ontology (GO) analysis was performed using Funrich software (Version 3.1.3)
and the web-based browser STRING (https://string-db.org) (accessed on 19 November
2019) to classify the cellular components, biological process, and molecular function.

4.6. Statistics

Data acquired from MRM experiments were analyzed using the SPSS statistical pack-
age (IBM Corporation, Somers, NY, USA) ver 21.0 and MedCalc software ver 19.0.7 (Mariak-
erke, Belgium). Non-parametric tests were used for all proteomic markers. The proteomic
differences in expression of markers between lateral and medial menisci groups were
assessed with the Wilcoxon test. A p-value ≤ 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22158181/s1.
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Abstract: Osteoarthritis (OA) is a degenerative joint disease characterized by irreversible cartilage
damage, inflammation and altered chondrocyte phenotype. Transforming growth factor-β (TGF-β)
signaling via SMAD2/3 is crucial for blocking hypertrophy. The post-translational modifications
of these SMAD proteins in the linker domain regulate their function and these can be triggered
by inflammation through the activation of kinases or phosphatases. Therefore, we investigated if
OA-related inflammation affects TGF-β signaling via SMAD2/3 linker-modifications in chondrocytes.
We found that both Interleukin (IL)-1β and OA-synovium conditioned medium negated SMAD2/3
transcriptional activity in chondrocytes. This inhibition of TGF-β signaling was enhanced if SMAD3
could not be phosphorylated on Ser213 in the linker region and the inhibition by IL-1β was less if
the SMAD3 linker could not be phosphorylated at Ser204. Our study shows evidence that inflam-
mation inhibits SMAD2/3 signaling in chondrocytes via SMAD linker (de)-phosphorylation. The
involvement of linker region modifications may represent a new therapeutic target for OA.

Keywords: TGF-β; osteoarthritis; cartilage; SMAD2/3 signaling; linker modifications; inflammation

1. Introduction

Osteoarthritis (OA) is characterized by irreversible cartilage breakdown and regarded
as a multifactorial disease in which inflammation is involved [1,2]. Synovitis is present
in osteoarthritic joints and the production of inflammatory cytokines and chemokines
is increased [3–6]. These pro-inflammatory cytokines, such as Interleukin (IL)-1β can
have a direct (negative) effect on cartilage homeostasis [7,8], but can also modulate the
transforming growth factor-β (TGF-β) signaling [9,10].

TGF-β is a crucial growth factor for articular cartilage maintenance [11]. Via intracellu-
lar activation of the transcription factors SMAD2 and SMAD3, TGF-β inhibits chondrocyte
hypertrophy and MMP13 expression [12]. On the other hand, signaling via its alternative
SMAD1/5/9 signaling route promotes these detrimental processes. A disturbed balance
between the two SMAD signaling routes has been proposed as a cause for OA pathol-
ogy [13,14]. TGF-β signaling disruption can occur at different stages in its signaling cascade.
For instance, inflammatory mediators can regulate the TGF-β receptor expression and in-
crease the expression of inhibitory SMAD7 [15]. Alternatively, inflammatory pathways can
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induce post-translational modification of the linker region of SMAD proteins to modulate
their function [16,17]. This linker domain connects the N-terminal MH1 domain, which
is important for DNA binding and nuclear transport, to their C-terminal MH2 domain,
which is responsible for the SMAD receptor and SMAD–SMAD interactions and gene
transcription activation [18–21]. Importantly, the linker region can be phosphorylated on
specific serine and threonine residues, and this regulates nuclear entry, SMAD–protein
interactions, and SMAD turnover, thereby greatly affecting SMAD function [16,22,23]. Still,
the relative importance of these SMAD linker modifications in cartilage biology and OA
pathogenesis has not been investigated and is poorly understood.

In this study we explored whether OA-related inflammation dysregulates TGF-β
signaling in chondrocytes via inflammation-driven SMAD2/3 protein linker-modifications.

2. Results
2.1. IL-1β and OAS-cm Negate the Anti-Hypertrophic Function of TGF-β in Bovine
Cartilage Explants

Hypertrophy-like changes in chondrocytes play a role in OA progression [24]. To
study whether inflammation modulates such changes, a model for hypertrophy was set-
up. For this, we cultured bovine cartilage tissue explants for 2 weeks ex vivo which,
both with and without the addition of FCS in the culture medium, induced hypertrophy-
like differentiation, as confirmed by a ~97-fold increase in COL10A1 expression (26.6 ∆Ct,
p < 0.0001) (Figure 1A). To demonstrate the anti-hypertrophic function of the TGF-β ex vivo,
recombinant human (rh), TGF-β1 was added to culture medium (without FCS) every
3rd day. COL10A1 expression was dose-dependently inhibited by TGF-β, with an EC50
of 0.1 ng/mL and 85% inhibition at 1.0 ng/mL TGF-β (25.6 ∆Ct, p = 0.0002) (Figure 1A).
Co-incubation with the ALK-5 kinase activity inhibitor SB-505124 fully blocked TGF-
β’s effect on COL10A1 expression with a 74-fold difference compared with the vehicle
(DMSO) (26.2 ∆Ct, p = 0.0021) (Figure 1B). To study the interaction between TGF-β and
inflammatory mediators in this model of hypertrophy, explants were exposed to 0.1 ng/mL
TGF-β combined with 0.1 ng/mL IL-1β or 0.5% OA synovium-conditioned medium
(OAS-cm). Importantly, we first established that these concentrations did not modulate
COL10A1 expression themselves (Appendix A). Pre-incubation of explants for 1 h with
IL-1β prior to the addition of TGF-β negated anti-hypertrophic TGF-β signaling with
~2.2 fold difference (21.2 ∆Ct, p = 0.0144) (Figure 1C). The addition of OAS-cm prior to
TGF-β strikingly negated anti-hypertrophic TGF-β signaling with a 7.0-fold difference.
(22.8 ∆Ct, p = 0.0113) (Figure 1D).

2.2. IL-1β and OAS-cm Inhibit TGF-β Transcriptional Activity in Different Chondrocyte
Cell Lines

Hereafter, we used three different human chondrocyte-like cell lines (G6, H11, SW1353)
to identify the cause of this interaction between functional TGF-β signaling and inflam-
matory mediators. We chose to use cell lines because it is difficult to efficiently genetically
modify primary chondrocytes in explants culture. First, we established that a similar
inhibitory effect occurs in these cell lines as in cartilage explants on TGF-β transcriptional
activity. To perform this, we made use of a SBE-pNL1.2 luciferase reporter assay, which
is SMAD2/3 and SMAD4-dependent (Appendix B). In all three cell lines, the luciferase
signal was induced by TGF-β stimulation alone and this effect was significantly inhibited
when pre-incubated for either 1 or 16 h with 0.1 ng/mL IL-1β or 0.5% OAS-cm (Figure 2A
and Appendix B). This inhibition was further investigated in SW1353 cells (Figure 2B,C).
Pre-incubation with 0.001 ng/mL IL-1β (area under the curve (AUC) = 86, p = 0.95) and
0.01 ng/mL IL-1β (AUC = 70, p = 0.12) did not inhibit TGF-β transcriptional activity
(AUC = 92). However, 0.1 ng/mL IL-1β (AUC = 48, p = 0.0018), 1 ng/mL IL-1β (AUC = 40,
p = 0.0004) and 10 ng/mL IL-1β (AUC = 33, p = 0.0002), pre-incubated for 1 h did signifi-
cantly inhibit TGF-β transcriptional activity (Figure 2B). Pre-incubation with OAS-cm for
1 h inhibited TGF-β transcriptional activity (AUC = 85) from 35% inhibition with 1% OAS-
cm (AUC = 54, p = 0.0063) up to 83% inhibition with 10% OAS-cm (AUC = 13, p < 0.0001)
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(Figure 2C). Combining these data supports the conclusion that OA-related inflammation
has an inhibitory effect on TGF-β signaling in chondrocytes.

Figure 1. OA-related inflammation blocks anti-hypertrophic function of TGF-β in bovine cartilage explants. To induce
hypertrophy-like differentiation, bovine cartilage tissue explants were cultured ex vivo for 2 weeks and medium was replaced
every 3rd day. (A) Culturing cartilage explants for 2 weeks with or without FCS spontaneously induced hypertrophy-like
differentiation, as measured by relative collagen type 10 (COL10A1) mRNA expression using qPCR. To study the anti-
hypertrophic role of TGF-β, the effect of different concentrations of rhTGF-β1 (0.1, 1 and 10 ng/mL) on COL10A1 mRNA
expression was measured (in medium without FCS). (B) Co-incubation with 5 µM ALK-5 kinase activity inhibitor SB-505124
fully blocked TGF-β (1 ng/mL) effects on COL10A1 mRNA expression compared with vehicle (DMSO). (C,D) To study the
interaction between TGF-β and inflammatory mediators in this model of hypertrophy, explants were exposed to 0.1 ng/mL
TGF-β with 1 h pre-incubation of 0.1 ng/mL IL-1β (C) or 0.5% OAS-cm (D). Data are plotted as mean ± 95% CI with each
dot representing the average of 2 replicates of 4 explants in one cow. Statistical analysis was performed using a repeated
measures one-way analysis of variance with Bonferroni’s post hoc test (A + B) or a two-tailed Student’s paired t-test (C + D):
ns non-significant p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p < 0.001.
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Figure 2. OA-related inflammation inhibits TGF-β transcriptional activity in particular chondrocytes. To study interaction
between OA-related inflammation and functional TGF-β signaling, three chondrocyte-like cell lines (SW1353, G6 and H11)
were transfected with a SMAD2/3 transcriptional reporter construct (SBE-pNL1.2). (A) After transfection, cells were re-plated,
pre-incubated overnight (16 h) with medium, 0.1 ng/mL IL-1β or 0.5% OAS-cm and, thereafter, stimulated for 5 h with 0.1 ng/mL
TGF-β. Luciferase activity was measured relative to experimental condition stimulated with TGF-β, as set at 100% (ctrl level).
Data represent mean ± 95% CI of four independent experiments performed in quadruple. (B,C) In SW1353 cells, this was
investigated further, but now with 1 h pre-incubation with a concentration series of (B) IL-1β (0.001–10 ng/mL) or (C) OAS-cm
(0.5–10%) before stimulation with increasing concentrations of TGF-β for 5 h. Data represent mean ± 95% CI of three independent
experiments performed in quadruple. Per experiment the area under the curve (AUC) was calculated and displayed. Statistical
analysis was performed using a one-way ANOVA with Dunnett’s multiple comparison test comparing the mean to the mean of
the condition stimulated with solely TGF-β: ** p ≤ 0.01; *** p ≤ 0.001; **** p < 0.001.
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2.3. IL-1β and OAS-cm Do Not Inhibit C-Terminal Phosphorylation of SMAD2/3 and Do Not
Regulate Receptor Level Expression

Upon TGF-β binding to the receptor, R-SMAD transcription factors become activated
by phosphorylation of serine residues on their carboxy (C)-terminus, which causes them to
form a complex with co-SMAD4, translocate to the nucleus and regulate gene transcrip-
tion [25]. In search of an explanation for the strong inhibition of OA-related inflammatory
factors on TGF-β signaling, we first investigated if IL-1β and OAS-cm influence C-terminal
SMAD phosphorylation. As expected, TGF-β supplementation strongly increased pS-
MAD2/3C in both primary bovine chondrocytes and SW1353 cells, whereas IL-1β or
OAS-cm did not (Figure 3A). However, pSMAD2/3C was not decreased by either 1, 6 or
24 h pre-incubation with IL-1β or OAS-cm (Figure 3A, upper panels), which excluded
a direct effect on C-terminal SMAD phosphorylation. Another underlying cause for the
disturbed TGF-β signaling could be a shifted balance from protective pSMAD2/3 to dele-
terious pSMAD1/5 [26,27]. However, in both primary chondrocytes and SW1353 cells, we
observed that pSMAD1/5C was also not affected by 1, 6 or 24 h pre-incubation of IL-1β
or OAS-cm (Figure 3A, middle panels). Together, these observations strongly indicate
that the TGF-β-receptor complexes were unaffected. In support of this, we did not find
changes in the receptor expression at the mRNA level. The stimulation of both primary
chondrocytes and SW1353 cells with 0.1 ng/mL IL-1β or 5% OAS-cm for 1 h did not alter
TGFBR2 or ALK5 receptor levels (Figure 3C), nor did stimulation for 6 h with IL-1β. Note
that, in SW1353 6 h stimulation with 0.1 ng/mL, IL-1β did induce (and not reduce) TGFBR2
(p = 0.0426) and did not change ALK5 expression.

The duration and intensity of the SMAD depends on the abundance and availability
of ligands and their inhibitors [28]. We also confirmed that the signal duration was not
affected. In primary bovine chondrocytes, TGF-β-induced pSMAD2/3C lasted up to at
least 3 h after stimulation, whereas pSMAD1/5C already disappeared after 3 h TGF-β
stimulation. In both cell types, the length of the pSMAD signal was not affected by addition
of IL-1β or OAS-cm (Figure 3B). Together, these data indicate that the inhibitory effect
that we found on TGF-β signaling, was caused downstream of receptor-mediated SMAD
activation. One such mechanism is through the induction of inhibitory SMAD7; however,
in our experiments, SMAD7 expression levels were not increased by inflammatory stimuli
(Figure 3C). The exception was the 1 h stimulation with 5% OAS-cm, which did increase
SMAD7 expression in bovine chondrocytes but not in SW1353 cells.

2.4. IL-1β and OAS-cm Inhibit TGF-β via (de-)Phosphorylation of the SMAD2/3 Linker Region

Aside from C-terminal phosphorylation, SMAD proteins can also be post-translationally
phosphorylated at serine and threonine residues within the linker region: SMAD2 at
threonine (T) 220 and serines (S) 245, 250, 255 and SMAD3 at the corresponding T179, S204,
S208 and S213 [17] (Figure 4A). TGF-β-induced transcriptional activity is regulated by
SMAD linker modifications in several cell types [29–32]; therefore, we hypothesized that
SMAD2/3 linker modifications are responsible for the effect of IL-1β and OAS-cm on TGF-
β signaling in chondrocytes. We studied linker phosphorylation at those specific linker
threonine and serine residues by Western blotting. SMAD2 and SMAD3 linker threonine
and serine modifications were detectable within 1 h following IL-1β or OAS-cm stimulation
(Figure 4B,C). Concentrations of 0.1, 1 and 10 ng/mL IL-1β induced phosphorylation of
SMAD2L serines and SMAD3L S204 (p = 0.0256), but did not change pSMAD3L S208
(p = 0.1333) or S213 (p = 0.7633). Additionally, OAS-cm did induce pSMAD2L serines
and pSMAD3L S204 (p = 0.0232), but not pSMAD3L S208 (p = 0.0973) and it significantly
decreased the phosphorylation of SMAD3L S213 (p = 0.0047). The phosphorylation of
SMAD2L T220 was not induced by IL-1β, but only by OAS-cm, whereas SMAD3L T179
was not regulated by either stimulus. These data suggest a role for especially serine linker
modifications in regulating TGF-β signaling in chondrocytes.
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Figure 3. IL-1β and OAS-cm do not alter C-terminal phosphorylation of SMAD transcription factors and do not regulate receptor
level expression. In search of an explanation for the inhibition of OA-related inflammatory factors on functional TGF-β signaling,
we investigated if IL-1β and OAS-cm influence C-terminal SMAD2/3 and SMAD1/5 phosphorylation in bovine chondrocytes
cultured in monolayer and in SW1353 chondrosarcoma cells using Western blot (A,B). Pre-incubation for different time periods (1,
6 and 24 h) with 0.1 ng/mL IL-1β (IL1) or 2.5% OAS-cm (OA) did not alter p-SMADC activation with 1 ng/mL TGF-β (A) and also
signal duration was not affected (B). GAPDH was included as loading control. (C) Relative gene expression of TGF-β receptors
ALK5 and TGFBR2 and inhibitory SMAD7 in bovine chondrocytes and SW1353 cells 1 h and 6 h after stimulation with medium
supplemented with 0.1 ng/mL IL-1β or 5% OAS-cm. Data are plotted as mean ± SD with each dot representing the average of
2 replicates of 4 explants in one cow (n = 3), or in case of the SW1353 cells of two independent experiments performed in duplicate.
Statistical analysis was performed using a one-way ANOVA with Bonferroni’s post hoc test: * p ≤ 0.05; ** p ≤ 0.01.
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Figure 4. OA-related inflammation (de)phosphorylates the SMAD 2/3 linker region. SMAD proteins can also be post-
translationally phosphorylated at serine and threonine residues within their linker (L) region: SMAD2 at threonine (T) 220 and
serines (S) 245, 250, 255 and SMAD3 at the corresponding T179, S204, S208 and S213. (A) Schematic illustration of the SMAD2
and SMAD3 proteins and their phospho-epitopes in the linker (L) region and C-terminus. (B,C) Chondrocytes were treated for
1 h with 0.1 ng/mL TGF-β or with different concentrations of IL-1β (0.01–10 ng/mL) or OAS-cm (0.5–5%) and subsequently
phosphorylation at the different phospho-sites in the linker region of SMAD2 (B) and SMAD3 (C) were visualized on Western
blot. Quantification of the Western blots was performed with ImageJ. Data are presented as dot plots with mean ± SD, with each
dot representing one donor, n = 3. GAPDH was used as loading control. Statistics were performed using two-tailed Student’s
paired t-test: ** p ≤ 0.01.
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To further explore the importance of SMAD linker modifications, we used five differ-
ent SMAD3 variants, which cannot be phosphorylated at specific sites in the linker domain
due to mutations from the linker serines to alanines and the linker threonine to a valine
(Figure 5A). Equal over-expression of the different SMAD linker variants was checked
with flow cytometry (Appendix C). In all conditions, over 90% of the cells were positively
stained for FLAG and the geometric mean of this over-expression was not different, demon-
strating that all SMAD3 variants were overexpressed equally to facilitate a fair comparison
between conditions.

Figure 5. Cont.
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D 

Figure 5. When the SMAD3 linker could not be modified, TGFβ transcriptional activity was differently regulated by
OA-related inflammation. To study the role of the SMAD3 linker phospho-sites in regulating TGF-β signaling, we made
use of individual SMAD3 linker variants. (A) Schematic illustration of the different SMAD3 variants which cannot be
phosphorylated on specific sites in their linker domain due to mutations from the serines (S) to alanines (A) (S204A,
S208A, S213A) and the threonine (T) to a valine (V) (T179V). (B,C) SW1353 cells were transfected with the SBE-pNL1.2
construct, re-plated afterwards and transduced with the different SMAD variants. After a 48 h transduction and after
overnight serum-starvation, we pre-incubated 1 h with 0.1 ng/mL IL-1β or 5% OAS-cm and then stimulated with 0.5 ng/mL
TGF-β, after which luciferase signal was measured. (B) Percentage fold induction compared to medium was depicted,
relative to experimental condition stimulated with 0.5 ng/mL TGF-β set at 100% (ctrl level). Data represent mean ± SD of
four independent experiments performed in quadruple. (C) The percentage inhibition of 0.5 ng/mL TGF-β with 0.1 ng/mL
IL-1β or with 5% OAS-cm was calculated and compared between the normal SMAD3 transduced cells and the conditions
transduced with the SMAD linker mutants. Every dot represents one independent experiment performed in quadruple.
Statistical analysis was performed using a one-way ANOVA with Dunnett’s multiple comparison test. ns— non-significant;
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p < 0.001. (D) Summarized findings regarding the effect of inflammation-induced
dephosphorylation of SMAD3L S213 on SMAD2/3 transcriptional activity and the hypothetical role of IL-1β-induced S204
linker modification. Green arrows represent activation and red “T” shapes represent inhibition.

We pre-incubated 1 h with 0.1 ng/mL IL-1-β or 5% OAS-cm and then stimulated
cells for 5 h with 0.5 ng/mL TGF-β after which luciferase signal was measured. Similarly
to before, in the condition with normal SMAD3 variant, results indicated inhibition of
SMAD2/3 transcriptional activity with 0.1 ng/mL IL-1-β or 5% OAS-cm. However, in
chondrocytes over-expressing SMAD3 S204A or T179V mutant inhibition with IL-1-β
was no longer statistically significant (Figure 5B). We compared the percentage inhibi-
tion of 0.5 ng/mL TGF-β with these inflammatory stimuli between the normal SMAD3
transduced cells and the conditions with the SMAD linker mutants (Figure 5C). When
we overexpressed a SMAD mutant which could not be phosphorylated at the S204, we
observed the trend that TGF-β signaling was less inhibited by IL-1β by an average of 32%
(p = 0.10) in four separate experiments. We did not observe this with OAS-cm (p = 0.96).
Remarkably, the inhibiting effect of both IL-1β and OAS-cm was significantly stronger
when serine 213 could not be phosphorylated with 59% (p = 0.001) and 46% (p = 0.0003),
respectively (Figure 5C). In Figure 5D, we summarized our findings regarding the effect
of OA-related inflammation-induced dephosphorylation of SMAD3L S213 on SMAD2/3
transcriptional activity and of IL-1β-induced SMAD3L S204 modification.

3. Discussion

In this study, we showed that there is a link between OA-related inflammation and
disturbed TGF-β signaling in chondrocytes. Our results indicate that IL-1β and OAS-
cm can stimulate hypertrophy-like differentiation by decreasing TGF-β transcriptional
activity. In addition, we demonstrate that the inhibition of TGF-β signaling was signif-
icantly enhanced when the SMAD3 linker phosphorylation on S213 cannot take place,
while inhibition is possibly less pronounced when S204 cannot be phosphorylated. These
observations indicate an important role for these modifications in regulating SMAD2/3
signaling in chondrocytes.

OA is a complex and multifactorial disease and it is recognized that both systemic
and local inflammation disturb homeostasis of cartilage in the osteoarthritic joint [1,2].
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The enhanced expression of IL-1β and its receptor (IL1R1) are found in chondrocytes
and synovial membranes of OA patients [33,34], although its role in OA is still under
debate [8,35–38]. OA can certainly not only be attributed solely to the effect of IL-1β and
other pro-inflammatory cytokines contribute to OA pathogenesis [39–44]. For instance,
IL-8, TNF-α and H2O2 also stimulate chondrocyte hypertrophy [45–47]. In this study, both
IL-1β and patient-derived OAS-cm, containing an unknown mix of cytokines, chemokines
and growth factors [48], were used as models of OA-related inflammation.

A crucial role for TGF-β in chondrocytes is controlling hypertrophy and blocking
chondrocyte terminal differentiation through SMAD2/3 signaling [11,49]. In this study,
we support this anti-hypertrophic effect of TGF-β, since it blocks COL10A1 upregulation,
the most evaluated hypertrophy marker in bovine cartilage explants. Importantly, we also
showed that the pre-incubation of 0.1 ng/mL IL-1β or 0.5% OAS-cm before the addition
of TGF-β clearly negated this inhibitory effect. These inflammatory stimuli also blocked
SMAD2/3 transcriptional activity in three different human chondrocyte-like cell lines—G6,
H11 and SW1353. This effect was quite strong and rapid, since only 1 h pre-incubation
with 0.1 ng/mL IL-1β or 5% OAS-cm was sufficient to inhibit SMAD2/3 transcriptional
activity for 47 and 64%, respectively, in SW1353 cells. Together, these results support the
findings that OA-related inflammation blocks protective TGF-β signaling in chondrocytes.
Previous studies reported similar interactions between pro-inflammatory stimuli and
TGF-β signaling in chondrocytes [10,50]. For instance, Roman-Blas et al. reported that
IL-1β treatment resulted in the suppression of the DNA-binding activity of SMAD3/4 and
suppression of SMAD2/3 phosphorylation in chondrocytes [10] and Madej et al. showed
that both IL-1β and OAS-cm impair the mechanical activation of SMAD2/3 signaling in
bovine cartilage explants [50].

One way how inflammatory cytokines can modulate TGF-β induced pSMAD2/3
signaling is via a reduction in ALK5 or TGFBR2 receptor signaling [15,51]. In our exper-
imental set-up, this is unlikely the explanation of the observed inflammation-induced
inhibiting effect on SMAD2/3 transcriptional activity. Namely, our findings show that
IL-1β or OAS-cm, in both primary bovine chondrocytes and SW1353 cells, did not affect C-
terminal SMAD2/3 and SMAD1/5/8 phosphorylation. In support, no ALK5 and TGFBR2
mRNA downregulation was measured with IL-1β or OAS-cm stimulation. In SW1353
cells, TGFBR2 was even induced (and not reduced) 6 h after IL-1β stimulation. Based
on these results, we infer that the inhibitory effect, which we found on TGF-β signaling,
is downstream of the receptor-mediated SMAD activation. Madej et al. also reported
no effect of IL-1β or OAS-cm on their own on ALK5 and TGFBR2 receptor expression
in bovine cartilage explants, while these inflammatory conditions partly suppressed the
mechanically mediated SMAD2/3 signaling [50]. On the other hand, Baugé et al. showed
that pro-inflammatory mediators such as IL-1β can reduce TGFBR2 expression in human
OA monolayer chondrocytes [15]. This might be due to the fact that they used OA chondro-
cytes for their study, which might react differently on cytokines than non-OA chondrocytes,
which we used in our studies. Other than the modulation of receptor expression, IL-1β
can increase the expression of inhibitory SMAD7 via NF-κB the activation in chondrocytes,
which inhibits SMAD2/3 signaling [9]. However, in our study, short-time periods of 1 and
6 h with IL-1β did not result in increased SMAD7 mRNA levels in primary bovine chon-
drocytes and SW1353 cells. Additionally, Roman-Blas et al. reported that SMAD7 is not
involved in the suppression of TGF-β signaling induced by IL-1β [10]. Stimulation with
OAS-cm for 1 h induced SMAD7 in bovine chondrocytes, but this effect disappeared 6 h
after stimulation. This could possibly be explained by the TGF-β presence in OAS-cm,
which also increased the expression of inhibitory SMAD7 itself [27], since it was not shown
for IL-1β.

Next, we investigated if IL-1β and OAS-cm interact with SMAD-dependent signaling
through the modification of the SMAD2/3 linker region. Previous studies showed that
the phosphorylation of the specific serine and threonine residues in the regulatory linker
region control SMAD2/3 function. Mutations in the SMAD3 linker strongly enhanced TGF-
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β-induced responses in breast cancer cells and increased tumorigenesis in the liver [30,52].
SMAD2 linker phosphorylation elevated mRNA levels of glycosaminoglycan synthesizing
enzymes in vascular smooth muscle cells [53] and also the phosphorylation of the SMAD2
linker mediates synthesis of extracellular matrix proteins, such as collagens and proteogly-
cans [31,32,54]. The phosphorylation and dephosphorylation of the serine and threonine
residues in the linker domain is dependent on kinases (e.g., MAPK) and phosphatases
(e.g., DUSP1) [17,22,23,55,56]. Particularly, these are also induced by OA-related inflam-
matory stimuli [57–59], which led us to hypothesize that inflammation-induced kinases or
phosphatases also affect the SMAD linker region in chondrocytes. We reported earlier that
IL-1β induces SMAD2L serine phosphorylation in stem cells [60]. In the current study, we
also reported that in chondrocytes phosphorylation of the SMAD2L serines and SMAD3L
S204 were observed within 1 h following IL-1β or OAS-cm stimulation. Notably, OAS-cm
also significantly decreased pSMAD3L S213. pSMAD3L S208 and T179 were not regulated
by IL-1β or OAS-cm, suggesting a less pronounced role of these linker modifications in
blocking protective TGF-β effects in chondrocytes. In our study, we did not only show
which SMAD linker residues were (de-)phosphorylated by inflammatory stimuli, but
also examined whether these specific inflammation-induced linker modifications explain
the observed inhibiting effects of inflammation on TGF-β signaling by using individual
SMAD3 phospho-mutants. Most other studies make use of a SMAD2/3 EPSM mutant,
which cannot be phosphorylated in the linker region on any phospho-site [29,61,62]. Using
individual SMAD3 linker phospho-mutants, we investigated the effect of every single
SMAD linker modification separately.

To further study the role of the inflammation-induced pSMAD3L S204, we made use
of a SMAD3 mutant which could not be phosphorylated at the serine 204 site (S204A). The
inhibition of the SMAD2/3 transcriptional activity was not significantly inhibited anymore
with IL-1β when SMAD3 S204A was over-expressed, while this was the case when normal
SMAD3 was over-expressed. However, the average effect of 32% less inhibition with IL-1β
was not significant (p = 0.10) compared to the inhibiting effect in the condition using normal
SMAD3. A high variation between samples could explain this non-significance. For this
study, the unstable nature of the SBE-pNL1.2 luciferase construct was chosen for its high
sensitivity and large detection window compared to other stable luciferases [63]. Since
the direction of the effect observed with the SMAD3 S204 mutant was constant across
four separate experiments, we carefully propose that SMAD3L S204 phosphorylation
mediates the effect of IL-1β on SMAD2/3 signaling (summarized in Figure 5D). Linker
modifications are able to regulate the nuclear localization of the SMADs and this could
be the possible explanation why in our study SMAD3 S204 was essential for the blocking
effect of IL-1β on SMAD2/3 transcriptional activity. Kretzschmar et al. reported that in a
mouse mammary epithelial cell line, Ras-activated ERK-induced pSMAD3 S204 resulted in
cytoplasmic retention and the consequent repression of canonical TGF-β signaling [61]. Ad-
ditionally, in epithelial cells, excessive Ras signaling demonstrated lower pSMAD3C tumor
suppression [64,65]. A similar process could take place in chondrocytes and explain our
results. On the other hand, contradictory findings were reported in different cell types. For
instance, it was reported that in fibroblasts and mesangial cells, ERK-induced pSMAD3L
S204 enhanced SMAD3-mediated COL1A2 promotor activity [66] and glycogen synthase
kinase 3 (GSK3)-induced pSMAD3L S204 was strengthening SMAD3 transcriptional activ-
ity by enhancing its affinity to CREB-binding protein [23]. SMAD signaling could also be
regulated via binding to ubiquitin ligases, such as Smurf2 or NEDD4L, resulting in SMAD
degradation [67,68], but SMAD3 S204 phosphorylation has not been reported to regulate
SMAD3 stability [67,69,70]. Another explanation could be the binding of pSMAD3L S204
to the phosphatase PPM1A/PP2Cα, which is known to dephosphorylate the SMAD2/3
C-terminus, and thereby regulate TGF-β signaling [71,72]. However, such interaction has
not yet been investigated and further research into why SMAD3 S204 phosphorylation is
essential for the inhibitory effect of IL-1β in chondrocytes is required.
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The effect of OAS-cm on TGF-β signaling was not inhibited using the SMAD3 S204A
mutant, while OAS-cm stimulation induced the phosphorylation of S204 on Western blot.
This suggests that the inhibition by OAS-cm is regulated differently than with IL-1β,
and S204 phosphorylation is not required to allow the OAS-cm-induced inhibition of
SMAD2/3 transcriptional activity. OAS-cm is a mixture of cytokines which all have diverse
roles on the SMAD3 linker and follow different kinetics of (de-)phosphorylation. The
functional outcome of the SMAD2/3 linker phosphorylation for SMAD2/3 transcriptional
activity depends on the combination of phosphorylation sites in linker and C-terminal
regions, which brings some levels of complexity. This could explain why we did find S204
phosphorylation with OAS-cm on Western blot when looking at it as a single object, but
did not observe an effect on the OAS-cm-induced inhibition of SMAD2/3 transcriptional
activity when this phosphorylation could not occur anymore.

Interestingly, Browne et al. found an opposing role for SMAD3L S213 compared to
S204 phosphorylation on COL1A2 promotor binding [66]. This is consistent with our study
where we also showed contradictory results for SMAD3L S204 and S213 phosphorylation.
Namely, the inhibiting effect of both IL-1β or OAS-cm was significantly enhanced when
SMAD3L S213 could not be phosphorylated with 59% and 46%, respectively. This suggests
that the phosphorylation of SMAD3L S213 protected against the inhibiting effect of IL-1β
and OAS-cm on transcriptional SMAD2/3 signaling (summarized in Figure 5D). In litera-
ture, several lines of evidence report that SMAD3L S213 phosphorylation, induced by the
Ras/JNK pathway, results in the transport of SMAD3 to the nucleus [16,64]. This would
suggest that with the dephosphorylation of the S213 site SMAD2/3 remains in the cyto-
plasm and thereby prevents transcriptional activity. We found that OAS-cm significantly
decreased the phosphorylation of SMAD3L S213, and thereby OAS-cm contributed itself
to the inhibition on SMAD2/3 transcriptional activity. We reported earlier that combined
IL-1β and TGF-β treatment in stem cells resulted in more linker-modified SMAD2 in the
cytoplasm and less nuclear pSMAD2C [60]. Other studies showed that IL-1β-induced
TAK activity resulted in cytoplasmic retention of the SMADs [73,74]. In future studies, the
effect of linker modifications on the cellular localization of the SMAD complexes should,
therefore, be examined.

The phosphorylation of SMAD3 S213 is protective against OA-related inflammation
in chondrocytes. As a therapeutic strategy, it would be possible to activate kinases that
are known to phosphorylate S213 in chondrocytes. Ras/JNK, CDK2, CDK4, SKI and
integrin all have been reported to enhance pSMAD3L S213 phosphorylation in different
cell types [70,75–77]. Another option is to inhibit phosphatases which catalyze the removal
of phosphate groups. Small C-terminal domain phosphatases (SCPs) are known to dephos-
phorylate pSMAD3L S213 in the nucleus, resulting in the dissociation from SMAD4 and
the export of SMAD3 to the cytoplasm [56,71,78,79]. SCP, therefore, could be an interesting
therapeutic target. Blocking it could enhance the protective TGF-β signaling through the
inhibition of dephosphorylation of the SMAD3 S213 linker phosphor-site by inflammation,
resulting eventually in more SMAD3 in the nucleus. The identification of an inhibitor
for SCP1 is ongoing [80,81]. For future in vivo studies, one must careful use these SCP
inhibitors, since the phosphorylation of SMAD3 S213 results in cell-type specific effects.
Namely, the nuclear retention of pSMAD3L S213 is reported to enhance pro-oncogenic
signaling in cancer cells, by facilitating mitogenic signaling via the upregulation of the tran-
scription factor c-Myc [64,70,75–77,82]. This shows that the phosphorylation of SMAD3L
S213 can be malicious in cancer cells, while in chondrocytes S213 phosphorylation seems
to be protective against OA-related inflammation. The discrepancy between these observa-
tions in different cell-types warns us to extract these results and more cell-specific research
on the function of SMAD linker modifications is needed.

It is a limitation of this study that we were not able to transfect primary chondrocyte
explants with the SMAD3 linker variants. Therefore, we could not test if the linker region
was important in regulating the hypertrophic differentiation of chondrocytes in our hyper-
trophy model. Future studies are needed for the identification of interacting proteins of the
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SMAD2/3 linker domain. For example, it would be of great interest to study the difference
in the interaction of normal SMAD3 versus SMAD3 S204 or S213 linker mutants with
RUNX2/3 and MEF2C, which are important transcription factors in driving chondrocyte
hypertrophy [83,84].

In conclusion, the SMAD2/3 linker region is critical for the regulation of TGF-β sig-
naling. The relevance of SMAD linker modifications in fibrosis, cancer and cardiovascular
disease was described earlier but not in joint diseases. In this study, also the relevance for
chondrocytes was established. Joint inflammation during OA development will result in
kinase and phosphatase activation that could (de-)phosphorylate the SMAD linker region
independent of the C-terminal phosphorylation, including the S204 and S213 site [85]. We
showed that the (de)-phosphorylation of these linker sites led to a disturbance of the TGF-β
signaling pathway in cartilage, which is of great importance for chondrocyte homeostasis
maintenance. An additional investigation in chondrocytes is needed to identify the specific
kinases and phosphatases for the individual SMAD linker phospho-sites, the impact of
these modifications on the cellular location of the SMAD-complexes and the functional
consequences for the cartilage. Inhibition studies of relevant kinases and phosphates may
result in new therapeutic targets for OA.

4. Materials and Methods
4.1. Primary Cell Culture

Articular cartilage was obtained from metacarpophalangeal joints (MCP) of skeletally
mature cows (>3 years old) post mortem. Full cartilage thickness explants were isolated
with 3 mm diameter biopsy punches (Kai Medical Seki, Japan) and randomly distributed
over the different conditions (two times four explants per cow per condition). Explants were
equilibrated overnight before start of experiments in DMEM/F12 medium, supplemented
with 100 mg/l sodium pyruvate, 100 U/mL penicillin and 100 µg/mL streptomycin at
37 ◦C and 5% CO2. To obtain chondrocytes to culture in monolayer, cartilage slices were
digested overnight with 1.5 mg/mL collagenase B (Roche Diagnostics, Basel, Switzerland)
in DMEM/F12 at 37 ◦C. The next day, chondrocyte suspension was spun down at 300× g
for 10 min, washed three times using saline and resuspended in DMEM/F12 contain-
ing 10% fetal calf serum (FCS), 100 mg/L sodium pyruvate, 100 U/mL penicillin and
100 µg/mL streptomycin (complete DMEM/F12). Chondrocytes were plated at a density
of 8 × 104 cells/cm2 and cultured for 1 week at 37 ◦C and 5% CO2 to form a monolayer.
Medium was refreshed every three days. Before start of experiments, chondrocytes were
serum-starved (0% FCS) overnight. Each experiment was conducted three times in multiple
donors and conditions were always tested in technical duplicate.

4.2. Chondrocyte Cell Line Culture

SW1353 human chondrosarcoma cells were cultured in complete DMEM/F12 at 37 ◦C
and 5% CO2. For experiments, cells were plated at a density of 3 × 104 cells/cm2. Human
G6 and H11 adult articular chondrocytes were derived from femoral head cartilage of
an anonymous donor, transduced with a temperature-dependent SV40 large oncogene,
resulting in proliferation at 32 ◦C, but not at 37 ◦C [86]. G6 and H11 chondrocytes were
cultured at 32 ◦C with complete DMEM/F12 except with 5% FCS. For experiments G6 and
H11, cells were plated at a density of 8 × 104 cells/cm2. Chondrocytes were serum-starved
overnight in DMEM/F12 medium supplemented with 0.1% FCS (SW1353) or 0.5% FCS
(G6 and H11) before start of experiments.

4.3. Chondrocyte Stimulation

Chondrocytes were stimulated with recombinant human (rh) TGF-β1 (BioLegend,
San Diego, CA, USA), rhIL-1β (R&D Systems, Minneapolis, MN, USA), OA synovium-
conditioned medium (OAS-cm), or a combination of these mediators, for time periods
and dosages indicated in Figure legends. OAS-cm was obtained by culturing synovium
from OA patients for 24 h, whereafter debris was removed by centrifugation at 300× g and
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medium was stored in aliquots at −20 ◦C until further use [48]. To inhibit ALK5 kinase
activity, 5 µM SB-505124 (Sigma-Aldrich, Burlington, MA, USA) was used, dissolved in
dimethyl sulfoxide (DMSO).

4.4. Plasmid DNA, Adenoviral Production and Transduction

To study SMAD2/3 transcriptional activity, a luciferase reporter assay (SBE-pNL1.2)
was produced, where a SMAD binding element (SBE) (three times AGTATGTCTAGACTGA)
with spacer (CTCGAGGATATCAAGATCTGGCCTCGGCGGCCTAGATGAGACACT) and
minimal promotor (AGAGGGTATATAATGGAAGCTCGACTTCCAG) (GeneCust, Boynes,
France) was cloned into a NanoLuc luciferase with a protein destabilization domain
(pNL1.2) (Promega, Madison, WI, USA) [63]. Sequences were verified by Sanger se-
quencing. Knock-out of SMAD2, SMAD3 or SMAD4 prevented luciferase induction with
TGF-β, suggesting the reporter assay is SMAD2/3-dependent (Appendix B). Plasmid
transduction was optimized for the different cell lines by analysis of fluorescent (GFP)
protein expressing cells with FACS. G6 and H11 chondrocytes were seeded in a cell den-
sity of 8 × 104 cells/cm2 and transfected with Lipofectamine 2000 Transfection Reagent
(Invitrogen, Waltham, MA, USA) according to manufacturer’s protocol. SW1353 were
seeded in a density of 2.6 × 104 cells/cm2 and transfected with FuGENE6 Transfection
Reagent (Promega, Madison, WI, USA) according to manufacturer’s protocol. SMAD3
linker mutant expression plasmids, containing an N-terminal FLAG-tag, were bought
from Addgene (Watertown, MA, USA) (SMAD3, #14052; SMAD3 T179V, #26997; SMAD3
S204A, #27114; SMAD3 S208A, #27115; SMAD3 S213A, #27116; SMAD3 EPSM, #14963). All
SMAD inserts were directionally cloned into the adenoviral vector pShuttle and verified by
Sanger sequencing. Adenovirus was produced with the AdEasy Adenoviral Vector System
(Agilent, Santa Clara, CA, USA) in the N52E6 adenovirus producer cell line. SW1353,
already transfected with SBE-pNL1.2, was transduced with adenovirus of the different
SMAD3 linker mutants. To compare equal over-expression of the different mutants, flow
cytometry was used to quantify FLAG-tag expression with PE anti-FLAG tag Antibody
(clone L5, Biolegend, San Diego, CA, USA) using a Gallios flow cytometry analyzer and
analyzed using Kaluza software version 2.1 (both from Beckman Coulter, Brea, CA, USA).

4.5. SMAD-Luciferase Transcriptional Reporter Assay

After transfection with 1.0 µg SBE-pNL1.2 per 100,000 cells, cells were detached by
trypsinization and seeded in white polystyrene 96-well plates at a density of 3 × 104 cells/cm2

for the SW1353 and 8 × 104 cells/cm2 for the G6 and H11 chondrocytes. Cells were serum-
starved overnight, 1 h pre-incubated with DMEM/F12 (control), rhIL-1β (R&D Systems,
Minneapolis, MN, USA) or OAS-cm and then stimulated with rhTGF-β1 (Biolegend,
San Diego, CA, USA) for 5 h. Cells were lysed 5 h post-stimulation using 30 µL ultra-pure
water. An equal amount of Nano-Glo luciferase reagent (Promega, Madison, WI, USA)
was added and luminescence was determined at 470–480 nm (Clariostar, BMG Labtech,
Ortenberg, Germany). Each condition was performed in quadruple and the mean per
experiment was depicted.

4.6. Protein Isolation and Western Blot

Chondrocytes were lysed in lysis buffer (Cell Signaling, Danvers, MA, USA) contain-
ing complete protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). Samples
were sonicated on ice, using a Bioruptor (Diagenode, Liege, Belgium; 10 cycles of 30 s
sonication and 30 s rest). Protein concentration was determined with a BCA-assay (Thermo
Scientific, Waltham, MA, USA) and normalized. Reducing Laemmli Sample buffer (2% SDS,
10% glycerol, 100 mM Tris HCl, pH 6.8, 100 mM DTT and Bromophenol bleu) were added
and samples were boiled at 95 ◦C for 5 min. Protein samples were separated on a 10%
bis-acrylamide SDS-PAGE gel and transferred to 0.45 µm pore nitrocellulose membrane
using wet transfer (Towbin buffer, 2 h, 275 mA at 4 ◦C). Non-specific antibody binding was
blocked for 1 h with 5% non-fat dry milk (Friesland Campina, Amersfoort, The Netherlands)
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or 5% BSA in TBS-T (15 mM Tris-HCl, pH 7.4, 0.1% Tween). Cells were incubated overnight
at 4 ◦C with primary antibodies directed against pSMAD2/3C-Ser463/467 (1:1000, CST
3101), pSMAD1/5C-Ser426/428 (1:1000, CST 9511), pSMAD2L-Ser245/250/255 (1:1000,
CST 3104), pSMAD2L-Thr220 (1:1000, NBP 1-004982), pSMAD3L-Ser204 (1:1000, Abcam
63402), pSMAD3L-Ser208 (1:1000, Abcam 138659), pSMAD3L-Ser213 (1:1000, Abcam 63403),
pSMAD3L-Thr179 (1:1000, Abcam 74062) or anti-FLAG (1:10,000, Sigma-Aldrich 3165).
Afterwards, membranes were incubated with polyclonal Goat anti-Rabbit or Rabbit anti-
Mouse coupled to horseradish peroxidase (1:1500, Dako) for 1 h at RT. Signal was detected
using enhanced chemiluminescence (ECL) prime kit (GE Healthcare, Chicago, IL, USA) on
an ImageQuant LAS4000 (Leica, Wetzlar, Germany). As loading control, GAPDH (1:10,000,
Sigma-Aldrich 1403850) was used and ImageJ (Fiji 1.51n) was used for quantification.

4.7. RNA Isolation and Quantitative Real-Time PCR

Cartilage explants were homogenized using a micro-dismembrator (B. Braun, Oss,
The Netherlands) for 1 min at 1500 rpm. Subsequently, total messenger RNA (mRNA)
was isolated using RNeasy Fibrous tissues kit (Qiagen, Hilden, Germany) according to
manufacturer’s protocol. From cell lines and primary chondrocytes cultured in monolayer,
mRNA was isolated using 500 µL TRIzol (Sigma-Aldrich, Burlington, MA, USA), according
to manufacturer’s protocol. After isolation, a maximum of 1 µg of mRNA was treated with
1 µL DNAse (Life Technologies, Carlsbad, CA, USA) for 15 min at room temperature to
remove possible genomic DNA, followed by 10 min inactivation by incubation at 65 ◦C with
1 µL 25 mM EDTA (Life Technologies). mRNA was reverse transcribed to complementary
DNA using 1.9 µL ultrapure water, 2.4 µL 10x DNAse buffer, 2.0 µL 0.1 M dithiothreitol,
0.8 µL 25 mM dNTP, 0.4 µg oligo dT primer, 200 U M-MLV reverse transcriptase (all Life
Technologies, Carlsbad, CA, USA) and 0.5 µL 40 U/mL RNAsin (Promega, Madison, WI,
USA) and incubated for 5 min at 25 ◦C, 60 min at 39 ◦C, and 5 min at 95 ◦C using a
thermocycler. Gene expression was measured using SYBR Green Master Mix (Applied
Biosystems, Waltham, MA, USA) and 0.25 mM primers (Biolegio, Nijmegen, the Neterlands)
(Table 1) with a StepOnePlus real-time PCR system (Applied Biosystems, Waltham, MA,
USA). The amplification protocol was 10 min at 95 ◦C, followed by 40 cycles of 15 s at
95 ◦C and 1 min at 60 ◦C. Melting curves were analyzed to confirm product specificity. To
calculate the relative gene expression (−∆Ct), the average of three reference genes was
used: bGAPDH, bRPL22 and bRPS14 for bovine chondrocytes or hGAPDH, hRPL22 and
hRPS27A for human chondrocyte cell lines.

4.8. Statistical Analysis

Quantitative data of gene expression analysis were expressed as column scatter graphs
and displayed mean values of a technical duplicate sample per donor (primary chondro-
cytes) or separate experiments (SW1353 cells) with corresponding 95% confidence interval
(CI) or standard deviations (SD) (see Figure legends). For SBE-pNL1.2 transcriptional
assays, conditions were investigated in quadruplo and expressed as mean per experiment
with corresponding 95% confidence interval (CI). Area under the curve (AUC) was cal-
culated for three separate experiments. Differences were tested using displayed means
with analysis of variance (ANOVA) followed by Dunnett’s or Bonferroni’s post-test to
take multiple comparisons into account (see Figure legends). Differences in pSMAD2
and pSMAD3L protein were tested using an unpaired two-tailed t-test and displayed as
mean ± SD. Statistical differences were considered as significant if the p-value was below
0.05. All analyses were performed using Graph Pad Prism version 7.0 (GraphPad Software,
San Diego, CA, USA).
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Table 1. Primer sequences as used in this study.

Gene and Species Forward Sequence (5′ → 3′) Reverse Sequence (5′ → 3′)

bGAPDH CACCCACGGCAAGTTCAAC TCTCGCTCCTGGAAGATGGT
bRPS14 CATCACTGCCCTCCACATCA TTCCAATCCGCCCAATCTTCA
bRPL22 GTTCGCTCACCTCCCTTTCTG GCAGCATCCATGATTCCATCT

bCOL10A1 CCATCCAACACCAAGACACAGT TGCTCTCCTCTCAGTGATACACCTT
bMMP3 AAACTCACCTCACGTACAGAATTG TCCCAGACCGTCAGAGCTTT

bSMAD7 GGGCTTTCAGATTCCCAACTT CTCCCAGTATGCCACCACG
bTGFBR2 GGCTGTCTGGAGGAAGAATGA GTCTCTCCGGACCCCTTTCT

bALK5 CAGGACCACTGCAATAAAATAGAACTT TGCCAGTTCAACAGGACCAA
hGAPDH ATCTTCTTTTGCGTCGCCAG TTCCCCATGGTGTCTGAGC
hRPL22 TCGCTCACCTCCCTTTCTAA TCACGGTGATCTTGCTCTTG

hRPS27A TGGCTGTCCTGAAATATTATAAGGT CCCCAGCACCACATTCATCA
hSMAD7 CCTTAGCCGACTCTGCGAACTA CCAGATAATTCGTTCCCCCTGT
hTGFBR2 CTGGTGCTCTGGGAAATGACA TCGCCCTCGATCTCTCAACA

hALK5 CGACGGCGTTACAGTGTTTCT CCCATCTGTCACACAAGTAAA
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Appendix A

Scheme A1. Dose response curves for IL-1β and OAS-cm and the effect of these stimuli on collagen type 10 expression.
To calculate which concentrations of IL-β and OAS-cm we should use in our hypertrophy-model we performed a dose
response curve with IL-1β (A) and with OAS-cm (B) in bovine cartilage explants. Explants were cultured in the presence
of IL-1β or OAS-cm as indicated on the X-axis for 2 weeks, and medium was refreshed every 3rd day. Relative gene
expression of the read-out gene matrix metalloproteinase 3 (MMP3) and of collagen type 10 (COL10A1) was measured
using qPCR. The concentrations of 0.1 ng/mL IL-1β and 0.5% OAS-cm were chosen for further experiments since these
match the EC-50 in inducing MMP3 expression. (C) Interaction of these inflammatory stimuli with TGF-β in regulating
hypertrophic differentiation, as calculated with measuring gene expression COL10A1 was investigated in several cow
donors. It was established that the concentrations of 0.1 ng/mL IL-1β and 0.5% OAS-cm did not modulate COL10A1

expression themselves. Data are plotted as mean ± 95 % CI with each dot representing the average of 2 replicates of
4 explants in one cow. Statistical analysis was performed using a repeated measures one-way analysis of variance with
Bonferroni’s post-hoc test: ns = non-significant.

Appendix B

Scheme A2. Cont.
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Scheme A2. The SBE-pNL1.2 luciferase reporter assay is SMAD2, SMAD3 and SMAD4 dependent. (A) SW1353 cells
were transfected with the SBE-pNL1.2 luciferase construct, where after they were transfected with short hairpin (sh)
lentivirus to knockout SMAD2 (shSMAD2), SMAD3 (shSMAD3) or SMAD4 (shSMAD4) or control (shSham). At 48 h after
transduction, SW1353 cells were stimulated with 0.1 or 1 ng/mL TGF-β and after 5h SMAD2/3 transcriptional activity
was determined. Data is expressed as fold change with TGF-β relative to medium control and plotted as mean ± SD of
a technical triplicate. (B) To study interaction between OA-related inflammation and functional TGF-β signaling three
chondrocyte-like cell lines (SW1353, G6 and H11) were transfected with the SBE-pNL1.2 construct. After transfection, cells
were re-plated, pre-incubated for 1 hour with medium, 0.1 ng/mL IL-1β or 0.5 % OAS-cm and thereafter stimulated for
5h with 0.1 ng/mL TGF-β. Luciferase activity was measured relative to experimental condition stimulated with TGF-β,
as set at 100% (ctrl level). Data represents mean ± 95 % CI of four independent experiments performed in quadruple.
Statistical analysis was performed using (A) Two-way ANOVA with Bonferroni’s post-hoc test or (B) a one-way ANOVA
with Dunnett’s multiple comparison test comparing the mean to the mean of the condition stimulated with solely TGF-β:
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

Appendix C

Scheme A3. Cont.
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Scheme A3. High and equal over-expression between SMAD variants. To compare conditions between the SMAD3
linker mutants and normal SMAD3 equal over-expression is required. SW1353 cells were transfected with the SBE-pNL1.2
construct, re-plated afterwards and transduced with adenoviral vectors (Ad) with the different SMAD variants, a control
virus (LacZ) or left untreated (non transduced). (A) Flow cytometry was used to quantify FLAG-tag expression with
PE anti-FLAG Tag Antibody. First, debris was excluded based on forward and side scatter, followed by the selection of
single and viable (stained with eFLuor780 viability dye) cells. Afterwards, FLAG-positive cells were gated based on the
autofluorescence of unlabeled cells. Histograms of the FLAG-PE stainings of four individual experiments were displayed.
(B) Flow cytometric analysis showed that with adenoviral transduction in all conditions with the SMAD variants over
90% of all living cells were positively stained for FLAG and (C) the geometric mean of this over-expression was not
different between conditions with normal SMAD3 and the SMAD3 linker mutants, meaning that all SMAD3 variants were
overexpressed equally. Therefore, we were able to fairly compare conditions. Data is represented as dot plots with every dot
representing an individual experiment and is plotted as mean ± SD and statistical analysis was performed using one-way
ANOVA with Dunett’s post-hoc test compared to the condition transduced with normal SMAD3. No significant results
compared to normal SMAD3 condition were measured.
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Abstract: Osteoarthritis (OA) is a major public health challenge that imposes a remarkable burden
on the affected individuals and the healthcare system. Based on the clinical observation, males
and females have different prevalence rates and severity levels of OA. Thus, sex-based differences
may play essential roles in OA’s prognosis and treatment outcomes. To date, the comprehensive
understanding of the relationship between sex and OA is still largely lacking. In the current study, we
analyzed a published transcriptome dataset of knee articular cartilage (GSE114007) from 18 healthy
(five females, 13 males) and 20 OA (11 females, nine males) donors to provide a slight insight into this
important but complex issue. First, comparing female healthy cartilage samples with those of males
revealed 36 differential expression genes (DEGs), indicating the fundamental sex-related differences
at the molecular level. Meanwhile, 923 DEGs were distinguished between OA and healthy female
cartilage, which can be enriched to 15 Reactome pathways. On the other hand, when comparing
OA and healthy male cartilage, there are only 419 DEGs were identified, and only six pathways
were enriched against the Reactome database. The different signaling response to OA in the male
and female cartilage was further enforced by recognizing 50 genes with significantly different OA-
responsive expression fold changes in males and females. Particularly, 14 Reactome pathways, such as
“Extracellular matrix organization”, “Collagen biosynthesis and modifying enzymes”, “Dissolution of
fibrin clot”, and “Platelet Aggregation (Plug formation)”, can be noted from these 50 sex-dependent
OA-responsive genes. Overall, the current study explores the Sex as a Biological Variable (SABV) at
the transcriptomic level in the knee articular cartilage in both healthy status and OA event, which
could help predict the differential OA prognosis and treatment outcome of males and female patients.

Keywords: sex as a biological variable; osteoarthritis; cartilage; whole transcriptome sequenc-
ing; molecules

1. Introduction

As the most common form of arthritis, osteoarthritis (OA) is a series of pathology that
causes persistent pain, swelling, and reduced motion in the affected joints. For years, OA
was identified as an age-related pathology; thus, it has been called “wear and tear” arthritis.
During the past few years, OA is increasingly recognized as a highly heterogeneous group
of diseases characterized by variable clinical phenotypes, which may contribute to the
inconsistency of clinical prognosis and treatment response [1].

With the growing recognition of Sex as a Biological Variable (SABV) in the pathophys-
iology of a diversity of diseases [2], the impact the sex on OA has also attracted more and
more attention. To date, it is well known that OA has a higher prevalence in women than
men, as 62% of OA patients are women [3]. Indeed, women have a consistently higher
OA prevalence rate than men in all age groups between the 30s to 95 plus [4]. Worldwide
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estimates are that 9.6% of men and 18% of women aged over 60 have symptomatic OA [5].
Moreover, disability and loss of function associated with OA are higher in women [6,7].
Besides, the US Medical Expenditure Panel Survey data for the years 1996 to 2005 found
that OA-related out-of-pocket (OOP) costs incurred by women were greater than those by
men [8], and more women than men were hospitalized for OA [9]. In the US, OA increased
annual per capita absenteeism costs of $5.5 billion for female workers verse $4.8 billion for
male workers [8].

Clinically, the incidence of OA increases dramatically in women around the time of
menopause [10]; therefore, the modulating role of sex hormones on OA was proposed [11].
For example, estrogen is one of the most deeply investigated sex hormones in OA [12].
Although estrogen is considered to have protective potency against OA, the effects of estro-
gen replacement therapy and selective estrogen receptor modulators in preserving and/or
restoring joint tissue in OA are controversial among currently published reports [13,14].
Besides estrogen, sex hormone-binding globulin [15], follicle-stimulating hormone [16],
dehydroepiandrosterone [17], progesterone [18], and testosterone [19] may all influence OA
progression. However, none of these sex hormones can completely explain all differences
observed between male and female OA patients [20]. For instance, at a macro level, males
and females have different thicknesses of cartilage [21], subchondral bone density [22],
and muscle strength [23]; while at a micro level, tissue and cells from females have dif-
ferent, or even distinct, responses in comparison with those from males [20]. Recently,
Kim et al. [24] found that OA-related studies were largely performed in male subjects and
animals, although females face more OA risk and more server symptoms [4–7]. Undoubt-
edly, fully considering SABV will set the fundamental to understanding the distinguished
clinical complaints between males and females and is an essential step for effective therapy
development, which, unfortunately, is still largely lacking.

Although synovium and subchondral bone are known to involve in OA recently,
articular cartilage is still the major target of OA-related investigations. Articular cartilage
is hyaline cartilage that does not have blood vessels, nerves, or lymphatics [25]. It is com-
posed of a dense extracellular matrix (ECM) with a sparse distribution of chondrocytes. The
major components of the ECM are water, collagen, and proteoglycans, which are critical to
maintaining the mechanical property of the cartilage [25]. In a healthy microenvironment,
the balance between cartilage synthesis and degradation is strictly regulated [26]. In the
OA scenario, chondrocytes express more catabolic molecules, such as matrix metallopep-
tidase 13 (MMP-13), and less anabolic matrix, such as type II collagen [27,28], and thus
matrix remodeling, inappropriate hypertrophy-like maturation, and cartilage calcification
appear [29]. A net loss of proteoglycan content is also one of the hallmarks of all stages
of OA cartilage degeneration [26]. In addition to the well-known anabolic and catabolic
components, increasingly more biological factors have been noted to participate in OA’s
molecular events. For instance, nerve growth factor (NGF), which was primarily discov-
ered for its roles in sensory neuron proliferation and sensitization, is recently reported to
regulate articular chondrocytes’ calcification [30]. Another example is C1q and TNF related
1 (C1QTNF1), whose modulating effects on chondrocyte proliferation and maturation is
revealed recently, belongs to a newly discovered family of highly conserved adiponectin
paralog proteins [31]. Therefore, a more detailed dissection of the molecular events in the
OA cartilage is needed to assist the understanding of SABV in OA pathophysiology.

2. Results
2.1. Male and Female Cartilage Are Not Molecularly Identical in the Healthy Status

We first compare the mRNA sequencing data from the male and female healthy
cartilage to investigate if the transcriptomic profiles are the same for both genders. Within
the 23,714 identified genes, the expression of the commonly used cartilage anabolic markers,
such as Collagen Type II Alpha 1 Chain (COL2A1), Aggrecan (ACAN), cartilage oligomeric
matrix protein (COMP), and SRY-box 9 (SOX9), and catabolic markers, such as Runt-related
transcription factor2 (Runx2), MMP13, ADAM metallopeptidase with thrombospondin type 1
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motif 4 (ADAMTS4), and ADAMTS5, are not significantly different between the healthy
male and female cartilage (Supplemental Table S1).

On the other hand, we identify 10 DEGs with a p-value less than 0.05 that are highly
expressed in healthy female cartilage than their male counterparts, and 26 DEGs with a
p-value less than 0.05 whose expression level is lower in females (Figure 1). For all these
36 DEGs, only TSIX transcript, XIST antisense RNA (TSIX) has an adjusted p-value less
than 0.05 (Figure 1C and Supplemental Table S1, highlighted in red). Among the latter 26
genes whose expression levels are lower in females, 15 genes are Y-chromosome linked
(Figure 1C), demonstrating the reliability of the current study. Thus, the different expression
levels of non-Y-chromosome-linked genes between males and females may present the
SABV at a molecular level (Figure 1).

Pathway enrichment was used to uncover the potential functional interaction among
these 36 DEGs, while only 14 genes could be recognized by the Reactome knowledgebase.
DEGs that were not recognized by the current Reactome database are summarized in
Supplemental Table S2. The Reactome recognized genes were clustered into “chromatin
organization”, “hemostasis”, “disease”, “metabolism”, “transport of small molecules”,
“metabolism of proteins”, and “extracellular matrix organization.” Among them, nine
identified pathways have a p-value less than 0.05, but none of them qualified as a significant
enrichment that should have an FDR smaller than 0.05 (Table 1 and Supplemental Table S3).

Table 1. The pathway enrichment result of the significant male-vs.-female DEGs in healthy cartilage against the Reactome
knowledgebase (p < 0.05). Note: no pathways have an FDR value less than 0.05.

Pathway
Identifier

Pathway Name
#Entities
Found

#Entities
Total

Entities
Ratio

Entities
p-Value

Entities
FDR

Submitted
Entities
Found

R-HSA-3214842 HDMs demethylate histones 2 31 2.11 × 10−3 2.96 × 10−3 2.46 × 10−1 KDM5D;
UTY

R-HSA-76009 Platelet Aggregation (Plug Formation) 2 53 3.60 × 10−3 8.36 × 10−3 2.46 × 10−1 APBB1IP;
COL1A2

R-HSA-9673163 Oleoyl-phe metabolism 1 5 3.40 × 10−4 1.28 × 10−2 2.46 × 10−1 PM20D1
R-HSA-430116 GP1b-IX-V activation signaling 1 12 8.15 × 10−4 3.05 × 10−2 2.46 × 10−1 COL1A2

R-HSA-2214320 Anchoring fibril formation 1 15 1.02 × 10−3 3.80 × 10−2 2.46 × 10−1 COL1A2
R-HSA-75892 Platelet Adhesion to exposed collagen 1 16 1.09 × 10−3 4.05 × 10−2 2.46 × 10−1 COL1A2

R-HSA-1247673 Erythrocytes take up oxygen and release
carbon dioxide 1 16 1.09 × 10−3 4.05 × 10−2 2.46 × 10−1 AQP1

R-HSA-381426

Regulation of Insulin-like Growth
Factor (IGF) transport and uptake by
Insulin-like Growth Factor Binding

Proteins (IGFBPs)

2 127 8.63 × 10−3 4.26 × 10−2 2.46 × 10−1 IGFBP4;
IGFALS

R-HSA-166187 Mitochondrial Uncoupling 1 18 1.22 × 10−3 4.54 × 10−2 2.46 × 10−1 PM20D1

2.2. ECM Organization Is the Major Event in OA Cartilage of Females, But Not That of Males

We then analyzed the cartilage gene expression changes during OA of males and
females separately. First, in the female cartilage, there were 923 DEGs in total, among which
382 were downregulated and 541 were upregulated during OA (Figure 2 and Supplemental
Table S4). Among these genes, 30 significantly downregulated DEGs and 45 upregu-
lated ones were identified with an adjusted p-value less than 0.05 (Supplemental Table S4,
highlighted in red). Ranking based on the p-values, the top 15 significantly downregu-
lated genes were summarized in Figure 2C, while the top 15 significantly upregulated in
Figure 2D.
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Figure 1. The differential expressed genes (DEGs) detected between male and female healthy knee cartilage samples. (A)
Heatmap and (B) volcano diagrams for DEG visualization. DEGs with a p-value less than 0.05 are highlighted in red. (C)
The list of genes that are significantly differentially expressed in healthy male and female cartilage. DEGs with a statistically
significant higher level in females have a negative log2FC value, while those highly expressed in males have a positive
log2FC value. The gene with an adjusted p-value less than 0.05 is highlighted in red. The Y-chromosome linked genes are
highlighted in blue font.
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Figure 2. The DEGs detected between female healthy and OA cartilage. (A) Heatmap and (B) volcano diagrams for DEG
visualization. DEGs with a p-value less than 0.05 are highlighted in red. (C) Top 15 genes significantly downregulated in
female cartilage in response to OA. (D) Top 15 genes significantly upregulated in female cartilage in response to OA. DEGs
with an adjusted p-value less than 0.05 are highlighted in red.
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In the Reactome knowledgebase, 424 of the 923 DEGs could not be matched (Supple-
mental Table S5); thus, the pathways were enriched based on the other 499 DEGs. Overall,
there were 68 pathways with a p < 0.05, among which 15 pathways with an FDR less than
0.05 (Table 2 and Supplemental Table S6). Nine of the 15 pathways are related to ECM
organization (Table 2). For the other six pathways, “FOXO-mediated transcription of cell
cycle genes”, “FOXO-mediated transcription”, and “RUNX3 regulated immune response
and cell migration” belong to the event “gene expression (transcription)”, “Response of
EIF2AK1 (HRI) to heme deficiency” belongs to the event “cellular responses to external
stimuli”, “Interleukin-4 and Interleukin-13 signaling” belongs to the event “immune sys-
tem”, and “Gap junction assembly” belongs to the event “vesicle-mediated transport”
(Table 2). In particular, 55 of 499 identified DEGs were enriched in “extracellular matrix
organization”, which is the most significant event in the female cartilage in response to OA.

Table 2. The top 15 pathways enriched from the OA-responsive DEGs in female cartilage. Note: all pathways in the list
have an FDR value less than 0.05.

Pathway
Identifier Pathway Name #Entities

Found
#Entities

Total
Entities

Ratio
Entities
p-Value Entities FDR Submitted Entities Found

R-HSA-1474244 Extracellular matrix
organization 55 330 2.24 × 10−2 7.42 × 10−8 1.06 × 10−4

COL18A1; SPARC; ITGAM; ELN;
SERPINE1; ITGB2; TNC; HAPLN1;
ADAMTS5; ADAMTS2; EFEMP1;
TNN; CTSK; TNR; ITGB8; MME;

ITGA4; COL25A1; PCOLCE; ASPN;
VCAN; COL2A1; MMP13; OPTC;

COL6A1; ADAM12; PECAM1;
COL8A1; MMP19; LAMA5;

COL15A1; COL13A1; HTRA1; FBLN1;
LTBP2; FBLN5; ADAMTS14; SPP1;
NCAM1; COL26A1; LAMB3; LUM;

FN1; GDF5; COL1A1; COL3A1;
CAPN12; BMP1; COL1A2; COL5A1;

P4HA3; COL5A2; TLL1

R-HSA-9617828
FOXO-mediated

transcription of cell
cycle genes

12 27 1.83 × 10−3 1.50 × 10−6 8.48 × 10−4 NOTCH3; CDKN1A; CDKN1B;
GADD45A; CCNG2; FOXO3; KLF4

R-HSA-9614085 FOXO-mediated
transcription 25 110 7.47 × 10−3 1.79 × 10−6 8.48 × 10−4

IGFBP1; NOTCH3; CDKN1A;
CDKN1B; GADD45A; CITED2;

FOXO6; FOXO3; KLF4; FBXO32;
BCL6; CCNG2; DDIT3; TXNIP;

PLXNA4

R-HSA-3000178 ECM proteoglycans 20 79 5.37 × 10−3 4.01 × 10−6 1.42 × 10−3

LAMA5; ITGAM; SPARC; LUM;
SERPINE1; FN1; TNC; HAPLN1;

ASPN; COL1A1; VCAN; COL3A1;
COL2A1; COL1A2; COL5A1; TNN;
COL6A1; COL5A2; TNR; NCAM1

R-HSA-1650814
Collagen biosynthesis

and modifying
enzymes

19 76 5.16 × 10−3 8.23 × 10−6 2.34 × 10−3

COL18A1; COL26A1; COL15A1;
COL13A1; COL25A1; PCOLCE;

COL1A1; ADAMTS2; ADAMTS14;
COL3A1; COL2A1; BMP1; COL1A2;

COL5A1; P4HA3; COL6A1; COL5A2;
COL8A1; TLL1

R-HSA-1474228 Degradation of the
extracellular matrix 28 148 1.01 × 10−3 1.32 × 10−5 3.08 × 10−3

COL18A1; LAMA5; COL15A1;
COL13A1; ELN; HTRA1; ADAMTS5;

CTSK; SPP1; COL26A1; LAMB3;
MME; COL25A1; FN1; COL1A1;

COL3A1; MMP13; COL2A1; COL1A2;
CAPN12; BMP1; COL5A1; OPTC;

COL6A1; COL5A2; COL8A1; MMP19;
TLL1

R-HSA-216083 Integrin cell surface
interactions 20 87 5.91 × 10−3 1.59 × 10−5 3.08 × 10−3

COL18A1; ITGAM; COL13A1; ITGA4;
LUM; ITGB2; FN1; TNC; COL1A1;

COL3A1; COL2A1; COL1A2;
COL5A1; COL6A1; COL5A2; SPP1;

PECAM1; COL8A1; ITGB8

R-HSA-9648895
Response of EIF2AK1

(HRI) to heme
deficiency

11 29 1.97 × 10−3 1.74 × 10−5 3.08 × 10−3 PPP1R15A; DDIT3; CEBPG; TNR;
TRIB3; ATF3
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Table 2. Cont.

Pathway
Identifier Pathway Name #Entities

Found
#Entities

Total
Entities

Ratio
Entities
p-Value Entities FDR Submitted Entities Found

R-HSA-1442490 Collagen degradation 17 69 4.69 × 10−3 2.88 × 10−5 4.22 × 10−3

COL18A1; COL26A1; COL15A1;
COL13A1; MME; COL25A1; COL1A1;
COL3A1; MMP13; COL2A1; COL1A2;
COL5A1; CTSK; COL6A1; COL5A2;

MMP19; COL8A1

R-HSA-6785807
Interleukin-4 and

Interleukin-13
signaling

35 216 1.47 × 10−2 2.97 × 10−5 4.22 × 10−3

NOTCH3; LAMA5; CDKN1A;
ITGAM; ITGB2; FN1; RORC; TWIST1;

FOXO3; VEGFA; COL1A2; SOCS1;
CCND1; BCL6; IRF4; BIRC5; IL6R;

FAN1

R-HSA-8948216 Collagen chain
trimerization 13 44 2.99 × 10−3 4.11 × 10−5 5.30 × 10−3

COL18A1; COL26A1; COL15A1;
COL13A1; COL25A1; COL1A1;

COL3A1; COL2A1; COL1A2;
COL5A1; COL6A1; COL5A2;

COL8A1

R-HSA-1474290 Collagen formation 21 104 7.06 × 10−3 6.24 × 10−5 7.36 × 10−3

COL18A1; COL26A1; COL15A1;
COL13A1; LAMB3; COL25A1;

PCOLCE; COL1A1; ADAMTS2;
ADAMTS14; COL3A1; MMP13;

COL2A1; BMP1; COL1A2; COL5A1;
P4HA3; COL6A1; COL5A2; COL8A1;

TLL1

R-HSA-8949275
RUNX3 Regulates
Immune Response
and Cell Migration

6 10 6.79 × 10−4 1.30 × 10−4 1.41 × 10−2 ITGA4; SPP1; RORC

R-HSA-2022090
Assembly of collagen

fibrils and other
multimeric structures

15 67 4.55 × 10−3 2.30 × 10−4 2.33 × 10−2

COL18A1; COL15A1; LAMB3;
PCOLCE; COL1A1; COL3A1; MMP13;
COL2A1; BMP1; COL1A2; COL5A1;
COL6A1; COL5A2; COL8A1; TLL1

R-HSA-190861 Gap junction
assembly 11 41 2.79 × 10−3 3.52 × 10−4 3.31 × 10−2 GJC1; PLK4; GJB2; TUBB3; TUBB4B;

TUBA4A; TUBA8

Second, we analyzed the male cartilage in the same way. Male samples have much
less OA-responsive DEGs compared with female samples. There were 419 DEGs in total,
186 upregulated and 233 downregulated, among which 18 downregulated and four upreg-
ulated DEGs have an adjusted p-value less than 0.05 (Figure 3 and Supplemental Table S7,
highlighted in red). In addition, the top 15 significant upregulated and downregulated
genes based on p-value in male cartilage during OA were not as same as those in female
cartilage. The top 15 significantly downregulated genes in male cartilage were listed in
Figure 3C, while the top 15 significantly upregulated genes in Figure 3D.

In the Reactome knowledgebase, 202 of the 419 DEGs could not be matched (Sup-
plemental Table S8). Thus, the pathways enrichment based on the other 217 DEGs dis-
persed the molecular events including “immune system”, “signal transduction”, “neuronal
system”, “hemostasis”, “gene expression (transcription)”, “metabolism”, “DNA replica-
tion”, “transport of small molecules”, “disease”, “metabolism of proteins”, “cell cycle”,
“autophagy”, “vesicle-mediated transport”, “cellular responses to external stimuli”, and
“extracellular matrix organization”. There are 79 pathways that have a p-value less than
0.05, among which six have an FDR less than 0.05 (Table 3 and Supplemental Table S9).
Here, “Response of EIF2AK1 (HRI) to heme deficiency” belongs to the event “cellular
responses to external stimuli”, “ATF4 activates genes in response to endoplasmic reticu-
lum stress” and “PERK regulates gene expression” belong to the event “metabolism of
proteins”, “NGF-stimulated transcription” and “Nuclear Events (kinase and transcription
factor activation)” belong to the event “signal transduction”, and “MECP2 regulates neu-
ronal receptors and channels” belongs to the event “gene expression (transcription)”. None
of these six pathways are categorized in the event of “extracellular matrix organization”.
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Figure 3. The DEGs detected between male healthy and OA cartilage. (A) Heatmap and (B) volcano diagrams for DEG
visualization. DEGs with a p-value less than 0.05 are highlighted in red. (C) Top 15 genes significantly downregulated in
male cartilage in response to OA. (D) Top 15 genes significantly upregulated in male cartilage in response to OA. DEGs
with an adjusted p-value less than 0.05 are highlighted in red.

2.3. Male and Female Cartilage Have Significant Different Alteration Genes during OA

To confirm the differences between male and female cartilage in response to OA as
observed above, we also compared the gene expression fold change in both sexes and
identified 63 DEGs with a p < 0.05 (Supplemental Table S10). By referencing the single-sex
OA—healthy cartilage comparison results, genes that do not have OA-responsive alter-
ation(s) in either gender were excluded to eliminate the false positive result and lead to
the identification of 50 DEGs (Table 4). Note that none of these genes were detected with
an adjusted p-value less than 0.05, while 23 of these 50 DEGs could not be recognized
by Reactome (Supplemental Table S11). Based on the 27 Reactome-recognized genes, 60
pathways were enriched (p < 0.05; Supplemental Table S12). Among them, 14 pathways
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have an FDR less than 0.05, which could be clustered in the events of “Extracellular matrix
organization” (including “Extracellular matrix organization”, “Collagen biosynthesis and
modifying enzymes”, “Collagen chain trimerization”, “Collagen formation”, “Assembly of
collagen fibrils and other multimeric structures”, “Collagen degradation”, “ECM proteogly-
cans”, “Integrin cell surface interactions”, and “Anchoring fibril formation”), “Hemostasis”
(including “Dissolution of Fibrin Clot”, “GP1b-IX-V activation signaling”, “Platelet Aggre-
gation (Plug Formation)”, and “Platelet Adhesion to exposed collagen”), and “Disease”
(including “Diseases of glycosylation”) (Table 5). These results further validate male and
female cartilage differences at the molecular event level in response to OA.

Table 3. The top 15 pathways enriched from the OA-responsive DEGs in male cartilage. Pathways with an FDR less than
0.05 are highlighted in red.

Pathway
Identifier Pathway Name #Entities

Found
#Entities

Total Entities Ratio Entities
p-Value Entities FDR Submitted Entities Found

R-HSA-9648895 Response of EIF2AK1 (HRI)
to heme deficiency 10 29 1.97 × 10−3 1.32 × 10−7 1.43 × 10−4 PPP1R15A; DDIT3; CEBPG;

TNR; CHAC1; ATF3

R-HSA-380994
ATF4 activates genes in

response to endoplasmic
reticulum stress

9 34 2.31 × 10−3 4.71 × 10−6 2.56 × 10−3 IGFBP1; DDIT3; CEBPG; ATF3;
HERPUD1

R-HSA-9031628 NGF-stimulated
transcription 11 56 3.80 × 10−3 7.12 × 10−6 2.58 × 10−3 FOSL1; EGR1; ARC; EGR3;

FOSB; FOS; TRIB1; JUNB

R-HSA-9022699 MECP2 regulates neuronal
receptors and channels 8 32 2.17 × 10−3 2.37 × 10−5 5.35 × 10−3 GRIA2; GRIN2A; OPRK1;

SLC2A3

R-HSA-381042 PERK regulates gene
expression 9 42 2.85 × 10−3 2.46 × 10−5 5.35 × 10−3 IGFBP1; DDIT3; CEBPG; ATF3;

HERPUD1

R-HSA-198725
Nuclear Events (kinase and

transcription factor
activation)

11 80 5.43 × 10−3 1.70 × 10−4 3.07 × 10−2 FOSL1; EGR1; ARC; EGR3;
FOSB; FOS; TRIB1; JUNB

R-HSA-6791312
TP53 Regulates

Transcription of Cell Cycle
Genes

9 65 4.42 × 10−3 6.18 × 10−4 9.58 × 10−2 CCNA2; NOTCH3; BTG2;
CDKN1A; PLK2; CDK1

R-HSA-6785807 Interleukin-4 and
Interleukin-13 signaling 18 216 1.47 × 10−2 8.82 × 10−4 1.19 × 10−1

NOTCH3; CDKN1A; COL1A2;
IRF4; ITGB2; LIF; FOS;

TNFRSF1B; JUNB; VEGFA

R-HSA-6804757 Regulation of TP53
Degradation 7 43 2.92 × 10−3 9.81 × 10−4 1.19 × 10−1 CCNA2; USP2; UBC; CDK1;

PDK1

R-HSA-69895 Transcriptional activation of
cell cycle inhibitor p21 3 6 4.08 × 10−4 1.36 × 10−3 1.29 × 10−1 NOTCH3; CDKN1A

R-HSA-69560 Transcriptional activation of
p53 responsive genes 3 6 4.08 × 10−4 1.36 × 10−3 1.29 × 10−1 NOTCH3; CDKN1A

R-HSA-6806003 Regulation of TP53
Expression and Degradation 7 46 3.12 × 10−3 1.44 × 10−3 1.29 × 10−1 CCNA2; USP2; UBC; CDK1;

PDK1
R-HSA-1538133 G0 and Early G1 6 38 2.58 × 10−3 2.59 × 10−3 2.07 × 10−1 TOP2A; CCNA2; CDK1

R-HSA-9617828
FOXO-mediated

transcription of cell cycle
genes

5 27 1.83 × 10−3 2.99 × 10−3 2.07 × 10−1 NOTCH3; CDKN1A; KLF4

R-HSA-194313 VEGF ligand-receptor
interactions 3 8 5.43 × 10−4 3.05 × 10−3 2.07 × 10−1 PGF; VEGFA

Table 4. OA-responsive DEGs that have significantly different expression fold changes between
males and females, and significantly (p < 0.05) altered in at least one gender. DEGs significantly
upregulated in response to OA are highlighted in red, and those significantly downregulated in blue.

SYMBOL
OM-HM OF-HF OM-HM vs. OF-HF

log2FC p-Value log2FC p-Value log2FC p-Value

ADAMTS2 1.036311 4.73 × 10−1 4.245269 1.24 × 10−4 −3.208959 1.37 × 10−2

AKR1C2 0.716720 7.69 × 10−1 2.893709 2.96 × 10−4 −2.176989 3.56 × 10−2

APBB1IP 1.029711 4.80 × 10−1 4.594870 1.20 × 10−4 −3.565158 9.94 × 10−3

AQP1 0.781688 6.57 × 10−1 3.956589 2.86 × 10−4 −3.174901 1.43 × 10−2

ARMS2 −0.356654 9.08 × 10−1 2.345976 1.51 × 10−2 −2.702631 1.64 × 10−2

BAALC 0.980694 5.17 × 10−1 3.404522 5.70 × 10−4 −2.423828 4.66 × 10−2

C1QTNF1 0.619342 8.09 × 10−1 2.996843 2.75 × 10−3 −2.377501 4.77 × 10−2

CAVIN4 0.237081 9.28 × 10−1 2.976823 3.48 × 10−3 −2.739743 2.87 × 10−2

CCDC163 0.768465 7.15 × 10−1 −2.087867 1.36 × 10−2 2.856332 2.44 × 10−3

CDCA2 0.439866 8.37 × 10−1 3.382528 1.19 × 10−3 −2.942662 2.26 × 10−2

CDKL2 0.651973 7.13 × 10−1 −2.454556 1.72 × 10−2 3.106529 1.36 × 10−2

COL15A1 0.397324 9.18 × 10−1 2.601580 2.23 × 10−3 −2.204256 4.27 × 10−2

COL18A1 0.108196 9.90 × 10−1 2.571811 5.21 × 10−3 −2.463615 2.16 × 10−2

COL1A1 3.791243 3.33 × 10−4 7.250090 8.76 × 10−7 −3.458847 3.88 × 10−2

COL1A2 2.206448 2.20 × 10−2 5.722798 2.93 × 10−8 −3.516351 4.58 × 10−3

CYBB 1.286525 3.93 × 10−1 5.141565 9.37 × 10−4 −3.855040 3.95 × 10−2
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Table 4. Cont.

SYMBOL
OM-HM OF-HF OM-HM vs. OF-HF

log2FC p-Value log2FC p-Value log2FC p-Value

DKK3 0.654166 7.59 × 10−1 3.287993 5.43 × 10−4 −2.633827 2.58 × 10−2

DPT 0.826854 6.55 × 10−1 3.052945 3.79 × 10−4 −2.226091 4.61 × 10−2

EMB 0.540007 7.61 × 10−1 3.865787 9.00 × 10−4 −3.325780 2.08 × 10−2

EMX2OS −0.745100 6.41 × 10−1 3.025770 3.24 × 10−2 −3.770870 2.35 × 10−2

EPYC 0.082818 9.87 × 10−1 2.941842 4.25 × 10−3 −2.859024 1.52 × 10−2

FAN1 0.487189 7.97 × 10−1 −2.529764 4.07 × 10−2 3.016953 3.39 × 10−2

FBLN5 0.820198 6.62 × 10−1 3.185592 1.17 × 10−3 −2.365394 4.72 × 10−2

GAP43 1.465410 2.56 × 10−1 4.712171 6.43 × 10−5 −3.246761 2.64 × 10−2

HMGB4 0.067476 9.82 × 10−1 2.557579 1.19 × 10−2 −2.490102 4.46 × 10−2

HPDL −0.057707 9.88 × 10−1 2.475639 1.40 × 10−2 −2.533346 3.20 × 10−2

IFI44L 0.012213 9.96 × 10−1 3.090819 1.51 × 10−2 −3.078605 3.65 × 10−2

IGFBP4 0.764578 6.78 × 10−1 3.556192 8.62 × 10−4 −2.791614 2.86 × 10−2

LINC02447 0.377013 8.91 × 10−1 −2.237060 2.63 × 10−2 2.614072 2.53 × 10−2

LOC100507250 0.452652 8.45 × 10−1 −2.527564 1.12 × 10−2 2.980216 1.19 × 10−2

LOC101929122 0.056037 9.84 × 10−1 2.846396 5.90 × 10−3 −2.790359 2.55 × 10−2

MIR4435-
2HG 0.335817 9.45 × 10−1 3.246292 3.10 × 10−4 −2.910474 6.24 × 10−3

MXRA5 2.179711 4.13 × 10−2 5.721745 4.35 × 10−6 −3.542034 1.59 × 10−2

NEURL1B −0.431259 8.20 × 10−1 2.888588 1.59 × 10−2 −3.319847 1.87 × 10−2

NGF 1.338201 3.52 × 10−1 5.880944 5.41 × 10−5 −4.542743 8.71 × 10−3

OGN 1.571206 1.44 × 10−1 3.988797 1.87 × 10−5 −2.417591 4.88 × 10−2

PALM2 0.305307 9.84 × 10−1 2.300331 4.37 × 10−3 −1.995024 4.34 × 10−2

PDLIM1 0.824352 6.02 × 10−1 5.213650 1.57 × 10−4 −4.389298 6.60 × 10−3

PECAM1 −0.523163 7.50 × 10−1 3.413773 3.56 × 10−2 −3.936936 3.52 × 10−2

PLAU 1.131386 4.51 × 10−1 4.754242 1.15 × 10−3 −3.622856 4.01 × 10−2

PLK4 0.921031 5.52 × 10−1 3.702119 5.00 × 10−4 −2.781088 3.84 × 10−2

RCAN1 0.462142 8.79 × 10−1 2.998940 8.88 × 10−4 −2.536799 2.38 × 10−2

S100A4 1.739908 8.02 × 10−2 4.787812 2.72 × 10−5 −3.047904 2.23 × 10−2

SERPINE1 −0.128314 9.57 × 10−1 3.610779 1.52 × 10−3 −3.739093 5.28 × 10−3

SERPINE2 1.067892 4.41 × 10−1 3.350974 1.14 × 10−4 −2.283082 4.46 × 10−2

SGIP1 −0.199640 9.58 × 10−1 2.341629 3.22 × 10−2 −2.541269 3.86 × 10−2

THY1 3.064184 3.65 × 10−4 7.253767 9.26 × 10−7 −4.189584 7.67 × 10−3

TNFAIP6 3.028402 1.71 × 10−3 7.264821 8.86 × 10−6 −4.236418 1.56 × 10−2

TSIX 1.327472 4.64 × 10−1 −3.508086 3.20 × 10−3 4.835558 1.38 × 10−2

VCAN −0.392235 8.76 × 10−1 2.248223 3.39 × 10−2 −2.640458 3.07 × 10−2

Table 5. The top 15 pathways enriched from the DEGs that differently altered in response to OA in male and female cartilage.
Pathways with an FDR less than 0.05 are highlighted in red.

Pathway
Identifier Pathway Name #Entities

Found
#Entities

Total
Entities

Ratio
Entities
p-Value

Entities
FDR Submitted Entities Found

R-HSA-1474244 Extracellular matrix
organization 10 330 2.24 × 10−2 8.68 × 10−7 2.38 × 10−4

COL1A1; COL18A1; VCAN;
COL15A1; ADAMTS2;
COL1A2; SERPINE1;

PECAM1; FBLN5

R-HSA-1650814 Collagen biosynthesis and
modifying enzymes 5 76 5.16 × 10−3 1.58 × 10−5 2.17 × 10−3

COL1A1; COL18A1;
COL15A1; ADAMTS2;

COL1A2

R-HSA-75205 Dissolution of Fibrin Clot 3 14 9.51 × 10−4 2.83 × 10−5 2.32 × 10−3 SERPINE2; PLAU;
SERPINE1

R-HSA-8948216 Collagen chain trimerization 4 44 2.99 × 10−3 3.41 × 10−5 2.32 × 10−3 COL1A1; COL18A1;
COL15A1; COL1A2

R-HSA-1474290 Collagen formation 5 104 7.07 × 10−3 6.96 × 10−5 3.76 × 10−3
COL1A1; COL18A1;

COL15A1; ADAMTS2;
COL1A2

R-HSA-2022090
Assembly of collagen fibrils

and other multimeric
structures

4 67 4.55 × 10−3 1.71 × 10−4 7.45 × 10−3 COL1A1; COL18A1;
COL15A1; COL1A2

R-HSA-1442490 Collagen degradation 4 69 4.69 × 10−3 1.91 × 10−4 7.45 × 10−3 COL1A1; COL18A1;
COL15A1; COL1A2

R-HSA-3000178 ECM proteoglycans 4 79 5.37 × 10−3 3.18 × 10−4 1.08 × 10−2 COL1A1; VCAN; COL1A2;
SERPINE1

R-HSA-216083 Integrin cell surface
interactions 4 87 5.91 × 10−3 4.57 × 10−4 1.37 × 10−2 COL1A1; COL18A1;

COL1A2; PECAM1

R-HSA-430116 GP1b-IX-V activation
signaling 2 12 8.15 × 10−4 1.14 × 10−3 3.08 × 10−2 COL1A1; COL1A2

R-HSA-76009 Platelet Aggregation (Plug
Formation) 3 53 3.60 × 10−3 1.37 × 10−3 3.13 × 10−2 COL1A1; APBB1IP; COL1A2
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Table 5. Cont.

Pathway
Identifier Pathway Name #Entities

Found
#Entities

Total
Entities

Ratio
Entities
p-Value

Entities
FDR Submitted Entities Found

R-HSA-3781865 Diseases of glycosylation 5 202 1.37 × 10−2 1.42 × 10−3 3.13 × 10−2 VCAN; ADAMTS2;
SERPINE2; OGN; BAALC

R-HSA-2214320 Anchoring fibril formation 2 15 1.02 × 10−3 1.77 × 10−3 3.71 × 10−2 COL1A1; COL1A2

R-HSA-75892 Platelet Adhesion to
exposed collagen 2 16 1.09 × 10−3 2.01 × 10−3 3.81 × 10−2 COL1A1; COL1A2

R-HSA-1474228 Degradation of the
extracellular matrix 4 148 1.01 × 10−2 3.18 × 10−3 5.73 × 10−2 COL1A1; COL18A1;

COL15A1; COL1A2

3. Discussion

It is broadly accepted that exploring the OA-responsive biomarkers shared by both
genders will pave the path for developing the therapeutics that benefit both male and
female OA patients [32]. On the other hand, the distinguished clinical appearance between
male and female patients warrants the mechanistic investigation at the molecule level. In
the current study, the global gene expression profiles of knee joint articular cartilage from
male and female donors of a well-accepted dataset [33–42], GSE114007, were comprehen-
sively compared to gain insight into the understanding of the SABV not only in the healthy
status, but also in the response of OA stimulation.

Firstly, the 36 identified male-vs.-female DEGs in healthy cartilage confirmed the
hypothesis that the SABV is not limited to the thickness and articular surface areas [21,43]
but extended to the static transcriptomic level. In particular, besides the 15 Y-chromosome-
linked genes, several genes among the 36 male-vs.-female DEGs in healthy cartilage have
been correlated with OA development and progression. For example, as an intensively
investigated long non-coding RNA (lncRNA), XIST is highly expressed in OA cartilage
tissue and IL-1β-treated chondrocytes [44] and has anti-apoptosis and chondroprotective
effects [45]. On the other hand, another lncRNA, MIR4435-2HG, is downregulated in
OA [46] and may have inhibition effects on the progression of OA [47]. Regarding the ECM
components, a small leucine-rich proteoglycan (SLRP), epiphycan, plays an important role
in maintaining joint integrity, and epiphycan-deficient mice spontaneously develop OA with
age [48]; Col1A2 is one of the typical markers for fibrocartilage [49] and MXRA5 is highly
expressed in the synovial fluid of OA patients [50]. Some other DEGs identified in our
current studies have also been associated with OA in previous investigations. For instance,
PDLIM1 is downregulated in IL-1β-treated chondrocytes [51], THY1 is highly expressed in
OA cartilage and could be induced by IL-1β [52], and EIF1AY has been identified as one
of the 9 OA diagnostic biomarkers [53]. In addition, AQP1 promotes caspase-3 activation
and thereby contributes to chondrocyte apoptosis [54], and thus the activation of AQP1
induced by OA process can be used to control the tissue degeneration [55].

In addition, IGFBP4 has been identified as the late response gene of parathyroid
hormone-related protein (PTHrP) in chondrocytes [56]. It functions as an IGF-1 inhibitor
and participates in the inflammatory response [57]. Meanwhile, IGFALS encodes a serum
protein that binds IGFs to increase their half-life and vascular distribution [58]. As the male
healthy articular cartilage has a lower expression level of IGFALS and higher expression
level of IGFBP4 than female cartilage, we infer that IGF-1 signaling is less activated in male
cartilage than their female counterpart.

Note that among these 36 DEGs, only TSIX has an adjusted p-value less than 0.05, indi-
cating the significance of TSIX for gender-dependent biological differences in the articular
cartilage. However, the detailed function of TSIX in cartilage remains blank. In addition,
the limited available sample could lead to only one DEG identified with an adjusted p-value
less than 0.05 identified, while more DEGs with a p-value less than 0.05 (36 DEGs) were rec-
ognized. Thus, further studies are undoubtedly encouraged to fully understand the SABV
in healthy knee articular cartilage at the molecular level, which warrants a worldwide
collaboration for more database collection in a diverse of populations.
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Interestingly, when we profile OA-responsive transcriptional changes in male and
female cartilage separately, the amount of OA-responsive DEGs with an adjusted p-value
less than 0.05 in female cartilage is triple that in male cartilage, indicating more intense
OA-induced molecular changes in female cartilage than that in male counterparts. This
transcriptomic difference could be correlated with the clinical observation that women
experience more severe OA symptoms than men [59,60]. Considering the different total
amounts of OA-responsive DEGs, it is no surprise to find that the top 15 OA-responsive
upregulated and downregulated DEGs are not identical in male and female cartilage. In fact,
male and female cartilage do share some top OA-responsive DEGs with an adjusted p-value
less than 0.05, such as CISH, ADM, HLPDA, DDIT3, DDIT4, CFI, ST6GALNAC5, SPOCK1,
and TNFSF15. Regarding the Reactome-enriched pathways, “response of EIF2AK1 (HRI) to
heme deficiency” is the common significant pathway with adjusted p-value less than 0.05
in response to OA stimulation shared by male and female cartilage. These shared genes
and pathways could be considered as potential targets for OA diagnosis and treatment,
which can benefit both genders.

The OA-responsive molecular events in female cartilage are tightly clustered in the
“extracellular matrix organization”, which could explain the reason that female patients
have more severe OA-related cartilage defects than males [60,61]. Meanwhile, “FOXO-
mediated transcription”, “RUNX3-regulated immune response and cell migration”, and
“Interleukin-4 and Interleukin-13 signaling”, the pathways with FDR less than 0.05, might
be additional key pathways to regulate OA in females. In fact, recent studies demonstrate
that FOXO transcription factors modulate autophagy and proteoglycan 4 in cartilage, and
conditional knockout FOXOs could induce OA-like changes in the mice [62,63]. On the
other hand, ECM degradation does not present as the leading OA-responsive event in the
male cartilage. Instead, “ATF4 activates genes in response to endoplasmic reticulum stress”,
“NGF-stimulated transcription”, “MECP2 regulates neuronal receptors and channels”,
“PERK regulates gene expression”, and “Nuclear Events (kinase and transcription factor
activation)” were enriched from the OA-responsive DEGs in male cartilage with FDR
less than 0.05, indicating a distinct molecular response to OA between male and female
cartilage. The activation of the PERK-ATF4-CHOP axis is especially known to mediate
impaired cartilage function [64]; however, the effects of these male-specific OA-responsive
pathways in arthritis are still unknown.

SABV of cartilage in response to OA was further evaluated by comparing the OA-
response DEGs from both genders directly, by which 50 genes with significantly different
expression fold changes were identified, but none of the genes has an adjusted p-value
less than 0.05. As expected, “Extracellular matrix organization” is the major sex-relative
differential event harboring 9 of the 14 enriched pathways. There are also differences in
“Hemostasis” and “Diseases of glycosylation” events. Note that several genes clustered
in the event “Hemostasis” (including pathways “Dissolution of Fibrin Clot”, “GP1b-IX-V
activation signaling”, “Platelet Aggregation (Plug Formation)”, and “Platelet Adhesion
to exposed collagen”) have also been investigated in OA-related area. For example, SER-
PINE1 has been identified as one of the OA-specific genes in human joint fibroblast-like
synoviocytes [65]. While SERPINE2, a contributor for both “Hemostasis” and “Diseases
of glycosylation” events, upregulated by IL-1α stimulation in human chondrocytes, and
recombinant SERPINE2 may protect chondrocytes by inhibiting MMP-13 expression [66].
Besides, high platelet counts within the normal range are significantly associated with knee
and hip OA in women aged above 50 [67].

Considering aging may be an important indicator of OA, it is not a surprise that the
donors of the OA groups are older than the healthy group when the dataset was built [33].
Interestingly, specifically grouping the samples in the same dataset GSE114007 by donor
age, Chen et al. concluded that age is not a dependent variable for differentially expressed
gene identification [41]. Here, as demonstrated in Table 6, no difference regarding donor
age between males and females was found in healthy cartilages nor OA samples. Thus,
the age contribution on OA-responsive differentially expressed genes, if any, has already
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been considered in parallel for both genders. Note that comparing healthy cartilage of
different age stages for each gender would be an interesting and important topic for gaining
more insight on the molecular events in senescence, particularly in a gender-dependent
manner. Besides, an inter-cohort validation should be conducted in the future to verify
the genes and pathways discovered in the current study. Last but not least, it is the first
time that multiple genes and pathways mentioned above are associated with chondrogenic
differentiation, maintenance, and pathology. The underlying mechanistic and functional
details are largely unknown. No doubt, a huge amount of effort should be devoted on a
global base to transferring the discovery here to the real world.

Table 6. The sample size and age information for each group.

Group Sample Size Age Range (years)
Mean
Age

OA Score
Range

Mean
OA Score

Healthy Female 5 27–57 42 yrs 1–1 1
Healthy Male 13 18–61 34.5 yrs 1–1 1

OA Female 11 52–82 66.3 yrs 4–4 4
OA Male 9 51–71 64.9 yrs 4–4 4

4. Materials and Methods

By using the keywords “osteoarthritis” and “cartilage” in the NCBI GEO DataSets
website [68] with the selection of “Homo sapiens” under the column of “Top Organisms”
and “Expression profiling by high throughput sequencing” under the column of “study
type”, 31 series were identified. After reviewing all these datasets to check if they provided
the sex information of the donors, one series (GSE114007) containing transcriptome data
of human knee cartilage samples was included in the current study [33]. In this dataset,
there were samples from 5 healthy female donors (age 27–57, mean 42), 13 healthy male
donors (age 18–61, mean 34.5), 11 OA female donors (age 52–82, mean 66.3), and 9 OA
male donors (age 51–71, mean 64.9) (Table 6 and Supplemental Table S13). According to
the original study of this dataset, there is no significant difference between healthy and
OA samples in other factors, such as the health condition of the donors, tissue sampling
location, and body mass index [33,41]. SRA data of all the samples were downloaded from
NCBI SRA website [69]. Following comparisons were conducted: (1) male healthy (HM)
cartilage with female healthy (HF) cartilage to explore the baseline molecular differences
in the articular cartilage between genders, (2) male OA (OM) cartilage with HM cartilage
to detect the molecular changes in response to OA in males, (3) female OA (OF) cartilage
with HF cartilage to detect the molecular changes in response to OA in females, and (4)
OA-responsive DEGs in males (OM-HM) with that in females (OF-HF) to find the genes
altered significantly different between genders during OA (OM-HM vs. OF-HF). Data
analyses were performed on the Galaxy platform (UseGalaxy.org; [70]) with an established,
broadly validated protocol [71–73]. Briefly, the FASTQC RNA-seq reads were aligned to
the human genome (GRCh38) using HISAT2 aligner (Galaxy Version 2.1.0+galaxy 5) with
default parameters [74]. Raw counts of sequencing read for the feature of genes were
extracted by featureCounts (Galaxy Version 1.6.4+galaxy1) [75]. Then, the limma package
(Galaxy version 3.38.3 + galaxy3) was used to identify DEGs with its voom method [76,77].
Expressed genes were selected as their counts per million (CPM), value not less than 1 in at
least two samples across the entire experiment, while lowly expressed genes were removed
for the flowing analyses. The parameters were set as 1 for minimum log2 Fold change and
0.05 for p-value adjustment threshold. As our current investigation is an explorative study,
Benjamini–Hochberg correction was employed in the limma-voom analysis for p value
adjustment [78], which is highly recommandated by the limma user guide [79]. To provide
FDR control, the limma Test significance relative to a fold-change threshold (TREAT)
function was applied to select genes that are more likely to be biologically significant [80],
accompanied by the Robust Setting to protect against outlier genes [81]. A trimmed mean
of M values (TMM) method was used for normalization among RNA samples. Quasi-
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likelihood F-tests (ANOVA-like analysis) were achieved to identify DEGs [82]. Genes with
fold change (FC) more than 2 and p value less than 0.05 were assigned as DEGs. Heatmap
diagrams were conducted in R (version 3.6.3) [83] with packages pheatmap (version 1.0.12),
while volcano plots were generated by GraphPad Prism (version 8.2.1; GraphPad Software,
Inc., San Diego, CA, USA). Pathway enrichment of identified DEGs was performed against
the Reactome knowledgebase [84]. The enriched pathways with a false discovery rate
(FDR) less than 0.05 were considered significantly meaningful.

5. Conclusions

In summary, our current study confirmed SABV in the knee cartilage at the tran-
scriptomic level in both healthy and OA statuses. This study, at least partially, explains
the clinical observed sex-relative differences of OA outcomes. Due to the lack of knowl-
edge about some of the identified DEGs, further worldwide collaboration is necessary
to comprehensively uncover the sex-relative differences of knee articular cartilage health
and disease.
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Abstract: The hexosamine biosynthetic pathway (HBP) is essential for the production of uridine
diphosphate N-acetylglucosamine (UDP-GlcNAc), the building block of glycosaminoglycans, thus
playing a crucial role in cartilage anabolism. Although O-GlcNAcylation represents a protective
regulatory mechanism in cellular processes, it has been associated with degenerative diseases,
including osteoarthritis (OA). The present study focuses on HBP-related processes as potential
therapeutic targets after cartilage trauma. Human cartilage explants were traumatized and treated
with GlcNAc or glucosamine sulfate (GS); PUGNAc, an inhibitor of O-GlcNAcase; or azaserine
(AZA), an inhibitor of GFAT-1. After 7 days, cell viability and gene expression analysis of anabolic
and catabolic markers, as well as HBP-related enzymes, were performed. Moreover, expression of
catabolic enzymes and type II collagen (COL2) biosynthesis were determined. Proteoglycan content
was assessed after 14 days. Cartilage trauma led to a dysbalanced expression of different HBP-related
enzymes, comparable to the situation in highly degenerated tissue. While GlcNAc and PUGNAc
resulted in significant cell protection after trauma, only PUGNAc increased COL2 biosynthesis.
Moreover, PUGNAc and both glucosamine derivatives had anti-catabolic effects. In contrast, AZA
increased catabolic processes. Overall, “fueling” the HBP by means of glucosamine derivatives or
inhibition of deglycosylation turned out as cells and chondroprotectives after cartilage trauma.

Keywords: hexosamine biosynthetic pathway; cartilage trauma; post-traumatic osteoarthritis;
chondrocytes; O-GlcNAcylation; glucosamine; cell death; therapy

1. Introduction

As the most common joint disease in the elderly population and one of the leading
causes of disability in age, osteoarthritis (OA) has a high impact on today’s society [1].
Preceding injuries are considered a major risk factor in joint degeneration, causing a special
form called post-traumatic OA (PTOA), which can also affect the younger population and
accounts for about 10% of the total incidence of knee OA [2].

The pathogenesis of PTOA is induced by a traumatic impact causing a sudden increase
of cell death and subsequent synovial inflammation. The surviving chondrocytes secrete
excessive amounts of catabolic enzymes, such as matrix metalloproteinases (MMPs) and
proteases of the ADAMTS (a disintegrin and metalloproteinase with thrombospondin
motifs) family, which contribute to the breakdown of the main cartilage components type
II collagen and aggrecan [3]. These catabolic processes can persist over years, driving
progressive cartilage degeneration.

Despite huge scientific efforts, the development of efficient drugs, preventing or delay-
ing the onset of PTOA, remains difficult, in particular due to the complex pathomechanisms
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involved. Most therapeutic approaches, such as non-steroidal anti-inflammatory drugs
(NSAIDs), focus on symptomatic relief and represent just a temporary solution [4]. Besides
NSAIDs, which can also be considered rapid-acting symptom modifying osteoarthritis
drugs (SMOADS), there are slow-acting drugs, also referred to as symptomatic slow acting
drugs for osteoarthritis (SYSADOA), including cytokine modulators, such as diacerein,
glucosamine, and chondroitin as precursors of matrix components, as well as hyaluronan
(also known as hyaluronic acid) [5,6].

These matrix precursors and hyaluronan have one thing in common; they contribute
to or are derived from the hexosamine biosynthetic pathway (HBP), which plays a sub-
stantial role in cartilage homeostasis [7]. In principle, the HBP is a branch of glycolysis,
although it is not involved in energy generation but production of uridine diphosphate
N-acetylglucosamine (UDP-GlcNAc). The rate-limiting enzyme, glutamine fructose-6-
phosphate amidotransferase (GFAT-1), converts fructose-6-phosphate into glucosamine
6-phosphate, the precursor of GlcNAc (Figure 1). GlcNAc is the essential building block
for the biosynthesis of glycosaminoglycans (GAGs), such as keratan sulfate, chondroitin
sulfate, and hyaluronan, which represent about 90% of the total mass of aggrecan, the
most abundant proteoglycan (PG) in articular cartilage [8]. The transfer of GlcNAc to
proteins represents a special form of glycosylation (O-GlcNAcylation) and requires en-
ergy, enabled by coupling the monosaccharide with the nucleotide UDP. O-GlcNAcylation
is not only essential for PG synthesis but also functions as a regulatory mechanism for
various cellular processes [9,10]. This post-transcriptional modification is controlled by
two enzymes: O-GlcNAc transferase (OGT), which drives the addition of UDP-GlcNAc
to proteins, and the N-acetylglucosaminidase (OGA or O-GlcNAcase), which reverses the
reaction. O-GlcNAcylation is highly responsive towards different stimuli, including trauma
and cytokines [11], and has been found to be dysregulated in OA and other age-related
degenerative diseases [11–13].–

 

Figure 1. Schematic illustration of the hexosamine biosynthetic pathway (HBP), its role in glycosaminoglycan synthe-
sis and potential therapeutic targeting. In the present study, the HBP is targeted in different ways: (1) glucosamine
derivatives (N-acetylglucosamine (GlcNAc) or glucosamine sulfate (GS)) were added at different concentrations to en-
hance the bioavailability of the substrate for uridine diphosphate GlcNAc (UDP-GlcNAc) generation; (2) the rate-limiting
enzyme, glutamine fructose-6-phosphate amidotransferase (GFAT1), was inhibited by means of Azaserine, while hydrol-
ysis of O-GlcNAc residues (de-glycosylation) was suppressed using PUGNAc, a specific inhibitor of OGA. GalNAc =
N-Acetylgalactosamine, OGA = N-acetylglucosaminidase, OGT = O-GlcNAc transferase, PUGNAc = O-(2-acetamido-
2deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate.
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Concerning the fundamental importance of the HBP for the biosynthesis of matrix
components, it might be rational to increase the substrate availability via glucosamine
supplementation as a therapeutic approach in OA. In fact, there are various promising
in vitro studies reporting anabolic, antioxidative, anti-catabolic (chondroprotective), pro-
mitotic, and anti-inflammatory effects of glucosamines on chondrocytes [14–17]. However,
the overall efficacy of glucosamines in OA therapy remains controversially discussed due
to contradictory results, especially with regard to clinical trials [4,18–20].

Despite the central role of the HBP and protein O-GlcNAcylation in cartilage, the
influence of a traumatic single impact as a potential trigger or suppressor of HBP-related
processes in cartilage tissue has not been taken into account so far. Therefore, this study will
not directly focus on potential therapeutic effects of the glucosamine derivatives GlcNAc
and glucosamine sulfate (GS) but rather considers the HBP as a whole to investigate its
possible involvement in post-traumatic processes and its relevance as a therapeutic target
after cartilage trauma in particular.

2. Results
2.1. Gene Expression of HBP-Related Enzymes Is Altered after Cartilage Trauma and in Highly
Degenerated Tissue

Human cartilage tissue explants were subjected to a single impact load of 0.59 J
using a drop-tower model, as previously described [21]. This trauma suppressed gene
expression levels of OGT by 25%, while increasing that of OGA by 35% (Figure 2A,B), thus
significantly changing the ratio of OGA to OGT ([vs. C] 2-fold; Figure 2C). This alteration
was markedly reduced by GlcNAc, PUGNAc, and AZA; however, the attenuating effect
was only significant in the case of 10 mM GlcNAc. Despite increased gene expression of
OGA in presence of its inhibitor PUGNAc, mRNA levels of OGT were likewise enhanced,
resulting in an overall alleviated ratio of OGA to OGT, which was comparable to the
control level. While trauma and subsequent treatment had no significant effect on mRNA
levels of GFAT-1 in macroscopically intact cartilage (Figure 2D), gene expression analysis
of highly degenerated cartilage tissue (ICRS score ≥ 3) revealed a significant reduction in
GFAT-1 expression of about 50% compared to macroscopically intact tissue (ICRS score ≤ 1)
(Figure 2E). Moreover, the ICRS score ≥ 3 tissue exhibited an about 1.8-fold increased ratio
of OGA to OGT (Figure 2F).

2.2. GlcNAc and PUGNAc Exert Cell Protective Effects after Cartilage Trauma

To investigate potential involvement of the HBP in the regulation of cell death and
survival after cartilage trauma, cell viability was assessed by means of a live/dead staining
(Figure 3C). 7 days after trauma, the cell viability was significantly decreased by about
20% ([vs. C] Figure 3A: −16.8%, Figure 3B: −25%). While treatment with GlcNAc revealed
significant cell protective effects ([vs. T] 2.5 mM: +11.3%; 5 mM: +13.6%; 10 mM: +14.6%),
no improvement, except further reduction of the cell viability, was observed in the case of
high-dose GS administration (Figure 3A). Due to the cell toxic effects observed for high
concentrations (5 and 10 mM) of GS, these conditions were only exemplarily tested (n = 3).

While the addition of GFAT-inhibitor AZA had no significant effect on the percentage
of living cells after cartilage trauma, inhibition of OGA by PUGNAc significantly promoted
the survival of chondrocytes ([vs. T] 0.1 mM: +14.4%; 0.15 mM: +15.7%; Figure 3B).

2.3. While PUGNAc Revealed Chondroanabolic Effects, Glucosamine Derivatives GlcNAc and GS
Suppressed Type II Collagen Synthesis after Cartilage Trauma

Possible involvement of the HBP in chondroanabolic effects after cartilage trauma was
addressed by gene expression analysis of COL2A1, hyaluronan synthase 2 (HAS2), and
aggrecan, as well as quantification of CPII, which reflects the actual biosynthesis of type II
collagen (Figure 4).
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Figure 2. Gene expression levels of HBP-related enzymes 7 days after trauma and in highly degenerated tissue. Gene
expression of HBP-related enzymes was evaluated in (A,B,D), impacted and subsequently treated cartilage explants, as
well as (E) highly degenerated cartilage tissue (ICRS grade ≥ 3). Moreover, the ratio of OGA to OGT was calculated for
(C) impacted and subsequent treated cartilage explants, as well as (F) OA cartilage. Statistical analysis: (A,B,D) one-way
ANOVA, (C) the Kruskal–Wallis test, (E) multiple t-tests, (F) unpaired two-tailed t-test. Significant differences between
groups were depicted as: [versus T] * = p < 0.05; [versus C] c = p < 0.05, cc = p < 0.01; all data sets n ≥ 5; ICRS grade ≥ 3
tissue n ≥ 6. Shaded boxes = traumatized cartilage explants (T), striped boxes = highly degenerated cartilage tissue
(ICRS grade ≥ 3).
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≥ 5, except for 5 mM and 10 mM GS, 

Figure 3. Effects of glucosamine treatment or addition of inhibitors on cell viability 7 days after cartilage trauma. Im-
pacted cartilage explants were treated with different concentrations of (A) glucosamine derivatives GlcNAc or GS or
(B) OGA-inhibitor PUGNAc and GFAT-1-Inhibitor AZA, respectively, for 7 days. (C) Exemplary fluorescence images of
live/dead staining. Statistical analysis: (A,B) one-way ANOVA. Significant differences between groups were depicted as:
[versus T] * = p < 0.05, ** = p < 0.01; [versus C] cc = p < 0.01; all data sets n ≥ 5, except for 5 mM and 10 mM GS, n = 3. Blank
box = unimpacted control (C), shaded boxes = traumatized cartilage explants (T).
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Figure 4. Effects of glucosamine, PUGNAc, and AZA on chondroanabolic processes 7 days after cartilage trauma. Chon-
droanabolism was evaluated by means of gene expression analysis of (A) COL2A1, (B) HAS2, and (C) ACAN, as well as
by (D) quantification of CPII release. Statistical analysis: (A,B) Kruskal–Wallis test, (C,D) one-way ANOVA. Significant
differences between groups were depicted as: [versus T] * = p < 0.05; [versus C] c = p < 0.05, cc = p < 0.01; all data sets n ≥ 5.
Blank box = unimpacted control (C), shaded boxes = traumatized cartilage explants (T).

Compared to the unimpacted cartilage, chondroanabolic gene expression was signif-
icantly reduced after trauma (Figure 4A–C). Although, treatment with 2.5 mM GlcNAc
enhanced the gene expression of COL2A1 ([vs. T] 2.4-fold) and ACAN ([vs. T] 1.6-fold),
both glucosamine derivatives suppressed the biosynthesis of type II collagen ([vs. C]
GlcNAc: −3.5 ng/mL; GS: −3 ng/mL; Figure 4D). Moreover, 1 mM GS further reduced
gene expression of ACAN.

While AZA had rather anti-anabolic effects, as demonstrated by reduced biosynthesis
of type II collagen ([vs. C] −2.3 ng/mL), PUGNAc significantly induced both gene ex-
pression of HAS2 ([vs. T] 2.4-fold) and the release of CPII ([vs. T] +2.2 ng/mL), despite
unchanged mRNA levels of COL2A1.

2.4. Trauma-Induced Expression of MMPs and Subsequent Type II Collagen Degradation Are
Markedly Decreased after Treatment with Glucosamines or PUGNAc

Possible influence of the HBP on trauma-induced expression of MMPs and subsequent
breakdown of type II collagen was evaluated by gene expression analysis of MMP-1 and
-13 (Figure 5A,B), quantification of secreted MMP-2 (zymographical detection; Figure 6
and MMP-13 (Figure 5C), as well as the degradation product of type II collagen (C2C),
generated by MMP-1, -8, and -13 (Figure 5D).
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Figure 5. Effects of glucosamine treatment or addition of inhibitors on trauma-induced expression of collagenases and
COL2A breakdown 7 days after trauma. Catabolic processes were assessed by the means of gene expression analysis of
(A) MMP-1 and (B) MMP-13, as well as (C) quantification of MMP-13 release and (D) type II collagen breakdown product
C2C. Statistical analysis: (A,B) Kruskal–Wallis test, (C,D) one-way ANOVA. Significant differences between groups were
depicted as: [versus T] * = p < 0.05; [versus C] c = p < 0.05, cc = p < 0.01; all data sets n ≥ 5. Blank box = unimpacted control
(C), shaded boxes = traumatized cartilage explants (T).

Cartilage trauma resulted in excessive gene expression of ECM-degrading MMPs ([vs.
C] MMP1: 4-fold; MMP13: 5.8-fold), though concentration of C2C was not significantly
enhanced compared to the unimpacted control. Both glucosamine derivatives exhibited
anti-catabolic effects to varying degrees. While GlcNAc had stronger suppressive effects,
with respect to the gene expression of MMP-1 (Figure 5A), GS revealed higher efficacy in the
case of MMP-13 (Figure 5B). However, GlcNAc and GS demonstrated equal anti-catabolic
and chondroprotective effects, respectively, concerning the secretion of MMP-13 ([vs. T]
GlcNAc: −11.54 ng/mL; GS: −11.8 ng/mL; Figure 5C) and subsequent degradation of
type II collagen ([vs. T] both −0.97 ng/mL; Figure 5D). Moreover, GlcNAc significantly
reduced the conversion of pro-MMP-2 to active MMP-2 by 2.9-fold (Figure 6C).

Although, comparable anti-catabolic effects were found after inhibition of OGA
by means of PUGNAc, as demonstrated by decreased secretion of MMP-13 ([vs. T]
−11 ng/mL), the reduction of the degradation product C2C was less pronounced ([vs. T]
−0.57 ng/mL). While no significant changes could be observed for the secretion of pro-
MMP2 (Figure 6A), the addition of AZA increased the zymographically detectable amount
of active MMP-2 ([vs. C] 4-fold; [vs. T] 3-fold; Figure 6B) and the generation of C2C ([vs. T]
+0.5 ng/mL) after cartilage trauma.
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Figure 6. Effects of glucosamine treatment or addition of inhibitors on trauma-induced secretion and activation of MMP-2
7 days after trauma. Release of (A) pro-MMP-2 and (B) active MMP-2 was measured by means of gelatin zymography,
as exemplarily demonstrated in (D,E). (C) Ratio of zymographically detectable pro-MMP-2 to active MMP-2. Statistical
analysis: (A–C) one-way ANOVA. Significant differences between groups were depicted as: [versus T] * = p < 0.05; [versus
C] cc = p < 0.01; all data sets n ≥ 5. Blank box = unimpacted control (C), shaded boxes = traumatized cartilage explants (T).

2.5. Trauma-Induced Expression of Aggrecanases and Subsequent Aggrecan Degradation Are
Largely Decreased after Treatment with Glucosamines or PUGNAc

Influence of the HBP on trauma-induced expression and proteolytic activity of ag-
grecanases was determined by the gene expression analysis of ADAMTS4 and 5, esti-
mation of the aggrecanase activity, and the histological assessment of PG by means of
Safranin-O staining.

After cartilage trauma, gene expression levels of ADAMTS-4 and -5 were significantly
enhanced ([vs. C] ADAMTS4: 7.4-fold; ADAMTS5: 3-fold; Figure 7A,B). This was reflected
in increased aggrecanase activity ([vs. C] 2.9-fold; Figure 7C), which can be considered
proportional to the total aggrecanase amount. Additionally, histological assessment of PG
by means of Saf-O staining confirmed the increased loss of PG in traumatized cartilage
explants (Figure 7D). Treatment with glucosamines or PUGNAc significantly suppressed
trauma-induced gene expression of aggrecanases, as well as aggrecanase activity ([vs. T]
GlcNAc: −4.8-fold; GS: −3.5-fold; PUGNAc: −4.9-fold). These anti-catabolic effects and
the subsequent preservation of PG could be confirmed in the corresponding Saf-O staining
of GlcNAc and PUGNAc treated cartilage 14 days after trauma. In contrast, AZA had no
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additional effect on the expression levels of aggrecanases after trauma, though resulted in
strong PG depletion, as demonstrated in the severe de-staining of the cartilage matrix.

−4 −3 −4

 

Figure 7. Effects of glucosamine treatment or addition of inhibitors on trauma-induced expression of aggrecanase

–

≥ 5. Blank box

Figure 7. Effects of glucosamine treatment or addition of inhibitors on trauma-induced expression of aggrecanases and
PG breakdown 7 days and 14 days after trauma. Catabolic processes were assessed by means of gene expression analysis
of (A) ADAMTS-4 and (B) ADAMTS-5, as well as (C) quantification of relative aggrecanase activity (7 days after trauma).
Moreover, (D) PG content in cartilage explants 14 days after trauma and corresponding treatments were evaluated by means
of exemplary images of cartilage after Saf-O staining. Statistical analysis: (A–C) one-way ANOVA. Significant differences
between groups were depicted as: [versus T] * = p < 0.05, ** = p < 0.01; [versus C] c = p < 0.05, cc = p < 0.01; all data sets
n ≥ 5. Blank box = unimpacted control (C), shaded boxes = traumatized cartilage explants (T).

3. Discussion

The HBP is essentially responsible for the generation of UDP-GlcNAc, the building
block for posttranscriptional O-GlcNAcylation, which is not only involved in the biosynthe-
sis of PG but also in the regulation of various metabolic processes [9,10]. Despite its crucial
role in cartilage homeostasis, the actual implication of the HBP during OA development
and, in particular, after traumatic cartilage injury remains largely unknown.
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In the present study, we investigated the impact of targeted manipulation of the HBP
in various ways. First, we added two different glucosamine derivatives, GS and GlcNAc,
in order to increase the substrate availability and potentially boost HBP activity. Second,
we inhibited the enzymatic activity of OGA via PUGNAc, thus impairing reversibility of
O-GlcNAcylation and causing accumulation of O-glycosylated proteins. Third, we directly
inhibited the rate-limiting enzyme of the HBP, GFAT-1, by means of AZA in order to sup-
press the generation of UDP-GlcNAc and therefore reducing subsequent O-GlcNAcylation.
Unlike previous studies, which mainly focus on glucosamine administration as a thera-
peutic approach against advanced and symptomatic OA, this is the first study evaluating
targeted modulation of the HBP after a singular cartilage impact using a human ex vivo
trauma model. The experimental design allows investigation of HBP-related processes as a
possible therapeutic target after mechanical injury and subsequent cartilage degeneration
on cellular and molecular level, which in vivo might promote the development of a PTOA.

Some years ago, glucosamines, and in particular GS, have been propagated to be
an ideal therapeutic approach in OA treatment, combining both pain relief and cartilage
regeneration. Accordingly, glucosamine application was highly recommended in the
guidelines of the European League Against Rheumatism (EULAR) for the management
of knee OA in 2003 [21]. In fact, different reviews and meta-analyses between 2003 and
2008 summarized the outcomes of various clinical trials on GS and concluded that it was
effective in pain reduction, improvement of the joint functionality, as well as the overall
reduction of OA progression and subsequent risk of joint replacement [22]. About 10 years
later, the Osteoarthritis Research Society (OARSI) guidelines stated the recommendation
about glucosamine treatment as “uncertain” in case of symptom relief and “not appropri-
ate” for disease modification [4]. Taken together, therapeutic efficacy of glucosamines in
OA disease remains controversial, especially because of the inconsistency between study
reports deriving from industry-sponsored and independent trials, as well as a generally
large heterogeneity among studies [4]. Nevertheless, as mentioned above, we investigated
a novel aspect in glucosamine administration and therapeutic targeting of the HBP, re-
spectively, with a focus on attenuation of trauma-induced pathomechanisms and thus
prevention of PTOA development. In our study, GlcNAc exhibited cell protective effects
after cartilage trauma; however, this could not be confirmed in the case of GS, which
led to enhanced cell death in doses higher than 1.5 mM. In fact, both cell protective and
as cytotoxic effects of glucosamines have been previously reported. On the one hand,
glucosamine has been found to induce autophagy in chondrocytes, which is considered to
facilitate cell survival and protect against cartilage degeneration [20,23–25]. On the other
hand, long-term exposure and high glucosamine concentrations were found to promote
mitochondrial and peroxisomal dysfunction, as well as accumulation of very long chain
fatty acids (VLCFA) [20]. Therefore, glucosamines might act as inducers and suppressors
of autophagic and apoptotic processes at the same time, possibly depending on the re-
spective experimental conditions. Interestingly, cytotoxic effects have been reported for
glucosamines (i.e., glucosamine hydrochloride (GlcN-HCl)), [20,26,27] but not in case of
GlcNAc. In contrast to GlcNAc, glucosamine has been found to be actively internalized by
chondrocytes via glucose transporters (GLUTs), thus inhibiting glucose uptake and leading
to depleted intracellular ATP stores [28]. Shikhman et al. supposed that GlcNAc interacts
with GLUTs, although positively affecting their affinity for glucose, the main source for
energy supply and precursor of GAG synthesis in chondrocytes [28].

In line with Uitterlinden et al., who reported both anti-catabolic and anti-anabolic
effects of GS and GlcN-HCl in OA cartilage [16], we found significant chondroprotective
effects for GlcNAc and GS after cartilage trauma, but also observed an unexpected decline
in CPII. On first sight, this finding contradicts the general opinion that glucosamine en-
hances the ECM synthesis in cartilage; however, post-translational modification of type
II collagen does not depend upon the HBP or UDP-GlcNAc, respectively [29]. Therefore,
the suppressive effects of glucosamines clearly deserve further investigation. While GS
suppressed the gene expression of ACAN and HAS2, GlcNAc increased the corresponding
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mRNA levels to some extent, depending on the concentration. In accordance with this,
GlcNAc has previously been found to accelerate the expression of HAS2 and subsequent
synthesis of hyaluronan, while glucosamine resulted in opposite effects [16,28]. The differ-
ential impact of GlcNAc and GS on chondroanabolism might also account for divergent
findings concerning the PG content, as demonstrated by Saf-O staining. Despite similar
suppression of aggrecanases and MMPs found for both glucosamine derivatives, higher PG
decline was found in GS treated cartilage explants compared to GlcNAc treated explants.

Anti-catabolic effects of glucosamines have been previously reported, though mainly
addressing interleukin 1b (IL-1b)-mediated MMP and ADAMTS expression [14,30,31]. Nev-
ertheless, similar to cytokine-induced catabolism, the therapeutic effects of glucosamine
administration after cartilage trauma might result from the inhibition of OA-associated
mitogen-activated protein kinase (MAPK) pathways, including c-Jun N-terminal kinase
and p38, as shown for GS [32]. However, inhibition of IL-1b-induced catabolism by GlcNAc
has not been found to have any effect on ERK, JNK, or p38 MAPK pathways [33]. More-
over, spontaneous (i.e., age-dependent) and induced (i.e., via OGA-inhibitor thiamet-G)
accumulation of O-GlcNAcylated proteins has even been associated with enhanced MAPK
phosphorylation [34,35]. This activation correspondingly induced both MMP expression
and chondrogenic differentiation of ATDC5 cells at the same time [34]. These contradictory
observations imply a dual effect of O-GlcNAcylation on MAPK signaling, which clearly
deserves further investigation with regard to cartilage trauma and OA development.

In our study, PUGNAc administration resulted not only in cell and chondroprotective
effects but also in chondroanabolic effects after cartilage trauma, implying a positive effect
by OGA-inhibition and subsequent accumulation of O-glycosylated proteins. In line with
this, inhibition of GFAT-1 by means of AZA was found to result in opposite effects. Hence,
we concluded that HBP functionality and O-GlcNAcylation, respectively, is essential for
cartilage homeostasis and provides protection against trauma-induced pathomechanisms.
Accordingly, expression of OGT and O-GlcNAcylation is thought to be responsive to
cellular stress, comprising oxidative stress, ER stress, ischemia reperfusion injury, and
more; however, only little is known about regulation of OGA in injured cells [36,37]. Stress-
induced upregulation of OGT leads to enhanced O-GlcNAc levels and can be considered a
pro-survival signaling program, while, in contrast, reduced O-GlcNAcylation increases
susceptibility of cells and tissues to injury [36,38,39]. Surprisingly, cartilage trauma did
not induce the gene expression of OGT but OGA, which was also observed in highly
degenerated tissue (ICRS score ≥ 3). Comparable findings were described by Tardio et al.,
who determined a similar alteration of the OGA to OGT ratio in cartilage of OA patients,
as well as after IL-1b stimulation of isolated OA chondrocytes [13]. It might be possible
that the responsiveness of this pro-survival signaling program decreases with age. In
fact, aging has a high impact on protein O-GlcNAcylation and vice-versa. Accumulation
of O-GlcNAc modified proteins has been associated with development and progression
of various age-related diseases and was found in OA cartilage tissue, despite enhanced
OGA levels [12,13]. Comparable accumulation of O-GlcNAc modified proteins has also
been described in aged retina; however, though, the addition of PUGNAc or UDP-GlcNAc
and subsequent enhancement of O-GlcNAcylation reduced intracellular oxidative stress
levels [35], which corroborates our findings.

Direct inhibition of GFAT-1 by AZA, and thus attenuation of all HBP-associated
processes, resulted in enhanced expression of catabolic enzymes and subsequent ECM
destruction after cartilage trauma. This was demonstrated by increased concentrations of
type II collagen breakdown product C2C and severe PG depletion in Saf-O stained cartilage
explants. However, loss of PG in AZA-treated cartilage explants might also be a result of
both enhancement of protease activity and decrease of ECM synthesis, as shown in reduced
gene expression of COL2A1, HAS2, and ACAN, as well as type II collagen synthesis. There
is only little known about the impact of GFAT-1 inhibition by AZA or any other component
in cartilage; however, Honda et al. reported significant impairment in the synthesis of
cartilage-characteristic PG-H in chicken embryos exposed to AZA [40].
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4. Materials and Methods
4.1. Specimen Preparation and Cultivation Conditions

Overall, macroscopically intact tissue samples (International Cartilage Repair Society
(ICRS) score ≤ 1) from femoral condyles of 15 patients (mean age 63 years; 8 male and
7 female patients) were included in the study. Human cartilage was obtained from donors
undergoing total knee joint replacement due to OA. Informed consent was obtained from
all patients according to the terms of the Ethics Committee of the University of Ulm. Full-
thickness cartilage explants (Ø = 6 mm) were harvested, weighed, and cultivated in serum-
containing medium (1:1 DMEM/Ham’s F12 supplemented with 10% fetal bovine serum,
0.5% penicillin/streptomycin (PAA Laboratories, Pasching, Austria), 0.5% L-glutamine,
and 10 µg/mL 2-phospho-L-ascorbic acid trisodium salt) for 24 h in an incubator (37 ◦C,
5% CO2, 95% humidity). Afterwards, the explants were traumatized and cultivated for
7 days and 14 days (only for histological assessment), respectively, in serum-free medium
(DMEM supplemented with 1% sodium pyruvate, 0.5% L-glutamine, 1% non-essential
amino acids, 0.5% penicillin/streptomycin, 10 µg/mL 2-phospho-L-ascorbic acid trisodium
salt, and 0.1% insulin-transferrin-sodium selenite (Sigma-Aldrich, Taufkirchen, Germany)).
All chemicals were purchased from Biochrom (Berlin, Germany), unless specified otherwise.
Additionally, highly degenerated (ICRS score ≥ 3) and corresponding macroscopically
intact tissue samples (ICRS grade ≤ 1) of 7 patients (mean age 67 years) were imme-
diately snap frozen for RNA isolation to evaluate degeneration-associated changes in
gene expression.

4.2. Impact Loading and Subsequent Treatment

The cartilage explants were subjected to a single impact load of 0.59 J using a drop-
tower model, as previously described [41], and further cultivated under serum-free con-
ditions (described above). Unloaded explants served as controls. Impacted cartilage
explants were treated with the following additives (Sigma-Aldrich) for 7 and 14 days,
respectively: GlcNAc or GS (each 0.1–10 mM), an inhibitor of O-GlcNAcase (PUGNAc (O-
(2-acetamido-2deoxy-D-glucopyranosylidene)amino-N-phenylcarbamate): 0.05–0.15 mM)
or the GFAT1-inhibitor azaserine (AZA: 0.005–0.1 mM) (Figure 1). Fresh additives were
added concomitantly with medium change every 2–3 days.

4.3. Live/Dead Cell Cytotoxicity Assay

To determine the percentage of viable cells 7 days after trauma, a live/dead via-
bility/cytotoxicity assay (Molecular Probes, Invitrogen) was performed, as previously
described [42]. In short, unfixed tissue sections (0.5 mm thickness) were stained with 1 µM
calcein AM and 2 µM ethidium homodimer-1 for 30 min. After washing in PBS, they were
microscopically analyzed by means of a z-stack module (software AxioVision, Carl Zeiss,
Jena, Germany). Three pictures were made from each tissue section. All cells on the picture
were counted manually (Image J software version 1.42q). The average count per picture
was about 2000 cells.

4.4. mRNA Isolation and cDNA Synthesis

For total RNA isolation 7 days after trauma, cryopreserved cartilage explants were
pulverized with a microdismembrator S (B. Braun Biotech, Melsungen, Germany). Sub-
sequently, RNA was isolated using the Lipid Tissue Mini Kit (Qiagen, Hilden, Germany).
RNA was reverse transcribed with the Omniscript RT Kit (Qiagen) and used for quantita-
tive real-time PCR analysis (StepOne-PlusTM Real-Time PCR System, Applied Biosystems,
Darmstadt, Germany).

4.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Determination of the relative expression levels was performed by means of qRT-PCR anal-
ysis using the ∆∆ Ct method. To detect desired sequences, a TaqManTM Gene Expression Mas-
ter Mix for TaqMan Gene Expression Assay (both Applied Biosystems) was used for the fol-
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lowing probes: Hs00192708_m1 (ADAMTS4), Hs00199841_m1 (ADAMTS5), Hs00264051_m1
(COL2A1), Hs00899865_m1 (GFAT-1), Hs00193435_m1 (HAS2), Hs02800695_m1 (HPRT1),
Hs00899658 (MMP-1), Hs00233992_m1 (MMP-13), Hs01028844_m1 (OGA/MGEA5), and
Hs00269228_m1 (OGT). Power SYBR Green PCR Master Mix (Applied Biosystems) was
used for 18S rRNA, 5′- CGCAGCTAGGAATAATGGAATAGG-3′ (forward), 5′ -CATGGCCT
CAGTT CCGAAA-3′ (reverse), and Platinum SYBR Green qPCR SuperMix-UDG (In-
vitrogen, Darmstadt, Germany) for GAPDH, 5′-TGGTATCGTGGAAGGAC TCATG-3′

(forward), and 5′-TCTTCTGGGTGGCAGTGATG-3′ (reverse). mRNA expression was
determined by normalizing the expression levels separately to the endogenous controls
(18S rRNA, GAPDH, and HPRT1) and subsequently calculating the ratio mean values in
relation to the gene expression level of the untreated, unimpacted control.

4.6. Culture Media Analysis by Means of Commercial ELISA Kits

Biomarker release into culture media (7 days after trauma) was evaluated by means of
enzyme-linked immunosorbent assays (ELISAs): secreted MMP-13 was determined using
the Human Quantikine ELISA kit (Ray-Biotech, Norcross, GA, USA). Evaluation of type II
collagen synthesis was performed using a CPII ELISA (Ibex, Québec, QC, Canada). The
assay quantified type II collagen carboxy propeptide (CP II) cleaved from pro-collagen
II after its release into the matrix and directly correlated with newly synthetized type
II collagen. Degradation of type II collagen was measured using a C2C ELISA (Ibex),
detecting a neoepitope generated during collagenase-mediated breakdown of type II
collagen. Aggrecanase activity was measured using the Sensitive Aggrecanase Activity
Assay from Biotez (Berlin, Germany) for serum-free cell culture supernatants. The kit
consists of two modules. First, the substrate (modified aggrecan interglobular domain)
is proteolytically cleaved by sample-derived aggrecanases, releasing a peptide with a
N-terminal ARGSVIL sequence. This peptide can then be quantified via the specific ELISA
module. In principle, the assay quantifies the total aggrecanase activity, comprising that of
ADAMTS-1, -4, and -5.

The total amounts of MMP-13, C2C, and CP II, as well as the aggrecanase activity,
were relativized on the weight multiplied by cell viability of the corresponding cartilage
explant [41,42].

4.7. Gelatin Zymography

Quantification of pro-MMP-2 and active MMP-2 was performed by gelatin zymogra-
phy, as previously described [41]. In short, culture media (7 days after trauma) were mixed
1:2 with nonreducing zymogram sample buffer (Bio-Rad, Munich, Germany), loaded onto
10% polyacrylamide gels (Carl Roth, Karlsruhe, Germany) containing 2 mg/mL gelatin
(Merck, Darmstadt, Deutschland). After electrophoresis (Mini-PROTEAN Tetra Cell Sys-
tem, Bio-Rad), the gels were washed in zymogram renaturation buffer twice for 15 min and
incubated in zymogram development buffer for 20 h at 37 ◦C (both Bio-Rad). Staining with
Coomassie solution and subsequent destaining revealed clear bands originating from MMP
activity. Band intensities (INT*mm2) were quantified with the Geldoc XR system (Bio-
Rad) and relativized on tissue weight and cell viability, as mentioned above. An internal
standard (positive control) was run on each gel and used to reduce the inter assay variance.

4.8. Safranin-O Staining

To evaluate the content of PG within the cartilage tissue, appropriate histological
analysis was performed exemplarily (n = 1) 14 days after trauma. In short, explants
were fixed (4% paraformaldehyde) and embedded in paraffin. Dewaxed and rehydrated
sections (3.5 µm) were stained with SafO (Thermo Fisher Scientific, Schwerte, Germany)
and Fast Green (Sigma-Aldrich), followed by a final staining of the cell nuclei by Gill’s
hematoxylin No. 3 (Sigma-Aldrich) and documentation with an Axioskop 2 mot plus
(Zeiss, Oberkochen, Germany).
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4.9. Statistical Analysis

Experiments were analyzed using GraphPad Prism8 (GraphPad Software Inc., La Jolla,
CA, USA). Each data point represented an individual donor (biological replicate); technical
replicates from the same donor were not performed. Data sets with n ≥ 5 were tested
for outliers by means of the Grubbs outlier test. Outliers were not included in statistical
analyses. For parametric data sets, a one-way analysis of variance (ANOVA) with the
Sidak post-test was used. Nonparametric data sets were analyzed by means of a Kruskal–
Wallis test with Dunn’s post-test. For data sets derived from highly degenerated tissue
(ICRS grade ≥ 3), an unpaired two-tailed t-test was performed. The significant level was
set to a = 0.05. Values in diagrams are given as boxplots (median; whiskers: min to max).

5. Conclusions

In conclusion, our results demonstrate the overall importance of the HBP in cartilage
homeostasis and degeneration processes, which could be significantly influenced by tar-
geted modification. In this context, we observed predominately chondroprotective and
chondroanabolic effects associated with O-GlcNAcylation and the HBP after ex vivo carti-
lage trauma, implying that alteration of the glycosylation profile might have a detrimental
impact on cartilage homeostasis. However, it cannot be excluded that excessive accumula-
tion of O-GlcNAc modified proteins in age might negatively affect cartilage homeostasis
in the same manner as its decline, as confirmed by the alteration in the gene expression
of HBP-related enzymes in ex vivo traumatized macroscopically intact and in vivo highly
degenerated OA cartilage. So far, it is not known whether this reflects a primary pathogenic
event or an insufficient protective mechanism in aging and OA, respectively. With respect
to various studies reporting contradictory effects of enhanced O-GlcNAcylation in aging,
we conclude that this post-transcriptional modification might be a two-edged sword, in
particular regarding degenerative diseases. However, in the early post-traumatic situation,
the HBP may represent a promising therapeutic target.
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Abstract: For in vitro modeling of human joints, osteochondral explants represent an acceptable
compromise between conventional cell culture and animal models. However, the scarcity of native
human joint tissue poses a challenge for experiments requiring high numbers of samples and makes
the method rather unsuitable for toxicity analyses and dosing studies. To scale their application, we
developed a novel method that allows the preparation of up to 100 explant cultures from a single
human sample with a simple setup. Explants were cultured for 21 days, stimulated with TNF-α or
TGF-β3, and analyzed for cell viability, gene expression and histological changes. Tissue cell viability
remained stable at >90% for three weeks. Proteoglycan levels and gene expression of COL2A1,
ACAN and COMP were maintained for 14 days before decreasing. TNF-α and TGF-β3 caused dose-
dependent changes in cartilage marker gene expression as early as 7 days. Histologically, cultures
under TNF-α stimulation showed a 32% reduction in proteoglycans, detachment of collagen fibers
and cell swelling after 7 days. In conclusion, thin osteochondral slice cultures behaved analogously
to conventional punch explants despite cell stress exerted during fabrication. In pharmacological
testing, both the shorter diffusion distance and the lack of need for serum in the culture suggest a
positive effect on sensitivity. The ease of fabrication and the scalability of the sample number make
this manufacturing method a promising platform for large-scale preclinical testing in joint research.

Keywords: osteoarthritis; osteochondral explant culture; joint modelling; pharmacological assay;
native tissue analysis

1. Introduction

Osteoarthritis (OA) is a condition involving the degeneration of articular cartilage,
sclerosis of subchondral bone and chronic inflammation of the synovial membrane. To date,
it is the main cause of physical disability worldwide [1,2]. Both the underlying pathomech-
anisms of OA as well as the mechanisms of physiological reorganization of cartilage tissue
are poorly understood. Due to this lack of understanding, the treatment of such defects
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remains challenging. However, research in recent years has provided increasing evidence
that cartilage cells have the general ability to regenerate if stimulated correctly. Limited
traumatic cartilage defects can now be successfully treated and regenerated by autologous
chondrocyte transplantation and specific cell-modulating substances. The emergence of
growth factors as therapeutic agents is expected to further enable the regeneration of
osteochondral tissue [3–5], increasing the need for an adequate platform to assess cartilage
(repair) treatment strategies.

Traditionally, two-dimensional chondrocyte cultures in monolayer and OA animal
models have been the main tools available for preclinical testing of the efficacy and side
effects (ADME (absorption, distribution, metabolism, excretion) screening) of such sub-
stances. Unfortunately, the former often leads to limited insights due to the lack of represen-
tation of the complex tissue composition of the joint, while the latter, in addition to ethical
aspects, entails high costs and time expenditure and is therefore usually only applied when
a basic efficacy already seems very likely [6,7]. Recently, this spectrum has been expanded
to include sophisticated 3D cultures and organ-on-chip applications. However, 3D cultures
are either effortful to maintain or, in the case of joint-on-a-chip, not yet commercially
available. Therefore, rapid, agile research and development of regenerative therapeutics
for cartilage regeneration is limited to a certain extent [8–10].

A sustainable middle ground in joint modelling is the use of tissue explants. Explants
are living, native and functional parts from organs, which are obtained from donor tis-
sues or cadavers. Explants can accurately represent part of the tissue composition and
architecture. Specifically, the tissue cells remain in their native extracellular matrix (ECM)
configuration and questions regarding their response to biological stimuli can be answered
much more reliably in the native situation than, for example, with monolayer cultures of
only one cell type [11–13]. However, this modelling technique is severely limited by the
availability of donor tissue. Employing the frequently used technique of vertical punching
of the tissue and subsequential production of osteochondral punchings with diameters
of at least 3 mm, only a very small number of explants can be produced from a tissue
sample, depending on the tissue properties. Furthermore, the diffusion of nutrients and
potentially interacting proteins is severely impeded by the amount of glycosaminoglycans
in the tissue [14]. Hence, the explant thickness negatively correlates with information that
can be obtained about the behavior of cells located deeper in the tissue.

To address this issue, we have developed a low-cost and uncomplex method to
produce explant cultures using a thin-section approach. Similar to the live-slice technology
known from neurophysiology, the method allows the production of vital tissue slices with
a thickness of 500–800 µm [15]. This allows the production of up to 100 slice cultures
from a single tissue sample for subsequential analysis of many different substances and
concentrations. Furthermore, the thin tissue architecture is suitable for easy-to-maintain
semi-static culture conditions, as the perfusion distance is sufficiently short to reliably
guide both nutrients and any therapeutic agents through the tissue to the target cells.

This study aimed to analyze the suitability of osteochondral slices for osteochondral
tissue modelling and pharmacological screening of biologically active substances. For this
purpose, we obtained a large number of human slice cultures from surgically explanted
tibial plateaus and analyzed the behavior of the tissue over 21 days at the histological,
metabolic and transcriptional levels. Furthermore, we examined the reactivity of the
embedded chondrocytes to the factors TNF-α and TGF-β3, known to affect cartilage matrix
synthesis, to determine whether the tissue is in a sufficiently close state to that of the native
situation to be used as a testing device [16,17].

2. Results

To develop a physiological model for osteochondral tissue which allows for quick
handling and high-throughput applications with limited donor material at hand, we
developed a method for the manufacturing of native osteochondral live slice cultures
from human joint tissue. 500–800 µm thick osteochondral slice cultures were prepared
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from 23 different surgically explanted tibial plateaus using a custom-made microtome
insert and then cultured in hanging inserts of 24-well plates. In this study, we assessed
whether the explanted live slice cultures maintain their physiological properties such as
long-term cell viability, gene expression, extracellular matrix and responsiveness towards
biological stimuli.

2.1. Suitability for Slicing Varies with the Degree of Subchondral Bone Sclerosis

23 of 25 donors were suitable for the production of slice explants. The extent of
subchondral sclerosis of the bone proved to be a decisive factor for the suitability of
slice culture production. The brittleness of the bone increases sharply with the degree of
sclerosis, leading to the subchondral cancellous bone not being cut smoothly by the impact
of the blade but instead being crushed. Three punch cylinders were easily obtained from
all other donors, from each of which 30–36 slice cultures could be safely produced. For
reasons of logistical feasibility, we only cultivated the slice cultures from one punch at a
time-from a technical perspective, the cultivation of 90–100 slice cultures per donor would
have been possible.

2.2. Confocal Laser Scanning Microscopy Shows Highly Conserved Spatial Cell Order

To validate the use of the resazurin assay and to evaluate the spatial distribution of
living and dead cells, additional live/dead determination via CLSM was performed on
13 slices of two donors (7 and 8) after three weeks of culture. The slice explant cultures
were thin enough to penetrate deep into the tissue layers with confocal laser microscopy
and produce a three-dimensional image of the cell distribution- and vitality (3D rendered
video in supplemental files). The analysis revealed >90% viability in non-heated slices,
roughly 50% viability in slices that were heated for 30 min at 60 ◦C, and <10% chondrocyte
viability after 60 min of heating (Figure 1a). Chondrocytes remained localized in their
cartilage-typical, spatial alignment (column-like deep zone; pearl-bead structure in the
mid-zone; tightly packed cells in the superficial zone, Figure 1a). No cell culture effects
due to nutrition gradients were observed (e.g., no elongated cells in the peripheral tissue).

2.3. Resazurin Assay Correlates with Optically Determined Viability

To ensure that the resazurin assay sufficiently reflects viability and is not obstructed
by the dense osteochondral ECM, samples of varying viability (obtained by heating at 60
◦C) were analyzed with the resazurin metabolic assay and by live/dead determination
via PI/FDA staining and CLSM analysis. The results of both methods were correlated,
as shown by the correlation coefficient of R2 = 80–84.5% (Figure 1b). We regarded this as
sufficient to assess the general viability state of the tissue culture. Further viability analyses
of tissue cultures were therefore performed using the resazurin assay since it allows for
progredient viability analysis of the same tissue slice in a non-destructible manner.

2.4. Cell Viability Is Maintained in F− and Increased in F+ Groups over 21 Days

After 7 days, F− cultured slices of the cytokine-stimulated groups exhibited either a
slight increase or maintenance of viability as determined by the resazurin assay. Stimulation
with TNF-α resulted in 101 ± 23% (10 ng/mL) and 106 ± 31% (40 ng/mL) compared to
control, while TGF-β3 stimulated slices exhibited an increase to 113 ± 26%. Unstimulated
slices showed a slight decrease to 91 ± 34%. No significant differences in viability from day
0 to day 7 as well as between the four different cytokine stimulation groups were observed.
Addition of FBS to the culture medium resulted in significantly increased viability values
in all stimulated groups (TNF-α: 214 ± 58% (low), 227 ± 84% (high); TGF-β3: 218 ± 48%)
and the control (231 ± 50%) (Figure 1c(i)). During three-week culture without FBS viability
values of 114 ± 43, 108 ± 52% and 113 ± 55% were observed after 7, 14 and 21 days,
respectively. Statistical analysis revealed no significant differences in viability between the
timepoints (Figure 1c(ii)).
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Figure 1. Viability analysis of osteochondral live slices. (a) Confocal laser scanning microscopy of slices at three weeks
of culture following heating at 60 ◦C for 0, 30 or 60 min and live/dead staining with PI/FDA. Vital cells appear green,
while dead cells appear red. (b) Correlation analysis of vital cell count as determined by CLSM and metabolic activity as
determined by AlamarBlue resazurin assay. Two donors and a total of 13 slices with varying viability were analyzed and
revealed correlation coefficients of 0.8 and 0.845. (c) Resazurin assay results with and without additional stimulation. i:
Viability of slices on day 7 relative to day 0. Slices were stimulated with 10 or 40 ng/mL TNF-α or with 20 ng/mL TGF-β3,
and either with or without FBS. ii: Viability of slices without FBS or other stimulating factors over 21 days, relative to day 0.

2.5. Expression of Cartilage-Typical Markers ACAN and COL2A1 Is Maintained for 14 Days in
Unstimulated Slice Culture

Expression of cartilage-relevant genes COL2A1 and ACAN remained stable relative
to their day 0 value for 14 days and declined significantly by day 21 in unstimulated slice
cultures (no stimulating factors, no FBS) (COL2A1: 32 ± 23%, p < 0.001; ACAN: 51 ± 64%,
p < 0.05; Figure 2a). Cartilage remodeling marker COL1A1 showed a short increase after
7 days but returned to levels comparable to day 0 by day 21. Expression of COMP decreased
sooner and significantly to 45 ± 30% after 7 days and further to 27 ± 21% and 14 ± 12%
after 14 and 21 days (all p-values < 0.001).

178



Int. J. Mol. Sci. 2021, 22, 6394

−

α or TGF β3 and with or 
−

α or TGF β

−

α β3 to either 

− −

α

Figure 2. Gene expression analysis of live slice explants via RT-qPCR. (a) Gene expression of cartilage-typical markers
COL2A1, COL1A1, ACAN and COMP in F− cultured slices over three weeks (n = 12) relative to the day 0 value. (b) Gene
expression of the same cartilage-typical markers as in A, after 7 days of stimulation with TNF-α or TGF-β3 and with or
without FBS (n = 6) relative to the control on day 7. (c) Expression of proliferation marker Ki-67 in F− cultured slices
over three weeks (n = 12) relative to the day 0 value and (d) after 7 days of stimulation with TNF-α or TGF-β3 and with
or without FBS (n = 6), relative to the day 0 control to show the larger increase in the F+ group. Statistically significant
differences denoted as * p < 0.05, ** p < 0.01, *** p < 0.001.

2.6. Transcription of ECM Proteins Remains Highly Reactive to External Stimuli in F− Culture

To test cell reactivity to external stimuli, we intended to induce measurable changes
in chondrocyte gene expression. Slices were stimulated with TNF-α and TGF-β3 to either
suppress or induce the expression of cartilage-relevant gene markers. Gene expression
analysis showed differing results in the F− and F+ stimulation groups. In the F− group,
stimulation with TNF-α resulted in significant and dose-dependent reductions of COL2A1,
ACAN and COMP expression. Compared to the day 7 control, COL2A1 expression exhibited
levels of 11 ± 7% and 5 ± 5% in low and high dose TNF-α stimulations, respectively. ACAN
expression also was significantly lower at 42 ± 33% and 15 ± 12%, while COMP expression
dropped to 44 ± 48% and 10 ± 14%. Stimulation with TGF-β3 resulted in a 19 ± 25-fold
higher COL1A1 expression and 9 ± 5-fold higher COMP expression (Figure 2b). Expression
of MMP13 did not change significantly after incubation with TNF-α but was significantly
lower after stimulation with TGF-β3 (6 ± 6%, Supplemental Figure S1). In the F+ group,
stimulation with TNF-α resulted in a reduced COL2A1 expression of 33 ± 11% in the
lower concentration and 11 ± 4% in the high concentration compared to the control.
Mean expression levels of ACAN and COMP in F+ also decreased after TNF-α exposure,
although no coherent dose-dependent or significant effects could be observed. TGF-β3
stimulation resulted in a 29 ± 25-fold higher expression of COMP and a 2.4 ± 2.7-fold
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higher COL1A1 expression (Figure 2b), as well as a decrease to 42 ± 40% of MMP13
expression (Supplemental Figure S1).

2.7. Addition of FBS to Culture Media Causes Dominant Effects on Proliferation Marker
Ki-67 Expression

Expression of Ki-67 as a marker for cell proliferation in serum-free culture varied
strongly over three weeks and between donors, as shown by the very high standard
deviations and surge to a >1000-fold increase on day 14 before it returned to a 28 ± 90-fold
higher level compared to day 0 on day 21 (Figure 2c). Even though the average increase in
Ki-67 expression from day 0 to 7 was substantial, presumably because of the low absolute
initial expression of Ki-67 at day 0, very high variability between donors was observed
and led to statistically insignificant results. Stimulation with low concentration TNF-α in
F− groups led to 31 ± 65% of day 0 expression, while unexpectedly higher concentrated
TNF-α resulted in a 50 ± 112-fold increase. TGF-β3 stimulation revealed a 37 ± 60-fold
increase in expression after 7 days compared to day 0 control (p = 0.06). In the F+ group,
however, all 3 stimulation groups and the control exhibited statistically significant changes
between day 0 and 7, reaching fold-changes compared to day 0 of 12,045 ± 17,483 (TNF-α
low), 1686 ± 2180 (TNF-α high) and 4889 ± 9110 (TGF-β3). No statistically significant
differences were detected among the F+ cultured stimulation groups or between either of
the groups and the day 7 negative control (Figure 2d).

2.8. Tissue Slices React to TNF-α Stimulation with Observable Remodeling of ECM and
Cellular Swelling

To analyze whether native slice cultures retain their tissue-specific histological com-
position or whether they can respond to molecular stimuli with remodeling of the ECM,
the slices of long-term culture and those of TNF-α-stimulated cultures were stained with
Safranin-O, because TNF-α is an important inducer of matrix degeneration processes in
cartilage. The proteoglycan contents of non-stimulated, F− cultured slices on days 0, 7,
14 and 21 (Figure 3a), as well as TNF-α-stimulated slices and negative controls on days
0 and 7 (Figure 3b), were quantified histomorphometrically. Even though a statistically
significant decrease in proteoglycan content (p < 0.05) compared to day 0 was observed
on day 7 in the long-term setup (Figure 3a(ii)), the mean proteoglycan content overall was
maintained, as on days 14 and 21 it did not significantly differ from day 0. Proteoglycan
content in the TNF-α-treated group was significantly lower than in the untreated control
on day 7 (68 ± 24%; p < 0.05; Figure 3b(ii)). Corresponding to the changes in gene expres-
sion, TNF-α-stimulated slices exhibited a strongly altered histomorphology. Intra-cartilage
fibers appeared less dense, while chondrocyte diameter and apparent volume increased
(Figure 3c).
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Figure 3. Histomorphometrical and histological analysis of live slices. (a) Safranin-O-stained slices of one donor (i) and
histomorphometrical analysis (ii) over three weeks. (b) Comparison of staining intensity in TNF-α-stimulated and non-
stimulated slices. Stimulated slices (three exemplary donors shown in (i)) show a mean reduction in red intensity of 32% (ii,
n = 6). (c) Representative picture of TNF-α-treated slice and control. TNF-α-treated slices show less intense Safranin-O
staining, loosened matrix structure and swollen cells in the mid-zone of the cartilage. Statistically significant differences
denoted as * p < 0.05.

3. Discussion

The herein presented cost- and time-effective setup of surgical punch, 3D-printed
microtome insert and rotary microtome is a reliable method to produce up to 100 explant
cultures from a single human tissue sample. Critical to the usability of these thin osteo-
chondral slice cultures is the long-term preservation of native tissue configuration and
cell vitality despite thermal and mechanical stress development during preparation on the
microtome and exposure of cells to atmospheric oxygen levels. CLSM analysis showed
high cell vitality in both superficial and deeper tissue layers. Therefore, the slice thickness
of 500 µm appears to be sufficient for cell protection within the tissue while ensuring
adequate nutrient perfusion through motion-assisted diffusion. Furthermore, CLSM shows
preservation of cartilage-specific cell architecture within the tissue even after three weeks of
culture. Cartilage is divided into three distinct cellular zones: The superficial zone (densely
packed with spindle-shaped cells), the middle zone (pearl cord-like alignment) and the
deep zone (columnar chondrocyte alignment). Maintenance of the cellular zones depended
on nutrient supply and physiological cartilage infrastructure, suggesting minimal cellular
stress from malnutrition and/or hypoxia. However, as Secretan et al., already mentioned
in their explant model, the disadvantage of the standard optical live/dead analysis of ex-
plants is the exclusive possibility of endpoint analysis and the uncertainty about apoptotic
cells that may have been cleared in the meantime [18]. Therefore, the high correlation
between cell vitality as determined by CLSM and viability determined by resazurin assay
enable the utilization of the inexpensive and easy-to-handle resazurin assay for multi-point
analyses in this culture form. This is particularly advantageous for high sample quantities,
which can be created by this cutting method. Long-term analysis of cell viability revealed
very stable viability values over 21 days with only minor fluctuations from the baseline.
Interestingly, this stability was achieved in a regular cell culture medium without serum
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supplementation. Most explant cultures published to date use serum mixtures between
2–10% during cultivation [18–20]. While the addition of serum is a standard cell culture pro-
cedure, it is highly desirable, especially in light of pharmacological testing, if serum were
not required as an undefined and potentially interacting, interfering or confounding factor
for culture maintenance. This incentive is evident from the immense increase in absolute
values and variation in viability values in the short-term culture with FBS addition, where
toxicity effects would presumably not be visible due to the increased metabolic activity.

In terms of long-term stability, the slice explants provide similar characteristics to
conventional punch explants. Bian et al. were able to demonstrate relative stability regard-
ing the glycosaminoglycan content in serum-free cultivation of 3 mm thick explants over
several weeks [21]. While we observed a significant decrease in the histomorphometrically
determined Safranin-O staining intensity on day 7, it stabilized again on days 14 and
21. This could be due to an initial outflow of glycosaminoglycans at the cut edges of the
cartilage, which account for a larger proportion of the total cartilage volume than in conven-
tional punch explants. Regarding cartilage gene expression, the results are also similar to
previously published analyses of explant gene expression. Different studies also described
an initial increase of aggrecan followed by a decrease after 14 days and a decrease of the
collagen type II expression of >50% after three weeks of cultivation following an initial
stable phase [19,22]. COMP as a very sensitive marker for cartilage synthesis is the only
gene in the analyzed panel to show a constant, almost linear decrease over time [23,24].

Stimulation of osteochondral slices with biological stimuli showed that chondrocytes
in slice cultures responded adequately to external stimulation with catabolic molecules.
TNF-α is known to be a proinflammatory cytokine in the joint and to induce cartilage
matrix degradation both in vivo and in vitro [25,26], but other explant models either took
significantly longer for a similarly strong reduction in matrix expression and degradation of
proteoglycans or required additional catabolic stimuli such as oncostatin-M or interleukin-
1β [11,27,28]. Here, the short perfusion distance between the medium and cells could be an
advantage for pharmacological testing, since a shorter diffusion distance results in a higher
and faster penetration by the corresponding factors than in thicker explant cultures. In
addition to the decrease in anabolic biomarkers such as COL2A1, catabolic biomarkers such
as MMP13 also responded to external stimuli. Stimulation of the cultures with TGF-β3
resulted in close to complete suppression of MMP13 expression more clearly observed in
the serum free culture. Meanwhile, stimulation with TNF-α did not significantly increase
MMP13 expression. This suggests that due to the osteoarthritic damage and semi-static
nature of the culture, only decreases catabolic marker genes are suitable as indicators of
efficacy in pharmacological studies.

In studies aimed at analyzing pathological processes in cartilage or the long-term
effects of an external stimulus rather than large-scale screening, it would also be beneficial
to examine the distribution of the different collagen subtypes histologically, as these provide
the most accurate information on cartilaginous remodeling processes.

Analogous to the viability measurement, it was also shown that when serum was
added to the culture, the influences of the stimuli on the chondrocytes were significantly
lower. In the serum-containing group, only the decrease of COL2A1 expression following
higher-dose TNF-α stimulation and the TGF-β3-dependent increase of COMP on day
seven reached statistical significance compared to the control. Furthermore, analysis of
the proliferation marker Ki-67 showed that in the serum-containing group, all stimulated
groups including the negative control showed a huge increase, whereas, in the F− group,
only TGF-β3 stimulation resulted in higher expression of Ki-67. This is further evidence
of nonspecific responses by serum addition masking the specific effects of other stimuli,
rendering it neither necessary nor advisable for pharmacological testing.

The method is limited by donor variability, the increased effort in handling, the use of
priorly diseased tissue and its static nature. In comparison to conventional explants, which
are merely punched out of the tissue specimen, slice cultures require several processing
steps until successfully produced. Since the chondrocyte phenotype is strongly related to
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mechanical stimulation, several approaches are currently aiming to increase the dynamics
and longevity of explant cultures by applying mechanical pressure [13,29–31]. This ap-
proach is more suitable for thicker, cylindrical explants and would, for the thin sections,
be very difficult to implement. Therefore, the native tissue statues is inherently limited
to a window of 3 to 4 weeks using this preparation method. This also limits the model in
particular to the analysis of toxic-catabolic processes. Anabolic stimuli such as TGF-β3,
while showing an increase in matrix protein expression at the transcriptional level, are
associated with the simultaneous presence of mechanical stimuli [32]. A prior induction
of catabolism would most likely be required to study the effects of an anabolic stimulus
as previously described by Schlichting et al. [8,33]. Furthermore, the exact reproduction
of slice thickness can be impaired by different qualities of bone density. Stronger bone
calcification can make it necessary to cut the slice 100–200 µm thicker as the brittleness
causes the bone to crush while being cut, resulting in unusable slices. Due to these slight
variations in the cutting process, every donor must be related to itself when performing
multipoint analysis. Therefore, the availability of a progredient analysis method like the
resazurin assay is necessary to monitor individual slice viability. In accordance with this,
a proteoglycan assay from the culture supernatants would also be conceivable for the
analysis of the ECM. This could also provide continuous data from a slice culture instead
of having to sacrifice the culture for histological endpoint analysis.

4. Materials and Methods
4.1. Sample Acquisition and Slice Production

Whole tibial plateaus (TPs; n = 23; 13 female, 10 male, 61–89 years, ∅ 72 years)
were acquired from patients undergoing knee arthroplasty comprising TP removal. The
specimens were transported in serum-free cell culture medium (Dulbecco’s Modified Eagle
Medium with 1 g/L glucose; 1% Penicillin/Streptomycin; 2% HEPES, Merck, Darmstadt
Germany) to the laboratory with a maximum delay of 1 h. TPs were then immediately
placed in Petri dishes filled with medium prewarmed to 37 ◦C under a laminar flow
cabinet. After macroscopical inspection for an osteochondral site with a well-preserved
cartilage-to-bone ratio (criteria: at least 1 mm high cartilage layer; no sclerosed subchondral
bone below the cartilage), an orthopedic tissue punch (OATS®, Arthrex, Naples, FL, USA)
press was used to create an osteochondral cylinder punch of 20 × 10 mm (Figure 4a).
The cylinder was inserted into a custom 3D-printed microtome insert (see Supplemental
Figure S2 for exact insert dimensions) and then cut into eight disc-shaped cuts with a
thickness of 500–800 µm using a standard rotary microtome (Cut4060, MicroTec, Brixen,
Italy). An 8 mm N35 microtome blade (FEATHER, Osaka, Japan) was used for cutting,
which was exchanged after the preparation of 3 osteochondral cylinders. To produce a
precise cut, the rotary handle was pulled downward at the point of maximum height in
a powerful swing to exert maximum force on the cutting surface and thus prevent the
bone from breaking. The cuts were then split into 3 cuboid-shaped slices using a scalpel,
resulting in 24–36 individual slices per punch (Figure 4b). The remains of the cylinders
were then discarded.

Two slices were immediately conserved either in 5% formaldehyde or in RNAlater®

(Thermo Fisher, Waltham, MA, USA), posing as day 0 samples for histological analysis
and real-time quantitative polymerase chain reaction (RT-qPCR). Slices in RNAlater were
subsequently stored at −80 ◦C. The remaining 22 slices were placed into hanging inserts
(in a standing position with the cartilage facing up and leaning onto the upper rim of the
inserts) of 24-well tissue culture plates with an 8 µm pore diameter (Transwell®, Corning,
New York, NY, USA) for optimal perfusion. All treatments of the tissue were performed
with sterile surgical gloves and instruments. Tissue culture plates were cultured at 37 ◦C
and 5% CO2 on a horizontal shaker at 10 rpm (Figure 4c).
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α, 1.2 nM (40 ng α or 0.8 nM (20 ng β3 (all Peprotech, Rocky Hill, NJ

Figure 4. Fabrication and culture of osteochondral live slices. (a) Punching of Osteochondral cylinders. A 2 × 1 × 1 cm long
osteochondral cylinder is punched out of the macroscopically unaffected area of a recently explanted human tibial plateau
under sterile conditions using an orthopedic OATS® Tissue Punch (i,ii). The resulting cylinder is shown schematically
in iii, cartilaginous areas are highlighted in yellow. Front and side views of the cylinder are shown in iv. (b) Cutting of
osteochondral slices from cylinder. The cylinder is inserted into a 3D-printed microtome insert (iv) with no additional
fixation (i), and 500–800 µm thick cuts are cut out from the cylinder (ii). Fixation of the cylinder is shown schematically in
iii. The resulting disc-shaped cuts (schematic: v) are cut into three parallelepipedal slices using a scalpel (vi). (c) Slices are
immediately transferred to a hanging insert of a multi-well plate and covered in cell culture medium (i,ii). Plates are then
placed on a horizontal shaker for culture at 37 ◦C and 5% CO2.

4.2. Maintenance and Stimulation

Slices of donors 1–6 were divided into a serum-free (F−) culture group and a serum-
containing group (F+). The F+ group was cultured in the same medium as mentioned above
with an additional 10% fetal bovine serum (FBS; Gibco, Thermo Fisher, Waltham, MA, USA).
In both groups, four slices each were stimulated with either 0.3 nM (10 ng/mL) TNF-α,
1.2 nM (40 ng/mL) TNF-α or 0.8 nM (20 ng/mL) TGF-β3 (all Peprotech, Rocky Hill, NJ,
USA) or no additives. Stimulating factors were pipetted with low-binding tips (Corning,
New York, NY, USA) for minimal protein loss. Medium and stimulating factors were
exchanged completely every three days. Analyses of slices for viability, gene expression and
proteoglycan content were performed on days 0 and 7. Slices of the additional 17 donors
were cultured without additional stimulating factors or FBS for 21 days in a large group
viability and gene expression analysis (Figure 5). The medium was completely exchanged
twice a week.
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Figure 5. Flowchart depicting donor sample acquisition and distribution. Samples were obtained and then distributed
for use in short-term (7 days, donors 1–6) stimulation experiments or long-term (21 days, donors 7–23) viability and gene
expression experiments.

4.3. Resazurin Viability Analysis

Resazurin stock solution (AlamarBlue®, Thermo Fisher, Waltham, MA, USA) was
diluted 1:10 with serum-free cell culture medium. Slices were taken out of their hanging
insert, washed once with phosphate-buffered saline (PBS) and transferred into a well of
a 96-well plate filled with 300 µL resazurin solution. Incubation of slices was performed
for 2 h at 37 ◦C and 5% CO2. After the incubation period, duplicates of 100 µL of the
resazurin supernatant of each well were transferred to a fresh 96-well-plate. Fluorescence
was determined on a plate reader (Synergy, BioTek, Winooski, VT, USA), applying exci-
tation/emission wavelengths of 540/590 nm. Slices were placed back into their hanging
inserts after viability determination.

4.4. Confocal Laser Scanning Microscopy

To validate results from the resazurin assay and to evaluate the spatial distribution of
living and dead cells, additional live/dead determination using confocal laser scanning
microscopy (CLSM) was performed on 13 slices of two donors (7 and 8) after three weeks
of culture. Prior to the resazurin assay, two slices were heated to 60 ◦C for 30 or 60 min
to decrease intra-tissue cell viability to a minimum and obtain a portion of low-viability
slices in comparison to the control. Subsequently, a resazurin assay was performed on all
slices. Afterward, the slices were analyzed optically via live/dead staining with fluorescein
diacetate (FDA) and propidium iodide (PI; both Sigma Aldrich, St. Louis, MO, USA).
Slices were taken out of their hanging inserts, washed twice with PBS and incubated in 6
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µg/mL FDA in PBS solution (25 min), followed by a 0.1 mg/mL PI in PBS solution (3 min).
After a washing step, slices were immediately transferred into the microscopes incubating
chamber. Tissue imaging was carried out with a Nikon Scanning Confocal A1Rsi+ (Nikon,
Tokyo, Japan) at 37 ◦C in DMEM without phenol red (Thermo Fisher, Waltham, MA, USA).
Excitation/Emission wavelengths were set at 488/590 nm for PI and 485/514 nm for FDA.
The scanning area was set at 2.82 mm2. Pictures were stitched with a 20% overlap and
their corresponding volume was determined using Nikon Capture NX-D software (version
1.6.2, Nikon, Tokyo, Japan). Z-stacking was performed with 10 µm spacing. Z-stacks were
rendered into a 3D image with living cells depicted in green and dead cells in red. Living
cells were counted using ImageJ software (version 1.8.0. [34]). For comparison of both
methods, resazurin assay viability data was correlated to the number of living cells per
mm3 sample using linear regression.

4.5. RNA Extraction and Real-Time Quantitative PCR

For RNA isolation, cartilage was carefully dissected from bony tissue, the resulting
slices were soaked in RNAlater (Thermo Fisher, Waltham, MA, USA) and then stored
at −80 ◦C overnight. The following day, the frozen tissue was transferred into liquid
nitrogen and pulverized using a Biopulverizer (BioSpec, Bartlesville, OK, USA). Pulverized
samples were transferred into a 90% TriReagent®, 10% 4-Bromo-2-chlorophenol solution
(both Sigma-Aldrich, St. Louis, MO, USA) followed by centrifugation for 45 min at 13,000×
g. The aqueous phase was collected, and nucleic acids were precipitated by the addition
of an equal volume of ice-cold 70% isopropanol. After 30 min of incubation, precipitated
nucleic acids were collected and resolved in RNA isolation buffer RLT (Qiagen, Hilden,
Germany). Further purification was performed using a PicoPure™ Kit (Thermo Fisher,
Waltham, MA, USA) according to the manufacturer’s instructions. The integrity and purity
of RNA were analyzed using an Agilent Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA);
RNA concentration was assessed with a NanoDrop 1000 spectrophotometer (Thermo
Fisher, Waltham, MA, USA). RNA was reversely transcribed using a cDNA synthesis kit
(iScript™, BioRad, Hercules, CA, USA). RT-qPCR was performed in triplicates in 96-well
plates (Becton Dickinson, Franklin Lakes, NJ, USA) on a Mastercycler® ep gradient realplex
(Eppendorf, Hamburg, Germany) using expression assays for TaqMan probes and primer
sets (Thermo Fisher, Waltham, MA, USA; order no. in parentheses): collagen type II alpha
1 (COL2A1, Ss03373344_g1), collagen type I alpha 1 (COL1A1, Ss003373341_g1), aggrecan
(ACAN, SS03373387_S1), Ki-67 (MKI67, qHsaCID0011882) and cartilage oligomeric matrix
protein (COMP, Hs01572837_g1). Expression analysis for matrix metalloproteinase 13
(MMP13, Ss033733279_m1) was only performed on short-term cultured slices. Succinate
dehydrogenase complex, subunit A (SDHA, Hs00188166_m1) was used as reference gene.
Marker gene expression is given as fold change compared to SHDA or control sample
expression applying the efficiency corrected ∆∆-Ct method [35].

4.6. Histological Analysis

Slices of each donor were fixated overnight in 5% formaldehyde solution and sub-
sequently decalcified for 21 days in Osteosoft® solution (Merck, Darmstadt, Germany).
Afterward, slices were frozen in liquid nitrogen and subsequently cut into 4 µm thin
sections using a CM19000 cryotome (Leica, Wetzlar, Germany). For Safranin-O staining,
sections were stained for 30 min with 0.7% Safranin-O in 66% ethanol, counterstaining
was performed with 0.2% Fast Green in 0.3% acetic acid (all Thermo Fisher, Waltham,
MA, USA) for 1 min. To document ECM formation or loss, sections were mounted on
glass slides; stainings were inspected using an AX 10 light microscope (Zeiss, Jena, Ger-
many) and documented with a ProgRes® SpeedXT core 5 microscope-mounted camera
system (JENOPTIK, Jena, Germany). The intensity of the Safranin-O staining is directly
proportional to the glycosaminoglycan content of the tissue and was therefore analyzed
employing a histomorphometrical approach as previously described [8]. Briefly, pictures
were taken and all pixels in the areas of interest were valued in the RGB color mode with
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a tool based on Xcode (Apple, Sunnyvale, CA, USA). When the red value (R) multiplied
by 2 was higher than the sum of the green (G) and blue (B) values, the pixel was counted
as red. The intensity of each red pixel was calculated as follows: intensity = 2 × R-value
− G-value − B-value. Values of the intensity ranged between 1 and 508, and reporting
images depicting the intensity distribution were created (see Supplemental Figure S3). The
mean intensity (sum of intensities/area of interest) was calculated from each image.

4.7. Statistical Analysis

The significance level of log10-transformed data was determined with the independent
two-sample t-test statistics of the Excel 2013 software package (Microsoft, Redmond, WA,
USA). Normal distribution was checked applying the Anderson−Darling test, and equal
variance of compared sample groups was tested applying the f -test. In all groups, signals
were normally distributed. If the equal variance test was passed, student’s t-test was used,
if not Welch’s t-test was applied. p-values < 0.05 were considered significant.

5. Conclusions

Native human osteochondral live slice explants represent a valid culture alternative
to conventional punch explants. Its strengths lie in the greatly increased availability of
tissue samples, as the thin nature of the slices allows for up to 50–100 pieces to be prepared
from a single sample, the ease of fabrication and the simplicity of the culture in hanging
inserts. This enables high-throughput screening of three-dimensional tissue processes
and reactions in the native state that would otherwise require weeks of preparation in a
tissue-based 3D culture or even in an animal model. Our results have shown that despite
the stress of sharp dissection, the tissue fully retains its microarchitecture, and the cells
retain their tissue-specific phenotype as well as their ability to properly respond to various
stimuli. They also suggest that the short perfusion distance between cells and medium
could also have a beneficial effect on the response strength of the cells to test stimuli, as the
factors reliably reach cells embedded in the tissue. In addition, it was shown that the use
of serum for cell expansion/survival is redundant in this culture form, which otherwise
could mask adverse effects on tissue in the context of toxicity and degeneration analyses.

In summary, this production method is very well suited to produce native slice
explants, which offer an interesting alternative to conventional explant cultures, especially
in terms of pharmacological testing.
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Abstract: Osteoarthritis (OA) is a painful and disabling disease that affects millions of patients.
Its etiology is largely unknown, but it is most likely multifactorial. OA pathogenesis involves the
catabolism of the cartilage extracellular matrix and is supported by inflammatory and oxidative
signaling pathways and marked epigenetic changes. To delay OA progression, a wide range of
exercise programs and naturally derived compounds have been suggested. This literature review
aims to analyze the main signaling pathways and the evidence about the synergistic effects of these
two interventions to counter OA. The converging nutrigenomic and physiogenomic intervention
could slow down and reduce the complex pathological features of OA. This review provides a
comprehensive picture of a possible signaling approach for targeting OA molecular pathways,
initiation, and progression.

Keywords: exercise; physical activity; nutraceuticals; osteoarthritis; dietary supplements; inflamma-
tion; aging; inflammaging

1. Introduction

Osteoarthritis (OA) is one of the most common degenerative musculoskeletal disor-
ders, characterized by a progressive loss of joint cartilage, synovial inflammation, formation
of osteophytes, and subchondral bone remodeling [1–3]. This detrimental condition has a
complex pathogenesis due to its multifactorial nature [4–6]. More specifically, the aberrant
expression of degradative proteases or catabolic mediators might be induced in the chon-
drocytes, which contribute to cartilage erosion [7,8]. This imbalance between anabolic and
catabolic processes might damage the structural integrity of the joint cartilage, resulting in
stiffness, pain, and limited range of motion (ROM) in the later stages of OA [9,10]. Thus,
subsequent loss of function, increased disability, lower performance in the activities of
daily living (ADL), and reduction of health-related quality of life (HRQoL) are common
findings in these patients [11].

In this scenario, an early diagnosis supported by the detailed understanding of the
molecular pathways underpinning OA could help to develop tailored conservative thera-
peutic approaches aimed to avoid surgical and joint replacement treatments [12]. To date,
several non-surgical treatments have been proposed in the last years for OA patients, in-
cluding pharmacological treatments (e.g., acetaminophen, nonsteroidal anti-inflammatory
drugs (NSAIDs), duloxetine, and opioids) [13], intra-articular injections with hyaluronic
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acid and glucocorticoids [14], focal muscle vibration [15], intra-articular oxygen-ozone ther-
apy [16], radiofrequency ablation of genicular nerves [17], adipose-derived mesenchymal
stem cell therapy [18], and platelet-rich plasma injections [19]. However, physical exercise is
recommended by several guidelines as the first-line intervention in OA patients [13,20,21],
which plays a crucial role in the prevention and treatment of the disabling sequelae of this
severe chronic disease [22,23].

Nowadays, other alternative therapeutic interventions to treat OA have come to the
fore, such as nutraceuticals, defined as substances that can be considered as a food or
part of a food and provides medical or health benefits, including OA prevention and
treatment [24,25]. In vitro and in vivo studies showed that epigenetic changes are triggered
by micronutrients commonly present in diets (e.g., vitamins, carotenoids, and flavonoids)
that might modulate OA mediator pathways [26–28]. Indeed, myoblasts and chondrocytes
seem to share similar pathological targets and pathways and close anatomical location,
suggesting the possible existence of a paracrine network [29]. In this context, an adequate
prescription of physical exercise and nutritional supplementation might have a positive
impact not only in terms of OA molecular pathways modulation, but also in terms of
functioning and HRQoL improvement.

Therefore, in the present comprehensive review, we sought to describe the state-of-
the-art about the role that physical exercise and nutraceuticals might play in the complex
management of OA, in terms of modulation of its molecular pathways.

2. Osteoarthritis Molecular Pathways

The pathogenic involvement in OA pathogenesis of pro-inflammatory cytokines
released by chondrocytes and synoviocytes is well known and described in the scientific
literature [7]. These cellular mediator patterns develop from cell signaling and gene
expression pathways, which amplify the already altered cellular transduction, releasing
additional inflammatory compounds and enzymes [30].

2.1. Reactive Oxygen Species

OA etiopathogenesis is influenced by several genetic and environmental factors not
already fully explained. Recent studies have shown the involvement of oxidative stress
and reactive oxygen species (ROS) in OA onset and progression [31]. ROS are unstable
and highly reactive oxygen-containing free radicals combined with molecules to achieve
chemical stability. Cells have developed antioxidant systems to scavenge ROS and maintain
intracellular redox milieu. However, ROS are also key components of many physiological
processes, and, at moderate concentrations, they act as indispensable second messengers.
Their activity is based on the alterations of the cellular chemical environment, consisting
of oxidative modification of proteins, influencing signal transduction, gene regulation,
and cell cycling, in a complex process called redox biology [32]. The ability of cells to
discriminate between the opposing effects of ROS is dependent on intensity, duration, and
context of signaling and cellular redox status. When the cellular antioxidant capacity is
insufficient to detoxify, ROS reacts with DNA, proteins, and lipids, disrupting their normal
structure, impairing function, and leading to cytotoxicity in a process called oxidative
stress [33].

Articular cartilage exists in relatively hypoxic conditions as a unique tissue thriving
in a mechanically active environment. Despite living in a low O2 environment, chondro-
cytes are characterized by abundant and active mitochondria that contribute to adenosine
triphosphate (ATP) production [34]. Disruption of mitochondrial function, leading to in-
creased levels of intracellular ROS, has been hypothesized to disrupt cartilage homeostasis
and is considered as one of the main contributors of OA-related cartilage damage [35].

In physiological conditions, ROS are produced at low concentrations in chondrocytes
mitochondria through oxidative phosphorylation and in cytoplasm by nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidase. The overproduction of ROS observed
in OA impairs mitochondrial functions through mtDNA damage, inducing chondrocyte
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senescence and apoptosis, increasing cartilage degradation, and reducing matrix synthesis
along with subchondral bone disfunction and synovial inflammation [36–38]. Evidence for
ROS implication in cartilage degradation comes from the presence of lipid peroxidation
products, nitrite, and nitrated products in the biological fluids in OA animal models [36].
On the contrary, antioxidant enzyme concentrations are decreased in OA patients, confirm-
ing the role that oxidative stress might play in OA pathogenesis [39].

Prolonged oxidative stress induces in the cartilaginous tissue the synthesis of large
amounts of proteolytic enzymes, which in turn favors the shift towards catabolic reac-
tions through several kinases such as p38 mitogen-activated protein kinase/nuclear factor
kappa-light-chain-enhancer of activated B cells (p38MAPK/NF-κB) and activin receptor-
like kinase 1 (ALK1) pathways [30]. In response to the proinflammatory stimuli, the
overproduction of nitric oxide (NO) suppresses the cartilage matrix synthesis, enhances
matrix metalloproteinases (MMPs) activity and induces chondrocyte apoptosis [40]. Taken
together, all these mechanisms increase ROS concentrations leading to the membrane
potential alterations that result in the release of cytochrome c and increase in Caspase-3
activity leading to apoptosis [41]. Lastly, oxidative stress-mediated inflammation is also
responsible for the increased rate of hyaluronan degradation in synovial fluid [42].

On the other hand, chondrocytes respond to hypoxia and ROS damage, increasing the
production of hypoxia-inducible factor-1 (HIF-1). HIF-1α can alleviate hypoxia-induced
apoptosis, senescence, and matrix degradation in chondrocytes through mitophagy en-
hancing BCL2/adenovirus E1B 19-kDa-interacting protein 3 (BNIP3) expression [43].

2.2. Cellular Apoptosis

In the context of cellular autophagy, the phosphatidylinositol 3-kinase/protein ki-
nase B (PI3K/AKT)/mechanistic target of rapamycin (mTOR) survival pathway plays a
crucial role in OA pathogenesis. However, the role of Wnt/β-catenin and extracellular
signal-regulated kinases (ERKs) pathway in OA pathogenesis is less elucidated [44]. In
PI3K/mTOR signaling, AKT phosphorylated by PI3K modulates mTOR through a direct
activation or an indirect block of one of its inhibitors. Activation of PI3K/mTOR pathway
curbs the pro-apoptotic machinery resulting in enhanced cell survival through Caspase-3
inhibition [44,45]. Indeed, PI3K/mTOR is inactivated in IL-1b mediated chondrocyte apop-
tosis [46]. Alongside these mechanisms, Wnt proteins stand out through two characteristic
pathways: β-catenin-independent pathway and β-catenin-dependent pathway [47]. In the
independent process, the β-catenin undergoes phosphorylation, resulting in ubiquitination
and consequent proteasomal degradation. On the other hand, in the β-catenin-dependent
pathway, after the binding of Wnt ligands to the transmembrane frizzled (Fzd) receptor, the
disheveled protein prevents the phosphorylation of β-catenin inducing the translocation
into the nucleus where it stimulates the transcription of anti-apoptotic genes including
c-Myc and cyclin D1 [48,49]. Lastly, recent studies seem to show that ERKs might be able
to increase rather than decrease the levels of anabolic biomarkers in degenerative human
chondrocyte [50–52].

2.3. Pro-Inflammatory Signaling

Alongside chondrocyte apoptosis, the scientific literature has recently focused on
the mediation of inflammatory gene expression and inflammatory pathways role in OA
pathogenesis. NF-κB is a protein complex that controls transcription of DNA and cytokine
production [53]. In unstimulated cells, the NF-κB dimers are sequestered in the cytoplasm
by a family of inhibitors called inhibitors of κB (IκBs) [54]. High Mobility Group Box 1
(HMGB1) is a non-histone DNA binding protein and is considered a damage-associated
molecular pattern protein (DAMP) [55]. The binding of the extracellular ligand HMGB1 to
the advanced glycation end product receptor (RAGE) has been described to activate IκB
kinase (IKK), resulting in phosphorylation and degradation of IκBα [56].

Subsequently, p65 protein is released and phosphorylated for NF-κB heterodimer for-
mation, and this complex is then translocated from the cytoplasm to the nucleus, inducing
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the expression of several genes such as cyclooxygenase (COX), Matrix metalloproteinases
(MMPs), and pro inflammatory cytokines [10].

This pathway is associated with mitogen-activated protein kinase (MAPK) signaling
which constitutes a family of serine/threonine kinases (p38 MAPK; c-Jun amino-terminal
kinase (JNK); and ERK1/2) characterized by a multilevel crosstalk and activated by a
large array of inflammatory and stressful conditions [57,58]. In addition to the ERKs, the
activated p38 MAPK can translocate into the nucleus upregulating kinases and transcription
factors promoting cell autophagy in some cells while enhancing survival, growth, and
differentiation in other cells [57]. Lastly, the phosphorylation of JNK via specific tyrosine
and threonine residues is able to increase pro-inflammatory gene expression [58].

2.4. Anti-Inflammatory Signaling

Nuclear erythroid factor 2 (Nrf2) is a distress mediator involved in oxidative stress
reduction [59]. It operates as a transcription factor binding to the antioxidant response ele-
ments (AREs) in the promoter region of antioxidant genes. In unstimulated chondrocytes,
Nrf2 is kept quiescent through the association with kelch-like ECH-associated protein
1 (Keap1) in the cytosol, hence restricting its translocation into the nucleus to bind the
AREs [60]. DJ-1 is a sensitive redox protein that serves as a stabilizer of Nrf2; in DJ-1 knock-
out animal models, the downregulation of Nrf2 could lead to an increase in oxidative stress.
In the same context, heme oxygenase-1 (HO-1) is an Nrf2 downstream effector and both
proteins are compensatory mediators that recognize pro-oxidative stressors and induce the
production of antioxidant enzymes to neutralize the ROS [61]. Emerging evidence showed
that the activation of DJ-1/Nrf2 signaling in chondrocytes is crucial to protecting these
cells against oxidative insults, downregulating HMGB1 and NF-κB protein expression, and
activating the PI3K/mTOR pathway [62].

In summary, the activation of NF kB, p38MAPK, and JNK is involved in the expression
of several inflammatory genes that boost OA pathogenesis and progression. On the other
hand, the upregulation of NRf2 could allow the expression of genes leading to a suppression
of inflammation and inhibition of the activation of NF-κB. In this scenario, the PI3K/mTOR,
Wnt, and ERK pathways appear to block cell apoptosis and promote proliferation.

3. Physical Exercise as a Modulator of Osteoarthritis Molecular Pathways

Physical exercise has been recognized as a safe, effective, and multifaceted therapeutic
treatment to reduce pain and disability in OA patients [13,20,22,23,63].

The American College of Sports Medicine guidelines and EULAR recommend physical
activity and exercise as positive and effective interventions on physical fitness as well as
disease-specific and general outcomes in people with hip and knee OA. Moreover, these
guidelines suggest that physical activity and exercise should be considered as integral parts
of standard care [64,65].

Recommended exercise programs include land-based therapeutic exercise and water
physiotherapy interventions [66,67]. Indeed, a recent systematic review confirmed that
Pilates, aerobic, and strengthening exercise programs performed for 8–12 weeks, 3–5
sessions per week, with each session lasting 1 h, could be considered as an effective
treatment in OA patients [68].

The exact protective mechanism of action of physical exercise on cartilage is not yet
known, albeit several studies performed on animal models highlighted key molecules that
could help define the best therapeutic exercise regimen.

Exercise modulates transcription in several metabolic pathways associated with ex-
tracellular matrix (ECM) biosynthesis and inflammation/immune responses in normal
cartilage of rats undergoing treadmill walking (12 m/min, 45 min/day for 2, 5, or 15 days).
More specifically, low-intensity exercises were able to regulate the different pathways in-
volving PI3K-AKT, NF-κB, Ras, Rap, MAPK, cAMP, and Ptgs2. Moreover, exercise was able
to suppress the expression of genes involved in ECM degradation, bone formation, and
initiation of pro-inflammatory cascades, which are known to be upregulated in OA (Mmp9,
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Mmp8, Igf1, ColIa1, Adamts3, Adamts14). Conversely, exercise can upregulate genes
involved in ECM synthesis that are commonly downregulated in OA (Chrdl2, Tnfrsf11b,
Timp4, Thbs2, Tgfb1, Mmp3, Il1r1, Il1r2, Cilp, and Bmp5) [29]. Taken together, these results
suggest a crucial and multifaceted role of physical exercise in several molecular pathways
involved in OA pathogenesis and progression.

3.1. Chondroprotective Role of Physical Exercise

OA animal models have been widely used in the research field to investigate the
role of physical exercise in modulating molecular pathways involved in OA pathogenesis,
highlighting a positive effect on cartilage preservation.

Iijima and colleagues showed that low-speed treadmill walking exercise (12 m/min
for 30 min/day, 5 days/week performed for 2–4 weeks) prevented the progression of
post-traumatic bone and cartilage lesions and increased BMP-2 and BMP-6 expression in
the chondrocytes of the joint superficial zone of 24 male Wistar rats with induced damage
to knee joints [69].

Assis et al. studied the effects of aerobic exercise performed with treadmill, training
3 days/week at 16 m/min for 50 min/day for 8 weeks, on an animal experimental model
of knee OA. At the end of the treatment protocol, the exercise group had a better pattern of
cartilage organization with less fibrillation and irregularities along the articular surface and
a lower degenerative process, compared with controls. Moreover, animals in the exercise
group had a lower chondrocyte nuclear or nucleolar expression of IL-1β, Caspase-3, and
MMP-13, confirming the ability of aerobic exercise to downregulate proinflammatory,
proteolytic, and apoptotic pathways [70]. Similarly, treadmill exercise with moderate-
intensity (18 m/min, 60 min/day, 5 days/week for 8 weeks) could have a chondroprotective
effect in an OA animal model through the inhibition of NF-κB expression, resulting in a
potent inhibition of MMP-13 gene expression [71].

Moderate-intensity exercise performed for only 4 weeks can also inhibit nuclear
translocation of HDAC3/NF-κB complex, leading to the decreased expression of inflamma-
tory proteins and cartilage protection in a rat model of OA. Similarly, in isolated primary
rat chondrocytes mimicking OA-like pathologies, RGFP966, an HDAC3-specific inhibitor,
could reduce IL-1β-induced inflammation and ROS production through the inhibition of
nuclear translocation of NF-κB. Moreover, the same results were observed in a OA rat
model, suggesting a role of RGFP966 in exerting exercise mediated chondroprotective
effects [72]. Lastly, Castrogiovanni et al. demonstrated that a moderate-intensity physical
activity protocol could lead to a decreased expression of OA-related biomarkers (IL-1,
TNFα, MMP-13) and an increased expression of chondroprotective ones (IL-4, IL-10, and
lubricin) in the synovium of an OA-induced rat model, highlighting the beneficial effects
of exercise on cartilage preservation [73].

3.2. Anti-Inflammatory and Anti-Apoptotic Role of Physical Exercise on Murine Models

The anti-inflammatory effects of physical exercise in OA have been widely investigated
on murine models. Here, a short review of the main findings showing the positive effects
of physical exercise at different levels in OA damaged joints will be performed.

One hour treadmill activity showed an increase in Maresin-1 content, a strong anti-
inflammatory molecule, in intra-articular lavage fluid of MIA-induced rat OA. Maresin-1
was able to decrease MMP13, activate the PI3k/Akt pathway, and suppress the NF-κB p65
pathway in IL-1β-induced rat fibroblast-like synoviocytes in vitro, suggesting a pivotal
role of Maresin-1 in exerting the anti-inflammatory activity of exercise [74].

Similarly, four weeks of moderate exercise in a monosodium iodoacetate (MIA)-
induced OA model determined IL-1β reduction and IL-4 increase in both serum and
intra-articular lavage fluid, resulting in anti-inflammatory effect at cartilage tissue level.
Furthermore, immunohistochemical assays showed that exercise markedly promoted the
expression of autophagosome proteins LC3B, SQSTM1, and LC3II in the whole cartilage
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tissue, suggesting a positive role of exercise in autophagosome’s reaction to pathological
stimuli [75].

Moderate intensity treadmill training in MIA-induced OA determined an increase
in 15-hydroxyeicosatetraenoic acid (15-HETE) concentration in knee joint. 15-HETE is
a well-known anti-inflammatory molecule and was also able to inhibit IL-1β-induced
inflammation in primary chondrocytes and increase p-Akt levels in vitro. Moreover, 15-
HETE injection in knee OA alleviated cartilage damage through the inhibition of MMP-13
expression and the concomitant increase in COL2 expression in joint cartilage tissue [76].

Other animal experimental models of OA included anterior cruciate ligament transec-
tion. A study performed on this specific animal model revealed that 4 months of moderate
exercise determined the reduction of Caspase3 expression and concomitant overexpression
of Hsp70, an antiapoptotic factor, in both superficial and deep zones of the knee medial
compartment [77]. Similarly, in surgically-induced rat knee OA, low-speed treadmill ex-
ercise (12 m/min, 5 days/week for 4 weeks) increased pSmad-5, Id1 and BMP-2, BMP-4,
BMP-6, and BMP receptor 2 expression in the superficial zone chondrocytes and suppressed
cartilage degeneration [69].

In this scenario, it should be noted that physical exercise could provide beneficial
effects in OA according to several factors, including adherence to exercise regimens, fre-
quency of exercise, and actual loading of the symptomatic compartment [76,78]. Nam
et al. [78] demonstrated that the extent of cartilage damage could play a key role in achiev-
ing the optimal effects of exercise. They conducted a study using a common treadmill
exercise protocol (speed of 12 m/min for 45 min/day) after MIA-induction damage at
knee level in rats, demonstrating that exercise significantly prevented the OA progres-
sion, albeit its efficacy appeared to be inversely related to the extent of cartilage damage.
Transcriptome-wide gene expression analysis revealed that gentle treadmill activity started
1 day post–MIA OA induction significantly suppressed inflammation-associated genes
through NF-κB network downregulation, with crucial effects on apoptosis and cell cycle
(Cdkn1a and Bcl2), matrix breakdown (Mmp12 and Mmp14), and proinflammatory re-
sponses (IL15 and IL18) in murine models. On the other hand, a delayed intervention after
grade 1 cartilage damage could be less effective in suppressing proinflammatory genes
or upregulating matrix synthesis. These effects were mainly related to Sox9 suppression
leading to the down-regulation of alkaline phosphatase, Cilp, Cilp2, and Mgp, which are
crucial mediators required for correct matrix assembly [78].

3.3. Beneficial Effects of Physical Exercise on Osteoarthritis Patients

Evidence observed on rat and mouse OA models have provided further insights that
have been translated to humans since the early disease stages. The beneficial effect of
exercise has been already showed in subjects at high risk of developing OA and alter-
ations in articular cartilage composition could be a good marker of early OA pathological
modifications [79].

In a randomized trial, patients at a high risk of developing radiographic OA for partial
medial meniscus resection were subjected to 4 months weight-bearing exercise protocol.
Cartilage quality, comprising GAG, was evaluated through fixed-charge density tissue
measurement by gadolinium-enhanced MRI (dGEMRIC). The exercise group showed an
improvement in dGEMRIC, compared with controls (p = 0.036), suggesting that human
cartilage has a potential to adapt to loading changes [80]. This adaptation consequent to
exercises varies between different locations within the joint, and the largest beneficial effect
is observed in the load-bearing cartilage, such as the lateral posterior cartilage [81].

dGEMRIC index changes were also investigated in the study of Munukka et al. The
authors evaluated 87 postmenopausal women with mild knee OA performing leisure-
time physical activity (LTPA). After a period of 12 months, a linear relationship between
higher LTPA level and increased dGEMRIC index changes in the posterior region of the
lateral and medial femoral cartilage, were observed. These results suggested that higher
LTPA level is related to regional increases in estimated glycosaminoglycan content of
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tibiofemoral cartilage [82]. Similarly, a randomized controlled trial conducted on 43 post-
menopausal women with mild knee OA performing lower limb aquatic resistance training,
showed a significantly reduction of T2-MRI scores in the posterior region of the medial
femoral condyle after 4 months of physical activity. A decrease in T2 scores is suggestive of
improved integrity and orientation of the collagen fibers and a decrease in hydration of
articular cartilage [82].

Another promising technique to assess OA-related cartilage modifications is the
microdialysis method. Helmark et al. obtained information about the effect of a single-leg
knee-extension protocol on cartilage biomarkers and cytokines, both inside the joint as
well as in the synovium, in a group of women affected by knee OA. In this RCT, over a
period of three hours, a single bout of mechanical loading resulted in a significant decrease
in cartilage oligomeric matrix proteins (COMP) and an increase in the anti-inflammatory
mediator IL-10 in both intra-articular and peri-synovium spaces, compared with controls
(p < 0.05). Significant increases were also registered for IL-6 and IL-8 in both groups,
whereas TNF-α increased peri-synovially in the experimental group only [83].

Similarly, a pilot RCT performed by Hunt et al. demonstrated that a 10-week exercise
protocol, consisting of hip abductors, quadriceps, and hamstrings muscle strengthening,
performed on seventeen subjects with radiographically confirmed medial tibiofemoral
OA, could lead to a reduction in serum of the cartilage degradation marker COMP levels,
compared with controls (2.11 log U/L vs. 2.36 log U/L; p < 0.04). Moreover, a significant
relationship emerged between dynamic measure of knee joint load and the ratio between
two molecular markers increased in OA patient biological fluids (the urinary C-telopeptide
of type II collagen/serum C-propeptide of type II procollagen ratio β = 1.11, 95% CI = 0.15,
2.07; p = 0.04) [84]. Lastly, the combined nutritional and exercise intervention also seem
to act on cartilage biomarkers. A recent study demonstrated that an 18-month period
aerobic walking and strength training in combination with an intensive diet determined the
reduction of serum collagen type I (C1M) and II (C2M) in obese elderly patients affected by
tibiofemoral OA [85].

3.4. Physical Exercise as an Antioxidant Intervention

The role of physical activity on oxidative stress and redox biology balance has recently
obtained an emerging interest in the scientific literature. It is already known that physical
activity might improve antioxidant defenses and lowers lipid peroxidation levels in both
adults and aged individuals [86]. At cellular level, the beneficial role of physical exercise in
OA comes through the increased expression of chondrogenic transcription factors SOX9
in circulating mesenchymal progenitors associated with autophagy. Autophagy regulates
mitochondrial activity in stem cells to provide the best metabolic conditions, thus limiting
ROS production and preventing metabolic stress and genome damage [87].

Furthermore, aerobic exercise modulates the chondrocyte response according to the
balance between redox milieu and mechano-transduction mechanisms. Chondrocytes
subjected to mechanical stimulation activate the NF-κB signaling pathway, which is con-
sidered a possible link between loading and chondrocytic responses to proinflammatory
cytokines [88].

Nrf2 is a stress response protein in OA chondrocytes with anti-oxidative and anti-
apoptotic function and acts via ERK1/2/ELK1-P70S6K-P90RSK signaling axis in vitro [89].
Physical exercise could activate Nrf2 in response to the ROS increase, leading to the
expression of antioxidant genes such as phase-II antioxidant enzymes such as glutathione
and NADPH through Nrf2/Maf/ARE pathways activation [90].

Although researchers and clinicians have demonstrated a particular attention to the
role of physical exercise antioxidant effects on OA, at present, evidence in literature about
this issue is scarce. In MIA-induced OA rat model, 8 weeks of endurance exercise training
(13 m/min, 50 min/day for 3 days/week) promoted free radicals generation that could
stimulate both exercise adaptation and mitochondrial biogenesis. In this scenario, exercise
promoted a significant increase in myeloperoxidase and superoxide dismutase activity
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in the articular capsule [91]. Similarly, a two-group cross-sectional study showed that
strengthening exercises could changes antioxidant status of systemic markers in knee OA
patients. More specifically, ten obese women affected by knee OA, following an acute bout
of isokinetic exercise, showed an immediate post-exercise rise of non-enzymatic antioxidant
capacity of serum sustained by scavenging activity of 1,1-diphenyl-2-picrylhydrazyl. This
finding suggests that the up-regulation of the body’s antioxidant defense could be probably
related to the mobilization of antioxidant reserves in plasma [92].

In the complex management of OA, physical exercise turned out to be effective also
in synergy with other innovative therapies (i.e., mesenchymal cell implants or injections).
In this scenario, autologous chondrocyte implants and bone marrow-derived mesenchy-
mal cell implants or injections are innovative therapeutic interventions in OA focused on
articular cartilage and subchondral bone damage treatment [93–95]. Studies in humans
showed that exercise might enhance joint recruitment of bone marrow-derived mesenchy-
mal stem cells and upregulates the expression of osteogenic and chondrogenic genes (Runx,
MSx1, Sox9, COL2A1, ATG3), osteogenic microRNAs, and osteogenic growth factors
(BMP2, BMP6) [87,96,97]. In experimental rodent models, physical exercise enhanced the
osteogenic potential of bone marrow-derived mesenchymal stem cells and reduced their
adipogenic potential. Moreover, exercise performed after stem cell implantation could
enhance stem cell transplant viability [98–102]. Taken together, these results suggest a
complex and multifaceted role of physical exercise on different antioxidant pathways
corroborating the physiological basis supporting its efficacy in the treatment of OA.

3.5. Challenges and Potential Controversies

Despite its countless scientifically proven beneficial effects, physical exercise in certain
conditions could be detrimental to articular cartilage health. Studies on human subjects
reported that even moderate exercise, recommended as a treatment for OA, might increase
markers of cartilage degradation in OA-affected joints [103,104]. Due to these controversies,
the investigation of the imbalances in the molecular pathways involved in OA pathogenesis
and progression could help in providing more insights about this controversial issue.

In an exercise-induced OA rat model, two weeks of 16 m/min treadmill activity
showed that Ctnnb1, β-catenin, and Wnt-3a participate in the pro-inflammatory OA patho-
genesis through an abnormal activation of the Wnt/β-catenin pathway due to excessive
mechanical load [105]. Similarly a high-impact exercise protocol comprising flexion, ex-
tension, and compression of the limbs for two weeks resulted in IL-1β overexpression
and IL-10 down-regulation in an advanced stage of OA induced in a rat model [106].
Siebelt et al. highlighted the impact of a 6-week treadmill intense exercise protocol in rats
highlighting the loss of proteoglycan content in the exercised compared with sedentary
OA joints induced by papain injection [104]. In surgically-induced rat knee OA, the same
treadmill velocity was not able to modulate the effect of BMP pathway on OA pathological
modifications, leading to the progression of morphological alterations [69]. Similarly, ante-
rior cruciate ligament transected-animals running at a lower speed (18 m/min for 6 weeks)
underwent advanced cartilage degradation, compared with the sedentary animals [107].

In humans affected by OA, Jayabalan et al. observed that 45 min of continuous
walking resulted in a cumulative increase in COMP concentration, a marker of cartilage
turnover, whereas interval walking was associated with COMP concentrations comparable
to baseline. This study shed light about the possibility that incorporating resting periods
in walking regimens may impact the potentially deleterious effects of longer continuous
walking bouts on the knee joint [108].

In conclusion, the above-mentioned controversies might be due to the performance of
high-intensity exercises for a long time. Indeed, they are not commonly recommended by
the recent International Guidelines for frail OA patients [64,65].
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4. Nutrigenomic: Role of Nutraceuticals on Osteoarthritis

Nutraceuticals are considered as dietary supplements including a concentrated form
of a presumed bioactive substance, originally derived from a food, aimed to improve health
status particularly in “active aging” [109]. In this scenario, nutraceuticals play a pivotal
role on osteoarthritis pathogenesis with specific targets in modulating OA pathways (see
Table 1).

Table 1. Characteristics of the studies included with the nutrigenomic targets.
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and NF-κB expressions

in cartilage.

Probiotics and
Antimicrobial Proteins

Korotkyi et al.
[112] 2021

Curcumin

→ ERK1/2 ↓ Chondrocyte
Apoptosis

Curcumin inhibits
apoptosis of

chondrocytes through
activation ERK1/2
signaling pathways
induced autophagy.

Nutrients Li et al. [52] 2017

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ ADAMTS-4

↓ COX-2
↓ MMP

Curcumin reduces
inflammation in knee
osteoarthritis through

blocking
TLR4/MyD88/NF-κB

signal pathway.

Drug Development
Research

Zhang et al.
[113] 2018

→ Nrf2/HO-1

↑ GPX1,3,4
↑ SOD1
↑ CAT
↑ GST

Curcumin inhibits
chondrocytes

inflammation through
the Nrf2/ARE signaling

pathway, thereby
exerting cartilage
protective effects.

Cell Stress and
Chaperones

Jiang et al. [114] 2020

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

TLR4/NF-
κB

↓ ADAMTS-4
↓ COX-2
↓ MMP

Curcumin improve
neuroinflammatory
process by reducing

microglia/macrophage
activation and neuronal

apoptosis through a
mechanism involving the
TLR4/NF-κB signaling

pathway in
microglia/macrophages.

International Journal of
Molecular Sciences

Panaro et al.
[115] 2020

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ ADAMTS-4

↓ COX-2
↓ MMP

Curcumin reduces
expression of NF-κB and

ROCK1.

Journal of Cellular and
Molecular Medicine

Qiu et al. [116] 2020
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Table 1. Cont.

Nutraceutical
OA Pathways

Involved
Modulation

Action
Main Findings Journal Authors Year

Eupatilin

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

JNK

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

p38MAPK

↓ ADAMTS-4
↓ COX-2
↓ MMP

Eupatilin suppressed
expression of MMPs,

ADAMTSs in
chondrocytes by

reducing JNK
phosphorylation and

NF-κB and MAPK
signaling.

Pharmaceuticals Lee et al. [117] 2021

Genistein

→ Nrf2/HO-1

↑ GPX1,3,4
↑ SOD1
↑ CAT
↑ GST

Genistein downregulates
MMPs, ADAMTSs via

NF-κB signaling
pathway by blocking IκB

degradation and
activating Keap1/Nrf2

pathway.

Nutrients Liu et al. [118] 2019

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ ADAMTS-4

↓ COX-2
↓ MMP

BioMed Research
International

Yaun et al. [119] 2019

Molecular Medicine
Report

Zou et al. [120] 2020

Glucosamine

→ mTOR ↓ Chondrocyte
Apoptosis

Glucosamine promotes
osteoblast proliferation

by modulating
autophagy via the mTOR

pathway.

Biomedicine &
Pharmacotherapy

Lv et al. [121] 2018

→ Wnt/β-
catenin

↓ Chondrocyte
Apoptosis

GlcN increases β-catenin
nuclear translocation,

thus promoting
chondrocyte
proliferation.

International Journal of
Molecular Medicine

Ma et al. [49] 2018

Green tea
polyphenol

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB

↓ ADAMTS-4
↓ COX-2
↓ MMP

L-theanine inhibits
upregulation of MMPs,

as well as inhibiting
NF-κB

Nutrients Bai et al. [122] 2020

Green tea catechins
increase NF-κB

inhibitors expression
Antioxidants Luk et al. [123] 2020

→PI3K/AKT ↓ FOX-O1

Epigallocatechin-3-
gallate modulating

AKT-FoxO1 via
upregulating
miR-486-5p.

Archives of
Biochemistry and

Biophysics

Chang et al.
[124] 2020

Jaceosidin

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ ADAMTS-4

↓ COX-2
↓ MMP

Jaceosidin attenuates
cartilage destruction by

suppressing MMPs,
ADAMTSs and the NFκB

signaling pathway by
blocking IκB
degradation.

Journal of Cellular and
Molecular Medicine

Lee et al. [117] 2019

Omega-3
PUFA

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

p38MAPK
↓ Chondrocyte

Apoptosis
PUFA inactivates of

p38MAPK
International Journal of

Molecular Medicine
Wang et al. [58] 2016

→ PI3K/AKT

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ MMPs

PUFA metabolite
suppresses MMP-13

secretion by activating
PI3K/AKT pathway

directly, while inhibiting
NF-κB pathway.

Connective Tissue
Research

Lu et al. [74] 2020
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Table 1. Cont.

Nutraceutical
OA Pathways

Involved
Modulation

Action
Main Findings Journal Authors Year

OOP

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

p38MAPK

↓ ADAMTS-4
↓ COX-2
↓ MMP

OOPs inhibited
IL-1β-induced
expression of

inflammatory mediators
through suppressing

NF-κB and MAPK
activation in

chondrocytes.

Food & Function Feng et al. [125] 2017

→ Nrf2/HO-1

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB

↓ ADAMTS-4
↓ COX-2
↓ MMP

OOPs can activate Nrf-2
signaling and the

blockage of NF-κB
nuclear translocation

Cells
Serrelli et al.

[126] 2020

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ ADAMTS-4

↓ COX-2
↓ MMP

OOPs reduce the
inflammatory and
catabolic factors

mediated by NF-κB
(IL-1ß, IL-6, COX-2 and

MMP-3

Aging
Varela-Eirín
et al. [127] 2020

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ ADAMTS-4

↓ COX-2
↓ MMP

Mechanistically, OOPs
exhibited an

anti-inflammatory effect
by inactivating the
PI3K/AKT/NF-κB

pathway.

Journal of Cellular
Physiology

Chen et al.
[128] 2021

Quercitin

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ ADAMTS-4

↓ COX-2
↓ MMP

Quercetin inhibits IL-1b
and TNF-a production

via TLR-4/NF-κB
pathway.

Journal of International
Medical Research

Zhang et al.
[129] 2019

Resveratrol

→Wnt/β-
catenin

↓ Chondrocyte
Apoptosis

Rev increased
osteoblastogenesis and
bone formation through

stimulation of Wnt
signaling pathway.

Journal of Cell
Physiology

Ashrafizadeh
et al. [47] 2020

→Nrf2/HO-1

↑ GPX1,3,4
↑ SOD1
↑ CAT
↑ GST

Res modulates the Nrf2
activation by inhibiting

Keap1, Nrf2 gene
expression, changing the
upstream mediators of
Nrf2, and potentiating

the nuclear translocation
of Nrf2.

Biomedicine &
Pharmacotherapy

Farkhondeh
et al. [130] 2020

→PI3K/AKT ↓ FOX-O1

Resveratrol may exert
anti-OA effect by

enhancing the
self-limiting mechanism
of inflammation through
TLR4/Akt/FoxO1 axis.

Drug Design,
Development and

Therapy
Xu et al. [131] 2020

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ ADAMTS-4

↓ COX-2
↓ MMP

Resveratrol alleviates the
interleukin-1β-induced

chondrocytes injury
through the NF-κB
signaling pathway.

Journal of Orthopaedic
Surgery and Research

Yi et al. [132] 2020
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Table 1. Cont.

Nutraceutical
OA Pathways

Involved
Modulation

Action
Main Findings Journal Authors Year

Sulforaphane → Nrf2/HO-1
↑ GPX1,3,4
↑ SOD1
↑ CAT
↑ GST

Sulforaphane
ameliorates oxidative

stress suppressing
inflammatory cytokines

and activating
Keap1/Nrf2 pathway.

Free Radical Biology
and Medicine

Yang et al. [133] 2020

Sulforaphane inhibits the
production of

inflammatory cytokines.
PLoS ONE

Moon et al.
[134] 2021

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

JNK
↓ ADAMTS-4

↓ COX-2
↓ MMP

Sulforaphane inhibits
osteoclastogenesis by

suppressing autophagy
modulating JNK

pathway.

Molecules Lou et al. [135] 2021

Wogonin

┤

↓
↓
↓

┤

┤

┤

↓
↓
↓

→

↑
↑
↑
↑ κB 

blocking IκB degradation 

┤

↓
↓
↓

→
↓

→Wnt/β
↓

GlcN increases β

┤

↓
↓
↓

→ ↓

┤

↓
↓
↓

and the NFκB signaling 
pathway by blocking IκB 

┤
↓

→
┤

↓

κB pathway.  

┤ κB
┤

↓
↓
↓

1β

κB and 

NF-κB
↓ ADAMTS-4

↓ COX-2
↓ MMP

Wogonin downregulates
NF-κB pathway and

genes involved in
inflammatory-response.

Nature: Scientific
Report

Khan et al.
[136] 2017

Abbreviations: ADAMTS = A disintegrin and metalloproteinase with thrombospondin motifs; AKT = Tyrosine kinase A; CAT = Catalase;
COX-2 = Cyclooxygenase-2; ERK = Extracellular signal-regulated kinases; FOX-O1 = Forkhead box protein O1; GPX = glutathione
peroxidase; GST = Glutatione S-transferasi; HIF-2α = Hypoxia-inducible factor; HO-1 = Heme oxygenase 1; MAPK = Mitogen-activated
protein kinases; MMP = Matrix metalloproteinase; mTOR = mammalian target of rapamycin; NF-κB = Nuclear factor kappa-light-chain-
enhancer of activated B cells; Nrf2 = Nuclear factor-erythroid factor-2; OOP = Olive Oil Polyphenols; PI3K = Fosfoinositide 3-chinasi; PUFA
= Polyunsaturated Fatty Acids; SOD = Superoxide dismutase; TLR4 = Toll-like receptor; Wnt = Wingless-related integration site.

Long-chain polyunsaturated fatty acids (PUFAs) include alpha-linolenic (ALA), eicos-
apentaenoic (EPA) and docosahexaenoic (DHA) and are structural components of cell
membranes. However, they also exert their action in a high number of intracellular signal-
ing and metabolic pathways [26]. PUFAs and their metabolites act as second messengers
when intercalated in the cell membrane, inhibiting the expression of MMP-13 through the
inactivation of the p38MAPK and NF-κB p65 pathway, and promoting the activation of the
PI3k/Akt signaling [58,74].

In the recent literature, the isolated administration of Chondroitin Sulfate has been
shown to increase the transcription of the gene for Cartilage Oligomeric Matrix Protein
(COMP) and decrease the expression of Toll-like receptors, thus inhibiting the Nfkb1
pathway in chondrocytes [112].

Glucosamine (GlcN) is an amino monosaccharide component of glycosaminoglycan
(GAG) chains, usually in the form of sulfate or hydrochloride salts derived from the
chitin of the exoskeleton of crustaceans and from mushrooms [26]. Glucosamine promotes
the proliferation of human osteoblasts modulating the mTOR pathway and enhancing
β-catenin nuclear translocation with consequent activation of cell proliferation via cyclin
D1 expression [49,121,137].

Sulforaphane is an isothiocyanate derived from its glucosinolate precursor gluco-
raphanin, which is found in edible cruciferous vegetables, especially in broccoli. It can
ameliorate ROS-induced oxidative stress and cartilage matrix degradation suppressing
pro-inflammatory cytokines such as IL-6, TNF-α, and IL-17, inhibiting the JNK signaling
and activating Keap1/Nrf2 pathway [133–135].

Berberine is an isoquinoline alkaloid, produced by many plants, as Coptis japonica
Makino, Coptis, Berberis petiolaris and B. vulgaris [138]. It modulates the PI3K/Akt and
NF-κB pathways regulating cytoskeletal reorganization and dedifferentiation in chondro-
cytes, improving the progression of OA [111].

Apigenin is a natural product belonging to the flavone class that is the aglycone of
several naturally occurring glycosides. As an isolated compound from Cirsium japonicum
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var. maackii, it blocks MMP3, MMP13, and COX-2 expression through Hif-2α inhibition
via the NF-κB and JNK signaling pathways [110]. Therefore, downstream of the NF-κB and
JNK signal expression might block the translation of the pro-inflammatory factor HIF2a.

Eupatilin is an O-methylated flavonoid present in Artemisia asiatica (Asteraceae),
which suppresses the expression of pro-inflammatory genes in chondrocytes through the
reduction of JNK phosphorylation, NF-κB, and MAPK activation pathway [28].

Other nutraceuticals that could have a role in modulating the OA pathways seem to
be the green tea catechins (GTCs), which could protect against cartilage loss and reduce the
progression of OA through the modulation of NF-κB inhibitor expression and targeting the
PI3K/AKT pathway. Another main component of the green tea is the epigallo-catechin-3
gallate that might inhibit NF-κB nuclear translocation by blocking IkB degradation in
human chondrocytes stimulated with IL-1β [122–124].

Genistein, an isoflavone from soy (Glycine max), inhibits the NF-κB pathway and
the consequent expression of catabolic factors, while stimulating the expression of Ho-1,
associated with the activation of Nrf-2 in human chondrocytes [118–120].

Furthermore, Jaceosidin, an extract of Artemisia argyi, showed to reduce the damage
to OA cartilage by blocking the degradation of IκB and inhibiting the nuclear translocation
of NF-κB [117].

Quercitin is a hydroxyflavonoid widely contained in the flowers, leaves, and fruits of
different plants. It improved OA via dose-dependent effects on the Toll-like Receptor-4
(TRL-4)/NF-κB pathway in vivo, inducing a cytosolic down expression of TLR-4 [129].

Moreover, Wogonin is an O-methylated flavone present in Scutellaria baicalensis with a
positive effect on OA, which may be related to the inhibition of pro-inflammatory genes
expression via the NF-κB pathway [136].

Curcumin, the main polyphenol component from the roots of turmeric (Curcuma longa),
improves the inflammatory pattern through NF-κB signaling inhibition and Nrf2/ARE
signaling activation. In addition, curcumin inhibits cell autophagy via ERK1/2 signaling
pathway activation [52,113–116].

Olive oil polyphenols (OOPs), as oleocanthal (OC), oleuropein (OP), tyrosol (TY),
and hydroxytyrosol (HT), could modulate inflammatory and degenerative OA molecular
patterns. OOPs inhibit pro-inflammatory genes expression through the suppression of
NF-κB and MAPK activation, while enhancing Nrf-2 signaling [125–128].

Lastly, resveratrol, a phenol extracted from the skin of grapes, wines, mulberries,
and peanuts, belongs to the phytoalexins that protect plants from microbial infections.
Resveratrol increases cell proliferation via stimulation of Wnt signaling dependent pathway
and might exert self-limiting mechanism of inflammation through PI3K/Akt and Nrf2 axis
activation and concomitant NF-κB inhibition [47,86,139,140].

Therefore, nutraceuticals and physical exercise are involved in molecular pathways
OA with apoptotic, pro-, or anti-inflammatory targets (see Figure 1 for further details).
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Figure 1. Involvement of nutraceuticals and exercise in molecular pathways for apoptotic, pro-, or anti-inflammatory
signaling.

5. Conclusions

In this comprehensive review, we described the main molecular pathways underpin-
ning OA pathogenesis and progression, highlighting the different mechanisms of action
and potential targets for innovative therapeutic interventions. Moreover, we described
common targets of physical activity and nutraceuticals suggesting a possible therapeutical
synergism of these two interventions. The decrease in ROS production upstream of phys-
ical exercise can guarantee a beneficial approach regardless of the nutraceutical chosen,
whereas the mutual connections on a cellular mediator would suggest the composition of
the compounds in an ad hoc logic.

In conclusion, despite the limitations related to the low characterizations of some
molecular pathways, the current review provides intriguing insights regarding molecular
pathophysiological mechanisms, innovative therapeutical target pathways, and synergistic
interventions that could improve the complex framework of OA management.
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Abstract: Osteoarthritis (OA) is a degenerative disease, and there is currently no effective medicine
to cure it. Early prevention and treatment can effectively reduce the pain of OA patients and save
costs. Therefore, it is necessary to diagnose OA at an early stage. There are various diagnostic
methods for OA, but the methods applied to early diagnosis are limited. Ordinary optical diagnosis
is confined to the surface, while laboratory tests, such as rheumatoid factor inspection and physical
arthritis checks, are too trivial or time-consuming. Evidently, there is an urgent need to develop a
rapid nondestructive detection method for the early diagnosis of OA. Vibrational spectroscopy is a
rapid and nondestructive technique that has attracted much attention. In this review, near-infrared
(NIR), infrared, (IR) and Raman spectroscopy were introduced to show their potential in early OA
diagnosis. The basic principles were discussed first, and then the research progress to date was
discussed, as well as its limitations and the direction of development. Finally, all methods were
compared, and vibrational spectroscopy was demonstrated that it could be used as a promising
tool for early OA diagnosis. This review provides theoretical support for the application and
development of vibrational spectroscopy technology in OA diagnosis, providing a new strategy for
the nondestructive and rapid diagnosis of arthritis and promoting the development and clinical
application of a component-based molecular spectrum detection technology.

Keywords: osteoarthritis; vibrational spectroscopy; near-infrared spectroscopy; infrared spectroscopy;
Raman spectroscopy; early diagnosis

1. Introduction

Osteoarthritis (OA) is one of the major diseases affecting public health, and it is caused
by both the mechanical and biological degradations of cartilage [1,2]. The 2017 Global
Burden of Disease study shows that the annual number of OA patients is increasing, yet
there remains no effective medicine to treat it [3]. OA is characterized by joint swelling,
pain, and stiffness, causing physical pain to and placing a heavy financial burden on
patients [4]. MacDonald et al. reported that the average age of people diagnosed with OA
is 47.6, which is 7.7 years later than the onset of symptoms [5]. A Canadian study reported
that patients with an OA score greater than or equal to 55 (severe disability) cost 3.5 times
more than patients with an OA score of 15 (low severity) [6]. Most patients usually choose
to see a doctor after they have obvious symptoms, and the general treatment of OA is often
to address the corresponding symptoms, rather than to fundamentally cure the disease [7].
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Many physiological and pathological changes may appear in the early stage of OA,
which are the starting point for early diagnosis. OA is mainly caused by the inability
of chondrocytes to maintain homeostasis between the synthesis and decomposition of
intracellular and extracellular components, resulting in the inflammation of the synovium
and joint capsule [8]. Moreover, various pathological changes may combine and worsen,
leading to cartilage degeneration, subchondral osteosclerosis, angiogenesis, innervation,
and other pathological phenomena. The extracellular matrix of chondrocytes is mainly
composed of collagen, noncollagen proteins (glycosaminoglycan (GAG), proteoglycan
(PG), cartilage oligomer matrix protein (COMP)), hyaluronic acid (HA), fibrin protein,
follistatin-like protein 1 (FSTIL-1), glycoproteins, lipids, and water [9]. A number of these
proteins are often used as biomarkers for the diagnosis of OA. GAG is the main component
of the cartilage matrix. GAG in cartilage is cleaved by proteolytic enzymes, such as matrix
metalloproteinases (MMPs) and aggregase, which decrease the expression level of GAG
and lead to cartilage destruction. Therefore, GAG is often used as a marker of cartilage
destruction in OA [10]. As an important component of synovial fluid (SF), HA can increase
joint smoothness, thereby reducing cartilage wear, and it has been shown to be associated
with the radiological progression of OA [3]. Subchondral bone can provide mechanical
and nutritional support for cartilage. Small molecule diffusion experiments revealed that
there is a direct molecular signaling pathway between cartilage and subchondral bone [11],
indicating that changes in the microenvironment of subchondral bone may directly or
indirectly affect cartilage metabolism. The quality and hardness of bone in patients with OA
are decreased, making it more likely for some injuries to occur [12] and eventually leading
to the production of osteophytes. In subchondral bone, markers such as the mineral-to-
matrix ratio, mineral maturity/crystallinity, relative carbonate content, or relative tissue
water content/porosity can provide signs of early OA [13]. The detection of changes in
these markers is beneficial for an early diagnosis, which not only improves the treatment
effect of OA for patients, but also greatly reduces treatment costs [14]. Considering the
importance of an early diagnosis of OA, in this review, we aimed to summarize and analyze
the vibrational spectroscopy used in early OA diagnosis to provide theoretical support for
its application and development.

The diagnosis of OA primarily involves imaging and laboratory tests. The conven-
tional imaging tests used include magnetic resonance imaging (MRI) [15–18], optical co-
herence tomography (OCT) [18–21], ultrasonic diagnosis [22–26], and X-ray [27–29]. Their
specific applications are shown in Table 1. X-ray is the most accessible tool for assessing
OA: it can show damage and other changes related to OA to confirm its severity according
to different grading schemes, such as the Kellgren–Lawrence grading scheme [30]. MRI,
which does not use radiation, is more expensive than X-ray but can provide better images
of cartilage and other structures to detect early abnormalities in OA [16]. OCT is used to
generate cross-sectional images of articular cartilage [19], and it can provide quantitative
information on the state of articular cartilage, especially for OA caused by changes in colla-
gen structure [31]. In terms of laboratory tests, the main method is joint aspiration, which
comprises a needle being inserted into the joint, and fluid is extracted for further analysis
to determine the stage of OA, which can help to rule out other forms of arthritis [32].

Table 1. Comparison table of application analysis of traditional imaging methods in relation to osteoarthritis (OA).

Name Main Inspection Site Advantages Disadvantages Reference

MRI Structure of cartilage Observe structural features related
to cartilage integrity, no radiation Expensive, long scan time [15–18]

OCT Transverse view of
articular cartilage

Good reproducibility and no
radiation to living tissue

Depth limitations allow only
surface cross-sectional analysis [18–21]
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Table 1. Cont.

Name Main Inspection Site Advantages Disadvantages Reference

Ultrasonic
diagnosis Periarticular soft tissue Visible image information, low cost

Poor penetration of bone, inability
to observe deeper structures, poor

reproducibility
[22–26]

X-ray Joint appearance
Low cost, high benefit, combined
with arthroscopy to assist doctors

in diagnosis

Unable to show early symptoms
of OA [27–29]

The methods mentioned above are commonly used in clinical practice but are often
time-consuming, expensive, and even destructive. The development of rapid and nonde-
structive methods is urgent [19,29]. As a promising technique, vibrational spectroscopy
has received increasing attention from researchers worldwide. A vibrational spectrum is
generated by the vibration of molecules or atomic groups caused by electromagnetic radia-
tion, and vibrational spectroscopy includes a variety of techniques, such as near-infrared
(NIR), infrared (IR), and Raman spectroscopy [33]. As shown in Figure 1, NIR/IR/Raman
spectra of SF, articular cartilage, and/or subchondral bone were collected to compare the
spectral differences between healthy and OA-affected joints. The spectra of SF indicate that
the content of protein increased and the content of carotenoid decreased in OA-affected
joints [34]. Furthermore, the spectra of articular cartilage characterized changes in the
contents of GAG and PG, as well as the orientation of collagen fibers in joints [35]. By
analyzing the spectra of subchondral bone, it was concluded that mineralized components
increased in OA-affected joints [36]. Extracting and analyzing effective spectral information
can help to distinguish OA-affected joints from healthy ones, thereby improving the likeli-
hood of early OA diagnosis. In this review, these new vibrational spectroscopy methods
for OA diagnosis are introduced to provide theoretical support for their application and
development in relation to the early diagnosis of OA.

 

Figure 1. Vibrational spectroscopy is used for early OA diagnosis by detecting changes in the
composition and morphology of articular cartilage and changes in synovial fluid (SF) and subchondral
bone. The figure depicts (a) a healthy joint and (b) an OA-affected joint. In an OA-affected joint,
the SF composition changes, articular cartilage becomes thinner and its composition changes, and
the mineralization element in the subchondral bone increases. The main biomarkers of OA in (c) SF
and (d) articular cartilage are also shown. Vibrational spectroscopy can detect the changes of these
components for early OA diagnosis.
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2. NIR Spectroscopy

NIR spectroscopy reflects the overtones and/or combination bands of stretching and
bending vibrations of C–H, N–H, and O–H bonds ranging from 12,500 to 4000 cm−1 [37]. As
shown in Figure 2, when a beam of NIR light with continuous wavelength irradiates to the
sample, if the vibrational/rotational frequency of some groups in the sample is consistent
with that of the NIR light, the molecule will absorb energy for energy-level transition,
and the light at that wavelength is absorbed [38]. The sample can then be analyzed
according to the transmitted or reflected light. NIR spectroscopy has been widely used in
the agriculture [39–42], food [43–46], chemistry [47–49], and pharmaceutical fields [50–53]
because it is fast, accurate, nondestructive and labor-saving. However, a limitation of this
method is that the spectra are composed of wide overlapping bands [54,55], such that it is
difficult to find specific peaks attributed to the complicated component. Chemometrics is
a powerful tool for analyzing the NIR spectra and can improve the spectral resolution to
help extract useful information from the spectra [56]. With the help of chemometrics, NIR
spectroscopy has appeared in OA diagnostic research owing to its fast and nondestructive
characteristics [57]. Although most of the work of NIR spectroscopy in OA diagnosis,
including SF and tissue analysis, is still restricted to laboratory-scale research [58], it is
becoming a useful tool for the diagnosis of OA and has good development prospects.

−

 

Figure 2. SF is analyzed by NIR spectroscopy. The SF extracted from the joint capsule is dried and
either membrane-formed or examined directly. The light source is divided into two beams by the
splitter, which are then reflected onto two mirrors—one is a fixed mirror and the other is a moving
mirror. After the light is reflected, it is recombined and sent to the sample, and then the change of the
light beam after the reflection and absorption of the sample is detected. Finally, the spectral data are
analyzed with the help of chemometrics.

2.1. Application of NIR Spectroscopy on OA SF Analysis

Some studies have shown changes in the composition and concentration of SF metabo-
lites in OA [59,60]. Therefore, SF is useful for the investigation of OA based on chemical
composition and physical properties. There are two main methods for SF spectra collection:
The first is to dry the SF onto a film and then to obtain the reflection spectrum for analysis.
This can identify arthritis with a classification rate greater than 95% [61]. The second
method is to obtain the SF spectrum through the transmitting module. Shaw et al. [58]
collected the NIR spectra of SF and then divided the spectra into three categories by linear
discriminant analysis (LDA), which is a kind of subjective measurement and classification
based on a series of biochemical or biological diseases, leading to SF physical change.
Their results showed that the best classification results were obtained when the spectral
range was limited to 2000–2400 nm. This research demonstrated that NIR spectroscopy
can determine the type of arthritis and the feasibility of severity ratings by SF analysis,
showing that it is a powerful tool for the diagnosis of OA based on SF analysis. However,
the application of this technology in SF analysis requires further research, which may help
provide new hypotheses to explain the mechanism of OA in the future.
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2.2. Application of NIR Spectroscopy on OA Cartilage Analysis

Normal hyaline cartilage contains 70%–80% water, mainly in the form of binding to
GAG. In the early stage of OA, cartilage deformities often manifest as complex changes in
the matrix, including GAG, moisture, and collagen [62]. Hofmann et al. [63] compared the
degree of recognition of OCT, arthroscopy, MRI, and NIR spectroscopy for early OA carti-
lage change and found that only the result of NIR spectroscopy showed good correlation
with the Knee Injury and Osteoarthritis Outcome Score (KOOS). Afara et al. [57] analyzed
the NIR spectra of articular cartilage in mice with OA in four stages (1, 2, 4, and 6 weeks),
and the spectral data showed that the spectral intensity increased over time, mainly due to
changes in the cartilage moisture content; this showed that the method could detect early
manifestations of cartilage degeneration. In addition, they applied principal component
analysis (PCA) and multiple scattering correction (MSC) to process the two main spectral
bands at 8547–10,361 cm−1 and 6411–6496 cm−1 and predict the Mankin score [64,65]. They
also designed a genetic algorithm-based model to evaluate GAG content, which further
demonstrated the power of NIR spectroscopy in OA diagnosis by detecting tissue integrity
and GAG content.

The main feature of OA is cartilage degeneration, and PG and GAG are the key
components of cartilage [66], so their effective detection is crucial for early diagnosis of
OA. Palukuru et al. [67] identified 20–60 µm thickness of cartilage tissue as most suit-
able for analysis based on collagen and PG at 1336 and 856 cm−1 for linear absorption
band intensity changes. They used partial least squares (PLS) modeling in the spectral
range of 4000–6000 cm−1 to predict the relative content of collagen and PG, as well as
the proportion of collagen, from NIR spectroscopy. The error of this method was re-
duced to 6%, which ultimately improved the accuracy of NIR spectroscopy for cartilage
composition quantification.

In addition, a direct manifestation of OA is the reduction and thinning of cartilage [68].
Sarin et al. [69] combined arthroscopy with NIR spectroscopy to evaluate the cartilage
thickness in vivo and determine PG content and the collagen orientation angle. Using a one-
dimensional neural network, they demonstrated the clinical potential of NIR spectroscopy
for evaluating cartilage thickness and composition structure. Afara et al. [70] combined NIR
spectroscopy with support vector machines (SVMs), deep neural networks (DNNs), logistic
regression (LR), and other methods to distinguish the integrity of cartilage. Their study
indicated that the SVM model can distinguish anterior cruciate ligament transection (ACLT)
from non-operationally operated control (CNTRL) samples, the DNN model can discrimi-
nate between different types of OA, and LR can differentiate between contralateral (CL) and
CNTRL samples. NIR spectroscopy, in combination with machine learning techniques, can
provide a powerful tool for the classification of cartilage integrity [71], with the potential to
accurately distinguish between normal and early osteoarthritic cartilage [72,73].

3. Infrared Spectroscopy

The principle of IR is similar to that of NIR spectroscopy, but the difference lies in the
acquisition bands used by the methods. IR spectroscopy technology is used to investigate
interactions between molecules in the range of 4000–400 cm−1 [74]. It can be used to
analyze the characteristic information of absorbed substances by reflecting IR light. Each
molecule has a unique IR absorption spectrum, which is determined by its composition
and structure, and this can be used for structural analysis and identification [75]. Fourier-
transform IR (FTIR) spectroscopy is a simple method used to investigate the composition
of macromolecules in biological samples, and it can be analyzed in situ by a probe, so
it has advantages in the study of organisms and for early diagnosis of OA [76]. FTIR
microspectroscopy (FTIR–MS) comprises an FTIR spectrometer and a traditional optical
microscope to achieve chemical imaging, with which the spatial distribution and structure
of various biochemical components can be identified [77]. Due to the complexity of the
data structure, the required information cannot be revealed without powerful data analysis
methods. Therefore, the application of IR spectroscopy in the biomedical field usually
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requires the combination of advanced multivariate data analysis methods [78]. At present,
IR spectroscopy, especially FTIR spectroscopy, has shown great application prospects in
the early diagnosis of OA, mainly including SF analysis and tissue analysis.

3.1. Application of IR Spectroscopy to SF Analysis in OA Subsection

The analysis of changes in SF by IR spectroscopy is also an effective method for the
early diagnosis of OA. Eysel et al. [79] used LDA and leave-one-out cross-validation to
classify 239 SF membrane spectra from 86 patients. Through multivariate analysis, the
spectra were successfully divided into four categories, which were consistent with the
clinical diagnosis (96.5% correct classification). By collecting the IR spectrum of joint
fluid, Hou et al. [80] established an effective diagnostic model, indicating that IR spectrum
technology combined with a multivariate data processing method can be used as a simple
and effective method for OA diagnosis. In addition, IR spectrum data based on serum and
articular fluid were shown to differentiate between samples of healthy dogs and dogs with
OA, indicating that IR spectroscopy combined with multivariate data analysis is a simple
and accurate diagnostic method for OA.

3.2. Application of FTIR Imaging on Articular Cartilage Analysis in OA

Some manifestations of OA, including dissolution, thinning, compositional changes,
mineralization, and subchondral bone thickening [81], can be detected with traditional di-
agnostic techniques. By using FTIR imaging (FTIRI), both the corresponding spectral image
of each pixel and the complete pathological joint image can be obtained, so the diagnostic
analysis can be carried out from both the macro and micro perspective. Yin et al. [82] used
FTIRI to examine the content of collagen and PG, along with the change of depth in healthy
cartilage and OA cartilage. Their results showed that the deep dependence of PG levels
was different between healthy and OA-affected subjects. Therefore, the FTIRI technique
could be used to detect changes in cartilage composition related to OA for early diagnosis.
However, the data analysis of the IR spectrum is complex, and accurate data processing
methods are needed to optimize data analysis and gather information. Rieppo et al. [83]
carried out optimal variable selection for FTIR spectral analysis of articular cartilage com-
position, and successfully determined the major components of AC, PG, and collagen using
multiple regression.

The IR spectra absorption peaks of PG and collagen often overlap, and a second deriva-
tive is normally applied to improve the resolution of the overlapping peaks. Rieppo et al. [84]
provided a practical approach for the analysis of articular cartilage composition by a sec-
ond derivative analysis of collagen protein and polysaccharide. David-Vaudey et al. [85]
collected FTIRI spectral images on the surface, middle, and deep layers of samples and
then used a reference spectrum to perform Euclidean distance mapping and quantita-
tive PLS on type II collagen and chondroitin sulfate (CS). Their results showed that the
FTIRI results were correlated with the Mankin scoring system based on histology, and PLS
analysis showed that the relative concentrations of collagen and PG in OA cartilage were
relatively low.

Fisher discriminant analysis (FDA) establishes a discriminant function through co-
variance analysis to classify data sets rapidly. The discriminant principle of FDA is to
ensure maximum covariance between different categories and minimum covariance within
a category. Mao et al. [86] extracted FTIR images and performed a PCA of IR spectra,
and then established a model to identify articular cartilage samples by FDA. Their results
showed that all healthy cases in the prediction group were correctly identified, and only a
few individual OA cases were misdiagnosed. Similarly, Zhang et al. [87] used FTIRI and
PLS–DA methods to identify healthy cartilage and OA cartilage. In the calibration and
prediction matrix, the recognition rates of healthy cartilage and injured cartilage were 100%
and 90.24%, respectively. Mao et al. [88] predicted that both FTIRI–PLS–DA and FTIRI–
PCA–FDA integration technologies would become tools for the microscopic identification
of healthy cartilage and OA cartilage specimens and the diagnosis of cartilage lesions.
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Oinas et al. [78] used cluster analysis to investigate human articular cartilage samples with
different histological levels of OA. Through cluster analysis, the IR spectrum can be used
to compare multiple images in order to quantitatively and qualitatively detect changes in
the surface and deep layers of articular cartilage at the early stage of OA.

3.3. Application of FTIR in OA In Situ Analysis

One advantage of FTIR is that the IR fiber-optic probe (IFOP) is coupled to the FTIR
spectrometer, which provides in situ full-tissue spectral acquisition and has the potential
to evaluate OA in vivo. Johansson et al. [89] measured the thickness of articular cartilage
based on the principle of broadband diffuse light reflection and conducted an in vitro
study on the thickness of articular cartilage in multiple parts of human knee condyles
with the specific goal of arthroscopic integration. An exponential model was used to
compare the estimated value with the reference cartilage thickness value (obtained after
section). A two-dimensional Monte Carlo simulation analysis was used to estimate the
thickness of human knee cartilage, and the thickness distribution of cartilage on the joint
surface could be visualized. This method provides support for research in the field of
arthroscopy. Hanifi et al. [90] applied IFOP to collect spectra from normal and degraded
areas of OA and established a multiplex PLS method based on the second derivative to
predict the Mankin score of histology with an accuracy of 72%. Similarly, West et al. [91]
found that type II collagen degradation was associated with chondrogenic degeneration,
which could be used to monitor small changes associated with early cartilage degeneration.
This demonstrated that IFOP could be used to perform in situ determination of cartilage
integrity during arthroscopy. Yang et al. [92] used FTIR–MS spectroscopy to detect changes
in the tibial articular subchondral bone in guinea pigs with increasing age, and their results
showed that the ratio of amide III to amide II was consistent at different ages. At the
molecular level, this research provides reliable pathological information for subchondral
bone histology of OA and technical support for the early diagnosis of OA. However, the
novel attenuated total reflectance–mid-IR–hollow optical fiber (ATR–MIR–HOF) probe has
more advantages than traditional FTIR and ATR–FTIRI techniques. ATR–HOF–FTIR can
obtain reliable ATR–IR spectra without the need for sample pretreatment. Its detection of
articular cartilage damage shows that the ATR–MIR–HOF probe can easily detect changes
in a small target region in situ and obtain spectral information related to changes in the
major components of articular cartilage with good repeatability [93].

4. Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopy technology based on the Raman
scattering principle. Rayleigh scattering and Raman scattering of different wavelengths are
generated when a laser shines on a sample [94]. Rayleigh scattering is consistent with the
wavelength of the incident light, while Raman scattering is different from the frequency
of the incident light and can reflect specific intermolecular vibrations, such as C−C, C=C,
C−O, and C−H [95]. Therefore, the characteristic information of the material can be
analyzed by collecting Raman spectrum lines. Over recent years, Raman spectroscopy
technology has continued to be developed, and researchers have combined Raman spec-
troscopy technology with a variety of other technologies to make detection technologies
more effective, such as confocal Raman microscopy [96], Raman imaging technology [97,98],
resonance Raman technology [99], surface-enhanced Raman spectroscopy (SERS) technol-
ogy [100], and so forth. Raman spectroscopy technology is widely used in the fields of
medicine [101], pharmaceuticals [102–104], cosmetics [105,106], carbon materials [107,108],
geology [109,110], and life sciences because of its ability to rapidly analyze chemical struc-
tures in a nondestructive manner and its powerful imaging functions. Compared with
other spectroscopic techniques, Raman spectroscopy has improved analytical performance
for samples in aqueous solutions, biological tissues, and cells because the Raman signal
of water is very weak. Increased research attention is being paid to the use of Raman
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spectroscopy for the diagnosis of OA through the analysis of changes in SF, subchondral
bone, and articular cartilage, among others.

4.1. Application of Raman Spectroscopy on OA SF Analysis

The early occurrence of OA is accompanied by the degeneration, dissolution, and
fragmentation of articular cartilage. Raman spectroscopy can be used to detect changes of
SF in joints for the early diagnosis of OA. Esmonde-White et al. [111] conducted a study on
the correlation between NIR–Raman spectroscopy of SF and radiological scores of knee
joint injury in patients with OA. Changes in the SF composition of patients were studied
by NIR–Raman spectroscopy, and data were analyzed by K-cluster analysis. The results
showed that the spectral signals of SF in patients with different grades of OA differed.
HA, a main component of SF, is an important biomarker in the diagnosis of OA [112,113].
With the development of OA, the amounts of amide III (1250 cm−1) and C–C, C–O bonds
(1155 cm−1) in HA increased [114], which showed the potential of Raman spectroscopy in
relation to the diagnosis of OA by SF analysis.

Researchers have been searching for biomarkers in SF that can be used to diagnose
OA earlier and with greater reliability. However, the composition of SF is complex, and
it is difficult to effectively study its single components, so it requires the development of
signal enhancement techniques [115]. As an important component of SF, HA has attracted
the attention of researchers. Mandair et al. [116] found that SERS could greatly enhance
the signal intensity of HA, such that the minimum detectable concentration could be as
low as 0.5 mg/mL. At the same time, effective protein removal techniques, including
the trichloroacetic acid precipitation method, centrifugal method, and droplet deposition
method, can effectively remove the influence of protein on Raman spectrum to observe HA
more clearly. Bocsa et al. [34] studied SF using resonance Raman technology combined with
SERS. They found low carotenoid levels in advanced OA patients, and using a PCA–LDA
analysis method to classify OA patients, they achieved an accuracy of 100%. With the
development of various Raman enhancement techniques, Raman spectroscopy analysis of
biomarkers in SF has become a good prospect for the early diagnosis of OA.

4.2. Application of Raman Spectroscopy in Subchondral Bone Analysis in OA

As one of the main manifestations of OA is the proliferation of subchondral bone,
OA can be diagnosed by analyzing changes in it [117,118]. Researchers compared the
internal and external Raman spectroscopies of knee subchondral bone in OA patients and
healthy people. Using multivariate analysis, they found that both the internal and external
components of subchondral bone in OA patients were altered, and there were significant
spectral differences between OA and healthy people (p < 0.001). Differences primarily
manifested in the phosphate band (954 and 966 cm−1), amide I (1668 and 1685 cm−1), and
shoulder (941 cm−1), and the proportion of type I collagen chain in OA was significantly
higher [119–121].

The development of OA can be distinguished by observing changes in subchondral
bone composition [122]. Das Gupta [123] investigated subchondral bone and changes of
calcified cartilage-specific biochemical composition in OA with NIR–Raman spectroscopy
technology. K-means clustering analysis and hierarchical cluster analysis (HCA) showed
that calcified knees (CCs) were more mineralized than the subchondral bone plate (SBP),
and that the mineral had a higher crystallinity. The degree of mineralization of the two
tissues began to change from the early stage of OA. In the late stage of OA, the mineral
crystals were rich in carbonate, but the overall mineralization had decreased. The Raman
spectra of subchondral bone collected during in situ analysis are often doped with cartilage
or even cancellous bone signals. Esmonde-White et al. [124] used Raman arthroscopy to
conduct an in situ analysis of OA and compared the Raman spectra of the articular surface
with the standard spectra of isolated articular cartilage and subchondral bone in order to
study the influence of cartilage thickness on the Raman spectra of articular cartilage. The in
situ spectrum reflected the mixed signal of articular cartilage and subchondral bone that as
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the cartilage becomes thicker, the spectral expression of subchondral bone and cancellous
bone decreases. This study provides theoretical support for the further study of the Raman
probe in relation to diagnosis of OA.

4.3. Raman Spectroscopy Analysis of Articular Cartilage in OA

OA is mainly manifested by the degeneration of articular cartilage and reduced
elasticity, thinning, or even dissolution and fragmentation of articular cartilage, leading
to the decrease of joint lubricity [122]. As shown in Figure 3, OA can be diagnosed
and analyzed by observing changes in the articular cartilage with Raman spectroscopy.
The main components of articular cartilage are GAG and collagen [123], and changes in
them can be used as indicators for the early diagnosis of OA. Mason et al. [125] used
Raman multivariate curve resolution (MCR) to analyze the cartilage surface, and their
results showed that Raman MCR could accurately quantify the cartilage subcomponent
distribution on the entire surface, with a depth of up to 0.5 mm. Jensen et al. [126] collected
Raman spectra from the cartilage tissue model and found that there were slight differences
in the spectra of different tissue regions, which represented the orientation of collagen
fibers, proving that polarized Raman spectroscopy can distinguish between collagen fiber
orientations in the cartilage explant model system. In another study, Lim et al. [127]
examined real pig cartilage, and their spectral results showed that the amide III spectral
band had a red shift from 1264 to 1274 cm−1, reflecting the compression possibility of CN
vibration in collagen fiber. Furthermore, a decrease of 1042 cm−1 in the GAG-related pyran
saccharide band indicated a decrease in GAG content in OA patients. Kumar et al. [128]
classified cartilage according to the definition provided by the International Cartilage
Maintenance Society (ICRS) of OA, and then collected Raman spectra and analyzed them
using PCA. Their results showed that, in the early stage of OA, the content of helical
collagen is significantly increased, while only in the late stage of OA could an obvious
difference in GAG be shown. De Souza et al. [129] used Raman spectroscopy to detect
molecular changes related to OA induced chemically and by treadmill exercise. Their
results showed that both OA experimental models significantly increased the Raman
ratio of tissue remodeling associated with mineralization. Compared with the chemical
induction model, the content of phenylalanine in the treadmill exercise induction model
was significantly lower and the crystallinity was higher. Their study showed that Raman
spectroscopy can not only diagnose and detect cartilage damage at the molecular level,
but also monitor and analyze subchondral bone and cancellous bone in the pathogenesis
of OA.

−

−

 

Figure 3. Articular cartilage is detected by Raman spectroscopy. The laser light source irradiates the articular cartilage, and
the scattering light is generated through the scattering of the sample. Raman scattering light is obtained by the filter, and
the Raman spectrum is presented after its detection and processing by a detector. Spectral data are analyzed with the help
of chemometrics.

219



Int. J. Mol. Sci. 2021, 22, 5235

Raman spectroscopy can be analyzed at the cellular level for early diagnosis of OA.
Kumar et al. [130] showed that Raman spectroscopy can distinguish between stages of OA.
According to their analysis, the contents of amide I (1612–1696 cm−1) and protein decrease
with increasing severity of OA, and the intensity of the spectral band at 1302–1307 cm−1

with the peak value at 1304 cm−1 increases, which may indicate a change of lipids. Similarly,
Takahashi et al. [36] studied the changes of OA cartilage by NIR–Raman spectroscopy and
found that changes in the amide III bands are different in patients with different stages of
OA. The changes in the amide III were derived from structural and direction changes in
collagen fiber bundles, and the amide III band ratio (1241/1269 cm−1) can be considered to
be a sensitive indicator of a disordered knee cartilage collagen secondary structure, which
has significance for the early detection of OA. Oshima et al. [131] divided mice into control
and model groups and collected Raman spectra from them, examining the amide I, CH2
deformation, amide III, phenylalanine, and hydroxyproline peaks. Their results showed
that the phosphate and collagen bands in the OA group were significantly different from
those in the control group, and a PCA method could successfully distinguish between the
two experimental groups.

Fiber-optic Raman technology, Raman probe [132–134], Raman arthroscopy, and other
related technologies are constantly developing, and their applications in OA are attracting
more attention from researchers. Bergholt et al. [135] used fiber-optic Raman technology
to quantify the extracellular matrix (ECM) of living-tissue constructs online. In addition,
the similarity between natural cartilage and tissue cartilage constructed from living cells
was quantitatively evaluated, and the growth ability of living tissues in different cycles
was monitored by this technique, which provided theoretical support for the development
of engineered cartilage. Esmonde-White et al. [132] carried out Raman signal collection
in cartilage, subchondral bone, and cancellous bone and used a human tissue model to
determine the influence of cartilage thickness on Raman signal collection, providing sup-
port for further study of the Raman probe. Oshima et al. [136] studied the PG content and
collagenous fiber arrangement in a cartilage matrix, which may be related to degenerative
changes caused by OA. Moreover, they designed an original Raman device for remote
sensing in arthroscopic surgery, and a grading system for cartilage defects was defined
based on the results of Raman spectroscopy. Furthermore, the Raman detection system
for early cartilage degenerative injury was evaluated, which proves that it may be a useful
new tool for the diagnosis of OA.

5. Summary and Prospect

As a degenerative disease with no specific medical treatment, OA is affecting the health
of an increasing number of people worldwide. Early diagnosis can effectively prevent the
deterioration in OA, reducing the pain experienced by patients and the cost of treatment.
However, there are limitations associated with using complex and expensive imaging
methods such as MRI, OCT, and X-ray for early diagnosis. They are commonly used in
clinical practice but are often time-consuming, expensive, or even destructive. Vibrational
spectroscopy techniques, including NIR, IR, and Raman spectroscopy, have attracted the
attention of OA researchers because of their advantages of being fast, nondestructive,
and low cost. The characteristics of these three vibrational spectroscopy techniques are
summarized in Table 2. Research on the diagnosis of OA by vibrational spectroscopy at the
laboratory stage is currently ongoing.
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Table 2. Comparison table of application analysis of vibrational spectroscopy.

Vibrational
Spectroscopy

Working Principle Advantages Disadvantages Application in OA

NIR
spectroscopy

Reflects the overtones and/or
combination bands of stretching and
bending vibrations of C–H, N–H, and

O–H bonds ranging from 12,500 to
4000 cm−1

Fast, accurate,
nondestructive,

labor-saving

Wide band, high
spectral overlap,

difficult to
distinguish

characteristic peak

Has a high
penetration depth but

can only provide a
full spectral signal of

the cartilage

IR spectroscopy

Studies the structural changes in the
range (4000–400 cm−1) caused by the
transition of vibrational and rotational

energy levels of molecules

Fast, accurate, and
nondestructive;

reflects information
of most organic

matter

Low sensitivity,
complex band,

sample limitations

Detects a variety of
components in the
cartilage and can

achieve high-speed
imaging

Raman
spectroscopy

Reflects the vibrational information
between molecules based on the

principle of Raman scattering

Weak water signal,
fast, simple, reflects

biological signal

Raman scattering
area can be affected

by the optical system,
fluorescence
interference

Reflects physiological
changes of OA at
tissue, cell, and
molecular levels

NIR spectroscopy has strong sensitivity and can be used as an effective method for
the early diagnosis of OA through the identification of biomarkers. Therefore, qualitative
and quantitative analyses of biomarkers are important research topics for the development
of NIR spectroscopy in terms of the early diagnosis of OA. Although it is difficult to
determine specific cartilage regions under diffuse reflection, NIR spectroscopy can display
full spectral signals and can be used for arthroscopic evaluation of articular cartilage
status. Further development of the sample collection methodology, in combination with
chemometrics and the exploration of more spectral processing methods, will be conducive
to its future development [137,138]. Meanwhile, IR spectroscopy based on the strongest
fundamental frequency vibration in molecules, especially FTIR spectroscopy technology,
is becoming increasingly advanced for the early diagnosis of OA [139]. Some major
research technologies, such as IR probe spectral acquisition technology and FTIR–MS
imaging technology, are important means of IR spectroscopy in the early diagnosis of OA.
Compared with Raman imaging and NIR spectroscopy, FTIRI has the advantage of speed
and is most suitable for large-area chemical imaging in unstained tissue sections. Moreover,
since the thickness of the tissue section and the infrared light penetration distance are
known, it is feasible to use FTIRI for quantitative analysis. Raman spectroscopy has the
advantage of being used to perform molecular analysis, but there are technical limitations of
this method, such as tissue autofluorescence, low signal intensity, or phototoxic effects, that
may occur after prolonged exposure to laser light [140,141]. Solutions to these limitations
currently being explored include using low-energy NIR lasers to optimize parameters
and establishing standardized protocols for mathematical and computational modeling
involving spectral data processing and analysis. In addition, NIR–Raman spectroscopy
is one of the best spectroscopic techniques with high specificity of biomolecules. NIR
excitation light can selectively resonate with valuable signal molecules to enhance the
Raman signals and effectively avoid fluorescence background interference [35]. This
method has been used to detect the vibration of biomolecules and reveal highly specific
biochemical structures and conformations of tissues and cells. The application of vibrational
spectroscopy in the early diagnosis of OA has attracted increased research focus. Although
there are still some limitations, it is being actively developed to achieve more accurate,
rapid, and nondestructive diagnostic tools.
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Abstract: Obesity is a risk factor for osteoarthritis (OA) development and progression due to an
altered biomechanical stress on cartilage and an increased release of inflammatory adipokines from
adipose tissue. Evidence suggests an interplay between loading and adipokines in chondrocytes
metabolism modulation. We investigated the role of loading, as hydrostatic pressure (HP), in
regulating visfatin-induced effects in human OA chondrocytes. Chondrocytes were stimulated
with visfatin (24 h) and exposed to high continuous HP (24 MPa, 3 h) in the presence of visfatin
inhibitor (FK866, 4 h pre-incubation). Apoptosis and oxidative stress were detected by cytometry,
B-cell lymphoma (BCL)2, metalloproteinases (MMPs), type II collagen (Col2a1), antioxidant enzymes,
miRNA, cyclin D1 expressions by real-time PCR, and β-catenin protein by western blot. HP exposure
or visfatin stimulus significantly induced apoptosis, superoxide anion production, and MMP-3,
-13, antioxidant enzymes, and miRNA gene expression, while reducing Col2a1 and BCL2 mRNA.
Both stimuli significantly reduced β-catenin protein and increased cyclin D1 gene expression. HP
exposure exacerbated visfatin-induced effects, which were counteracted by FK866 pre-treatment.
Our data underline the complex interplay between loading and visfatin in controlling chondrocytes’
metabolism, contributing to explaining the role of obesity in OA etiopathogenesis, and confirming
the importance of controlling body weight for disease treatment.

Keywords: hydrostatic pressure; adipokines; visfatin; Wnt/β-catenin; mechanical loading;
osteoarthritis; obesity; chondrocytes; microRNA; oxidative stress

1. Introduction

Obesity represents one of the most influential risk factors for osteoarthritis (OA)
incidence, progression, and disability [1]. Its effect on the joint has been traditionally
attributed to altered mechanical loading on the articular cartilage of weight-bearing
joints [2–5]; indeed, different mechanical forces in the form of compression, shear stress,
and hydrostatic pressure (HP) can affect cartilage homeostasis, leading to irreversible and
deleterious effects [5].

Several in vitro studies demonstrated that the application of injurious static HP in-
duced chondrocyte catabolic processes, including degradation of extracellular matrix (ECM)
components, production of inflammatory cytokines, oxidative stress, and dysregulation of
miRNA expression [6–14].
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Obesity also increases the risk in developing OA in non-weight-bearing joints, ascrib-
ing a prominent role of metabolic factors in the OA pathogenesis [2,15,16]. Interestingly,
obesity induces a low-grade chronic inflammatory state mainly through the production
of inflammatory mediators, such as adipokines, cytokines, chemokines, and complement
factors by white adipose tissue [17]. Adipokines, including adiponectin, leptin, resistin,
chemerin, and visfatin, are metabolically active proteins that emerged as crucial regu-
lators of immune system response and chronic inflammation [18,19]. Their critical role
in the pathogenesis of immune-mediated rheumatic diseases and degenerative OA has
been amply demonstrated [20–23]. Among them, visfatin is a functionally multi-faceted
and ubiquitously protein with insulin-mimetic properties and pro-inflammatory and im-
munomodulating functions [23–25]. Circulating visfatin levels were found higher in
patients with OA than those in healthy controls [20,26]; furthermore, pro-inflammatory,
catabolic, and pro-degradative effects of visfatin in OA chondrocytes and synovial fibrob-
lasts were revealed [27–30].

Interestingly, some in vitro studies demonstrated the effect of shear stress or mechani-
cal overloading on adipokine-induced OA damage, exacerbating the loss of chondrocyte
homeostasis and accelerating the formation of OA phenotype [31–33]. However, the results
are still limited and inconclusive, and further investigations to address the characteris-
tics of the interplay between loading and adipokines in the regulation of chondrocytes
metabolism and function are needed.

Therefore, the purpose of the present study was to investigate the in vitro role of 3 h
of a high continuous HP (24 MPa) in regulating visfatin-induced effects in human OA
chondrocyte cultures. In particular, we evaluated the cell viability, the apoptosis ratio,
the transcriptional levels of the anti-apoptotic marker B-cell lymphoma (BCL)2 and of the
main extracellular matrix-degrading enzymes, metalloproteinase (MMP)-3, MMP-13, and
of collagen type II alpha 1 chain (Col2a1). The production of mitochondrial superoxide
anion and the gene expression of antioxidant enzymes (superoxide dismutase (SOD)-2,
catalase (CAT), glutathione peroxidase (GPx)4, of nuclear factor erythroid 2 like 2 (NRF2)),
and of a pattern of miRNA (mir-27a, miR-34a, mir-140, miR-146a, miR-155, miR-181a, and
miR-let7e) involved in OA pathogenesis were also assessed.

Furthermore, based on our previous results, we analyzed the regulation of the Wnt/β-
catenin signaling pathway following HP exposure. To confirm the role of visfatin effects on
underlying mechanisms of chondrocytes, cells were pre-treated for 4 h with the visfatin
inhibitor FK866.

2. Results
2.1. HP Regulates Cellular Apoptosis and Cartilage Turnover

Figure 1 summarizes the effects of 3 h-application of high continuous HP of 24 MPa on
viability, apoptosis ratio, and the regulation of matrix-degrading enzymes, MMP-3, -13, and
of Col2a1. The exposure of the cells to HP significantly reduced the percentage of survival
and the transcriptional levels of the anti-apoptotic marker BCL2, while it raised apoptosis
and induced an up-regulation of MMP-3, MMP-13 gene expression, and a decrease of
Col2a1, in comparison to the basal condition (p < 0.01, Figure 1A–F).
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Figure 1. Hydrostatic pressure (HP) exposure regulates chondrocyte metabolism. Human osteoarthritic (OA) chondrocytes
were examined at basal condition and after 3 h of high continuous HP (24 MPa). (A) Evaluation of cell viability by MTT
assay. (B) Apoptosis detection performed by flow cytometry analysis and measured with Annexin Alexa fluor 488 assay.
Data were expressed as the percentage of positive cells for Annexin-V and propidium iodide (PI) staining. (C–F) Expression
levels of B-cell lymphoma (BCL2), metalloproteinase (MMP)-3, -13, type II collagen (Col2a1), analyzed by quantitative
real-time PCR. The percentage of survival cells, the ratio of apoptosis, and the gene expression were referenced to the ratio
of the value of interest and the value of basal condition, reported equal to 100 or 1. Data were expressed as mean ± standard
deviation (SD) of triplicate values. ** p < 0.01 versus basal condition.

2.2. HP Influences Oxidative Stress Balance and miRNA Expression Profile

High HP significantly promoted the production of mitochondrial superoxide anion
(p < 0.01) and the gene expression of the antioxidant enzymes, SOD-2 (p < 0.001), CAT
(p < 0.05), and of the transcriptional factor NRF2 (p < 0.01), with respect to baseline
(Figure 2A–C,E). On the contrary, no detectable changes have been observed in GPx4
mRNA levels (Figure 2D).

Figure 3 shows the effect of continuous HP of 24 MPa in regulating the gene expression
of a pattern of miRNA known to be implicated in OA pathogenesis. The transcriptional
levels of miR-27a and miR-140 resulted significantly reduced (p < 0.01) in cells exposed to
HP in comparison to those at the basal condition (Figure 3A,C). On the other hand, the
studied pressurization upregulated, in a significant manner, the gene levels of miR-34a
(p < 0.01), miR-146a (p < 0.01), miR-155 (p < 0.001), miR-181a (p < 0.01), and miR-let7e
(p < 0.01) (Figure 3B,D–G).
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Figure 2. Hydrostatic pressure (HP) exposure regulates oxidative stress balance. Human osteoarthritic (OA) chondrocytes
were examined at the basal condition and after 3 h of high continuous HP (24 MPa). (A) Mitochondrial superoxide anion
production evaluated by MitoSox Red staining at flow cytometry. (B–E) Expression levels of superoxide dismutase (SOD)-2,
catalase (CAT), glutathione peroxidase (GPx)4, nuclear factor erythroid 2 like 2 (NRF2) analyzed by quantitative real-time
PCR. The production of superoxide anion and gene expression were referenced to the ratio of the value of interest and the
value of basal condition, reported equal to 1. Data were expressed as mean ± standard deviation (SD) of triplicate values.
* p < 0.05, ** p < 0.01, *** p < 0.001 versus basal condition.

Figure 3. Hydrostatic pressure (HP) exposure modulates miRNA expression. Human osteoarthritic (OA) chondrocytes
were examined at the basal condition and after 3 h of high continuous HP (24 MPa). (A–G) Expression levels of miR-27a,
miR-34a, miR-140, miR-146a, miR-155, miR-181a, and miR-let7e analyzed by quantitative real-time PCR. The gene expression
was referenced to the ratio of the value of interest and the value of basal condition, reported equal to 1. Data were expressed
as mean ± standard deviation (SD) of triplicate values. ** p < 0.01, *** p < 0.001 versus basal condition.
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2.3. Visfatin Induces Cellular Apoptosis and Regulates Cartilage Turnover

To confirm the direct effect of visfatin in the modulation of the apoptosis process and
cartilage metabolism, OA chondrocytes were incubated for 4 h with 10 µM of visfatin in-
hibitor (FK866) prior to 24 h of treatment with visfatin (10 µg/mL) (Figure 4). The stimulus
of chondrocytes with visfatin significantly reduced the percentage of cell viability (p < 0.01)
and the expression levels of BCL2 (p < 0.05), while increasing the amount of apoptotic
cells (p < 0.05), in comparison to baseline (Figure 4A–C). Furthermore, visfatin induced the
over-expression of MMP-3 and MMP-13 genes (p < 0.05) and the downregulation of Col2a1
(p < 0.05) (Figure 4D–F). The incubation of the cells with the FK866 inhibitor significantly
counteracted visfatin-induced effects (Figure 4A–F).

μ
μ

μ
μ

Figure 4. Visfatin regulates chondrocyte metabolism. Human osteoarthritic (OA) chondrocytes were examined at basal
condition, after 4 h of pre-incubation with Nicotinamide Phosphoribosyltransferase Inhibitor (FK866, 10 µM), and after 24 h
of incubation with visfatin (10 µg/mL). (A) Evaluation of cell viability by MTT assay. (B) Apoptosis detection performed
by flow cytometry analysis and measured with Annexin Alexa fluor 488 assay. Data were expressed as the percentage
of positive cells for Annexin-V and propidium iodide (PI) staining. (C–F) Expression levels of B-cell lymphoma (BCL2),
metalloproteinase (MMP)-3, -13, type II collagen (Col2a1), analyzed by quantitative real-time PCR. The percentage of
survival cells, the ratio of apoptosis, and the gene expression were referenced to the ratio of the value of interest and the
value of basal condition, reported equal to 100 or 1. Data were expressed as mean ± standard deviation (SD) of triplicate
values. * p < 0.05, ** p < 0.01 versus basal condition. ◦ p < 0.05 versus visfatin.

2.4. Visfatin Modulates Oxidant/Antioxidant System and miRNA Expression Profile

The potential role of visfatin in the regulation of oxidant/antioxidant balance was
assessed in visfatin-stimulated chondrocytes pre-treated with a visfatin inhibitor (FK866)
(Figure 5).
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Figure 5. Visfatin regulates oxidative stress balance. Human osteoarthritic (OA) chondrocytes
were examined at the basal condition, after 4 h of pre-incubation with nicotinamide phosphori-
bosyltransferase inhibitor (FK866, 10 µM), and after 24 h of incubation with visfatin (10 µg/mL).
(A) Mitochondrial superoxide anion production evaluated by MitoSox Red staining at flow cytometry.
(B–E) Expression levels of superoxide dismutase (SOD)-2, catalase (CAT), glutathione peroxidase
(GPx)4, and nuclear factor erythroid 2 like 2 (NRF2) analyzed by quantitative real-time PCR. The
production of superoxide anion and the gene expression were referenced to the ratio of the value of in-
terest and the value of basal condition, reported equal to 1. Data were expressed as mean ± standard
deviation (SD) of triplicate values. * p < 0.05, ** p < 0.01 versus basal condition. ◦ p < 0.05, ◦◦ p < 0.01
versus visfatin.

Flow cytometry and PCR analysis demonstrated a significant increase of mitochon-
drial superoxide anion production (p < 0.05) and of SOD-2 (p < 0.01), CAT (p < 0.05),
GPx4 (p < 0.01), and NRF2 (p < 0.05) transcriptional levels in cells stimulated with visfatin
compared to baseline (Figure 5A–E). Conversely, the incubation of the cells with FK866 sig-
nificantly reduced the ROS production (p < 0.05) and antioxidant enzymes’ gene expression
(p < 0.05, p < 0.01) (Figure 5A–E).

Furthermore, pre-treatment of chondrocytes with the inhibitor decreased the ROS
release (p < 0.05) and the expression of SOD-2, CAT, GPx4, and NRF2 (p < 0.01) induced by
visfatin, in comparison to the cells incubated with the adipokine alone (Figure 5A–E).

The evaluation of the miRNA expression profile showed a significant down-regulation
of miR-27a and miR-140 (p < 0.05) gene levels, and an over-expression of miR-34a (p < 0.05),
miR-146a (p < 0.05), miR-155 (p < 0.01), miR-181a (p < 0.05), and miR-let7e (p < 0.01) in
visfatin-stimulated cells in comparison to the control cultures (Figure 6A–G). As expected,
opposite regulation on the miRNA expression profile was obtained in OA cells incubated
with visfatin inhibitor (Figure 6A–G).
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Figure 6. Visfatin modulates miRNA expression. Human osteoarthritic (OA) chondrocytes were
examined at the basal condition, after 4 h of pre-incubation with the nicotinamide phosphoribo-
syltransferase inhibitor (FK866, 10 µM), and after 24 h of incubation with visfatin (10 µg/mL).
(A–G) Expression levels of miR-27a, miR-34a, miR-140, miR-146a, miR-155, miR-181a, and miR-let7e

analyzed by quantitative real-time PCR. The gene expression was referenced to the ratio of the
value of interest and the value of the basal condition, reported equal to 1. Data were expressed as
mean ± standard deviation (SD) of triplicate values. * p < 0.05, ** p < 0.01 versus basal condition.
◦ p < 0.05, ◦◦ p < 0.01 versus visfatin.

2.5. HP Increases Cellular Apoptosis and Cartilage Damage Caused by Visfatin

Figure 7 shows the implication of HP in regulating visfatin-induced effects on carti-
lage metabolism; human OA chondrocytes were treated for 24 h with visfatin 10 µg/mL
(4 h pre-incubation with 10 µM of visfatin inhibitor, FK866) and, then exposed to 3 h of
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continuous HP (24 MPa). The concomitant exposure of the cells to visfatin and a cycle of
HP significantly exacerbated the regulation on chondrocyte survival, apoptosis, and carti-
lage turnover caused by the only stimulus with visfatin or HP (Figure 7A–F). In addition,
the pre-treatment of chondrocytes with FK866 significantly limited the effects of HP in
comparison to what is observed after the pressurization alone (Figure 7A–F).

μ μ

μ
μ

Figure 7. Hydrostatic pressure (HP) exposure exacerbates the effect of visfatin on chondrocyte
metabolism. Human osteoarthritic (OA) chondrocytes were examined at the basal condition, after
24 h of incubation with visfatin (10 µg/mL) (4 h of pre-incubation with nicotinamide phosphoribosyl-
transferase inhibitor (FK866, 10 µM)), and after 3 h of high continuous HP (24 MPa). (A) Evaluation
of cell viability by MTT assay. (B) Apoptosis detection performed by flow cytometry analysis and
measured with Annexin Alexa fluor 488 assay. Data were expressed as the percentage of positive
cells for Annexin-V and propidium iodide (PI) staining. (C–F) Expression levels of B-cell lymphoma
(BCL2), metalloproteinase (MMP)-3, -13, type II collagen (Col2a1), analyzed by quantitative real-time
PCR. The percentage of survival cells, the ratio of apoptosis, and the gene expression were referenced
to the ratio of the value of interest and the value of basal condition, reported equal to 100 or 1. Data
were expressed as mean ± standard deviation (SD) of triplicate values. * p < 0.05, ** p < 0.01 versus
basal condition. ◦ p < 0.05, ◦◦ p < 0.01 versus visfatin. # p < 0.05, ## p < 0.01, ### p < 0.001 versus HP.
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2.6. HP Exacerbates Oxidative Stress Balance Caused by Visfatin

The effects of visfatin in the regulation of oxidative stress balance were significantly
increased (p < 0.05) when chondrocytes were also subjected to a high HP of 24 MPa, in
comparison to only visfatin stimulus or HP exposure (Figure 8A–E). Furthermore, the
activation of oxidant/antioxidant factors was significantly reduced in pressurized cells
pre-incubated with FK866 with respect to the only HP exposure (Figure 8A–E).

μ
μ

Figure 8. Hydrostatic pressure (HP) exposure increases the effect of visfatin on oxidative stress balance. Human os-
teoarthritic (OA) chondrocytes were examined at the basal condition, after 24 h of incubation with visfatin (10 µg/mL) (4 h
of pre-incubation with nicotinamide phosphoribosyltransferase inhibitor (FK866, 10 µM)), and after 3 h of high continuous
HP (24 MPa). (A) Mitochondrial superoxide anion production evaluated by MitoSox Red staining at flow cytometry.
(B–E) Expression levels of superoxide dismutase (SOD)-2, catalase (CAT), glutathione peroxidase (GPx)4, nuclear factor
erythroid 2 like 2 (NRF2) analyzed by quantitative real-time PCR. The production of superoxide anion and gene expression
were referenced to the ratio of the value of interest and the value of basal condition, reported equal to 1. Data were expressed
as mean ± standard deviation (SD) of triplicate values. * p < 0.05, ** p < 0.01, *** p < 0.001 versus basal condition. ◦ p < 0.05
versus visfatin. # p < 0.05 versus HP.

2.7. HP Enhances Visfatin Effect on miRNA Gene Expression Profile

The effect of visfatin on miRNA expression became significantly more intensive
(p < 0.05) when OA chondrocytes were also exposed to a cycle of HP with respect to HP or
visfatin stimulus alone (Figure 9A–G). In addition, the pre-treatment of the cells with FK866
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limited, in a significant manner, the simultaneous effect of visfatin and HP on miRNA
regulation in comparison to only visfatin or HP treatments (Figure 9A–G).

μ
μ

Figure 9. Hydrostatic pressure (HP) exposure increases the effect of visfatin on miRNA expression.
Human osteoarthritic (OA) chondrocytes were examined at the basal condition, after 24 h of incuba-
tion with visfatin (10 µg/mL) (4 h of pre-incubation with nicotinamide phosphoribosyltransferase
inhibitor (FK866, 10 µM)), and after 3 h of high continuous HP (24 MPa). (A–G) Expression levels
of miR-27a, miR-34a, miR-140, miR-146a, miR-155, miR-181a, and miR-let7e analyzed by quantitative
real-time PCR. The gene expression was referenced to the ratio of the value of interest and the value
of the basal condition, reported equal to 1. Data were expressed as mean ± standard deviation (SD)
of triplicate values. * p < 0.05, ** p < 0.01, *** p < 0.001 versus basal condition. ◦ p < 0.05 versus visfatin.
# p < 0.05, ## p < 0.01 versus HP.
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2.8. HP Influences the Regulation of the Wnt/β-Catenin Pathway Induced by Visfatin

Figure 10 describes the regulation of HP on the Wnt/β-catenin pathway activated by
visfatin. For the detection of β-catenin protein levels, OA chondrocytes were treated for 4 h
with visfatin 10 µg/mL (4 h pre-incubation with 10 µM of visfatin inhibitor, FK866), and
then exposed to 3 h of high continuous HP of 24 MPa. Western blot analysis of cell lysates
showed the β-catenin band at approximately 92 KDa. The densitometric quantification
of the bands revealed that β-catenin protein levels were significantly reduced in OA cells
subjected to HP (p < 0.05) or following 4 h of visfatin stimulus (p < 0.05) in comparison
to baseline, while no changes upon the incubation with FK866 inhibitor were observed
(Figure 10A,B). A significant increase of β-catenin protein expression (p < 0.05) was found
in visfatin-treated chondrocytes pre-incubated with FK866 compared to visfatin stimulus
alone. Furthermore, FK866 pre-treatment of OA cells simultaneously stimulated with
visfatin and HP induced a significant increase of β-catenin expression (p < 0.05) with
respect to visfatin or HP stimuli alone (Figure 10A,B).
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Figure 10. Hydrostatic pressure HP exposure regulates the effect of visfatin on Wnt/β-catenin pathway. Human os-
teoarthritic (OA) chondrocytes were examined at basal condition, after 4 h of incubation with visfatin (10 µg/mL) (4 h of
pre-incubation with nicotinamide phosphoribosyltransferase inhibitor (FK866, 10 µM)), and after 3 h of high continuous
(24 MPa) hydrostatic pressure (HP). (A,B) Representative immunoblotting image and densitometric analysis of β-catenin
protein levels by western blot. (C) Expression levels of cyclin D1 analyzed by quantitative real-time PCR. The protein levels
and the gene expression were referenced to the ratio of the value of interest and the value of the basal condition, reported
equal to 1. Data were expressed as mean ± standard deviation (SD) of triplicate values. * p < 0.05 versus basal condition.
◦ p < 0.05 versus visfatin. # p < 0.05 versus HP.
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The stimulus of the cells with visfatin or their exposure to HP significantly up-
regulated the gene levels of cyclin D1 (p < 0.05) in comparison to those at basal condition,
whereas a significant reduction after FK866 incubation was observed (p < 0.05) (Figure 10C).
FK866 pre-incubation of visfatin-treated chondrocytes significantly reduced the expression
of cyclin D1 (p < 0.05) compared to visfatin stimulus alone (Figure 10C). A significant
increase of cyclin D1 expression levels (p < 0.05) was observed in OA cells simultane-
ously exposed to visfatin and HP compared to only visfatin or HP stimulus; the increase
of cyclin D1 was counteracted by the pre-incubation with FK866 inhibitor (p < 0.05)
(Figure 10C).

3. Discussion

Accumulating evidence reported the complex interplay between mechanical loading
and adipokines in the development and the progression of OA [3,13,20,34], even if the exact
mechanisms underlying this relationship has not completely elucidated and additional
studies are required.

The present research aimed to evaluate the potential role of HP in regulating visfatin-
induced effects on cartilage turnover, apoptosis, and oxidative stress, and on the modula-
tion of a pattern of miRNA, in human OA chondrocytes. Our experiments were performed
using a prototype of the HP system, developed for in vitro cell cultures. In particular,
we tested a high continuous HP of 24 MPa, exceeding the range of physiological loading
measured in vivo [35]; this pressurization, applied for a period of 3 consecutive hours,
approximately reproduced the conditions that occur in the human joints [6,36,37]. Further-
more, to inhibit the enzymatic activity of visfatin, our cultures were pre-treated with FK866,
in agreement with other authors [38]. FK866 is a pharmacologic competitive inhibitor that
binds the catalytic pocket of nicotinamide and reduces the intracellular NAD content in a
time- and concentration-dependent manner [38].

Our results showed the up-regulation of the gene expression of matrix-degrading
enzymes, MMP-3 and MMP-13, and the reduction of Col2a1 in OA chondrocytes exposed to
HP or stimulated with visfatin, in agreement with previous studies [6,8,9,13,27,29,39–43].

Furthermore, we first demonstrated that the effect of visfatin on MMPs and Col2a1 was
increased when OA chondrocytes were simultaneously subjected to high continuous HP,
while the use of visfatin inhibitor limited both visfatin- and HP-induced effects. Evidence
from Su et al. [32] partially confirmed our data even if the studies are not comparable.
The authors showed a higher increase of cyclooxygenase (COX)-2 gene expression in OA
chondrocytes treated for 4 h with resistin and meanwhile exposed to fluid shear stress than
the resistin stimulus alone.

The continuous HP of 24 MPa applied to our OA chondrocytes raised the percentage
of apoptotic cells, with a concomitant reduction of the gene expression of the anti-apoptotic
marker BCL2, in agreement with previous studies. Indeed, an increase of apoptosis rate
has been reported in human cartilage explants exposed to a single static pressure of 14 MPa
for 500 ms under radially unconfined compression [44], and in human or bovine OA
chondrocytes subjected to 10 or 20 MPa of loading for a maximum timing of 3 h [13,45,46].

The activation of apoptosis signaling and the reduced expression of the anti-apoptotic
marker was also observed when our cell cultures were stimulated for 24 h with visfatin;
according to our results, other authors previously revealed the pro-apoptotic effect of this
adipokine in endothelial progenitor cells and human OA chondrocytes [13,27,47]. To the
best of our knowledge, we found, for the first time, a significant increase of apoptosis
exposing OA chondrocytes to visfatin and high continuous HP compared to stimulus with
visfatin or HP alone. These results were significantly counteracted upon the pre-incubation
with the visfatin inhibitor FK866.
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Oxidative stress has been increasingly recognized to be involved in joint damage
that occurs in OA. The failure of oxidant/antioxidant balance in chondrocytes deter-
mines an altered redox status in favor of catabolic processes, contributing to OA
pathogenesis [8,48]. The results of the present study showed an increased production
of mitochondrial superoxide anion and an upregulation of the transcriptional levels of
the main antioxidant enzymes, SOD, CAT, GPx4, and NRF2, after the exposure of OA
chondrocytes to HP or visfatin. Similarly, it has been previously reported an excessive ROS
production upon the application of 24 h of static compression ranged from 40 to 120 psi or
3 h of static continuous HP of 10 MPa, in porcine and human OA chondrocytes [13,49]. Fur-
thermore, an increase of mitochondrial ROS release and antioxidant enzymes expression
was shown in human OA chondrocytes and synoviocytes stimulated with visfatin [29,30].
To our knowledge, this is the first paper showing that the concomitant treatment of OA cul-
tures with visfatin and a cycle of high pressurization significantly exacerbated ROS release
and antioxidant enzymes expression; these effects were significantly counterbalanced by
FK866 pre-incubation.

An altered expression of some miRNA was associated with the regulation of chondro-
cyte metabolism, inflammatory response, and oxidative stress during OA damage [29,50–53].
In this experience, we confirmed the up-regulation of miR-34a, miR-146a, and miR-181a
gene expression in OA chondrocytes stimulated with HP, in line with the growing body of
evidence [8,13,46,50,53–55]. Besides, we first demonstrated the dysregulation of miR-27a,
miR-140, miR-155, and miR-let7e after the application of this pressurization schedule. Pre-
vious studies showed an up-regulation of miR-27a, miR-140, miR-146a, and a decrease of
miR-155 and miR-181a gene levels in OA chondrocytes subjected to 3 h of cyclic low HP
(1–5 MPa) [8,10].

Moreover, in the present study, the evaluation of visfatin effects on miRNA regulation
showed a reduction of miR-27a and miR-140 gene levels, and an increase of miR-34a,
miR-146a, miR-155, miR-181a, and miR-let7e in OA chondrocytes, according to our previous
findings in human OA chondrocytes and synoviocytes [27,30].

Finally, we reported a significantly altered expression of the studied miRNA when
OA chondrocytes were simultaneously treated with visfatin and exposed to high contin-
uous HP. This combined effect was counteracted by the pre-incubation of the cells with
FK866 inhibitor.

The pivotal role of the canonical Wnt/β-catenin signaling pathway in articular carti-
lage homeostasis and joint disease has been extensively reported [56,57].

Based on our previous findings, in this study we evaluated the regulation of Wnt/β-
catenin signaling after a cycle of mechanical loading and/or adipokines stimulus. The
exposure of our OA chondrocytes to HP or visfatin stimulus showed a reduction of total
β-catenin protein expression. This expression resulted intensified when the cells were
simultaneously treated with visfatin and high HP, while it was partially counteracted by
the pre-treatment with FK866.

Previous studies found increased protein levels of Wnt-3a and β-catenin in articular
cartilage of an injured exercise-induced OA rat model and in OA rat chondrocytes cultures
subjected to cyclic mechanical strain with a 0.5 Hz sinusoidal curve at 10% elongation
for 8 h/day [58,59]. Recently, Cheleschi et al. showed a reduction of β-catenin protein
expression in OA chondrocytes exposed to 3 h of low cyclic sinusoidal HP (1–5 MPa) [8],
while its increase was found upon the application of a static continuous HP of 10 MPa [13].

Furthermore, increased protein levels of Wnt-3a and β-catenin were reported after
the incubation of human chondrocyte cell lines (C-28/I2 and T/C-28a2) and human OA
primary osteoblasts for 24 h with leptin and resistin, respectively [60,61].

Our results seem to be in contrast with the current literature since the apparent non-
activation of the signaling pathway following the negative stimuli applied to our cultures.
However, this discrepancy could be related to the use, in our experiments, of a non-specific
antibody for the assessment of β-catenin expression; indeed, our antibody seemed to
be useful in detecting the total β-catenin protein levels, while not able to discriminate
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between the active non-phosphorylated form and the inactivate phospho-β-catenin la-
beled for ubiquitination and proteasomal degradation [8,62,63]. In this regard, to confirm
the activation of the studied pathway, we also investigated the transcriptional levels of
cyclin D1, a downstream target gene of Wnt/β-catenin signaling cascade and a central
player in cell cycle regulation, cell proliferation, and apoptosis during OA [64]. In this
experience, we observed the up-regulation of cyclin D1 gene expression when OA chon-
drocytes were exposed to HP and/or to visfatin stimulus. Similar results were found after
the exposure of osteoblastic cell lines to 5 h of 3400 microstrains of mechanical loading
(2 Hz, 7200 cycles/h) or upon the application of 12 h of 12% cyclical tensile stress at hu-
man osteosarcoma cell lines [65,66]. Furthermore, the stimulus of endometrial carcinoma
cell lines with visfatin for 24 h induced the expression of cyclin D1, which was reduced
following FK866 [67].

Finally, we first observed the strong increase of cyclin D1 gene levels after the combined
treatment of chondrocytes with visfatin and HP; the HP effect was reduced by the pre-
incubation of the cells with FK866 inhibitor.

4. Materials and Methods
4.1. Isolation and Culture of Human OA Chondrocytes

Human OA articular cartilage was obtained from femoral heads of five non-obese
(body mass index ranging from 20 to 24 kg/m2) and non-diabetic patients (two men
and three women, age ranging from 63 to 76) with coxarthrosis according to American
College of Rheumatology criteria [68], undergoing to hip replacement surgery. OA grades
ranged from moderate to severe, and cartilage showed typical OA changes, with the
presence of chondrocyte clusters, fibrillation, and loss of metachromasia (Mankin degree
3–7) [69]. The femoral heads were supplied by the Orthopaedic Surgery, University of
Siena, Italy. The use of human articular samples was permitted after the authorization
of the Ethic Committee of Azienda Ospedaliera Universitaria Senese/Siena University
Hospital (decision no. 13931/18), and the informed consent of the donor.

After surgery, cartilage fragments were aseptically dissected from each donor and
processed by an enzymatic digestion as previously described [29]. For growth and expan-
sion, cells were cultured in Dulbecco’s modified eagle medium (DMEM) (Euroclone, Milan,
Italy) with phenol red and 4 mM L-glutamine (Euroclone, Milan, Italy), supplemented
with 10% fetal bovine serum (FBS) (Euroclone, Milan, Italy), 200 U/mL penicillin, and
200 µg/mL streptomycin (P/S) (Sigma–Aldrich, Milan, Italy). The medium was changed
every 2–3 days and the cell morphology was examined daily with an inverted microscope
(Olympus IMT-2, Tokyo, Japan) [70]. For each single experiment, a cell culture from a
unique donor was used.

4.2. OA Chondrocytes Exposure to HP

The HP was generated by a unique prototype of pressurization system described
in detail by Nerucci et al. [35]; the system has been validated in a number of in vitro
studies [6,8,13,71].

In the present study, OA chondrocytes were seeded in Petri dishes (35 × 10 mm2)
(Euroclone, Milan, Italy) at a starting density of 1 × 105 cells, until they became 85%
confluent, in DMEM supplemented with 10% FBS for 24 h. Then, the medium was removed,
and substituted with DMEM with 0.5% FBS for the treatment procedure. Petri dishes were
completely filled with the culture medium and sealed with a special membrane (Surlyn
1801 Bynel CXA 3048 bilayer membrane, Du Pont, Biesterfeld polychem s.r.l, Milan, Italy),
excluding air to avoid implosions due to the presence of air between the membrane and
the medium, suitable for preserving a stable environment. The dishes were arranged
inside the pressure chamber filled with distilled water at a temperature of 37 ◦C. Then,
the cells were subjected to a high continuous pressure of 24 MPa, for a period of 3 h.
Some dishes, used as controls, were maintained in the same culture conditions without
receiving any pressurization. Chondrocytes at basal condition and immediately after
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receiving pressure were collected to perform flow cytometry, quantitative real-time PCR,
and western blot analysis.

4.3. OA Chondrocytes Treatment

Human OA chondrocytes were plated in 6-well dishes at a starting density of
1 × 105 cells/well until 85% confluence. Human recombinant visfatin (Sigma–Aldrich,
Milan, Italy) was dissolved in phosphate buffered saline (PBS) (Euroclone, Milan, Italy), in
accordance with the manufacturer’s instructions, and then directly diluted in the culture
medium for the treatment in order to obtain the final concentration required.

The cells were cultured in DMEM enriched with 0.5% FBS and 2% P/S, and stimulated
for 24 h with visfatin at concentration of 10 µg/mL, according to previous studies [27,29,47].
Some dishes were pre-incubated for 4 h with 10 µM of nicotinamide phosphoribosyltrans-
ferase inhibitor, FK866 (Sigma–Aldrich, Milan, Italy) [63].

After the treatment, the cells were recovered and immediately processed to carry out
flow cytometry, quantitative real-time PCR, and western blot analysis.

4.4. Cell Viability

The viability of the cells was evaluated by MTT (3-[4,4-dimethylthiazol-2-yl]-2,5-
diphenyl-tetrazoliumbromide) (Sigma–Aldrich, Milan, Italy) for each experimental condi-
tion. The experimental procedure was performed as previously described [30]. The per-
centage of survival cells was evaluated as (absorbance of considered sample)/(absorbance
of control) × 100. Data were reported as OD units per 104 adherent cells.

4.5. Apoptosis Detection

Apoptotic cells were measured by using an Annexin V-FITC and propidium iodide
(PI) kit (ThermoFisher Scientific, Milan, Italy). OA chondrocytes were seeded in 12-well
plates (8 × 104 cells/well) for 24 h in DMEM with 10% FBS, before replacement with 0.5%
FBS used for the treatment. The procedure was performed as previously described [13].
A total of 10,000 events (1 × 104 cells per assay) were measured by the instrument. The
results were examined with Cell Quest software (Version 4.0, Becton Dickinson, San Jose,
CA, USA).

The instrument permitted to discriminate intact cells (annexin-V and PI-negative),
early apoptosis (annexin-V-positive and PI-negative), and late apoptosis (annexin-V and PI
positives). Cells simultaneously stained with Alexa Fluor 488 annexin-V and PI were con-
sidered for the evaluation of apoptosis [72]. The results were expressed as the percentage
of positive cells to each dye (total apoptosis).

4.6. Mitochondrial Superoxide Anion (·O2-) Assessment

OA chondrocyte were seeded in 12 well-plates (8 × 104 cells/well) for 24 h in DMEM
with 10% FCS, before replacement with 0.5% FBS used for the treatment procedure. The
procedure has been performed as previously described [13]. A density of 1 × 104 cells
per assay (a total of 10,000 events) were measured by flow cytometry and data were
analyzed with CellQuest software (Version 4.0, Becton Dickinson, San Jose, CA, USA).
Results were collected as the median of fluorescence (AU) and represented the mean of
three independent experiments.

4.7. RNA Isolation and Quantitative Real-Time PCR

OA chondrocyte were grown and maintained in 6-well dishes at a starting density
of 1 × 105 cells/well until they became 85% confluent in DMEM supplemented with 10%
FBS, before replacement with 0.5% FBS used for the treatment. After treatment, cells were
collected and total RNA, including miRNA, was extracted using TriPure Isolation Reagent
(Euroclone, Milan, Italy) according to the manufacturer’s instructions. The concentration,
purity, and integrity of RNA were evaluated by measuring the OD at 260 nm and the
260/280 and 260/230 ratios by Nanodrop-1000 (Celbio, Milan, Italy).
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Five hundred nanograms of RNA of target genes and miRNA were reverse transcribed
by using the QuantiTect Reverse Transcription (Qiagen, Hilden, German) and the cDNA
miScript PCR Reverse Transcription (Qiagen, Hilden, German) kits, respectively, according
to the manufacturer’s instructions.

Target genes and miRNA were assessed by real-time PCR using QuantiFast SYBR
Green PCR (Qiagen, Hilden, German) and miScript SYBR Green (Qiagen, Hilden, German)
kits, respectively. Primers used for PCR reactions are listed in Table S1.

All qPCR reactions were achieved in glass capillaries by a LightCycler 1.0 (Roche
Molecular Biochemicals, Mannheim, Germany) with LightCycler Software Version 3.5.
The reaction procedure for miRNA and target genes has described in detail by our previ-
ous studies [13,29].

For the data analysis, the Ct values of each sample and the efficiency of the primer set
were calculated through LinReg Software [73] and then converted into relative quantities
and normalized according to Pfaffl model [74]. The normalization was performed consider-
ing actin beta (ACTB) for target genes and small nucleolar RNA, C/D Box 25 (SNORD-25)
for miRNA, as the housekeeping genes [75].

4.8. Western Blot

OA chondrocytes at first passage were seeded in Petri dishes (35 × 10 mm2) at a
starting density of 1 × 105 cells/chamber in DMEM supplemented with 10% FBS for
24 h. After this period, the medium was removed and the cells were cultured in DMEM
with 0.5% FBS for the experiment. After treatment, cells were collected and total lysates
were obtained with M-PER™ Mammalian Protein Extraction Reagent (Thermo Fisher
Scientific, Rockford, IL, USA) containing a protease inhibitor cocktail (Sigma–Aldrich,
Milan, Italy). For each experimental condition, ten micrograms were loaded into 10%
sodium dodecyl sulphate-polyacrylamide electrophoresis gels and separated by molecular
size. Proteins were then transferred to a nitrocellulose membrane and, after blocking
step, incubated at 4 ◦C overnight with mouse monoclonal anti-total β-catenin primary
antibody (sc-59737, Santa Cruz Biotechnology, Milan, Italy) (dilution 1:250), and then
with secondary goat anti-mouse IgG (H + L)-HRP conjugate antibody (1:5000) (Bio-Rad
Laboratories S.r.l., Milan, Italy). The reaction was assessed by chemiluminescence (Bio-
Rad Laboratories S.r.l., Milan, Italy). The blots were re-probed with HRP-conjugated
β-actin (Sigma-Aldrich, Milan, Italy) used as the loading control. Images of the bands were
digitized and the densitometric quantification was performed by Image-J software (LOCI,
University of Wisconsin-Madison, Madison, WI, USA). Results were normalized with the
relative loading control.

4.9. Statistical Analysis

Three independent experiments were carried out and the results were expressed as
the mean ± standard deviation (SD) of triplicate values for each experiment. Data normal
distribution was evaluated by Shapiro–Wilk, D’Agostino and Pearson, and Kolmogorov–
Smirnov tests. Flow cytometry and western blot results were analyzed by ANOVA with
a Bonferroni post-hoc test. Quantitative real-time PCR data were evaluated by one-way
ANOVA with a Tukey’s post-hoc test using 2−∆∆CT values for each sample. All analyses
were performed through the SAS System (SAS Institute Inc., Cary, NC, USA) and GraphPad
Prism 6.1. A p-value < 0.05 was defined as statistically significant.

5. Conclusions

The results of the present study contribute to increasing knowledge about the complex
interplay between HP and visfatin in regulating metabolism in human OA chondrocyte
cultures, via the Wnt/β-catenin signaling pathway.
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We showed that a cycle of high continuous HP of 24 MPa (3 h), exceeding the physi-
ological loading range measured in in vivo joint, caused cartilage degradation, activated
apoptosis signaling, increased oxidative stress, and regulated the expression profile of a
miRNA pattern and β-catenin expression and cyclin D1 proteins. Similar and detrimental
effects were obtained after 24 h of treatment with visfatin.

Further, the simultaneous exposure of OA cells to visfatin stimulus and high continu-
ous HP seemed to be more effective overall than each single treatment.

Finally, the pre-incubation of the cells with a specific visfatin inhibitor, FK866, reversed
both visfatin and HP-induced effects on the analyzed cellular processes.

Taken together, our data support the dual role of obesity in the OA pathogenesis,
ascribing a prominent function both to mechanical overloading and the adipose tissue-
induced low-grade of chronic inflammation, confirming the importance of controlling body
weight in treating the disease.

However, this study reported preliminary results and additional experiments are
required to confirm our hypothesis. The implementation of the same analysis on healthy
primary chondrocytes could be useful to better understand the involvement of HP and
visfatin on chondrocyte homeostasis and, in particular, their relevance in the OA pathogen-
esis. Furthermore, a deeper analysis of the upstream molecular mechanism responsible
for the visfatin-induced effects may contribute to finding out the exact role of mechanical
loading in this process. Finally, the use of a specific Wnt/β-catenin inhibitor points out the
involvement of the pathway in this complex mechanism.
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Abstract: Autophagy is involved in different degenerative diseases and it may control epigenetic
modifications, metabolic processes, stem cells differentiation as well as apoptosis. Autophagy plays
a key role in maintaining the homeostasis of cartilage, the tissue produced by chondrocytes; its
impairment has been associated to cartilage dysfunctions such as osteoarthritis (OA). Due to their
location in a reduced oxygen context, both differentiating and mature chondrocytes are at risk of
premature apoptosis, which can be prevented by autophagy. AutophagomiRNAs, which regulate the
autophagic process, have been found differentially expressed in OA. AutophagomiRNAs, as well as
other regulatory molecules, may also be useful as therapeutic targets. In this review, we describe and
discuss the role of autophagy in OA, focusing mainly on the control of autophagomiRNAs in OA
pathogenesis and their potential therapeutic applications.

Keywords: mesenchimal stem cells; chondrocytic commitment; autophagy; osteoarthritis; miRNAs

1. Background

Chondrogenesis, the process by which cartilage is formed, occurs as a result of mes-
enchymal cell condensation and chondroprogenitor cell differentiation. SOX9 is the master
transcription factor for MSCs differentiation into chondrocytes [1]. During development,
chondrogenesis is subject to complex regulation by several interplaying factors such as
fibroblast growth factor (FGF), transforming growth factor β (TGFβ), bone morphogenetic
proteins (BMPs) and Wnt signaling pathways. Among regulatory factors, TGFβ plays a key
role in development. TGFβ receptors are present in many cells, and an integrin-applied
force is required to release TGF-β from its prodomain. Force application has been shown
to occurs through the prodomain of TGF-β and through the β subunit of the integrin [2].
In the process termed endochondral ossification, chondrocytes undergo proliferation and
terminal differentiation to hypertrophy and apoptosis, whereby hypertrophic cartilage is
replaced by bone tissue. In mature articular cartilage, instead, chondrocytes are respon-
sible for the production and homeostatic maintenance of the extracellular matrix (ECM)
components.

Structural ECM components are: collagens (mainly type II collagen), proteoglycans,
(including aggrecan, decorin, biglycan and fibromodulin) and noncollagenous proteins,
such as cartilage oligomeric protein (COMP), cartilage matrix protein (CMP) and fibronectin.
The primary matrix degrading enzymes involved in cartilage turnover are metallopro-
teinases (MMPs) and cathepsins (CTS). In healthy articular cartilage, balanced degradation
and synthesis by chondrocytes ensure tissue homeostasis.

Autophagy plays a key role in the preservation of cartilage integrity [3]. Besides
playing a crucial role in adaptive response to different stimuli, it is also required for
intracellular quality control and is involved in removing and recycling misfolded proteins,
damaged organelles or dysfunctional cell components [4].
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Authophagy may be distinguished into (i) macroautophagy; (ii) microautophagy; (iii)
chaperone mediated autophagy. Macroautophagy represents the prevalent form of au-
tophagy in different cell types. It starts with a membrane formation, the phagophore, which
expands to engulf the cellular cargo, generating the autophagosome. This latter structure
matures through fusion with lysosomes. mTOR is a major player in autophagy and acts
as a signaling control point downstream of growth factor receptor signaling, hypoxia,
ATP levels and insulin signaling. It is activated downstream of Akt kinase, PI3-kinase
and growth factor receptor and acts to inhibit autophagy by modulating the Ulk1 (Atg1)
complex. In response to the autophagy cascade activation, the IIIPI3K complex produces
PI3P and induces other Atg proteins, such as the Atg12-Atg5-Atg-16 and LC3 (Atg8)-
phosphatidylethanolamine complexes. After translation, proLC3 is proteolytically cleaved
generating LC3-I. Upon induction of autophagy, LC3-I is conjugated by the Atg7, Atg3
and Atg12-Atg5-Atg16L complexes to the highly lipophilic phosphatidylethanolamine (PE)
moiety to generate LC3-II. Finally, PE promotes integration of LC3-II into lipid membranes
allowing autophagosomes formation. Due to its crucial role as a natural defense mecha-
nism against inflammatory, infectious and degenerative disorders, the autophagic process
must be tightly regulated. Several molecular mechanisms of autophagy regulation have
been investigated: microRNAs (miRNAs) stand out, among others [5]. These small non-
coding RNAs act as negative regulators of specific target mRNAs expression. One single
miRNA can act as a post-transcriptional repressor by binding to partially complementary
sequences in the 3′UTR sites of various mRNAs. miRNAs which regulate the autophagic
process, predominantly targeting the pathway early stages, are called autophagomiRNAs.
In several pathological conditions, e.g., degenerative disorders, autophagomiRNAs have
been found to be differentially expressed [6].

Increasing evidence suggests that autophagy dysregulation is closely related to the
pathogenesis of osteoarthritis (OA) [7] (Figure 1).

3′

 

Figure 1. Schematic representation showing changes occurring in the autophagic process in normal versus osteoarthritic
chondrocytes.

OA, a chronic, age-related degenerative disease of articular cartilage, is associated
with dramatic changes in cartilage homeostasis, due to an imbalance between degradation
and synthesis by chondrocytes. Age-related changes that occur in joints are thought to
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represent a major risk factor for OA development. OA may develop in any joint, but most
commonly, it affects the knee, hip, hand, spine and foot.

Incidence is higher in women than in men, especially beyond age 50. Worldwide
estimates indicate that 10% of men and 18% of women ≥ 60 years have symptomatic OA.
Disease progression is usually slow but can ultimately lead to joint failure with pain and
disability, with considerable socio-economic impact [8].

2. Role of the Autophagic Process in Chondrogenic Differentiation

Autophagy is involved in different cellular processes such as the control of epigenetic
modifications, metabolic processes, cellular senescence and apoptosis, as well as stem cells
differentiation steps [9]. Recent studies have demonstrated that the autophagic process is
crucial for stem cell functioning [10,11]. Mesenchymal stem cells have trilineage potency
(adipocyte, osteoblast and chondrocyte); they are essential for homeostasis maintenance
and tissues repair. Chondrogenesis is a dynamic process associated with morphological
changes and metabolic stress [12]. Healthy chondrocytes are essential for a functional carti-
lage, but their regenerative potential is very limited; hence, both chondrocytic homeostasis
and cartilage extracellular matrix integrity are required [11]. Endochondral ossification,
a process where chondrocytes differentiate to form the growth plate, is essential in mam-
malian bone formation. As the growth plate is poorly vascularized, chondrocytes grow
in an hypoxic environment [13]. In such a context, autophagy is induced, preventing
premature apoptosis of differentiating and mature chondrocytes. In fact, the chondrocytic
maturation phase is regulated by mTOR and AMP kinase (AMPK) activity [14]. AMPK, a
molecule involved in the regulation of cellular metabolism, acts by inducing autophagy,
whereas mTOR, a regulator of cell growth, inhibits autophagy [15]. AMPK and mTORC
(complex1 of mTOR) provide an integrated signal by phosphorylating ULK 1 protein
kinase in a coordinated way so that the cells are able to respond appropriately to external
factors [15]. During endochondral ossification, chondrocytes produce extracellular matrix
components: the endoplasmic reticulum (ER), involved in the secretory process, is in a
stressful condition. Consequently, ER stress induces autophagy in order to maintain its
homeostasis [16]. Recently, it has been demonstrated that a faulty autophagic process
induces ER stress and affects chondrogenesis [8]. Under mechanical stimuli, such as com-
pression, autophagy preserves intervertebral disc degeneration. However, a persistent
compression stimulus can induce excessive autophagy leading to cellular apoptosis [17].
Ma et al. demonstrated that autophagy is mediated by ROS (reactive oxygen species) in
nucleus pulposus cells of rats exposed to compressive stimuli [18]. The levels of reactive
oxygen and nitrogen species (RONS) induced by IL-1 can be influenced by oxygen tension.
Indeed, environmental oxygen tension in articular chondrocytes has been shown to play
an important role in determining their ability to counteract RONS exposure in OA [19]. In
addition, we have demonstrated increased expression during physical activity of chondro-
genic transcription factors SOX9 in circulating mesenchymal progenitors associated with
autophagy [20]. This finding suggests the beneficial role of physical exercise in preserving
chondrogenesis. Autophagy adjusts mitochondrial activity in stem cells in order to pro-
vide the best metabolic conditions, thus limiting ROS production, preventing metabolic
stress and genome damage. Mitochondria, as cellular energy producers, are involved in
many vital processes [21]. Mitochondria dysfunctions cause cellular damages in many
aging-related diseases such as osteoarthritis [22]. Maintenance of a correct mitochondrial
functionality appears therefore very important. Mitophagy, the autophagy process involv-
ing damaged mitochondria, contributes to a correct mitochondrial activity [23]. Different
mitophagy mechanisms as well as different mitophagy inducers have been investigated.
Generally, mitophagy can be PRKN (parkin RBR E3 ubiquitin protein ligase)-dependent or
PRKN-independent [24]. In animal models, it has been demonstrated that the chondrogenic
commitment involves LC3-Dependent Mitophagy [25] and that mitophagy improves the
chondrogenic differentiation potential of Adipose Stem Cells [26]. Additionally, mitophagy
regulators such as PINK1, PRKN, BNIP3 and MFN2 were shown to be involved in OA
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pathogenesis [24]. In particular, the PINK1-PRKN pathway plays an important role in the
induction of mitophagy in chondrocytes [24]. Therefore, mitophagy appears as an effective
contrast tool against OA development.

3. MicroRNAs Involvement in the Autophagy Process

Autophagy dysfunctions are involved in cartilage deterioration, whereas induction
of autophagy can counteract cartilage degeneration. ULK1, LC3 and beclin, autophagy-
related proteins, are expressed in cartilage. However, their expression is reduced in OA
disorder [27]. In addition, the expression of LC3, ULK-1, P62 and Beclin-1 in chondrocytes is
downregulated by miR-411 [28]. Recently, it has been demonstrated that miR-375 worsens
knee osteoarthritis by targeting the autophagy related protein ATG2B [29]. Reduced
circulating miR let-7e levels are associated to increased apoptosis and reduced autophagy
in knee OA cartilage [30]. Undoubtedly, miRNAs play a crucial role in cartilage homeostasis
as well as in the autophagic process. In particular, level changes in miRNAs targeting the
autophagic pathway (autophagomiRNAs) may influence the development of OA [31].

MiRNAs may be recovered from biological samples such as plasma, serum, cartilage
and synovial fluid, as they are secreted from cells in exosomes or encapsulated within
microvesicles. Quantification and analysis of several autophagomiRNAs reveal differen-
tial expression levels in samples from OA patients, compared with healthy controls [4].
Panels of cartilage miRNAs, which appear deregulated in OA, have been proposed as
diagnostic/prognostic markers. A sample of those cited in this review is shown in Figure 2.

 

Figure 2. Schematic representation of changes that occur in a healthy knee joint (I) upon OA degenerative process (II): (a)
osteophytes production; (b) cartilage thinning; (c) cartilage fragmentation. (III) The table reports a few miRNAs cited
within the text, which are differentially expressed in OA cartilage, compared to healthy cartilage. ↑ = enhanced expression;
↓ = lowered expression.
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4. Transcription Factors in OA

Transcription factors are DNA-binding proteins which play a central role in regulating
gene expression [32] and, consequently, are involved in cell signaling as well as in cellular
proliferation and differentiation [33].

Some transcription factors, defined Master regulators, commit progenitor cells differ-
entiation by inducing the expression of lineage-specific genes [34]. Generally, transcription
factors recognize highly conserved sequences (6 to 12 bp long) upstream target genes [35].
Notably, the same transcription factors can differently modulate gene expression on the
basis of specific interactions [36]. Furthermore, posttranslational modifications, such as
phosphorylation/dephosphorylation, may regulate transcription factors efficiency [37].
Transcription factor SOX9 is the master regulator of chondrogenic differentiation. It acts
by inducing mesenchymal cells condensation and proliferation and inhibits chondrocyte
senescence [38]. Cartilage is absent in Sox9-knockout murine embryonic stem cells; human
SOX9 haploinsufficiency induces lethal skeletal malformations [39].

The expression of SOX9 is reduced in chondrocytes of OA patients [40]. In cartilage, it
has been shown that SOX9 regulates miR-140 levels in zebrafish and mammalian cells [41],
while miR-1247 as well as MiR-30a and miR-145 target SOX9 [42–44].

By performing an enrichment analysis, it has been observed that transcription factors,
such as activator protein 1 (AP-1), CCAAT-enhancer-binding protein (C/EBP) and the
activator of transcription 3 (STAT3), may be involved in the regulation of genes whose
expression is altered in OA [45]. A transcriptome study showed altered expression of
transcription factors such as JUN, EGR1, JUND, FOSL2, MYC, KLF4, RelA and FOXO in
the cartilage of OA human knee [46].

The transcription factors AP-1, runt-related transcription factor 2 (RUNX2), NFkB,
HIF2 α and T-cell factor/lymphoid enhancer factor (TCF/LEF) regulate the cartilage
ECM-degrading molecules MMP3 and MMP13 (collagenases), whereas ADAMTS4 and
ADAMTS5 (aggrecanases) are regulated by the transcription factors NFAT, RUNX2, SOX4,
SOX11 and NFkB [47,48]. Interestingly, during chondrogenesis in human adipose-derived
stem cells (hADSCs), it has been demonstrated that miR-193b, miR-199a-3p/has-miR-199b-
3p, miR-455-3p, miR-210, miR-381 and miR-92a target RUNX2 [49].

The upregulation of SOX4 and SOX11 in mouse cartilage is associated to impaired
cartilage and increased expression of ADAMTS5 and MMP13 [48]; chondrocyte proteins
ACAN and COL2A1 are regulated by the transcription factors SOX5, SOX6 and SOX9 [50].
During cartilage formation, miR-193b targets SOX4 and miR-455-3p targets SOX-4, SOX5,
SOX6 and SOX9 [49].

Transcription factor EB (TFEB) and the zinc-finger protein with KRAB and SCAN do-
mains 3 (ZKSCAN3) are important master regulators of autophagy. TFEB, known to induce
autophagy in HeLa cells [51], is reduced in a OA mouse model and in OA human knee
cartilage [52]. On the contrary, ZKSCAN3 inhibits autophagy by blocking the expression of
ULK1 and LC3 genes [53]. ZKSCAN3 expression has not been evaluated in chondrocytes;
however, it has been demonstrated that ZKSCAN3 knockout induces premature aging in
Mesenchymal Stem Cells [54]. SIRT1, whose levels are increased in early chondrocytes but
are reduced in severe OA, promotes autophagy by acting on FOXO family transcription
factors [55]. FOXO1 and FOXO3 induce autophagy [56]. In fact, ATG genes expression is re-
duced in chondrocytes under oxidative stress conditions due to FOXO1 or FOXO1/FOXO3
knockdown [57], while a constitutively expressed mutant FOXO1 increased the expression
of LC3 and Beclin in normal chondrocytes [58]. Interestingly, in osteoarthritis samples,
transcription factors FOXO are reduced [46] and the activated serine/threonine kinase AKT,
which phosphorylates the FOXO transcription factors, is higher in OA cartilage compared
to normal cartilage [59]. By performing in silico analysis and also in vitro and in vivo
experiments, it has been demonstrated that during skeletogenesis FOXO1 is targeted by
miR-182 [60]; bioinformatic analysis has shown that miR182 plays a critical role in OA [61].
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5. In Vitro and In Vivo Models for OA Studies

Different models have been employed to investigate OA pathogenesis. In vitro sys-
tems have been established by using human or murine primary cultures and cell lines.
Usually, a mechanical load or inflammatory cytokines are applied to cells in order to
mimic OA conditions. In particular, OA mimic conditions are applied to cells growing
in a monolayer, in a scaffold or in a co-culture system [62]. The use of 3D cell models
may represent a good alternative to 2D cultures. 3D models for the in vitro analysis of
subchondral bone and articular cartilage currently exist in a variety of forms, including
explants and scaffold-based or scaffold-free systems, each of which has its own advantages
and disadvantages. 3D systems make it possible to observe the various cellular interactions
and to evaluate any changes due to the addition of therapeutic molecules [63]. However,
investigations of explanted tissues allow assessment of the extracellular matrix and cellular
interactions to recapitulate in vivo alterations [64].

In vivo models provide the possibility to evaluate pain, cartilage degeneration and
the bone remodeling process. OA in animal models can be induced or spontaneous.
In particular, OA can be induced surgically or chemically; induced models can also be
generated genetically [65]. Animal models with naturally occurring OA, such as aged
animals, can also be used.

Usual animal models for OA are: mouse, rat, Syrian hamster, rabbit, horse and also cat
and dog [65]. Zebrafish has also been employed for the study of OA. The zebrafish model,
due to its ease of being genetically manipulated and its rapid development, appears to be
very useful. For example, a COL10A1 knockout zebrafish model has been generated for
the study of OA [66].

In fact, the craniofacial cartilage of zebrafish larvae is as mechanically sensitive as
the human one [67]. Different models for the zebrafish jaw development are available,
including wild-type fish [68] and mutants [68]. In addition, zebrafish larvae in different
gravitational fields have been used [68]. The zebrafish model is also suitable for studying
miR-mediated joint degeneration. In particular, zebrafish dicer1 mutant shows impaired
craniofacial development and overexpression of SOX10 [69]. SOX9 controls miR140 and
miR-29; miR92a regulates BMP signaling in zebrafish cartilage [41,70].

The introduction of the CRISPR/Cas9 technology in recent years has further expanded
the possibilities of originating cellular and animal models to study the role of different
genes and regulatory factors involved in degeneration, regeneration and inflammatory
processes associated with OA. The CRISPR/Cas9 system in fact not only allows to knock
out specific genes and functions, but by using modified versions of the Cas9 enzyme, it
becomes possible to originate recombinant proteins that can act as transcriptional activators
and repressors, as well as epigenetic modulators [71], to study in a more precise way the
regulation of specific genes [72]. The possibility to originate new cellular and animal
models [73,74] will be very helpful to overcome the limited availability of animal models
of the disease. In addition, the availability of different models will make drug screening
aimed at identifying new therapies much more efficient, as will the possibility of studying
new therapeutic approaches based on gene therapy [75].

Various treatments have been developed to counteract or, at least delay, OA clinical pro-
gression. Anti-inflammatory drugs are employed, as well as non-pharmacological treatments,
such as electromagnetic stimulation, shock wave therapy and biomechanical intervention [76].
Surgical treatment (e.g., total joint replacement) is chosen for advanced OA.

6. Therapeutic Targets in OA
6.1. Autophagy

Considering its prominent role in cell pathophysiology, autophagy can be therapeu-
tically targeted and modulated at various points of its pathways in human diseases [77].
Preventing autophagy inhibition and decreasing ROS production are strategies with ther-
apeutic potential against OA. mTOR, a signaling molecule in the autophagy pathway,
has been chosen as a target in experimental studies. Rapamycin, an mTOR inhibitor, has
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been proven to delay cartilage degeneration upon intra-articular injection in a murine OA
model [78]. Isoimperatorin and glucosamine can ameliorate osteoarthritis by activating
autophagy and inhibiting mTOR pathway [79]. Resveratrol (RSV) can activate Sirtuin 1
(SIRT1), an autophagy promoter, thus inhibiting OA progression [80].

6.2. Inflammation

The existence of an important inflammatory component in OA is well known. Damage-
associated molecular patterns (DAMPs) and various sources of oxidative stress contribute
to inflammation [81]. An in vitro screening for DMOADs (disease-modifying osteoarthri-
tis drugs) revealed the strong chondrogenic/chondroprotective effects of BNTA (N-[2
bromo-4-phenylsulfonyl-3-thienyl]-2-chlorobenzamide) [82]. BNTA beneficial effects may
be ascribed to its induction of SOD3 expression and superoxide anions elimination. Resver-
atrol (RSV), already cited, is a powerful antioxidant as well.

The condroprotective role of Resveratrol (RSV) may also be associated to its ability
to inhibit inflammation and the NF-κB signaling pathway. The activation of transcription
factor NF-kB, an essential mediator of inflammatory responses, depends on the inducible
degradation of its inhibitor, IkBα [83]. In an in vitro model (IL-β1 treated human chondro-
cytes), the inflammatory response was significantly inhibited by RSV administration [84].
Molecular evidence demonstrated that RSV relieved the inflammatory response by inhibit-
ing IkBα degradation. It is worth recalling that baseline NF-kB activity plays a positive
role in healthy cartilage, ensuring chondrocytes differentiation and survival. Environmen-
tal and inflammatory cues exacerbate NF-κB response, which leads to the expression of
matrix metalloproteinases (MMPs), cyclooxygenases (COX) and inflammatory cytokines
(e.g., IL-1, IL-6, IL-8 and TNF). The MMPs family includes several members, which are
secreted as inactive pro-forms. Once the pro-domain is cleaved, the active enzymes pro-
ceed to ECM proteins degradation. They are involved in physiological processes, such
as embryonic development and tissue remodeling and are overexpressed in degenerative
processes such as OA. MMP13, also called collagenase 3, is a major enzyme targeting
cartilage for degradation. It targets type II collagen, but it also degrades proteoglycans,
type IV and type IX collagen, osteonectin and perlecan. MMP13 overexpression is typically
observed in OA patients [85,86]. The ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs) family of aggrecanases also contributes to proteoglycan/aggrecan
depletion. ADAMTS 4 and 5 have been identified as the main aggrecanases involved in OA
development [87]. The above-mentioned catabolic enzymes play an important role in OA
progression, and therefore, represent interesting therapeutic targets for articular cartilage
degradation slowdown [88–91].

6.3. Cell Senescence

Cell senescence is a stress-activated molecular program that prevents damaged cells
from further proliferation. Autophagy and cellular senescence share several stimuli (e.g.,
damaged organelles or macromolecules, oxidative stress). Although autophagy is generally
considered to suppress cellular senescence, various studies have suggested that it may also
promote it [92,93]. Senescent cells (SC) accumulate in chronic age-associated diseases, such
as OA. Their inflammatory senescence-associated secretory phenotype (SASP) severely
damages neighboring cells. SC appear to be resistant to apoptosis due to the upregulation
of pro-survival pathways related to P13K/AKT, p53-p21 and antiapoptotic BCL family
members, among others (Figure 3).
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Table 1. Examples of Senolytics with Their Respective Targets.

Senolytic Drug Targeted Molecules/Pathway

FISETIN ⊥ P13/AKT/mTOR
⊥ Bcl2-xL

QUERCETIN ⊥ P13/AKT/mTOR
⊥ Bcl2-w

NAVITOCLAX ⊥ Bcl2, Bcl-xL, Bcl-w

FOXO4-DRI ⊗ FOXO4-p53 interaction, no p53 in the nucleus

USP7 inhibitor MDM2 ubiquitination

UBX0101 MDM2, p32
•
•










Figure 3. Cellular senescence (i.e., permanent cessation of cell division) is triggered by a vari-
ety of stresses. The tumor suppressor p16 INK4, as well as the p53 and p21 proteins, function as
cyclin-dependent kinase inhibitors, preventing phosphorylation of the Rb protein and consequently
arresting the cell cycle. They release SASP factors which severely damage neighboring cells. Senes-
cent cells can escape apoptosis by upregulation of pro-survival pathways (SCAPs = senescent cell
antiapoptotic pathways). Senolytic therapies primarily target SCAPs, as exemplified in Table 1.

On the basis of the above observations, recently, researchers have started testing
molecules known to target pro-survival pathways [94]. Molecules meeting these require-
ments are called senolytics, as they selectively induce SC apoptosis [95]. Table 1 reports a
few examples of senolytics and their targets. Targeting is achieved by nanoparticle-based
delivery of senolytics [96].

To our knowledge, there are two current clinical trials in the US involving knee OA
patients treated with senolytic regimens:

• UBX0101(NCT04129944).
• Fisetin (NCT04210986).
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6.4. microRNAs

Other molecular targets for therapeutic options may be specific miRNAs, whose
dysregulation plays an important role in OA. AntagomiRNAs and/or miRNA mimics
may be synthesized and delivered into experimental models in order to remodel microR-
NAs levels. In detail, antagomiRNAs are synthetic oligonucleotides which can inhibit
specific endogenous miRNAs by base-pairing, hence hindering miRNA-target mRNAs
matching. MiRNA mimics instead act in the opposite way: they can be introduced by
transient transfection to enhance the regulatory action of endogenous identical miRNAs.
Their therapeutic effectiveness depends on the actual possibility to deliver them to the
cartilaginous tissue.

OA animal models (mice and rats) have been employed in promising studies so
far. Upregulation of miR21, for example, is associated with OA in humans (Figure 1III)
and it has also been observed in experimental OA murine models [97]. Intra-articular
injection of miR-21 mimics caused a significant worsening of cartilage degradation, whereas
antagomiR-21 injection had the opposite effect. Another experiment on similar OA rat
models [98] demonstrated the therapeutic efficacy of miR-140-5p, an autophagy regulator
(Figure 1III). Rats were treated with intra-articular injection of human umbilical cord stem
cells (hUC-MSCs) ± miR-140-5p mimic. The authors demonstrated that hUC-MSCs+ miR-
140-5p mimic differentiated to chondrocytes and induced rat’s cartilage repair much more
efficiently than hUC-MSCs.

7. Novel Therapeutic Strategies

In addition to the above clinical trials with senolytic molecules, other experimental
treatments are based on the use of miRNAs. An efficient way to deliver therapeutic
miRNAs involves MSC-derived extracellular vesicles (ECVs) [99] ECVs (100–1000 nm
diameter) while exosomes (30–100 nm diameter) are released by several cell types; they
are delimited by phospholipid bilayer membranes and carry various cellular components,
including miRNAs, which—in this way—are protected from degradation. Surface CD
markers allow tracking ECVs’ origin while adhesion molecules facilitate internalization by
recipient cells. Studies conducted on animal models or in in vitro human models (e.g., Il-1β
treated synovial fibroblasts) demonstrated that hMSCs derived exosomes may promote
chondrocytes proliferation and cartilage repair [100,101].

Exosomes may also be exploited as therapeutic agents because of their targeting
capacity and loading ability. By simple incubation, they can be loaded with hydropho-
bic molecules, such as curcumin and other antioxidants, ensuring considerable stability
and bioavailability [102]. Tissue engineering strategies are under development in order
to ensure EVs maintenance within the damaged cartilage [103]. Various scaffold types
have been tested. Among others, hyaluronic acid (HA) and collagen hydrogels seemed
eligible biomaterials for cartilage regeneration. Liu et al. [104] successfully incorporated
EVs obtained from iPSC-MSC into a hydrogel glue, which was then implanted into a
rabbit articular defect model. The evolution of 3D printing technology offers new chances
to exosome-based tissue engineering strategies. Chen et al. tested a 3D printed carti-
lage ECM/gelatin methacrylate (GeMA)/exosome scaffold, which restored chondrocyte
mitochondrial dysfunction and enhanced chondrocyte migration, facilitating cartilage
regeneration in an OA rabbit model. Interestingly, the 3D-printed scaffold could retain
exosomes for 14 days in vitro and for ≥7 days in vivo [105].

Innovative therapeutic approaches based on genome editing using the CRISPR/Cas9
technique are also being evaluated. The technique has a high potential in regenerative
medicine and cell-based applications for cartilage repair [106].

A first therapeutic approach is based on exogenous-cell-based therapy, by delivering
chondrocytes or MSCs previously engineered in vitro. Using this approach, Seidl et al.
reported that by targeting the MMP13 gene, increased accumulation of cartilage matrix
protein type II collagen was achieved using edited cells [107], while the in vitro knockout
of IL1-R1 in chondrocytes before injection reduced inflammation, improving cell-therapy
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results [108]. Other potential therapeutic target genes which have been investigated are
osteocalcin [109] and hyaluronan synthase 2 (HAS2) [110].

An alternative approach relies on intra-articular injection of adeno-associated vi-
ral vectors expressing CRISPR/Cas9 components to target MMP13, IL-1β and NGF;
Zhao et al. [89] reported that the inactivation of these genes may be useful for both pain
management and joint maintenance. Moreover, the Cas9 enzyme may be suitably engi-
neered to originate fusion products with factors such as activators and epigenetic modifiers:
activation or repression of genes involved in inflammation could have an important thera-
peutic potential in OA. Epigenetic editing may also allow programming genes networks to
target stem cell differentiation for their clinical employment for regenerative therapy [111].

Delivery systems involving non-viral vectors may be preferable in order to avoid
inflammatory responses in joints, which can cause adverse side effects [112]. Studies
aimed at evaluating different viral and non-viral vectors for the efficient delivery of the
CRISPR/Cas9 system at the joint level are needed before this new technology can be
proficiently translated into the clinic.

8. Conclusions and Perspectives

As the human lifespan is progressively expanding, the incidence of degenerative
disorders associated with ageing, such as OA, is increasing. Traditional treatment options
for OA aim at relieving symptoms (pain, inflammation) and at delaying severe disability in
patients. Cell-based therapies focusing on the restoration of damaged articular cartilage
have been tested on experimental animal models mimicking the OA phenotype (Figure 4).

 

Figure 4. Therapeutic strategies successfully tested in animal OA models (see text).

MicroRNAs involved in the regulation of articular cartilage homeostasis, autophagy
and apoptosis show differential expression in OA, i.e., they are either upregulated or down-
regulated in patients compared to healthy controls. MicroRNAs, which can be recovered
from cartilage, blood and synovial fluid, may, therefore, represent diagnostic/prognostic
biomarkers. A special attention has been paid to extracellular vesicles-associated miRNAs:
they represent the most reliable biomarkers, as they are protected from degradation. Most
ECV/exosomes recovered from the OA microenvironment are disease detectors, while
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ECVs/exosomes released by MSCs (cartilage progenitor cells) have been shown to exert
therapeutic effects on cartilage tissue in experimental models. Bioscaffolds loaded with
therapeutic exosomes might be safer and more effective (due to the gradual release) than
repeated intra-articular injections. In the future, 3D printed scaffolds might also allow
the design of personalized and precision treatments [113]. Cellular senescence, which
burdens the OA phenotype, also represents an emerging opportunity for novel therapeutic
approaches through the exploitation of senolytics.
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Abstract: Interleukin (IL)-1β is an important pro-inflammatory cytokine in the progression of os-
teoarthritis (OA), which impairs mitochondrial function and induces the production of nitric oxide
(NO) in chondrocytes. The aim was to investigate if blockade of NO production prevents IL-1β-
induced mitochondrial dysfunction in chondrocytes and whether cAMP and AMP-activated protein
kinase (AMPK) affects NO production and mitochondrial function. Isolated human OA chondrocytes
were stimulated with IL-1β in combination with/without forskolin, L-NIL, AMPK activator or in-
hibitor. The release of NO, IL-6, PGE2, MMP3, and the expression of iNOS were measured by ELISA
or Western blot. Parameters of mitochondrial respiration were measured using a seahorse analyzer.
IL-1β significantly induced NO release and mitochondrial dysfunction. Inhibition of iNOS by L-NIL
prevented IL-1β-induced NO release and mitochondrial dysfunction but not IL-1β-induced release of
IL-6, PGE2, and MMP3. Enhancement of cAMP by forskolin reduced IL-1β-induced NO release and
prevented IL-1β-induced mitochondrial impairment. Activation of AMPK increased IL-1β-induced
NO production and the negative impact of IL-1β on mitochondrial respiration, whereas inhibition
of AMPK had the opposite effects. NO is critically involved in the IL-1β-induced impairment of
mitochondrial respiration in human OA chondrocytes. Increased intracellular cAMP or inhibition of
AMPK prevented both IL-1β-induced NO release and mitochondrial dysfunction.

Keywords: osteoarthritis; NO synthase; Interleukin-1β; chondrocytes; mitochondrial dysfunction

1. Introduction

Pro-inflammatory cytokines contribute significantly to the initiation and progression
of osteoarthritis (OA) via up-regulation of catabolic processes [1,2]. In addition, the impair-
ment of the mitochondrial function of chondrocytes is thought to be an important factor
in the pathophysiology of OA [3–5]. Experiments showed that Interleukin-1β (IL-1β) can
impair the activity of mitochondrial respiratory chain enzyme complexes [6]. However, the
mechanism by which IL-1β modulates mitochondrial respiration remains unclear. IL-1β
induces upregulation of inducible NO synthase (iNOS) and the production of nitric oxide
(NO). This mediator regulates numerous putative pathogenic processes in the cartilage
(see below), and may also alter mitochondrial respiration and ATP production in chon-
drocytes [3]. However, whether IL-1β-induced NO production is causally responsible for
mitochondrial impairment and whether inhibition of iNOS can prevent IL-1β-induced
mitochondrial dysfunction has not yet been reported.
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An increased iNOS expression was found in OA cartilage and synovial tissue [7].
Although NO produced by constitutive NO synthase at low concentration can reduce OA
pain probably through the promotion of blood flow, thus improving oxygen supply and
reducing ischemic pain [8], NO produced by the cytoplasmic iNOS at high concentration
is a pro-inflammatory factor and contributes to OA pathogenesis [9], and can induce
cell damage. In chondrocytes, NO increases the release of pro-inflammatory mediators
and inhibits the synthesis of cartilage matrix components and increases the activity of
matrix-degrading enzymes such as matrix metalloproteinases (MMP) [10]. Exogenous
cytokines can increase iNOS expression and NO release of OA cartilage and cultured
chondrocytes [11,12]. In addition, NO at high concentration affects cytochrome c oxidase
in mitochondria, induces caspase 3, and is presumably responsible for the initiation of
apoptosis [13]. It has been reported that mitochondrial dysfunction also increases the
responsiveness of chondrocytes for cytokines [14]. An interesting question is, therefore,
whether NO-induced mitochondrial dysfunction also increases the IL-1β-induced release
of pro-inflammatory mediators.

The expression and activity of iNOS are regulated by various signaling pathways such
as cyclic adenosine monophosphate (cAMP)- or AMP-activated protein kinase (AMPK)-
pathway, and the effect of activation or inhibition of these pathways differs between cell
types. It has been reported that the signaling molecule cAMP can increase iNOS expression
in adipocytes, smooth muscle cells, and skeletal muscle cells, whereas in hepatocytes and
astrocytes cAMP suppressed iNOS expression [15,16]. Tissue-specific gene expression and
an alteration of cell signaling pathways are thought to be responsible for these opposite
effects of cAMP [16]. Another regulator of iNOS expression is the AMPK, which is an im-
portant regulator of cellular energy metabolism. A high AMP/ATP ratio activates AMPK,
which inhibits ATP-consuming pathways and increases ATP production [17]. In many
cell types, AMPK exerts anti-inflammatory effects and reduces iNOS expression [18]. In
contrast, in hepatocytes, activation of AMPK upregulates the cytokine-induced expression
of iNOS and NO production [19]. Presumably, the signaling molecule cAMP and the
regulator AMPK are part of two independent pathways for the regulation of iNOS expres-
sion. Whether cAMP and AMPK modulate IL-1β-induced NO release and mitochondrial
function in chondrocytes is unclear.

The current study aimed to evaluate whether increased NO production is responsible
for IL-1β-induced mitochondrial dysfunction in human OA chondrocytes obtained from
knee joints during arthroplasty. Of particular interest is to evaluate whether blockade of
iNOS activity prevents the negative effects of IL-1β on chondrocytes. Additionally, we
analyzed the role of cAMP and AMPK in the regulation of NO production and release from
these cells and in IL-1β-induced mitochondrial dysfunction. To understand the regulation
of iNOS activity in chondrocytes is important to move forward with the development of
OA therapies based on iNOS as a target for OA treatment.

2. Results
2.1. IL-1β-Induced NO Release

After stimulation with IL-1β for 48 h, cultured chondrocytes showed a concentration-
dependent NO release (Figure 1a, repeated measures ANOVA: p <0.001). The IL-1β
concentration 0.1 ng/mL evoked a high release of NO, which only slightly increased at
higher IL-β concentrations (Figure 1a). Therefore, all further experiments were performed
with an IL-1β concentration of 0.1 ng/mL.

Co-application of 0.1 ng/mL IL-1β and 10 µM L-NIL, an inhibitor of iNOS, resulted
in a significant reduction of IL-1β-induced NO release (Figure 1b, p = 0.006), showing that
L-NIL is a useful compound to investigate NO-related effects.
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Figure 1. Impact of IL-1β on nitric oxide (NO) release and NO synthase (iNOS) expression of human chondrocytes. (a) NO
release after stimulation with Interleukin (IL)-1β at different concentrations. Statistical differences vs. unstimulated cells,
repeated-measures ANOVA (n = 7). (b) NO release after stimulation with IL-1β (0.1 ng/mL) and L-NIL at different
concentrations. Statistical differences vs. IL-1β-stimulated cells, repeated-measures ANOVA (n = 7). (c) NO release
after stimulation with 0.1 ng/mL IL-1β and 50 µM forskolin. Statistical differences *** vs. unstimulated cells or ### vs.
IL-1β-stimulated cells, Wilcoxon signed-rank test and Bonferroni adjustment (n = 22). (d) NO release after simultaneous
stimulation of 0.1 ng/mL IL-1β with 50 µM forskolin (n = 22), 50 µM 8-Bromo-cAMP (n = 10), or 10 µg/mL PGE2 (n = 9)
normalized to IL-1β-stimulated cells. Statistical differences vs. IL-1β-stimulated cells, Wilcoxon signed-rank test. (e) Impact
of activation or inhibition of AMPK on IL-1β-induced NO release. Statistic: Repeated-measures ANOVA with Post Hoc test
and Bonferroni adjustment (n = 9). (f) NO release after stimulation with 50 µM forskolin, 10 µM L-NIL, 10 µM A769662,
or 10 µM dorsomorphin dihydrochloride (DoMo). Statistical differences vs. unstimulated cells, Wilcoxon signed-rank
test (n = 5). (g) Representative Western blot of iNOS expression after stimulation with/without 0.1 ng/mL IL-1β, 50 µM
forskolin, 10 µM A769662 and 10 µM dorsomorphin dihydrochloride. (h) Densitometric quantification of iNOS/Gapdh
expression after stimulation with 0.1 ng/mL IL-1β, 10 µM A769662 or 10 µM dorsomorphin dihydrochloride normalized to
unstimulated cells (n = 6). Statistic: Wilcoxon signed-rank test. Values are reported as mean or percentage ± SD. *** p < 0.005,
** p < 0.01 and * p < 0.05. DoMo: Dorsomorphin dihydrochloride.
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Application of forskolin (50 µM), a cell-permeable activator of adenylyl cyclase in-
creasing the intracellular level of cAMP, caused a significant decrease of IL-1β-induced
NO production (Figure 1c, p < 0.001, Wilcoxon signed-rank test). The reduction of IL-1β-
induced NO release by forskolin was on average to 62.7% (Figure 1d). Application of
8-Bromo-cAMP or PGE2, which also induced an increase of intracellular cAMP, reduced
the IL-1β-induced NO release on average to 71.9% or 71.0%, respectively (Figure 1d).

To test if the AMPK was involved in the regulation of IL-1β-induced NO release,
co-applications of IL-1β with 10 µM A769662, an activator of AMPK, or of IL-1β with
10 µM dorsomorphin dihydrochloride, an inhibitor of AMPK, were performed. Activation
of AMPK with A769662 resulted in a significant increase of IL-1β-induced NO release
(p < 0.001, Wilcoxon signed-rank test with Bonferroni adjustment, Figure 1e). Vice versa, the
AMPK-inhibitor dorsomorphin dihydrochloride completely prevented the IL-1β induced
NO release to the level of the unstimulated control (Figure 1e).

We found a small basal release of NO. Forskolin or A769662 alone did not influence
NO release (Figure 1f). L-NIL or dorsomorphin dihydrochloride alone slightly reduced the
basal release of NO compared with the unstimulated control (Figure 1f, p = 0.028, Wilcoxon
signed-rank test).

2.2. Impact on iNOS Protein Expression

Stimulation with 0.1 ng/mL IL-1β caused a significant upregulation of iNOS protein
expression (Figure 1g–h, p = 0.028). Co-stimulation of IL-1β with the AMPK activator
A769662 resulted in a strong increase of IL-1β-induced iNOS expression compared to
IL-1β alone (Figure 1g–h, p = 0.028). Co-stimulation of IL-1β with the AMPK inhibitor
dorsomorphin dihydrochloride resulted in a low basal iNOS expression comparable to the
level of unstimulated cells (Figure 1g–h).

2.3. Impact of IL-1β on Mitochondrial Function

An application of 0.1 ng/mL IL-1β for 24 h resulted in a strong reduction of mito-
chondrial basal and maximal respiration as well as ATP production (Figure 2a, Wilcoxon
signed-rank test with Bonferroni adjustment: All p < 0.001), and a significant increase of
non-mitochondrial respiration (p = 0.014, Wilcoxon signed-rank test with Bonferroni adjust-
ment, Figure 2a). After IL-1β stimulation, the basal mitochondrial respiration decreased to
61.2%, the maximal mitochondrial respiration to 53.4%, and the ATP production to 50.8%
of the unstimulated control. However, the non-mitochondrial respiration increased to 128%
of the unstimulated control.

Co-application of 0.1 ng/mL IL-1β and 10 µM L-NIL resulted in a complete recov-
ery of mitochondrial function (Figure 2a). The mitochondrial basal respiration, maximal
respiration, and ATP production of chondrocytes stimulated with IL-1β and L-NIL si-
multaneously significantly increased compared with the IL-1β-stimulated cells (p < 0.001,
Wilcoxon signed-rank test with Bonferroni adjustment) and did not differ significantly
from unstimulated cells.

Forskolin also prevented the IL-1β-induced impairment of mitochondrial function
(Figure 2a). The values of the mitochondrial basal respiration, maximal respiration, and
ATP production were not significantly different after simultaneous application of IL-1β
and forskolin compared with unstimulated chondrocytes (Figure 2a). Only the IL-1β-
induced increase of non-mitochondrial respiration remained elevated (p < 0.001, Wilcoxon
signed-rank test with Bonferroni adjustment).

Forskolin alone did not show any influence on the mitochondrial or the non-mitochondrial
respiration (Figure 2b). An application of L-NIL alone resulted in a slight but significant re-
duction of basal respiration (93.6% of unstimulated control, p = 0.024, Wilcoxon signed-rank
test with Bonferroni adjustment) and maximal respiration (95.8% of unstimulated control,
p = 0.004, Wilcoxon signed-rank test with Bonferroni adjustment). The ATP production and
non-mitochondrial respiration were comparable to unstimulated cells.
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Figure 2. Impact of IL-1β on mitochondrial respiration in chondrocytes. (a) Impact of 50 µM forskolin
and 10 µM L-NIL (iNOS inhibition) on IL-1β (0.1 ng/mL)-induced mitochondrial dysfunction;
n = 14. (b) Control experiments on the impact of 50 µM forskolin (n = 11) and 10 µM L-NIL
(n = 13) on mitochondrial function. (c) Impact of activation or inhibition of AMPK on IL-1β-induced
mitochondrial dysfunction (n = 12). (d) Control experiments on the impact of 10 µM A769662 and
10 µM dorsomorphin dihydrochloride on mitochondrial function (n = 12). Statistic: Wilcoxon signed-
rang test and Bonferroni adjustment. Values are reported as mean ± SD. *** p < 0.005, ** p < 0.01 and
* p < 0.05. OCR: Oxygen consumption rate, DoMo: Dorsomorphin dihydrochloride.
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Activation of AMPK with A769662 aggravated IL-1β-induced mitochondrial dysfunc-
tion (Figure 2c). Co-application of IL-1β and A769662 resulted in an additional reduction of
basal mitochondrial respiration to 66.4% (p = 0.015), of maximal mitochondrial respiration
to 26.0% (p < 0.001), and of ATP production to 39.6% (p = 0.003) of IL-1β stimulation
alone (all Wilcoxon signed-rank test with Bonferroni adjustment, Figure 2c). The non-
mitochondrial respiration increased to 181% of IL-1β-stimulated cells after co-stimulation
with IL-1β and A769662 (p < 0.001, Wilcoxon signed-rank test with Bonferroni adjustment,
Figure 2c). Compared to the unstimulated control, co-application of IL-1β and A769662
reduced the basal mitochondrial respiration to 41.3%, whereas A769662 alone only reduced
the basal mitochondrial respiration to 90.6% of the unstimulated control (Figure 2c,d).

Co-application of IL-1β and the AMPK-inhibitor dorsomorphin dihydrochloride re-
sulted in a significant improvement of IL-1β induced mitochondrial dysfunction (Figure 2c).
The basal mitochondrial respiration increased to 139% (p = 0.0059), the maximal mitochon-
drial respiration to 153% (p < 0.001), and the ATP production to 178% (p = 0.0059) of IL-1β
stimulation alone (all Wilcoxon signed-rank test with Bonferroni adjustment, Figure 2c).
Compared to the unstimulated control, basal mitochondrial respiration, ATP production,
and non-mitochondrial respiration were not significantly different after co-application
of IL-1β and dorsomorphin dihydrochloride (Figure 2c), even though dorsomorphin
dihydrochloride alone caused a significant reduction of basal (73.8%) and maximal mito-
chondrial respiration (72.4%) as well as ATP production (72.6%) (Figure 2d).

2.4. Effect of iNOS Inhibition by L-NIL on Other Mediators

To test whether the iNOS inhibitor L-NIL also affects IL-1β-induced production of
other mediators, the release of IL-6, PGE2, and MMP-3 was measured after co-stimulation
of IL-1β and 10 µM L-NIL. Upon IL-1β stimulation, L-NIL had only minor effects on
the release of IL-6, PGE2, and MMP-3 (Figure 3a–c). In addition, the production and
release of the cartilage matrix protein glycosaminoglycan were not affected by 10 µM L-NIL
(Figure 3d). These data suggest that the effect of IL-1β on the release of IL-6, PGE2, MMP3,
and GAG did not involve NO.

Figure 3. Impact of L-NIL on the IL-1β-induced release of (a) IL-6 (n = 6), (b) PGE2 (n = 5), (c) MMP3 (n = 7), and (d) the
production of GAG (n = 6). Values are reported as percentage ± SD normalized to IL-1β-stimulated cells. Statistical
differences vs. IL-1β-stimulated cells, repeated-measures ANOVA with Post Hoc test; *** p < 0.005, ** p < 0.01 and * p < 0.05.
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2.5. Impact of Mediators on Vitality of Chondrocytes

To control whether the observed effects were based on cytotoxic effects of the me-
diators used, an assay was performed to determine the percentage of living and dead
chondrocytes after stimulation with different mediators. The percentage of dead cells
did not change significantly after stimulation with IL-1β, forskolin, L-NIL, A769662, or
dorsomorphin dihydrochloride (Figure 4). After stimulation with IL-1β and forskolin,
the viability of chondrocytes was similar to the unstimulated control. L-NIL, A769662,
and dorsomorphin dihydrochloride reduced the percentage of living cells slightly, but the
observed effect of these mediators on NO release and mitochondrial function cannot be
explained by these small effects on the viability. The cytotoxic dimethyl sulfoxide (DMSO)
control (1:10) proved the validity of the test, while DMSO 1:200 had no effect.

Figure 4. Impact of mediators used on (a) viability and (b) cytotoxicity of chondrocytes as measured
by the LIVE/DEAD viability/cytotoxicity kit, which determines the percentage of living and dead
cells. Viability and cytotoxicity values of treated cells are reported as percentage ± SD of control
(unstimulated cells), set as 100%. Statistical differences vs. unstimulated cells, Wilcoxon signed-rank
test, *** p < 0.005 and * p < 0.05. DoMo: Dorsomorphin dihydrochloride.

3. Discussion

The results of the current study provide evidence that increased NO production in
human chondrocytes is responsible for IL-1β-induced mitochondrial impairment. Inhibi-
tion of iNOS by L-NIL prevented the IL-1β-induced reduction of mitochondrial respiration
and ATP production. The application or induction of cAMP reduced the IL-1β-induced
NO release and impairment of mitochondrial function. Furthermore, the results show
that AMPK is an important regulator for the IL-1β-induced NO production in chondro-
cytes. The activation of AMPK increased the IL-β-induced NO release and, therefore,
increased the negative impact of IL-1β on mitochondrial function. The inhibition of AMPK
resulted in a strong reduction of NO release and prevented IL-1β-induced impairment of
mitochondrial respiration.

Previous studies showed that both IL-1β and NO impaired the activity of respiratory
chain enzyme complexes and thus affect mitochondrial function in normal human chon-
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drocytes [6,20]. Therefore, it was supposed that IL-1β-induced NO production may be
responsible for the IL-1β-induced mitochondrial dysfunction. Our data now reveal that
the effects of IL-1β and NO on mitochondrial function are causally linked. First, the effects
of IL-1β on NO release, mitochondrial respiration, and ATP production were prevented
by the iNOS inhibitor L-NIL. Second, IL-1β enhanced iNOS expression and NO release in
chondrocytes. Third, downregulation of IL-1β-induced NO release by cAMP or the AMPK
inhibitor dorsomorphin dihydrochloride was accompanied by a significant improvement
of IL-1β-induced mitochondrial impairment.

NO production and iNOS expression were shown to be modulated by cAMP, which
activates protein kinases and regulates gene transcription via transcription factors such
as CREB. Interestingly, it seems to depend on the cell type whether cAMP increases or
decreases iNOS expression and NO production. In our experiment, the stimulation of
cAMP synthesis in chondrocytes decreased IL-1β-induced NO production, similar as in
hepatocytes and astrocytes, but in cardiac myocytes, macrophages, and vascular smooth
muscle cells, NO production was enhanced by cAMP elevation [15,21]. The decrease of
NO production by cAMP in hepatocytes and astrocytes was explained by decreasing iNOS
mRNA expression, iNOS protein expression, and alteration of iNOS promoter activity.
Here, we show for the first time that stimulation of cAMP production by forskolin prevents
mitochondrial dysfunction induced by IL-1β, similar to iNOS inhibition, suggesting that
the increase of cAMP protects against the negative effect of IL-1β on mitochondrial function
by iNOS inhibition or reduced iNOS expression. Since cAMP elevation may also be caused
by inflammatory mediators such as PGE2, this mechanism may limit the mitochondrial
impairment of IL-1β in the inflammatory setting.

Activation of AMPK can also influence iNOS activity. AMPK is an important energy-
sensing molecule that can switch off ATP-consuming pathways and switch on pathways
for ATP production. AMPK is activated by a high AMP/ATP ratio. The effect of AMPK on
iNOS activation also depends on the cell type. In myocytes, adipocytes, and macrophages,
pharmacological activation of AMPK significantly inhibited iNOS under pro-inflammatory
conditions, primarily resulting from post-transcriptional regulation of the iNOS protein [22].
In hepatocytes, however, AMPK activation increased cytokine-induced iNOS expression
and NO production [19]. In human chondrocytes, we found a significant increase of IL-
1β-induced NO production and iNOS expression after AMPK activation by A769662, and
a marked reduction of IL-1β-induced NO production and iNOS expression after AMPK
inhibition by dorsomorphin dihydrochloride, thus resembling the effects in hepatocytes.
Additionally, our data show that A769662 aggravates IL-1β-induced mitochondrial im-
pairment, whereas dorsomorphin dihydrochloride prevents IL-1β-induced mitochondrial
effects. Since the effect of A769662 on NO production and mitochondrial function in
chondrocytes was only observed in combination with IL-1β, the mechanism by which
AMPK regulates iNOS should be related to the IL-1β pathways. In primary hepatocytes,
AMPK affected cytokine-induced NO production and iNOS expression through Akt, c-Jun
N-terminal kinase, and NF-kB signaling pathways [19]. Given that the effects of AMPK
in hepatocytes and chondrocytes seem to be similar, we assumed analogous regulatory
pathways in chondrocytes. IL-1β reduces mitochondrial ATP production through NO
production, therefore, it should activate the cytosolic AMPK. As activation of AMPK in-
creased the IL-1β-mediated NO release in chondrocytes, a vicious circle may be produced if
AMPK is not inhibited by other mechanisms. Such a mechanism could be the inhibition of
phosphodiesterase (PDE), which hydrolyzes cAMP to AMP. Inhibition of AMP production
by PDE inhibitors leads to reduced AMPK activity. In human OA chondrocytes, Tenor et al.
found that inhibition of PDE4 decreased IL-1β-induced NO production by reducing iNOS
protein expression [23], thus resembling the effect of AMPK inhibition observed in the
present study. Importantly, our data show that the modulation of NO synthesis by AMPK
signaling also affects IL-1β-induced mitochondrial impairment.

In addition to mitochondrial respiration, AMPK regulates glucose uptake and ROS
production, protein synthesis, promotor activity, or receptor activity. Thus the AMPK
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mechanisms in chondrocytes should be further investigated to evaluate the impact on
OA mechanisms.

Since chondrocytes mainly utilize glycolysis for ATP production, which does not
involve mitochondrial activity, the relative importance of oxidative phosphorylation for
ATP supply in chondrocytes has been discussed. However, several studies reported that
mitochondrial dysfunction is involved in pathophysiological processes, which include
oxidative stress, apoptosis, production of inflammatory mediators, matrix catabolism, and
calcification of cartilage matrix [24]. Inhibition of mitochondrial respiratory complexes
increased the expression of cyclooxygenase 2 and the level of PGE2 in normal human chon-
drocytes [25] as well as the inflammatory responsiveness to cytokines [14]. Furthermore,
mitochondrial dysfunction induced apoptosis by inducing ROS and mtDNA damage [24].
Thus, intact mitochondrial respiration is thought to be crucial for the homeostasis and
survival of chondrocytes. Since NO induces mitochondrial dysfunction, the regulation of
NO production and iNOS expression is of particular interest in this context.

While we identified significant negative NO effects on mitochondrial function, our
data did not provide evidence that NO is critically involved in the IL-1β-induced produc-
tion and release of IL-6, PGE2, and MMP3. Besides the fact that PGE2, IL-6, and MMP3
are important molecules in OA processes, several studies found that mitochondrial dys-
function affects the production of these mediators [14,24–26]. In human chondrocytes,
mitochondrial dysfunction induced by inhibitors of mitochondrial complexes increased
the production of PGE2 and MMP3 [25,26] and the inflammatory response to IL-1β [14].
According to these studies, we expected a reduced release of IL-6, PGE2, and MMP3
after incubation with L-NIL and prevention of NO-induced mitochondrial impairment.
However, we found that the mediators PGE2, IL-6, and MMP3 were significantly more
released upon stimulation with IL-1β, but the IL-1β-induced release was not affected by
L-NIL at concentrations that inhibited the effects of IL-1β on NO production, mitochondrial
respiration, and ATP production. Thus, while IL-1β alone reduced mitochondrial function
in a NO-dependent manner, this effect was not crucial for the IL-1β-induced release of
IL-6, PGE2, and MMP3 in our experiments. In the study of Vaamonde-Garcia et al., mito-
chondrial impairment induced by oligomycin alone already enhanced the basal release
of pro-inflammatory mediators, oligomycin combined with IL-1β led to an additional
increase of these mediators [14]. Thus the mitochondrial dysfunction was directly initiated
by inhibitors additionally to the IL-1β-induced mitochondrial impairment. It seems that
mitochondrial dysfunction induced by inhibitors of mitochondrial respiration chain com-
plexes results in a slightly different reaction compared to the inhibitory effect of NO on
mitochondrial respiration. In addition, anti-inflammatory effects of NO in chondrocytes
were described in the literature. In one study, inhibition of NO synthesis enhanced the
IL-1β-induced IL-6 and PGE2 production [27]. Concerning the different mentioned effects
of NO and inhibitors, several pathways might converge on mitochondrial respiration and
result in different responsiveness to cytokines.

Some limitations of this study should be noted. We did not observe the negative
effects of IL-1β on the vitality of chondrocytes upon exposure to IL-1β for two days. Thus
mitochondrial dysfunction by IL-1β may not cause rapid cell death. Our study showed
putative mechanisms that may protect against IL-1β-induced mitochondrial malfunction.
Induction of apoptosis and cytotoxic effects may be observed after a longer stimulation
period or higher IL-1β concentrations. Concerning modulation of mitochondrial function
by cAMP and AMPK, most experiments were performed with a single concentration of the
used mediators according to preliminary experiments and literature. The described effects
of cAMP and AMPK could be stronger or weaker with other concentrations or incubation
times. In general, in-vitro models presumably do not reflect exactly the in-vivo situation
in OA cartilage, but chondrocytes cultured in the monolayer are the most widely used
in-vitro model to study the effect of cytokines on molecular pathways of chondrocytes [28].

In summary, our data demonstrate the importance of NO for the IL-1β-induced
negative effects on the mitochondrial function in chondrocytes. It supports the concept that
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inhibition of iNOS could be a beneficial treatment of OA. Treatment with iNOS inhibitors
showed chondroprotective effects in animal and human studies [10] and significantly
reduced OA progression in an experimental animal model [29]. The chondroprotective
effects of iNOS inhibition may result at least in part from the reduction of mitochondrial
dysfunction induced by IL-1β.

4. Materials and Methods
4.1. Reagents/Solutions

Human IL-1β was purchased from PeproTech (Rocky Hill, NJ, USA). N6-(1-iminoethyl)-
L-lysine hydrochloride (L-NIL), forskolin, 8-Bromoadenosine-3′,5′-cyclic monophosphate
sodium salt (8-Bromo-cAMP), dorsomorphin dihydrochloride, and A769662 were all pur-
chased from Tocris Bioscience (Bristol, UK). Forskolin and A769662 were dissolved in
DMSO/water (final DMSO dilution 1:200 and 1:5000, respectively), all other substances
were dissolved in water. PGE2 was from Cayman Chemical (Ann Arbor, MI, USA) and
was dissolved in DMSO/water (final DMSO dilution 1:5000). Pronase E was obtained from
Merck KGaA (Darmstadt, Germany), and collagenase P from Roche Diagnostics GmbH
(Mannheim, Germany). The chondrocytes culture medium contains Chondrocyte Basal
Medium + 10% Chondrocyte Growth Medium SupplementMix (both from PromoCell
GmbH, Heidelberg, Germany) + 1% Penicillin/Streptomycin Solution (Life Technologies
Europe BV, NN Bleiswijk, Netherlands).

4.2. Isolation of Human Chondrocytes

Human chondrocytes were obtained from 37 patients (16 female/21 male) with end-
stage knee OA who underwent knee replacement surgery. Patients were on average
63.6 years old (±10.1 years, standard deviation). Patients were informed about the purpose
of tissue sampling and gave written consent after the nature of all examinations was fully
explained. The study was approved by the Ethical Committee for Clinical Trials of the
Friedrich-Schiller-University of Jena (ethic approval code: 3966-12/13; date of approval:
23 January 2014) and performed in accordance with the Declaration of Helsinki.

Directly after surgical removal of the condyles, cartilage was removed from the
condyles and was cut into small pieces. Cartilage was treated with 0.01 mg/mL pronase E
in Dulbecco’s modified Eagles’s medium (DMEM) for 30 min at 37 ◦C following collagenase
P (1.3 mg/mL in chondrocyte culture medium) for 16 h at 37 ◦C. The cells were filtrated,
washed, and seeded in cell culture plates.

4.3. Experiments on Release of Mediators

For release experiments, the chondrocytes were plated on 24-well culture plates at
a density of 4 × 105 cells/cm2 and cultured in the chondrocyte culture medium. After
3 days of incubation, the medium was renewed. After an additional 2 days, the cells were
stimulated with IL-1β (10–0.01 ng/mL) and the iNOS inhibitor L-NIL (1, 10, and 20 µM)
at different concentrations for 48 h to determine the lowest efficient concentration. After
preliminary experiments with different concentrations of all mediators in combination
with IL-1β, we stimulated the chondrocytes in the final experiments with 50 µM forskolin,
10 µg/mL PGE2, 50 µM 8-Bromo-cAMP, 10 µM L-NIL, 10 µM A769662 (an activator of
AMPK), and 10 µM dorsomorphin dihydrochloride (an inhibitor of AMPK) alone or in com-
bination with IL-1β for 48 h. The supernatant of all experiments was collected and stored at
−80 ◦C until use. The cells were plated in duplicate for each condition. Experiments were
performed with a minimum of 5 biological replicates (donors) to ensure reproducibility.

Griess assay: Concentration of nitrite in the supernatant was measured using the
Griess Reagent Kit (#G7921, Invitrogen, Thermo Fisher Scientific Inc., Darmstadt, Germany,)
according to manufacturer’s instruction and used as an indicator for NO synthesis of the
cultured chondrocytes.

Measurements of IL-6, PGE2, and MMP-3: Concentrations of IL-6, PGE2, and MMP-3 in
the supernatant were measured by ELISA using IL-6 human uncoated ELISA Kit (#88-7066-22,
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Invitrogen), Prostaglandin E2 ELISA (DRG Instruments, Marburg, Germany, #EIA-5811), and
RayBio human MMP-3 ELISA Kit (RayBiotech Inc., Norcross, GA, USA, #ELH-MMP3-5).

Measurement of GAG: The amount of glycosaminoglycan (GAG) was measured spec-
trophotometrically using 1,9-dimethylmethylene blue (DMB, Sigma-Aldrich, Taufkirchen,
Germany). A standard curve of bovine chondroitin sulfate (Sigma-Aldrich) was generated
to calculate the GAG concentration.

4.4. Vitality of Chondrocytes

Chondrocytes were plated on 96-well culture plates at a density of 4 × 105 cells/cm2.
The cells were cultured and stimulated as described above. For testing the impact of
mediators used on the viability of chondrocytes, the LIVE/DEAD Viability/Cytotoxicity
Kit from Invitrogen (#L3224) was performed according to the manufacturer’s instruc-
tion. The assay determined the percentage of living and dead cells after stimulation with
different mediators.

4.5. Measurement of Mitochondrial Function

Functional parameters of mitochondrial respiration were measured with the Seahorse
XF Cell Mito Stress Test Kit using the Seahorse XF Analyzer (Agilent, Santa Clara, CA, USA).
The assay included modulators of mitochondrial respiration to measure basal respiration,
ATP-linked respiration, maximal respiration, and non-mitochondrial respiration. These
functional parameters were calculated by measuring the oxygen consumption rate (OCR) of
the cultured chondrocytes using the data analysis tool Seahorse XF Report Generator (Agi-
lent). Oligomycin, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), and
antimycin A/rotenone were sequentially injected to modulate the mitochondrial respiration.

For this purpose, chondrocytes were plated on Seahorse cell culture plates at a density
of 3 × 104 cells/well and cultured in chondrocytes culture medium for 6 days at 37 ◦C.
Thereafter, cells were stimulated with 0.1 ng/mL IL-1β, 50 µM forskolin, 10 µM L-NIL,
10 µM A769662, and 10 µM dorsomorphin dihydrochloride for 24 h. The cells were plated
with 8 repetitions for each combination of stimulation. Experiments were performed with
a minimum of 5 biological replicates (donors) to ensure reproducibility.

4.6. Western Blot

Isolated chondrocytes were plated on 12-well culture plates at a density of 4× 105 cells/cm2.
The cells were cultured and stimulated as described above. Chondrocytes were lysed on ice
using RIPA lysis buffer (catalog #9806, Cell Signaling, Danvers; MA, USA) freshly supple-
mented with protease inhibitor cocktail tables (Roche, Mannheim, Germany), transferred
in Eppendorf tubes, and frozen at −80 ◦C. After a freeze-thaw cycle, cell lysates were
centrifuged at 15,000× g for 10 min to remove cellular debris. Protein extracts were mixed
with Laemmli-buffer and separated on 10% polyacrylamide gels at 125 V and transferred
to a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA).

Immunoblotting was performed with antibodies against iNOS (Invitrogen, catalog
#PA1-036) and Gapdh (Sigma Aldrich, catalog #G8795) at 4 ◦C overnight following incuba-
tion with HRP-linked secondary antibodies (KPL, Gaithersburg, MD, USA). Protein signals
were visualized with a chemiluminescence reaction reagent (catalog #34075, Thermo Scien-
tific, Waltham, MA, USA) according to the manufacturer’s instruction using a CCD camera
system (Synoptics, Cambridge, UK). Densitometry of Western blot images was performed
using NIH Image J software (available under: https://imagej.nih.gov/ij/, accessed on
1 January 2021).

4.7. Statistical Analysis

For statistical analyses, the software SPSS statistics 21 (SPSS, Inc, Chicago, IL, USA)
was used. Results were expressed as means ± SEM or percent of control. For multiple
sample comparison repeated-measures one-way analysis of variance or Friedman test were
performed followed by a paired Student’s test or Wilcoxon signed-rank test, when appro-
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priate. When required, Bonferroni adjustment was performed for multiple comparisons.
Significance was accepted at p < 0.05.

5. Conclusions

The results of the current study show that NO is critically involved in the IL-1β-
induced mitochondrial dysfunction in human OA chondrocytes. Inhibition of NO produc-
tion by iNOS inhibitor, cAMP elevation, or AMPK inhibition prevented the IL-1β-induced
negative effects on the mitochondrial function. Thus our study supports the idea that
treatment with iNOS inhibitors may be chondroprotective by acting against pathogenic
IL-1β-effects on mitochondrial function.
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Abstract: Osteoarthritis (OA) is a common degenerative disease characterized by the destruction of
articular cartilage and chronic inflammation of surrounding tissues. Matrix metalloproteinase-13
(MMP-13) is the primary MMP involved in cartilage degradation through its particular ability to
cleave type II collagen. Hence, it is an attractive target for the treatment of OA. However, the detailed
molecular mechanisms of OA initiation and progression remain elusive, and, currently, there are no
interventions available to restore degraded cartilage. This review fully illustrates the involvement of
MMP-13 in the initiation and progression of OA through the regulation of MMP-13 activity at the
molecular and epigenetic levels, as well as the strategies that have been employed against MMP-13.
The aim of this review is to identify MMP-13 as an attractive target for inhibitor development in the
treatment of OA.

Keywords: osteoarthritis; cartilage; type II collagen; matrix metalloproteinases; MMP-13; regula-
tion; inhibitor

1. Introduction

Osteoarthritis (OA) is one of the most common degenerative joint diseases primarily
among the elderly who exhibit typical clinical symptoms such as joint pain, swelling,
stiffness, and restricted movement. This may lead to decreased productivity and quality of
life among the patients, in addition to an increased socioeconomic burden to the patients
and the society as a whole [1,2]. According to the statistics from 2017, over 303 million
people worldwide suffer from OA, which makes this disease a non-negligible subject [3].

The specific cause of OA remains elusive. Still, multiple risk factors contribute to
the development of OA, including traumatic knee injury, obesity, genetic predisposition,
abnormal mechanical stress, and other inflammation caused by infection or surgery, in
addition to aging (Figure 1) [4–6]. Recent research has indicated that OA affects the joints’
entire structures, including articular cartilage, subchondral bone, synovial membrane,
intra-articular fat pads and intraarticular supporting fibrocartilaginous structures (e.g.,
menisci), particularly those in the knees, hands, and hips [7–10]. The common structural
characteristics of OA are chronic inflammation, progressive destruction of articular carti-
lage, and subchondral bone sclerosis, especially, the irreversible degradation of articular
cartilage is central in the pathological process of OA [11].
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Figure 1. Role of matrix metalloproteinase-13 (MMP-13) in osteoarthritis (OA) pathogenesis. When
some OA risk factors lead to increased expression of chondrocytes’ catabolic factors, like MMP-13,
the balance tips toward a net loss of cartilage. MMP-13 is the primary catabolic factor involved in
cartilage degradation through its particular ability to cleave type II collagen. The breakdown products
of cartilage stimulate the type A synoviocytes to release inflammatory cytokines and MMPs, like
tumor necrosis factor alpha (TNF-α), interleukin (IL)-1, IL-6, and MMP-13, which, in turn, enhance a
more comparable catabolic effect on chondrocyte metabolism, accelerating the progression of OA.
Created with BioRender.com.

Articular cartilage is a thin layer of connective tissue composed of chondrocytes and
extracellular matrix (ECM) without blood vessels. It has a four-layered structure, including
the superficial, middle, deep, and calcified cartilage zones, with a sparse distribution
of chondrocytes in the ECM of various zones [12]. The ECM is primarily composed of
proteoglycans and collagens, and other less-abundant components, such as elastin, gelatin,
and matrix glycoproteins [13]. Type II collagen is the major structural protein of cartilage,
forming a network structure of ECM with aggrecan and other proteoglycans tangled within
it [14]. The regular turnover of these matrix components is very slow and mediated by the
chondrocytes, which synthesize these components and the proteolytic enzymes responsible
for their breakdown [15]. The balance between anabolism and catabolism in articular
cartilage is regulated by a complex network of factors, but it is mainly maintained by
MMPs and its endogenous tissue inhibitors of metalloproteinases (TIMPs) [16]. MMP-13
(collagenase 3) is the key enzyme in the cleavage of type II collagen and plays a pivotal
role in the breakdown of cartilage in osteoarthritic joints [17].

As shown in Figure 1, risk factors may cause an increased expression of both, anabolic
and catabolic factors. However, the catabolic factors increase much more than anabolic
factors, causing a disbalance. For example, the chondrocytes secret more MMP-13, re-
sulting in enhanced degradation of ECM, leading to the balance tips toward a net loss of
cartilage [18]. The breakdown products of cartilage are released into the synovial fluid and
phagocytized by resident macrophages, such as type A synoviocytes containing vacuoles
related to phagocytic function [17,19,20]. When the production of these decomposing parti-
cles exceeds the system’s ability to eliminate them, they become mediators of inflammation.
The exposition of digested material through the major histocompatibility complex class I
and class II make the type A synoviocytes dialogue with the lymphocytes through their T
cell receptors. The invading T cells in the synovial cavity stimulate type A synoviocytes
into an inflammatory state, producing various inflammatory cytokines and MMPs, like
TNF-α, IL-1, IL-6, and MMP-13, which, in turn, enhance a more comparable catabolic effect
on chondrocyte metabolism, accelerating the progression of OA [20]. Several signaling
pathways are involved in regulating catabolic events in OA, including nuclear factor kappa-
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light-chain-enhancer of activated B cells (NF-κB), phosphoinositide 3-kinase/protein kinase
B (PI3K/AKT), mitogen-activated protein kinase (MAPK), and others, which modulate the
expression of cytokines, chemokines, and matrix-degrading enzymes [21].

Currently, there is no effective treatment to reverse the destructive process of articular
cartilage. Thus, the treatment is limited to symptom-relieving approaches involving
medications, physical and occupational therapy, and surgical procedures [22]. These
treatments aim to relieve pain, maintain joint flexibility, improve joint function and quality
of life, and to slow down the disease’s progression. However, there are many side effects
associated with these conventional approaches. For example, the damage to liver, kidney,
and cardiovascular system with long-term use of acetaminophen and non-steroidal anti-
inflammatory drugs (NSAIDs) [23], and the risk of reoperation for infectious complications
after arthroplasty [24]. Other novel treatments have also been extensively studied, like
low-dose radiation [25] and intra-articular injection, including agonist for the transient
receptor potential cation channel subfamily V member 1 (e.g., Capsaicin) [26], IL-1α/β
dual variable domain immunoglobulin (e.g., Lutikizumab) [27], a humanized monoclonal
antibody (e.g., Galcanezumab) [28], and regenerative medicine (e.g., platelet-rich plasma
or mesenchymal stem cell) [29,30]. However, these treatments are limited to clinical trials
with no or inadequate efficacy.

To overcome current limitations and improve patient outcome, there is an urgent
requirement to develop effective therapies that have fewer side effects for OA. A large
body of studies revolved around generating and evaluating chemical inhibitors of MMPs,
which have shown to inhibit the destruction of cartilage in some animal models of OA [31].
However, owing to the high degree of structural similarity across their active sites, many
MMP inhibitors have failed in clinical trials due to low selectivity and side effects [32].
Given this, pharmaceutical research has mainly focused on discovering potent inhibitors of
MMP-13 displaying a high degree of selectivity over other MMPs [33].

In this review, the databases used were PubMed and Google Scholar with appropriate
keywords (osteoarthritis, pathogenesis, cartilage degradation, MMP-13, epigenetic reg-
ulation, and synthetic inhibitor). Overall, approximately 2000 references were initially
identified from 2000 until 2020. After the initial screening of titles and abstracts, the arti-
cles without mentioning MMP-13 were excluded. We analyzed the included literature to
get a comprehensive overview of OA pathogenesis and possible biomarkers and target
molecules for OA treatment. Subsequently, determine the topic and component issues.
Additional information retrieval was also made when it comes to specific problems.

2. Basic Aspects of MMP-13
2.1. Structure

MMPs are a family of zinc-dependent proteolytic enzymes responsible for the cleavage
of a variety of ECM proteins [34]. They are mainly classified into collagenases (MMP-1, -8,
-13, and -18), gelatinases (MMP-2 and -9), membrane-type MMPs (MMP-14, -15, -16, -17, -24,
and -25) and others (MMP-7, -12, -19, -20, -23, -26, and -28) [35]. MMPs are multi-domain
proteins with a highly conserved signal peptide, a propeptide domain, and a catalytic
domain. Except for MMP-7, -23, and -26, all MMPs also contain a proline-rich hinge region
and a C-terminal hemopexin-like domain [36]. As shown in Figure 2, the spherical catalytic
domains share the same structural organization: three α-helixes, five β-sheets, connected
by eight loops. Additionally, they contain a catalytic zinc ion coordinated by three histidine
residues, a structural zinc ion, and three structural calcium ions required for enzyme
stability [37]. The specificity of the MMP-substrate interaction depends on specific subsites
or pockets (S) within the MMP molecule that interacts with corresponding substituents (P)
in the substrate. The pockets localized on both sides of the catalytic zinc ion (Left: S1, S2,
S3, ... Sn; Right: S1′, S2′, S3′, ... Sn’ ) confer binding specificity to the substrate P1, P2, P3,
. . . Pn and primed P1′, P2′, P3′, ... Pn’ substituents, respectively [38]. Of these pockets, the
S1′ is the most variable in both the amino acid makeup and depth of the pocket [39]. The
S1′ pocket may be shallow (e.g., MMP-1 and MMP-7), intermediate (e.g., MMP-2, MMP-8
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and MMP-9), or deep (e.g., MMP-3, MMP-11, MMP-12, MMP-13 and MMP-14) [40,41].
The large hydrophobic S1′ pocket of MMP-13 has a highly flexible “S1′ specificity loop
(Ω-loop)” consisting of residues 245–253, which has been suggested to be a determining
factor for the selective binding of inhibitors of MMP-13 [42].

Figure 2. Structure of MMP-13. MMP-13 typically consists of a highly conserved signal peptide, a
propeptide domain, a catalytic domain, a proline-rich hinge region, and a C-terminal hemopexin-like
domain. The catalytic domain of MMP-13 is represented by the crystal structure. The structural zinc
ion is in green, the catalytic zinc ion is in magenta, and three calcium ions are in dark grey. Three
histidine residues in black sticks coordinate the catalytic zinc ion. The highly flexible S1′ specificity
loop as part of hydrophobic S1′ pocket is a determining factor for the selective inhibitors of MMP-13.
Created with BioRender.com.

2.2. Zymogen Activation

MMPs are produced by various tissues and cells [43]. They are synthesized as inactive
zymogens (pro-MMPs), and this inactive form is maintained by a “cysteine switch” motif
PRCGXPD in which the cysteine residue coordinates with the Zn2+ in the catalytic do-
main [44]. Proteolytical activation of all pro-MMPs often takes place extracellularly through
cleavage of their pro-domains by other MMPs and protease [45]. MMP-13 is produced as
a 60 kDa precursor form (proMMP-13), which can be activated by MT1-MMP on the cell
surface, more efficient in the presence of active MMP-2 [46]. Additionally, plasmin has been
shown to activate proMMP-13 with the involvement of the urokinase-type plasminogen
activator-plasmin cascade [47].

2.3. Role in OA

Most MMPs, including MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-10, MMP-13,
and MMP-14, are involved in the turnover of ECM and the associated destruction of articu-
lar cartilage in OA [48]. Still, the soluble collagenases, MMP-1, MMP-8, and MMP-13, are
crucial for this destruction to occur, especially MMP-13 predominates [48]. The preferred
substrate for MMP-13 is type II collagen, which is cleaved five times faster than collagen I,
six times faster than collagen III, and more readily than by other collagenases [49]. Again,
the importance of MMP-13 in type II collagen cleavage is supported by the destabilization
of the medial meniscus (DMM) model of OA when performed in MMP-13−/− mice. In
this model, MMP-13−/− mice showed less tibial cartilage erosion than wild-type mice at
8 weeks post-surgery [50]. Conversely, cartilage-restricted expression of a constitutively
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active MMP-13 in mice resulted in joint pathology of the kind observed in OA [51]. Thus,
MMP-13 is particularly related to the degradation of articular cartilage in OA by aggres-
sively breakdown of type II collagen. Though, as is mentioned, it is involved principally in
the degradation of type II collagen, MMP-13 also targets other matrix molecules such as
type I, III, IV, IX, X collagen, perlecan, osteonectin, and proteoglycan [52], and it is likely
involved in matrix turnover in healthy cartilage.

3. Molecular Regulation of MMP-13

MMP-13 is a well-known key player in the pathology of early OA due to its capacity
to directly or indirectly initiate the degradation of a wide range of downstream matrix and
collagen components via its regulatory factors through specific signaling pathways [53].
These factors include endogenous inhibitors, transcriptional factors, promoters, growth
factors, receptors, proteases, hormones, and others (Figure 3). They work together in the
integrated network to regulate the activity of MMP-13 by triggering specific pathways.

Figure 3. Regulation of MMP-13 in OA with the molecular and epigenetic mechanism. Molecular
regulation involves endogenous inhibitors, transcription factors, growth factors, proteases, receptors,
and other mediators. Epigenetic regulation contains DNA methylation, histone modification, and
non-coding RNAs, which include microRNAs, small interfering RNAs, and long non-coding RNAs.
The arrows in the microRNAs frame mean the miRNAs have different types of regulation (solid
down-arrow: direct downregulation, dotted down-arrow: indirect downregulation, dotted up-arrow:
indirect upregulation). Created with BioRender.com.

3.1. Endogenous Inhibitors

In normal physiology, MMPs are required for various processes such as tissue remodel-
ing, embryonic development, angiogenesis, cell adhesion, and wound healing. Alterations
in specific MMPs could lead to various pathological disorders. Therefore, MMP activity is
constitutively regulated by endogenous inhibitors, such as tissue inhibitors of metallopro-
teinases (TIMPs) and α2-macroglobulin [54].

TIMPs (TIMP-1, TIMP-2, TIMP-3, and TIMP-4) are specific inhibitors that bind MMPs
in a 1:1 stoichiometry. The overall shape of TIMP molecule is like a wedge, which slots
into the active-site cleft of an MMP like that of the substrate. TIMPs inhibit all MMPs
tested so far, except that TIMP-1 fails to inhibit MT1-MMP, MT2-MMP, MT3-MMP, and
MT5-MMP [55]. They can hinder both activated MMPs and the conversion of pro-MMPs to
activated MMPs, as well as regulate a variety of other cellular functions which may or may
not directly involve MMPs [56]. TIMP-3, in particular, has been ascribed a chondroprotec-
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tive role in cartilage, which was demonstrated by TIMP-3−/− mice exhibiting increased
cartilage collagen destruction [57]. The addition of exogenous TIMP-3 by intraarticular
injection blocks cartilage breakdown in a rat meniscal tear model of OA mainly due to the
potency against MMP-13 [58]. Although TIMP-3 is elevated in the cartilage of OA patients
compared with normal cartilage, MMP-13 is increased more significantly than TIMP-3 [59].
Therefore, TIMP-3 is insufficient to regulate MMP-13 activity, resulting in the progression
of OA.

In addition to endogenous TIMPs, α2-macroglobulin is another endogenous MMP
inhibitor found in blood and tissue fluids. MMP activity is partly regulated by α2-
macroglobulin and related proteins. Human α2-macroglobulin is a glycoprotein consisting
of four identical subunits. α2-macroglobulin is a wide-spectrum proteinase inhibitor that
inhibits most endopeptidases, including MMPs, by entrapping them within the macroglob-
ulin. The complex is then rapidly internalized and cleared by endocytosis via low-density
lipoprotein receptor-related protein-1 [60].

3.2. Transcription Factors

Runt-related transcription factor 2 (Runx2) is a crucial transcription factor associated
with OA development [61]. Hirata et al. elucidated its molecular mechanism underlying
the endochondral ossification during OA development with the compound knockout
of C/EBPb (CCAAT/enhancer-binding protein-b) and Runx2 in mice, showing C/EBPb
and RUNX2, with MMP-13 as the target and HIF-2α as the inducer, control cartilage
degradation [62]. Lymphoid enhancer-binding factor 1 (LEF1) is a transcription factor
primarily involved in the canonical Wnt/β-catenin signaling pathway to regulate MMP-13
expression in chondrocytes induced by IL-1 β [63]. It is accomplished by transactivating
MMP-13 promoter activity through LEF1/β-catenin binding to the LEF1 binding site in
the 3′ region of the MMP-13 genomic locus. Moreover, the same group in another study
showed that IL-1β stimulation increases physical interactions between the 3′ region-bound
LEF1 and promoter-bound transcription factors AP-1 or NF-kB, leading to synergistic up-
regulation of MMP-13 gene expression [64]. The E-74 like factor 3 (ELF3) is a transcription
factor induced by proinflammatory factors in various cell types, including OA cartilage
and synovium [65]. ELF3 directly controls MMP-13 promoter activity by targeting an
E26 transformation-specific binding site enhanced by IL-1β stimulation in chondrocytes.
Consistently, the IL-1β-induced MMP-13 expression is inhibited in primary human chon-
drocytes by siRNA-ELF3 knockdown and in chondrocytes from ELF3−/− mice, indicating
that ELF3 as a procatabolic factor contributes to cartilage remodeling and degradation
by regulating MMP-13 gene transcription [66]. Hairy and enhancer of split-1 (Hes1) is a
transcription factor that is activated by Notch signaling. Sugita et al. reported that Hes1 is
involved in the upregulation of expression of MMP-13 [67]. Hes1-knockout mice exhibited
the suppression of cartilage destruction and decreased MMP-13 expression in a surgically
induced OA model, suggesting that Hes1 acts through Notch-Hes1 signaling [67].

3.3. Growth Factors

Transforming growth factor-β (TGF-β) plays a critical role in the development, home-
ostasis, and repair of the cartilage. TGF-β sub-pathway have a protective function in
articular cartilage, but the expected role is altered in human OA cartilage because the
expression levels of TGF-β isoforms are negatively correlated with the expressions of
main proteins in human cartilage, i.e., type II collagen and aggrecan [68]. The results are
consistent with a strong correlation between expressions of TGFβ1 and MMP-13 in OA-
affected cartilage that TGF-β can upregulate the levels of MMP13 primarily through the
SMAD independent pathway, suggesting TGF-β switches from a protective role observed
from in vitro studies to a negative factor in OA-affected cartilage [69]. Insulin-like growth
factor-1 (IGF-1) is another biomarker associated with the production of cartilage matrix
proteins and cell proliferation [70]. IGF-1 could induce enhancement of type II collagen
and reduction in MMP-13 in rat endplate chondrocytes, but this regulation is through
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different signaling pathways. The PI3K pathway mainly transduces the IGF-1 effect on
type II collagen expression, while the extracellular signal-regulated kinase (ERK) pathway
mediates the IGF-1 inhibitory effect on MMP-13 expression [71].

3.4. Proteases

SIRT1 (Sirtuin 1) is a nicotinamide adenosine dinucleotide (NAD)-dependent deacety-
lase that removes acetyl groups from various proteins. Its activity is negatively correlated
with increased expression of MMP-13 mediated by an intermediate factor LEF1 in human
primary chondrocytes [72]. This effect was confirmed in the SIRT1 knockout mouse models
of OA that SIRT1 repressed LEF1 protein expression, reducing LEF1 transcriptional activity,
sequentially lifting its inhibitory effects on downstream MMP-13 expression in the articular
cartilage [73]. Another study further exhibited that increased SIRT1 prevents apoptosis and
ECM degradation in resveratrol-treated OA chondrocytes via the Wnt/β-catenin signaling
pathways [74]. At the same time, LEF1 is a key mediator of the Wnt/β-catenin signaling
pathway, which interacts with β-catenin to regulate Wnt target gene expression. MMP-13
is a target protein downstream of the Wnt/β-catenin signaling pathway [73]. These results
suggest SIRT1 may downregulate MMP-13 in OA via Wnt/β-Catenin/LEF1 pathway.
High-temperature requirement A1 (HTRA1), a serine protease, is strongly expressed in
both human OA cartilage and the articular cartilage in mouse models of OA [75]. Once
HTRA1 degrades the pericellular matrix components, including fibronectin, matrilin3,
collagen oligomeric matrix protein, biglycan, fibromodulin, and type VI collagen, the mem-
brane of the chondrocyte is exposed to the type II collagen, activating the transmembrane
discoidin domain-containing receptor 2 (DDR2), a cell surface collagen receptor. DDR2
induces the upregulation of MMP-13 in response to its cartilage-specific ligand, type II
collagen, which results in further degradation of the interterritorial matrix [76].

3.5. Receptors

Low-density lipoprotein (LDL) receptor-related protein 1 (LRP1) is a type I trans-
membrane cell surface receptor that can internalize extracellular proteins. It has been
demonstrated that LRP1 is the major endocytic receptor of MMP-13 in human chondrocytes
through directly binding to MMP-13 via hemopexin domain, mediating its internalization
for subsequent lysosomal degradation [77]. This was supported by experiments in which
the addition of receptor-associated protein (a ligand-binding antagonist for the LDL recep-
tor family) or gene silencing of LRP1 markedly inhibited the cellular uptake of proMMP-13
from culture media. Osteoclast-associated receptor (OSCAR), an immunoglobulin-like
collagen-recognition receptor, was reported increased during OA pathogenesis in human
and mouse articular cartilages [78]. It was demonstrated that the inhibition of OSCAR
activity by OSCAR deletion or treatments with human OSCAR-Fc fusion protein attenu-
ates OA development. OSCAR deficiency resulted in downregulated expression of the
ECM-degrading enzymes, such as MMP-3, MMP-13, and ADAMTS5 (a disintegrin and
metalloproteinase with thrombospondin motifs 5), and upregulation of aggrecan and type
II collagen. These results collectively suggest that OSCAR is involved in OA pathogenesis
in mice and indirectly associated with the expression of MMP-13. Integrins are cell surface
receptors that can bind cartilage ECM proteins to regulate cell proliferation, differentiation,
and matrix remodeling [79]. For instance, the matrix protein fibronectin fragment (FN-f)
stimulates chondrocytes to produce MMP-13 through binding with α5β1 integrins [80]. An
increase in the specific MMP-cleavage of collagen type II is observed with age, accompanied
by a corresponding upregulation of MMP-13 due to the increased anaplastic lymphoma
kinase (ALK) ratio of ALK1/ALK5 with age [81]. In chondrocytes from aged and OA carti-
lage, the ratio of TGF-β receptor ALK1/ALK5 increases, leading to downregulation of the
TGF-β pathway and shift from matrix synthesis activity to catabolic MMP expression [82].
These results indicate that the partial reason for enhanced collagen type II degradation
by MMP-13 may be attributed to the increased ratio of ALK1/ALK5 with age. The sex
hormone estrogen plays a critical role in OA pathogenesis in women over 50 years old or

285



Int. J. Mol. Sci. 2021, 22, 1742

after menopause due to reduced estrogen levels. Estrogen receptor (ER) expressed in joint
tissue and chondrocytes directly regulates some target genes’ transcripts via DNA binding.
MMP-13 mRNA levels are significantly suppressed by 17-β-estradiol (E2) in the articular
chondrocytes of female patients, indicating that estrogen acts via ER to inhibit the catabolic
activity of MMP-13 [83].

3.6. Others

Leptin, a peptide hormone involved in maintaining insulin sensitivity and contribut-
ing to the sensation of satiety, is expressed at very high levels in obese individuals. It
appears to be correlated to with OA by intervening the level of MMP-13 expression.
Down-regulation of leptin mRNA translation via small interference RNA (siRNA) inhibits
MMP-13 expression in cultured osteoarthritic chondrocytes [84].

Many other proteins, like adiponectin [85], nuclear protein-1 [86], and estrogen [87],
have also been found to be amplified accompanied with increased expression of MMP-13
in OA chondrocytes. It should be noted that the mediators of MMP-13 are not limited to
those mentioned above.

4. Epigenetic Regulation of MMP-13

The “NIH Roadmap Epigenomics Project” defined epigenetics as both heritable
changes in gene activity and expression, and stable, long-term alterations in a cell’s tran-
scriptional potential that are not necessarily heritable [88]. The epigenetic regulation will
not change the underlying DNA sequence, which is contrary to gene regulation by changes
in the DNA sequence. Thus, epigenetic mechanisms regulate gene expression either by
affecting gene transcription or by acting post-transcriptionally [89]. Although OA’s spe-
cific mechanism is unclear, genetic changes are considered critical factors in its pathology.
There is increasing evidence that gene expression can be regulated by epigenetic processes,
including DNA methylation, histone modification, and non-coding RNAs (Figure 3), as
outlined in the following sub-chapters.

4.1. DNA Methylation

DNA methylation involves adding a methyl group to the 5′ position of cytosine within
a CpG dinucleotide to form 5-methylcytosine in the presence of DNA methyltransferase
(DNMT) without changing the DNA sequence [90]. DNA methylation is associated with
transcriptional repression and is accomplished by blocking the binding of transcription
factors to gene promoters and by altering the chromatin structure through the recruitment
of repressive chromatin remodeling complexes [91]. The demethylation of specific CpG
dinucleotides within MMP-13 promoters has been shown to alter transcription factor
binding and thereby increase MMP-13 transcription in OA cartilage [92].

DNA methylation involved in the MMP-13-driven OA process can directly target the
MMP-13 promoter. For example, Roach et al. [93] first investigated the abnormal gene
expression of clonal OA chondrocytes is associated with heritable epigenetic alterations in
the DNA methylation pattern. They found the overall percentage of nonmethylated sites
for MMP-13 were significantly increased in OA patients (20%) compared with controls (4%),
but not all CpG sites were equally susceptible to demethylation. The authors identified that
both the −134 and −110 sites in the MMP-13 promoter became demethylated during the
OA process, even at the early stage. Another study further showed that methylation of the
−110 bp CpG site, which resides within a hypoxia-inducible factor (HIF) consensus motif
in the MMP-13 promoter, produced the most significant suppression of its transcriptional
activities. Methylation of the −110 bp CpG site in the MMP-13 promoter inhibited its
HIF-2α-driven transactivation and decreased HIF-2α binding to the MMP-13 proximal pro-
moter by chromatin immunoprecipitation assays [92]. DNA methylation can also target the
promoters of genes encoding MMP-13-mediated proteins, further activate the downstream
signaling pathway, and eventually lead to chondrocyte hypertrophy and cartilage destruc-
tion [94]. RUNX2 promoter activity is increased by demethylation of specific CpG sites
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in the P1 promoter. Overexpression of RUNX2 significantly enhances MMP-13 promoter
activity, independent of the MMP-13 promoter methylation status, which may result in
high expression of its protein product and further promote the transcriptional activity of
MMP-13 in OA [95].

4.2. Histone Modification

Histones are basic proteins that associate with DNA in the nucleus and help condense
it into chromatin, which is composed of DNA-wrapped protein octamers. Histone modifica-
tion can alter the chromatin conformation and influence the binding of transcription factors
with the promoter region [96]. Acetylation/deacetylation and methylation/demethylation
of histones are the primary modifications studied in OA [97]. Acetylation decreases the
binding ability of histones with DNA, allowing the transcription factor’s binding leading
to the initiation of gene expression. On the contrary, deacetylation carried out by histone
deacetylases (HDAC) encourages high-affinity binding between the DNA backbone and
histones, resulting in preventing the binding of transcription factors [98].

HDAC expression promotes chondrocytes’ catabolic activity, and several HDACs are
upregulated in OA chondrocytes, including HDAC1, HDAC2, and HDAC7 [99]. Overex-
pression of HDAC1 and HDAC2 represses transcription of ECM genes, including ACAN
and COL2A1, whereas HDAC7 induces transcription of the matrix-degrading enzyme
MMP-13. Higashiyama et al. found that the enhanced HDAC7 promotes cartilage destruc-
tion in OA patients by inducing the expression of MMP-13. The knockdown of HDAC7
by siRNA in SW 1353 human chondrosarcoma cells induced by IL-1β leads to a decrease
in the expression of MMP-13 [100]. In addition, HDAC3 has also been shown to inhibit
the phosphorylation of extracellular ERK and the downstream target gene activity in chon-
drocytes [101]. Ablation of HDAC3 in chondrocytes increased the temporal and spatial
activation of Erk1/2 by decreasing the dual-specific phosphatase 6 (Dusp6), resulting
in increased Runx2 phosphorylation and MMP-13 activation as downstream effects of
activated Erk pathway. It is likely that HDAC3 deletion is directly affecting Runx2 activity
and histone acetylation of the MMP-13 gene, in addition to controlling Erk1/2 activity
through Dusp6.

4.3. Non-Coding RNAs

Non-coding RNAs (ncRNA) are functional RNA molecules that produce transcripts
functioning as structural, catalytic, or regulatory RNAs rather than being translated into
proteins. Based on the length, ncRNAs are classified as short ncRNAs (<30 nucleotides)
and long ncRNAs (lncRNAs, >200 nucleotides) [102]. Further, short ncRNAs mainly in-
clude three types-microRNAs (miRNAs), short interfering RNAs (siRNAs), and P-Element
induced wimpy testis (PIWI)-interacting RNAs (piRNAs) [103]. These ncRNAs regulate
gene expression at transcription, splicing, or translation levels. Recent advances in ncRNAs
have revealed their importance in the pathogenesis of OA [104].

4.3.1. Micro RNA

miRNAs are endogenous, single-stranded non-coding RNA in cytoplasm, usually
20–23 base pairs in length. They are involved in the posttranscriptional regulation of
gene expression through binding to target mRNAs via complementary base pairing be-
tween the miRNA and the “seed sequence” present in the 3′-untranslated region (3′-
UTR) or the open reading frame (ORF) of the target mRNA [105]. The incomplete base
pairing can regulate gene expression by translational suppression, mRNA cleavage, and
deadenylation [106,107].

Previous studies have shown that more than 30 miRNAs expressed in human joint
tissue are related to cartilage homeostasis and OA development [108]. Among the miRNAs,
some direct negative regulators for the expression of MMP-13 have been investigated,
including miR-9, miR-146a, miR-127-5p, miR-27b, miR-320, miR-411, and miR-148, which
have a direct binding site in the 3′-untranslated region (3′-UTR) of MMP-13 mRNA. The
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miR-9 expression is repressed while the MMP-13 expression level is elevated in OA carti-
lage tissues compared with normal specimens, in which miR-9 inhibits the expression level
of MMP-13, thus suppressing its inhibitory effects on COL2A1 and enhancing COL2A1
expression levels, which consequently antagonizes the pathogenesis of OA. [109]. The re-
sults are consistent with previous studies conducted by Gu et al. [110] and Song et al. [111].
The miR-146 expression is correlated to cartilage degradation measured by Mankin scale
in OA patients. miR-146a is significantly higher at grade I OA and lower at grade II and
III OA. Furthermore, the variation in the expression of miR-146a is inversely related to
the expression level of MMP-13 at a similar cartilage grade, but the increasing cartilage
degradation is in parallel with increased MMP13 mRNA. Therefore, the expression of miR-
146a is significantly higher during the early stages of OA than during the later stages [112].
The miR-320, which is expressed during the late stages of chondrogenic differentiation,
was also significantly downregulated in OA cartilage. miR-320 targets MMP-13 during
chondrogenesis and in IL-1β-activated chondrocytes [113]. miR-127-5p is an important
regulator of MMP-13 in human chondrocytes and may contribute to the development
of OA [114]. Upregulation of MMP-13 expression by IL-1β was correlated with down-
regulation of miR-127-5p expression in human chondrocytes. miR-127-5p suppressed
IL-1β-induced MMP-13 production and the activity of a reporter construct containing the
3′-UTR of human MMP-13 mRNA. In contrast, treatment with anti-miR-127-5p remarkably
increased reporter activity and MMP-13 production. Therefore, miR-127-5p could function
as a direct negative regulator of MMP-13 in the development of OA. Overexpression of
miR-27b also suppressed the activity of a reporter construct containing the 3′-UTR of
human MMP-13 mRNA and inhibited the IL-1β–induced expression of MMP-13 protein in
chondrocytes [115]. MMP-13 has also been identified as a direct target gene of miR-411 in
chondrocytes. Overexpression of miR-411 inhibited the MMP-13 expression and increased
the expression of type II collagen and type IV collagen expression in chondrocytes, sug-
gesting that miR-411 is a crucial regulator of MMP-13 in chondrocytes and may respond to
the development of OA [116]. Similarly, miR-148a is downregulated in OA cartilage, while
the overexpression of miR-148a increases ECM ingredients accompanied by decreased
production of degrading enzymes, including MMP-13 in chondrocytes [117].

Moreover, several miRNAs that are downregulated in OA indirectly enhance the
MMP-13 expression, including miR-27a, miR-29a, miR-140, miR-222, miR-488, miR-602,
miR-608, miR-24, miR-148a, miR-222, and miR-125b-5p. It was first reported that both
miR-27a and miR-140, as possible regulators of MMP-13 and IGFBP-5, are reduced in OA
chondrocytes. miR-140 could act directly on decreasing IGFBP-5 expression, but miR-27a
indirectly decreases both MMP-13 and IGFBP-5 [118]. Co-transfection of miR-29a and
miR-140, which are significantly downregulated in OA, notably affected the MMP-13
and TIMP1 gene expression that regulates ECM. Although co-transfection of miR-29a
and miR-140 did not show a synergistic effect on MMP-13 protein expression and type II
collagen release, both of them can significantly suppress the protein abundance of MMP-13
and restore the type II collagen release in IL-1β treated chondrocytes. The mediating
effect on ECM caused by miR-29a and miR-140 may be explained by the restoration of
TIMP1 that is able to promote cell proliferation and has an anti-apoptotic function [119].
miR-222 was significantly downregulated in OA chondrocytes, and its overexpression
suppressed apoptotic death by downregulating HDAC-4 and MMP-13 levels; the treatment
of chondrocytes with the HDAC inhibitor suppressed MMP-13 protein level and apoptosis.
Altogether, miR-222 regulates MMP-13 via targeting HDAC-4 in the pathogenesis OA [120].
miR-488, which is also downregulated in OA chondrocytes, plays a protective role in
OA pathogenesis by decreasing cartilage degradation by targeting the zinc transporter
SLC39A8/ZIP8) since Zn2+ is required for the catalytic activity of MMP-13 [121]. Expression
of sonic hedgehog (SHH) was inversely correlated with the expression of miR-608 in
damaged cartilage and IL-1β-stimulated chondrocytes. Overexpression of miR-602 or
miR-608 inhibited SHH mRNA expression, and stimulation with SHH-protein upregulated
the MMP-13 expression in OA chondrocytes. Hence, suppression of miR-602 and miR-608
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may contribute to the enhanced expression of MMP-13 in OA via SHH [122]. miR-24 is
identified as a negative regulator of p16INK4a, which is a consequence of inherent age-
associated disorders and sufficient to induce the production of MMP-13 expressed in OA
chondrocytes, suggesting the downregulation of miR-24 is consistent with the increased
production of MMP-13 [123]. Additionally, miR-125b-5p acts as a negative co-regulator of
inflammatory genes, including MMP-13, via targeting TRAF6/MAPKs/NF-κB pathway in
human OA chondrocytes [124].

However, some other miRNAs, like miR-33a, miR-181b, miR-145, miR-16-5p, and
miR-483, are positively correlated with the expression of MMP-13 in OA chondrocytes.
The upregulation of these miRNAs indirectly leads to an increased level of MMP-13.
For example, treatment of normal chondrocytes with miR-33a resulted in significantly
reduced ABCA1 (ATP-binding cassette transporter A1) and ApoA1 (apolipoprotein A1)
expression levels, which were accompanied by elevated levels of MMP-13, promoting the
OA phenotype, but the effects were reversed by miR-33a inhibitor [125]. Similarly, the use
of an inhibitor to alter miR-181b levels can reduce MMP-13 expression, while inducing
type II collagen expression [126]. Overexpression of miR-145 in OA chondrocytes induced
by IL-1β resulted in a significant downregulation of ACAN and COl2A1, and increased
expression of MMP-13. This effect of miR-145 on impaired ECM in OA cartilage is through
direct targeting of Smad3 protein, which is essential for chondrocyte homeostasis [127].
It is reported miR-16-5p may also facilitate catabolism in cartilaginous tissues under the
influence of SMAD3 [128]. The expression of miR-483 was significantly upregulated in
murine OA, which was negatively correlated with the expression of BMP-7 and TGF-β,
but positively correlated with MMP-13 [129].

4.3.2. Small Interfering RNAs (siRNAs)

siRNAs are artificially synthesized 19–23 nucleotide long double-stranded RNA
molecules that can be used to “interfere” with the translation of target protein by binding
to and promoting the degradation of messenger RNA (mRNA) at specific sequences to
block its expression [130].

siRNA of MMP-13 or ADAMTS5 has been tested in surgically induced mice OA model
to evaluate their effects by the individual or combined intra-cellular injection compared
with a control group (non-targeting siRNA). Significant improvement was observed in all
three siRNA-treated groups compared to the control siRNA-injected group. The degree of
OA progression of the combined group was less than that of the ADAMTS5 siRNA-only
group, whereas the combined injection of MMP-13 and ADAMTS5 siRNA resulted in
almost the same inhibitory effects as MMP-13 siRNA alone on cartilage degradation at the
early phase of OA [131]. The inhibitory effect of the MMP-13 siRNA on OA is consistent
with the results previously studied [132,133].

4.3.3. Long Non-Coding RNAs (lncRNAs)

lncRNAs are fundamental regulators of transcription, and function as a signal, decoy,
scaffold, guide, enhancer RNAs, and short peptides to regulate transcription in response to
various stimuli [134]. Many lncRNAs have been identified differentially expressed in OA
patients vs. Normal [135]. Recent literature showed that several lncRNAs potentially play
a role in OA associated with MMP-13.

A lncRNA, termed as cartilage injury-related lncRNA (lncRNA-CIR), was highly
expressed in OA cartilage. In contrast, silencing of lncRNA-CIR was confirmed to promote
the formation of collagen and aggrecan and reduce the expression of matrix-degrading
enzymes, such as MMP-13 and ADAMTS5 [136]. Another long non-coding RNA, GAS5,
plays a critical role in the regulation of miR-21 in OA [137]. GAS5 was identified as
a direct target of miR-21, and the overexpression of GAS5 was subsequently found to
promote OA pathogenesis by increasing MMP-13 expression levels [137]. The expression
of lncRNA-UCA1 (urothelial cancer associated 1) was also found upregulated in the OA
cartilage, and it is negatively correlated with the expression of miR-204-5p. Moreover,
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MMP-13 was a direct target gene of miR-204-5p in the chondrocytes. The results indicated
that LncRNA-UCA1 enhances MMP-13 expression by inhibiting miR-204-5p in human
chondrocytes [138].

In addition, circular RNAs (circRNAs) belong to the family lncRNA that, unlike linear
RNAs, are characterized by a covalently closed circular RNA structure lacking 5′ cap and
3′ poly-adenylated tails [139]. It has been reported that circRNAs function as miRNA
‘sponges’ that naturally sequester and competitively suppress miRNA activity to affect
cell behavior [140]. In a study to identify circRNA expression and explore the function of
chondrocyte extracellular matrix related circRNAs (circRNA-CER) in cartilage, five miRNA
binding sites for circRNA-CER are identified, including miR-636, miR-665, miR-217, miR-
646, and miR-136, which can match the sequence of the circRNA-CER 3′UTR. miR-136
fits the 3′UTR of MMP-13 to suppress its expression, and knockdown of circRNA-CER by
siRNA (si-CRE) in OA chondrocytes induced decreased MMP-13 and increased COLOA1
and AGGRN. However, as a consequence of co-transfection of the miR-136 inhibitor and
si-CER into chondrocytes, the repression of MMP-13 via circRNA-CER knockdown was
reversed by the miR-136 inhibitor, and the effect regarding the high expression of COL2
and ACAN was also eliminated. The results demonstrated that circRNA-CER regulated
MMP-13 expression by functioning as a competing endogenous RNA and participated in
the process of chondrocyte ECM degradation [141].

5. Selective Inhibitors of MMP-13

Since MMP-13 plays a crucial role in OA, it has become a hot spot that researchers are
paying attention to. We might be able to treat OA if we are able to detect or to synthesize
a species that is able to block a specific step in the transcriptional regulation pathway
of MMP-13, to inhibit its synthesis, or to combine with MMP-13 to inhibit its activity.
Such substances are called MMP-13 inhibitors. For example, there are some natural
compounds such as resveratrol [142], curcumin [143], epigallocatechin-3-gallate [144],
showing protective effects against matrix degradation and inflammation in OA-affected
chondrocytes by indirectly inhibiting the expression of MMP-13. However, these natural
compounds still have potentially toxic effects on other human tissues because they do not
work only to MMP-13. Here we introduce some selective MMP-13 inhibitors, which means
the compounds bind exclusively to MMP-13 without acting on other substrates. They can
be divided into two types: biologically synthesized inhibitors and chemically synthesized
inhibitors.

5.1. Chemically Synthetic Inhibitors

MMPs have a conserved active site motif, where a tris(histidine)-bound zinc ion acts
as the catalytic site for substrate hydrolysis. MMP inhibition can be achieved by chelating
the active site zinc ion via Zn2+ binding groups (ZBGs), including hydroxamic acid, car-
boxylates, thiols, and phosphorous acid-based ligand. The hydroxamic acid functionality
has traditionally been the ligand of choice for the most potent MMP inhibitors. A number
of different hydroxamic acid-based MMP inhibitors have been reported showing efficacy
in the mono-iodoacetate-induced model of joint degeneration in rats [145]. However,
the clinical utility of broad-spectrum MMP inhibitors has been restricted by developing
musculoskeletal syndrome (MSS) due to high structural similarity among the various
MMPs [146].

5.1.1. Zinc-Binding Inhibitors

To avoid broad MMP inhibition owing to the high structural homology of the different
MMPs and to reduce the off-target effects observed in clinical trials, researchers have
developed MMP-13 inhibitors with superior selectivity profiles over traditional MMP
inhibitors through binding deeply in the S1′ region of MMP-13 [147]. This kind of zinc-
binding inhibitors generally contain not only a ZBG to chelate with catalytic Zn2+, but also
a P1′ fragment that can be accommodated in the S1′ subsite of the enzyme active site.
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A series N-O-Isopropyl sulfonamido-based hydroxamates, in which different aryl
substituents on the sulfonamidic portion are introduced, are synthesized and evaluated as
MMP-13 inhibitors for potential therapeutic agents of OA [148]. Among these inhibitors,
compound 5 exhibited a nanomolar inhibiting activity for MMP-13 (IC50 = 3.0 ± 0.2 nM)
and was highly selective for this enzyme compared to other MMPs. This compound acted
as a slow-binding inhibitor of MMP-13 and was demonstrated to be effective in an in vitro
collagen assay and a cartilage degradation model. A series of carboxylic acid inhibitors of
MMP-13 were also designed for the treatment of OA without significantly inhibiting the
related MMP-1 or TNF-α converting enzyme (TACE) [149]. A compound 24f, optimized
from carboxylic acid lead 9, was identified as a subnanomolar inhibitor of MMP-13 (IC50
value 0.5 nM and Ki of 0.19 nM) having no activity against MMP-1 or TACE (IC50 of
>10,000 nM), and significantly reduced proteoglycan release following oral dosing at 30
mg/kg (75% inhibition) and 10 mg/kg (40% inhibition) in a rat model of MMP-13-induced
cartilage degradation [149]. Recently, it has reported the discovery of series of pyrimidine-
2-carboxamide-4-one-based MMP-13 zinc-binding inhibitors as exemplified by compound
35, which is characterized by having a triazolone as the zinc-binding moiety connected
via a biphenyl spacer with a sulfonyl linkage to the P1′ group, quinazoline-2-carboxamide.
The triazolone inhibitor 35 exhibited excellent potency (IC50 = 0.071 nM) and selectivity
(greater than 170-fold) over other MMPs (MMP-1, 2, 3, 7, 8, 9, 10, 12, and 14), but slow
oral availability in rat pharmacokinetic studies [150]. A novel series of fused pyrimidine
compounds that possess a 1,2,4-triazol-3-yl group as a ZBG were developed. Among them,
31f exhibited excellent potency for MMP-13 (IC50 = 0.036 nM) and selectivities (greater
than 1500-fold) over other MMPs (MMP-1, -2, -3, -7, -8, -9, -10, and -14) and was shown to
protect bovine nasal cartilage explants against degradation induced by interleukin-1 and
oncostatin M [151].

5.1.2. Non-Zinc Binding Inhibitors

Another class of MMP-13 inhibitors were produced not to bind to the catalytic zinc ion,
but to burry themselves deeper in the S1′ pocket, occupying the specificity loop leading to
inhibitors that combine high potency with appealing selectivity profiles. An advantage
of non-zinc-binding MMP inhibitors is a potential reduction in non-specific, off-target
metalloenzyme inhibition. A number of highly selective and potent MMP-13 inhibitors
with a variety of structural scaffolds, including diphenyl ethers, biaryls (aryltetrazoliums,
arylfurans, pyrazole-indoles), pyrimidines, and aryl/cycloalkyl-fused pyrimidines, have
been explored [152].

Several groups with various structural classes have shown efficacious results and, at
the same time, can overcome safety problems associated with MMP inhibitors developed
so far for the potential treatment of OA. For example, some pyrido [3,4-d] pyrimidin-4-ones
were discovered as orally active and specific MMP-13 inhibitors for the treatment of OA.
Some derivatives, such as compound 10a, possessed favorable absorption, distribution,
metabolism, and elimination and safety profiles. More significantly, 10a effectively pre-
vented cartilage damage in rabbit animal models of OA without inducing musculoskeletal
side effects when given at extremely high doses to rats [153]. A group of highly selective
and orally bioavailable MMP-13 inhibitors has been identified based upon a (pyridin-4-
yl)-2H-tetrazole scaffold. The desired compound 29b demonstrated potent inhibition of
full length MMP-13 (Ki = 4.4 nM) and excellent oral bioavailability in the rat (F = 100%, 1
mg/kg dose) with low clearance (14 mL/min/kg, T1/2Eff = 2.8 h). It was also found to
inhibit production of type II collagen neoepitope, a biomarker of cartilage degradation,
and afforded cartilage protection in a preclinical rat OA model [154]. A non-zinc binding
MMP-13 selective inhibitor (4-methyl-1-(S)-({5-[(3-oxo-3,4-dihydro-2H-benzo[1,4]oxazin-6-
ylmethyl)carbamoyl]pyrazolo[1,5-a]pyrimidine-7-carbonyl}amino)indan-5-carboxylic acid)
is distinguished for its remarkable durability and minimized systemic exposure by IA
injection in knee joint of rats. It is able to attain high, sustained concentrations (≥2 µM for
8 weeks) and sustained efficacy (100% inhibition for 3 weeks) without gross changes in the
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joint or signs of MSS [155]. PF152 was shown to decrease human cartilage degradation ex
vivo and reduce cartilage lesions with decreased type II collagen and aggrecan degradation
in dogs with OA induced by partial medial meniscectomy [156]. However, additional
preclinical testing of PF152 indicated significant nephrotoxicity due to the compound’s accu-
mulation in the kidneys mediated by human organic anion transporter 3. Thus, a follow-up
analysis produced an optimized compound N-(4-Fluoro-3-methoxybenzyl)-6-(2-(((2S,5R)-
5-(hydroxymethyl)-1,4-dioxan-2-yl)methyl)-2H-tetrazol-5-yl)-2-methylpyrimidine-4- car-
boxamide lacking the previously observed preclinical toxicology at comparable expo-
sures [157].

Although all of these compounds showed very impressive selectivity profiles toward
MMP-13, no such molecules have yet been approved for use in the clinic, as some con-
cerns remain about poor solubility, permeability, biodistribution, metabolic stability, or
bioavailability, and thus the search for new MMP-13 inhibitors continues [150].

5.2. Biologically Synthetic Inhibitor

Monoclonal antibody (mAb) therapy is one of the biological treatments aiming to slow
structural progression, control inflammation, and relieve the pain of OA. Several kinds of
mAbs, including anti-ADAMTS mAbs, anti-IL-1 mAbs, anti-NGF mAbs, and anti-VEGF
mAbs, have been developed for the treatment of OA in experimental to clinical studies and
show the potential to be disease-modifying anti-OA drugs (DMOADs) [158]. Due to the
pivotal role of MMP-13 in the pathogenesis of OA, anti-MMP-13 mAbs is also a targeted
therapeutic approach. An interesting study by Naito et al. demonstrated the development
of a novel MMP-13 neutralizing antibody by immunization with a synthetic peptide, which
selectively binds the active MMP-13 and is highly selective over other MMPs [159]. Despite
the encouraging results using antibodies, the potency is also limited by the immunogenicity
of functional sites, rapid evolvement of genetic alteration occurring at protein surfaces
under pathological conditions, limited administration routes, difficulties of penetrating
cartilage, and expense [158,160]. Therefore, the therapeutic potential of antibodies against
MMM-13 for OA has yet to be realized.

So far, there are no clinical trials for both chemically and biologically synthetic in-
hibitors selective for MMP-13. These inhibitors are still under development to eliminate
side effects that cause great harm. Hence, more research is needed to evaluate their safety
and efficacy before administration to patients.

6. Conclusions

In this review, we discuss the recent advances made in understanding the role of
MMP-13 in OA development and the therapeutic potential of MMP-13 inhibition in that
condition. MMP-13 is regulated by multiple pathways, and some of the regulatory mecha-
nisms are mutually causal. Even so, MMP-13 plays a pivotal role in cartilage destruction
for. Therefore, elucidation of the biological processes provides a foundation with which
to understand mechanisms of MMP-13 regulation in OA and potentially to refine the
specificity of MMP-13 inhibition as a therapeutic strategy for OA. However, limited data
are available on the role of MMP-13 inhibitors in the treatment of OA, and further research
is needed to develop highly selective agents to avoid the side effects of non-selective MMP
inhibitors. In the future, MMP-13 inhibitors may bring a breakthrough in the treatment
of OA.
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ADAMTS5: a disintegrin and metalloproteinase with thrombospondin motifs 5; ALK: anaplastic lym-
phoma kinase; AP-1: activator protein 1. 3′-UTR: 3′-untranslated region; C/EBPb: CCAAT/enhancer-
binding protein-b; cirRNAs: circular RNAs; circRNA-CER: chondrocyte extracellular matrix related
circRNAs; COL2A1: Collagen Type II Alpha 1 Chain; DDR2: discoidin domain-containing receptor 2;
DNMT: DNA methyltransferase; DMM: destabilization of the medial meniscus; Dusp6: dual-specific
phosphatase 6, ECM: extracellular matrix; ELF3: E-74 like factor 3; ER: Estrogen receptor; FN-f:
fibronectin fragment; LEF1: lymphoid enhancer-binding factor 1; ERK: extracellular signal-regulated
kinase; HDAC: histone deacetylase; Hes1: hairy and enhancer of split-1; HIF-2α: hypoxia-inducible
factor-2 alpha; IL-1β: interleukin-1 beta; IGF-1: Insulin growth factor-1; LDL: Low-density lipopro-
tein; LRP1: Low-density lipoprotein receptor-related protein 1; lncRNA-CIR: cartilage injury-related
lncRNA; mAb: monoclonal antibody; MAPK: mitogen-activated protein kinase; miRNA: microRNA;
MMP: matrix metalloproteinase; ncRNA: non-coding RNA; NF-κB: Nuclear factor kappa-light-chain-
enhancer of activated B cells; NSAIDs: non-steroidal anti-inflammatory drugs; OA: osteoarthritis;
ORF: open reading frame; OSCAR: Osteoclast-associated receptor; PBX3: pre-B-cell leukemia tran-
scription factor; PI3K/AKT: phosphoinositide 3-kinase/protein kinase B; PTGS: post-transcriptional
gene silencing; RUNX2: runt-related transcription factor 2; SHH: sonic hedgehog siRNAs: short
interfering RNA; TACE: TNF-α converting enzyme; TIMP: tissue inhibitors of metalloproteinases;
TNF-α: tumor necrosis factor-α; UCA1: urothelial cancer associated 1; ZBG: Zn2+ binding group.
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