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A B S T R A C T

Extensive degeneration of articular cartilage (AC) is a primary event in the pathogenesis of osteoarthritis (OA)
and other types of joint and bone inflammation. OA results in the loss of joint function, usually accompanied by
severe pain, and are the most common type of arthritis, affecting more than 10% of adults. The characteristic
signs of OA are progressive cartilage destruction and, eventually, complete loss of chondrocytes. A key enzyme
responsible for these degenerative changes in cartilage is matrix metalloproteinase-13 (MMP-13), which is
thought to be a major contributor to the degenerative process occurring during OA pathogenesis. The aim of the
present review is to shed light on the general role of MMPs, with special emphasis on MMP-13, in the induction
of OA and the general basis of OA treatment. The pathogenic mechanism of this highly prevalent disease is not
clear, and no effective disease-modifying treatment is currently available. Any updated information about OA
treatment in human patients will also benefit companion animals such as horses and dogs, which also suffer from
OA. Selective inhibition of MMP-13 seems to be an attractive therapeutic strategy.

1. Introduction

Osteoarthritis (OA) is one of the most common chronic diseases
affecting the elderly as well as middle-aged population; OA is rare in
people under 40 years of age but is common in people over 65 years of
age [1]. Projections indicate that by the year 2030, 20% of adults in
Western Europe and North America will have developed OA [2]. The
most prominent feature of OA is the destruction and fragmentation of
articular cartilage (AC), including the synovial membrane, AC compo-
nents (particularly type II collagen and aggrecan), subchondral bone,
and periarticular soft tissues, accompanied by joint dysfunction [3,4].
OA may occur due to traumatic injury of the joint, infectious agents that
induce joint destruction, and aging (wear and tear) and is associated
with the stress of daily life. The major clinical signs of OA are knee pain,
knee swelling and stiffness, gelling, tenderness, ankylosis, and bony
enlargement (Osteophytosis) due to periarticular new bone formation
or in some cases malignant tumors, resulting in limited activity or even
an inability to move in more severe cases [1,5–7]. These signs may be
largely related to the expression of microRNA (miR)-140-5. miR-140-5p
is a novel non-coding miR expressed in OA (specifically IL-1 beta-in-
duced OA) that can lead to a complex series of changes, such as syno-
vitis, mesenchymal proliferation, and cartilage degradation [7]. The
first sign of degeneration characteristic to OA is the onset of fibrillation

(fibrillar protein deposition) at the surface of AC, which is ultimately
damaged [4]; this fibrillation is followed by the characteristic depletion
of chondrocytes and increased new bone formation under the peri-
chondrium within the affected synovial joints [8]. In addition, OA in-
duces degradation of the various components of the cartilage matrix,
particularly collagen II (CII) and aggrecan, which is reversible in the
early stage, but irreversible damage can subsequently occur [9]. In OA,
the extracellular matrix (ECM) is degraded within synovial joints par-
ticularly those in the knee, hands and hips and is manifested by severe
pain in patients with OA. Joint cells as well as immune cells produce
numerous inflammatory mediators, such as tumor necrosis factor alpha
(TNF-α) and interleukins (IL-1 and IL-7) [10]. These inflammatory
mediators stimulate the production of matrix metalloproteinases (or
matrix metalloproteases, MMPs), enzymes that can degrade all com-
ponents of the ECM. The collagenases MMP-1 and MMP-13 have pre-
dominant roles in OA because they are rate-limiting in the process of
collagen degradation. MMP-1 is produced primarily by synovial cells
that line joints, and MMP-13 is a product of chondrocytes that reside in
cartilage. In addition to degrading collagen, MMP-13 also degrades the
proteoglycan molecule aggrecan, thus playing a dual role in matrix
destruction. In addition, the expression of other MMPs, such as MMP-2,
MMP-3 and MMP-9, is elevated in arthritis, and these enzymes degrade
non-collagen matrix components of joints.
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This review aims to update the current knowledge about the role of
MMPs in OA by considering the mechanisms of matrix degradation in
OA, the role of MMP-13 in OA pathogenesis, and the strategies that
have been employed to prevent or reduce the severity of OA.

2. Matrix degradation during OA

MMPs are zinc-dependent endopeptidases and are also called ma-
trixins. MMPs are a major group of enzymes that regulate the cell–-
matrix composition and are considered the major proteases involved in
ECM degradation [11]. Cartilage ECM is composed mainly of pro-
teoglycans, including the major proteoglycan aggrecan and other minor
proteoglycans (decorin, fibronectin, lumican, biglycan, etc.), and col-
lagens, such as fibrillar type II collagen and other minor collagens (type
IX, XI and VI collagens) [12]. Other MMP family members are ada-
malysins, serralysins, and astacins. MMPs are capable of degrading all
kinds of ECM proteins, including fibrillar and non-fibrillar collagens,
fibronectin, laminin and basement membrane glycoproteins, and are
involved in the cleavage of cell surface receptors [13,14]. MMPs play a
major role in cell behaviours such as proliferation, migration (adhe-
sion/dispersion), differentiation, apoptosis and host defence [13].
MMPs participate in both physiological and pathological processes of
tissue reconstitution, including wound healing, inflammation and
cancer [15]. Moreover, individual MMPs regulate both normal and
pathological inflammatory processes (cytokine and chemokine activity)
[16]. Cellular sources of destructive metalloproteinases in articular
joints of osteoarthritis and rheumatoid arthritis were illustrated in
Fig. 1 and Table 1.

Metalloproteinases are a group of degradative enzymes closely re-
lated to tumor invasion of the cell membrane, stroma, and blood vessels
and, finally, malignant metastasis. Metalloproteinases also play a role in

tumor progression and specific steps in metastatic cascades [17]. Any
change in the size and/or composition of the blood vessels that helps in
adaption as well as repair mechanisms is called vascular remodelling.
The absence of vascular remodelling due to, for example, cardiac dis-
eases such as atherosclerosis and atheroma development could lead to
ECM degradation by MMPs. Recently, MMPs have become players of
interest in most physiological as well as pathological alterations in vivo
and in vitro. Additionally, major drivers such as vascular remodelling,
inflammation, injury and stressors involve MMP expression and activity

Fig. 1. Cellular sources of destructive metalloproteinases in articular joints of osteoarthritis and rheumatoid arthritis. In osteoarthritis (right side), chondrocytes are
the primary cellular source for destructive proteinases, where they produced in response to inductive stimuli including mechanical stimuli, injury, reactive oxygen
species, aging, and inflammatory cytokines. Bone erosion occurred due to migration of osteoclasts from blood vessels into the bony region. In rheumatoid arthritis
(left side), tissue inflammation recruits inflammatory cells including lymphocytes, mast cells, and macrophages to the synovium. These cells produce histamine and
inflammatory cytokines, which in turn induce production of MMPs and ADAMTSs from chondrocytes and synoviocytes.
ADAM: a disintegrin and metalloproteinase; PMN: polymorphonucleocyte; ADAMTS: a disintegrin and metalloproteinase with thrombospondin motifs; MMP: matrix
metalloproteinases; TGF: transforming growth factor; TNF: tumor necrosis factor; OSM: oncostatin M; IL: interleukin.

Table 1
Regulation of matrix Metalloproteinases production in joints.

MMP members Stimulatory factor Cellular sources

• MMP-1, MMP-3,MMP9-
MMP-13

• IL-1 α • Macrophage
• IL-1 β • Chondrocytes
• TNF • Synovial fibroblast

• MMP-1, MMP-3,MMP13- • IL-17 • Chondrocytes
• Synovial fibroblast

• MMP-1, MMP-3,MMP13- • IL-18 • Synovial fibroblast
• MMP-13 • TGF-β • Synovial fibroblast
• MMP-1, MMP-3, MMP-15 • VEGF • Endothelial cells

• Chondrocytes
• MMP-1, MMP-3,MMP8-

MMP-13
• Histamine • Chondrocytes

• Synovial fibroblast
• MMP-13 • Ligands for RAGE • Chondrocytes
• MMP-1, MMP-3 • EMMPRIN/CD147 • Fibroblast like

synoviocytes
• MMP-1, MMP-3 • Serum amyloid A • Synovial fibroblast

• β microglobin,

MMP: matrix metalloproteinases; IL: interleukin; TNF: tumor necrosis factor;
TGF: transforming growth factor; VEGF: vascular endothelial growth factor;
RAGE: receptor for advanced glycation; EMMPRIN extracellular metallopro-
teinases inducer.
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[18]. In addition, MMPs participate in angiogenesis and tumor metas-
tasis. MMPs are secreted by neoplastic tissues or the surrounding
stroma [11]. MMP-13 proteins are involved in the breakdown of the
ECM during normal physiological processes such as embryonic devel-
opment, reproduction, and tissue remodelling, as well as in disease
processes such as arthritis and metastasis [19]. AC has a simple vascular
structure with an abundance of ECM and a small number of chon-
drocytes and is the major tissue targeted for destruction in both rheu-
matoid arthritis (RA) and OA [12,20]. A series of MMPs, including
MMP-13, MMP-2/MT1-MMp and MMP-3, play key roles in cartilage
destruction in OA through the degradation of aggrecan and collagens
[21,22]. Among the most classic collagenases (MMP-1, MMP-8 and
MMP-13), MMP-13 is thought to be the most important for the de-
gradation of collagen within cartilage due to its preferential digestion of
type II collagen over type I and III collagens [23–25]. The functions and
descriptions of MMP family members are summarized in Table 2.

3. Role of MMP-13 in OA pathogenesis

MMP-13 is the enzyme responsible for the degeneration of the
cartilage ECM and the degenerative process of OA pathogenesis. The
major collagenase-producing cells are mesenchymal cells such as fi-
broblasts and chondrocytes, which synthesize and secrete these en-
zymes, a process that is affected by cytokines produced by mononuclear
cells. These cytokines act primarily through cell surface receptors, and
their signalling is mediated by complexes of nuclear oncoproteins,
leading to the activation of pro-collagenase gene transcription [18].
Increased collagenase-3 (MMP-13) activity plays an important role in
the induction and pathogenesis of OA; MMP-13 causes AC degradation
and pathological changes in joints, manifested as synovial hyperplasia
and synovitis with diffuse mononuclear cell infiltration in synovial
joints, in addition to cartilage erosion and ulceration [59].

In addition, MMP-13 plays a critical role in the induction of OA
[60]. In 2012, Wang and colleagues found that OA progression was
decelerated in Mmp13 cKO mice 8, 12 and 16weeks post-surgery, as
evidenced by histological grading. Mmp13 cKO mice exhibited in-
creased type II collagen and aggrecan expression following me-
niscal–ligamentous injury (MLI). Additionally, Neuhold et al. [61] re-
ported that increased MMP-13 plays an important role in the
pathogenesis of OA and that the pathological changes in the AC of mice
following MLI are similar to those observed in human OA. Excessive
MMP-13 activity can result in AC degradation and joint pathology si-
milar to that in OA, suggesting that excessive proteinase activity of
MMP-13 can lead to OA. Regarding the matrix expression of MMPs,
MMP-13 is particularly expressed in the cartilage of human OA patients
and is not expressed in normal adult cartilage. MMP-13 is the major
collagenase in OA and has the higher activity toward CII than toward
other collagens. Therefore, compared to saline treatment, in-
traperitoneal injection of CL82198 (an MMP-13 inhibitor) decelerated
MLI-induced OA progression, as it increased the levels of type II col-
lagen and proteoglycans and inhibited chondrocyte apoptosis, as de-
termined by OA grading, histology, histomorphometry, im-
munohistochemical staining, and TUNEL [9,60]. Additionally, MMP-13
irreversibly degrades the collagen matrix of cartilage ECM, playing an
important role in OA progression and the inflammatory process by
activating transcription factor 3 (TCF3), which indirectly affects
MMP13 expression [10]. MMP-13 has proteolytic capacity, suggesting
that it is a powerful, potentially destructive proteinase; thus, MMP-13
was long believed not to be produced in most adult human tissues in the
steady state. However, recent studies have revealed that although
human chondrocytes isolated from healthy adults constitutively express
and secrete MMP-13, MMP-13 is rapidly endocytosed and degraded by
chondrocytes, suggesting the key role of autophagy in the regulation of
the MMP-13 protein [42,43]. The pathological changes and cellular
responses in AC during OA progression are shown in Figs. 2 and 3.Ta
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4. MMP-13 inhibitors as a novel therapeutic strategy

MMP-13 is the major collagenase in OA cartilage, has the highest
activity against CII and is a central node in the cartilage degradation
network [1]. Baragi et al. [62], reported the design and synthesis of

several non-hydroxamic acid-containing compounds that showed a high
degree of potency for MMP-13 and selectivity against other MMPs.
Littel [63] stated that MMP-13 inhibitors might be useful in arresting
cartilage erosion in OA. Erosion results from the breakdown of cartilage
components, including aggrecan (caused by a disintegrin and

Fig. 2. Pathological changes in OA due to MMP-13.

Fig. 3. Pathological changes and cellular responses in AC during OA progression.
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metalloproteinase with thrombospondin motifs (ADAMTS) enzymes),
the collagen network (caused by MMPs) and ECM proteins. Severe in-
flammatory conditions are modulated by collagenase production
mediated by interactions with surrounding inflammatory cells; for ex-
ample, monocyte-macrophages produce a stimulatory factor with
homology to IL-1, which increases the synthesis of collagenase and
PGE2 [64]. In synovitis induced by OA, collagenase is probably

responsible for collagen degradation in the ECM and distortion of the
architecture and function of the joints [10]. The increased production
of MMP-13 is the result of a cascade of cellular effects involving both
complex interactions between different ligands and signal amplification
[65]. A noticeable increase in the level of denatured type II collagen is
seen in early OA, with loss of these molecules by collagenase de-
gradation, and is accompanied by an increase in the synthesis of matrix

Fig. 4. Gross pathological changes of rats limbs from CII (a, b), CII+ vitamin E (c), and CII+ vitamin C (d) -treated groups showed: (a, b) severe inflammatory
reaction, redness, edema, yellowish tubercle-like nodules in the joints of the lower limbs, swelling and transformation of the smooth contour of the joint surface. (c, d)
Less severe inflammatory reaction, indicating severe inflammatory reactions [67]. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Pathological alterations of rats limb from CII (a–d), CII+ vitamin E (e), and CII+ vitamin C (f) - injected groups showing: (a) synovial membrane with
edema, necrosis and inflammatory cells infiltration. (b) Sub synovial stroma showing macrophage, giant cells, and (c) extensive eosinophil infiltration. (d) Synovial
lining cells showing hyperplasia, hypertrophy, necrosis, and lymphocytic aggregates. (e) Mild to moderate leukocyte cells infiltrations in synovial stromal membrane.
(f) Subchondral bone showing nearly normal bone and normo-cellular bone marrow.

E.-S.E. Mehana, et al. Life Sciences 234 (2019) 116786

7



molecules such as type II collagen and aggrecan [1]. However, the
newly synthesized molecules are often damaged, compromising and
preventing any repair of the damaged cartilage ECM. Additionally, the
limited proliferation of chondrocytes due to the physical bulk of the
large damaged collagen fibrils that occupy much of the ECM is im-
portant [66]. Hesham et al. [67] performed a comparative pathological
study on the effect of different antioxidants on arthritis induced in rats.
Sixty male albino rats were divided into 6 groups: the control group,
CII-induced rheumatoid arthritis group (CII group), CII group treated
with allopurinol (CII+Allo), and CII group treated with green tea ex-
tract (GTE) (CII+GTE). After 6 weeks of antioxidant treatment, the
CII-treated group exhibited severe pathological changes, with marked
inflammatory and destructive processes in the joints (Figs. 4 and 5).
MMP inhibitors also have therapeutic effects in blocking the enzymes
that facilitate tumor metastasis [17]. Recent studies have used MMP-13
inhibitors to treat OA, with an emphasis on their enzyme inhibitory
properties [68]. Several trials were performed to protect cartilage from
exposure to the destructive effects of the protease (MMP-13) [8]. MMP-
13-mediated regulation may improve or inhibit the onset of OA through
the functions of interacting factors, the autophagy process, and epige-
netic modifications [1]. Paeoniflorin downregulates the expression of
MMPs and increases the expression of tissue inhibitor of metallopro-
teinases-1 (TIMP-1) and other proteins in IL-beta-induced rat chon-
drocytes. Treatment of chondrocytes with paeoniflorin blocked the
activation of the nuclear factor (NF)-κB pathway, suggesting that
paeoniflorin plays an anticatabolic role in the pathogenesis of OA and
may be an effective preventative treatment for OA [69].

5. Conclusion

MMPs are a group of enzymes that regulate the ECM composition
and are considered the major proteases involved in ECM degradation.
MMPs have an important role in cell behaviours, such as proliferation,
migration, differentiation, apoptosis and host defence. MMPs partici-
pate in both physiological and pathological processes of tissue recon-
stitution, including wound healing, inflammation and cancer. MMP-13
is the major collagenase in OA cartilage, has the highest activity against
CII and is a central node in the cartilage degradation network.
Therefore, selective inhibition of MMP-13 seems to be an attractive
therapeutic strategy. However, limited data are available on the role of
MMP-13 inhibitors in the treatment of OA, and scientists are en-
couraged to accelerate their research in this area.
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