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Abstract

Hyaline cartilages, fibrocartilages and elastic cartilages play multiple roles in the human body including
bearing loads in articular joints and intervertebral discs, providing joint lubrication, forming the external ears
and nose, supporting the trachea, and forming the long bones during development and growth. The structure
and organization of cartilage's extracellular matrix (ECM) are the primary determinants of normal function.
Most diseases involving cartilage lead to dramatic changes in the ECMwhich can govern disease progression
(e.g., in osteoarthritis), cause the main symptoms of the disease (e.g., dwarfism caused by genetically
inherited mutations) or occur as collateral damage in pathological processes occurring in other nearby tissues
(e.g., osteochondritis dissecans and inflammatory arthropathies). Challenges associated with cartilage
diseases include poor understanding of the etiology and pathogenesis, delayed diagnoses due to the aneural
nature of the tissue and drug delivery challenges due to the avascular nature of adult cartilages. This narrative
review provides an overview of the clinical and pathological features as well as current treatment options
available for various cartilage diseases. Late breaking advances are also described in the quest for
development and delivery of effective disease modifying drugs for cartilage diseases including osteoarthritis,
the most common form of arthritis that affects hundreds of millions of people worldwide.

© 2017 Published by Elsevier B.V.
Introduction: cartilage structure
and function

Cartilage is an avascular, aneural, alymphatic
connective tissue found in the synovial joints, spine,
ribs, external ears, nose, and airways, and in the
growth plates of children and adolescents. There are
three major types of cartilage found in humans:
hyaline, fibrous and elastic [1] (see Fig. 1). All three
types have a low density of cells (chondrocytes) [2]
that synthesize and secrete the major components of
the extracellular matrix (ECM) [3]. In order to perform
the biomechanical functions of providing structural
support and resistance to deformation, cartilage ECM
contains a unique family of proteoglycans enmeshed
ed by Elsevier B.V.
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within a highly hydrated collagen fibrillar network.
Chondrocyte-mediated synthesis andassembly of this
matrix is aided, in turn, by synthesis of dozens of
additional non-collagenous proteins, proteoglycans
and glycoproteins. The abundance, distribution and
types of collagens and proteoglycans are different in
each of the three types of cartilage, which gives rise
to differences in appearance and biomechanical
properties.
Hyaline cartilage has a glassy appearance and is

themost common formof cartilage in the human body.
It is found in the articulating surfaces of bones in
synovial joints, and in the ribs, nose, trachea, bronchi,
larynx, and growth plates. Articular hyaline cartilage
enables joint movements by providing a lubricating
surface with an extremely low coefficient of friction on
Matrix Biol. (2017) xx, xxxxxx
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Fig. 1. Anatomical locations and microscopic structure of cartilage (a) Locations of hyaline cartilage (blue),
fibrocartilage (yellow) and elastic cartilage (red) in the human body; (b) Immature bovine articular cartilage; (c) Human
adult articular cartilage (83 year old male donor distal femur) showing chondrocyte clustering near the tidemark, typical of
osteoarthritis; (d) Murine fibrous cartilage (FC) at the interface of the supraspinatus tendon (T) and the humeral head of the
humerus bone (B); (e) Elastic cartilage of neonatal bovine ear; elastin fibers appear as unstained lines between the
safranin-O staining for GAGs. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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the order of 0.001–0.01 [4–7]. Water accounts for 60
to 85% of the wet weight of the tissue [8,9]. Many
different types of collagenmolecules are expressed in
articular cartilage, but the backbone type II collagen
fibrillar network is described by Eyre et al. as a
heteropolymeric structure with collagen IX molecules
covalently linked to the surface of collagen II and
collagen XI forming the inner filamentous template of
the fibril as a whole [10]. This network accounts for 60
to 70%of the dry weight [9], with a hydrated spacing of
~100 nmbetween fibrils [11,12], thereby providing the
tissue with tensile and shear strength. The basic NC4
domain of collagen IX is thought to enable interactions
between other collagen fibrils as well as other matrix
macromolecules [13]. Type VI collagen is found in the
pericellularmatrix and enables chondrocytes to sense
changes in the surrounding matrix and respond to
them [14,15]. Other collagens found in articular
cartilage include type III, type X, type XI, type XII
and type XIV [10].
Please cite this article as: Y. Krishnan, A. J. Grodzinsky, Car
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The dominant proteoglycan in hyaline cartilage is
aggrecan, comprised of a core protein substituted with
over 100 chondroitin sulfate glycosaminoglycan
(GAG) chains and a lower number of keratan sulfate
chains, forming a bottle-brush structure [16–18]. The
G1 globular domain at the N-terminus of the core
protein binds non-covalently to hyaluronan (stabilized
by adjacent binding of link protein) to form large
aggrecan aggregates containing over 100 aggrecan
monomers [16,19]. These aggregates can achieve
molecular weights as high as 350 MDa. The GAG
chains of each aggrecan monomer are located
between the G2 and G3 globular domains [18], giving
eachaggrecan a net negative charge of approximately
−10,000 [20]. Visualized by atomic force microscopy,
the protein core of aggrecan in immature and adult
cartilage can range from 400 to 500 nm long, while the
GAG chains range from 30 to 50 nm in length [21–22].
Importantly, with respect to biomechanical and bio-
physical function of aggrecan, the spacing between
tilage diseases, Matrix Biol (2017), https://doi.org/10.1016/j.
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GAG chains on the same aggrecan core protein
molecule is ~3 nm [21], which is on the order of the
electrical Debye lengthunder physiological conditions.
This close spacing, leads to extremely high electro-
static repulsive interactions between adjacent GAG
chains along the same core protein and between
adjacent core proteins. Taken together, these repul-
sive interactions at the molecular level provide
compressive strength to cartilage at the tissue level,
enabling it to act as a load bearing tissue in the joints.
Other proteoglycans found in cartilage include

versican, perlecan [23] (which is found in the
hypertrophic chondrocyte regions in articular carti-
lage and growth plate cartilage), and small leucine-
rich proteoglycans (SLRPs [24]) such as decorin,
biglycan [25], epiphycan, lumican and fibromodulin
[26,15,27]. Decorin, biglycan and epiphycan are
dermatan-sulfate proteoglycans [26], while lumican
and fibromodulin are keratan-sulfate proteoglycans,
which are present in the glycoprotein form devoid of
keratan sulfate in adults [26]. SLRPs can interact
with collagen, regulating fibril assembly and interac-
tions with additional ECM molecules. SLRPs can
also regulate cell-signaling pathways by binding
growth factors, cytokines and other ECM components
[15]. Additional major non-collagenous proteins in
cartilage ECM include cartilage oligomeric matrix
protein (COMP), cartilage matrix protein (CMP) or
matrilin-1, cartilage intermediate-layer protein (CILP),
proline- and arginine-rich end leucine-rich repeat
protein (PRELP), fibronectin [28–31,26] and cell
surface heparan sulfate proteoglycans such as
syndecan-4 (SDC4) [32]. A most important glycopro-
tein in the superficial zone of articular cartilage is
lubricin (PRG4), which helps in reducing the friction
between articulating surfaces [33]. Finally, ECM
macromolecules are also extremely important medi-
ators of cartilage mechanobiology [34], i.e., the ability
of physiologic loading to induce cell-signaling re-
sponses that may be anabolic or catabolic.
Fibrous cartilage, found primarily in the interverte-

bral discs and in other locations such as the menisci,
bone-tendon interfaces and ligament-tendon inter-
faces [35,36], has a high density of type I collagen
which gives it high tensile strength. This cartilage
has type VI collagen in the pericellular matrix and
relatively low amounts of type II collagen and
proteoglycans throughout the ECM [1]. The extra-
cellular matrix of elastic cartilage is predominantly
made up of type II collagen, proteoglycans and
elastin fibers [1]. The elastin fibers are responsible
for the yellowish appearance of the tissue and also
provide it with high elasticity. Elastic cartilage is
found in the external ears, larynx and epiglottis.
Diseases affecting cartilage range from extremely

common conditions such as osteoarthritis, which is
estimated to affect as many as 37% of all adults in
the United States [37] to rare genetic disorders such
as Spondyloepimetaphyseal dysplasia (SEMD)
Please cite this article as: Y. Krishnan, A. J. Grodzinsky, Ca
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aggrecan type, which has been reported in three
patients worldwide [38]. The etiology and pathogen-
esis ofmanycartilagediseases is not fully understood,
due to which treatment methods are not optimal in
many cases. Damage to cartilage ECM is an
important feature of most diseases affecting the
tissue. However, since cartilage is aneural, symptoms
usually appear only after significant structural destruc-
tion of the matrix, which also makes treatment
challenging. The dense packing of ECM components
also hinders the transport of drug molecules in the
tissue which, along with the lack of vascularity, poses
an additional challenge to the treatment of cartilage
diseases. This review provides an overview of current
knowledge regarding selected cartilage diseases and
new developments in cartilage-targeted drug delivery
strategies.
The role of cartilage in developmental
disorders

Hyaline cartilage plays a crucial role in skeletal
growth and development, first during endochondral
bone formation in embryonic and fetal life and then in
the form of growth plates which lead to the
elongation of bones during childhood and adoles-
cence [39,15]. Fractures to the growth plates have
the potential to severely disrupt normal growth.
Growth plate cartilage is weaker than ligaments
and tendons [40,41], and thus injury patterns which
would lead to ligament tears in adults end up causing
growth plate fractures in children and adolescents.
These fractures are reported to account for approx-
imately 15% of all childhood fractures and between
1% and 30% of sports related injuries [40,41]. The
most widely accepted scheme for classifying these
fractures based on the pattern of injury was first
proposed in 1963 [40]. This scheme includes five
types of fractures, and has proven to be important in
determining the prognosis for continuation of normal
growth. The classification scheme was expanded in
1982 and now includes 9 types of fractures [42].
In addition to external injuries, geneticmutations can

also affect growth plate cartilage and thereby, disturb
normal skeletal growth. These mutations can occur in
genes encoding regulatory proteins/molecules or
extracellular matrix molecules. Such genetic condi-
tions as a group are called chondrodysplasias and,
while each is a rare disorder, together they occur in
approximately 1 in 4000 births [43].
FGF (Fibroblast Growth factor) signaling is an

important part of the regulatory pathway that controls
chondrocyte proliferation and differentiation in the
growthplate [39]. Themost common formof dwarfism,
achondroplasia, is caused by autosomal dominant
point mutations in the transmembrane domain of
FGFR3 (FGF receptor 3) [44,45]. FGFR3 is expressed
by proliferating chondrocytes in the growth plates and
rtilage diseases, Matrix Biol (2017), https://doi.org/10.1016/j.
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FGF signaling through this receptor inhibits prolifera-
tion [46,39]. The mutations in achondroplasia lead to
the formation of a receptor that remains activated
even in the absence of a ligand, leading to reduced
growth of endochondral bones without affecting
cartilage in other parts of the body.
Most of these mutations arise sporadically in the

germline cells of older men [45]. A single copy of the
mutated gene leads to dwarfism, while having two
copies leads to death early in life [47]. The frequency
of achondroplasia is estimated to be between 1 in
15,000 and 1 in 28,000 live births [48,49,45]. Other
autosomal dominant mutations in FGFR3 result in
hypochondroplasia, which resembles a mild form of
achondroplasia, and thanatotropic dysplasia which
results in death in early life [50,51]. In addition to
FGF signaling, parathyroid hormone-related peptide
(PTHrP) plays an important role in regulating
chondrocyte proliferation in the growth plate [39].
Genetic mutations in the receptor for PTH/PTHrP
lead to chondrodysplasias such as Jansen's meta-
physeal chondrodysplasia and Blomstrand's lethal
chondrodysplasia [52]. Mutations in SOX9, a tran-
scription factor that is involved both in male sexual
development and in the differentiation of chondro-
cytes [53,54], leads to campomelic dysplasia [55].
This disease usually leads to death early in life due
to respiratory failure caused by improperly formed
cartilage in the respiratory tract [56].
In addition to regulatory proteins, mutations that

affect extracellular matrix components also result in
abnormal growth and, in some cases, early-onset
osteoarthritis. Mutations in the Col2A1 gene for type
II collagen predominantly affect cartilage and this
spectrum of disorders is called type II collagenopa-
thies. In addition to affecting cartilage, they are also
typically accompanied by problems with skeletal
development, vision and hearing. The most severe
of these diseases are achondrogenesis type 2
(also called Langer-Saldino achondrogenesis),
hypochondrogenesis and platyspondylic lethal skel-
etal dysplasia, Torrance type [57–60]. Together,
achondrogenesis type 2 and hypochondrogenesis
occur in 1 in 40,000 to 1 in 60,000 newborns [61].
Platyspondylic lethal skeletal dysplasia, Torrance
type is far rarer, with reports of only a few individuals
in the world [62]. The mutations in these diseases
prevent the secretion of type II collagen from
chondrocytes, leading to its absence from the
ECM. Instead, type I and type III collagen replace
the missing type II collagen in the ECM in achon-
drogenesis type 2 and hypochondrogenesis [63–65].
All three diseases lead to severe skeletal under-
development and result in death early in life [57,66].
Less severe type II collagenopathies include

Spondyloepiphyseal dysplasia congenita (SED con-
genita), Kniest dysplasia, SED with metatarsal
shortening (also Czech dysplasia), Spondyloperiph-
eral dysplasia, Spondyloepimetaphyseal dysplasia
Please cite this article as: Y. Krishnan, A. J. Grodzinsky, Car
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(SEMD) Strudwick type, Stickler syndrome type 1,
and Mild SED with premature onset arthrosis [67]. In
SED congenita and Kniest dysplasia, the collagen II
content of cartilage is less than normal since the
secretion from chondrocytes is reduced. These two
conditions lead to dwarfism in the affected patients.
Stickler syndrome type I is the mildest and most
common form of type II collagenopathies that is seen
in 1 in 10,000 live births [68]. Patients usually grow to
a normal height and the disease is associated with
early onset osteoarthritis, vitreous humor abnormal-
ities and congenital myopia. Other variable features
of type 1 Stickler syndrome include a flat midface,
increased risk for retinal detachment, deafness,
slender extremities and joints that are hypermobile
[69]. The specific mutations in the Col2A1 gene that
lead to type II collagenopathies are discussed in
detail in [68].
Type X collagen is expressed by hypertrophic

chondrocytes in the growth plates as well as in the
deep and calcified zones of articular cartilage [39,1].
Mutations in the Col10A1 gene leads to Schmid-type
metaphyseal dysplasia, an autosomal dominant
disorder characterized by short stature, reduction in
the angle between the femoral head and the shaft
and bow legs [70]. Due to the similarity in symptoms,
it may be misdiagnosed as rickets (caused by
Vitamin D deficiency) [71].
Disorders associated with mutations in aggrecan

are extremely rare. It was thought that aggrecan
mutations did not cause diseases in humans until it
was first identified in 2005 that a mutation in
the AGC1 gene caused Spondyloepiphyseal dyspla-
sia (SED) Kimberly type [72]. Patients with SED
Kimberly type are typically short in stature and have
early onset osteoarthritis (OA) [73]. Since 2005, two
other disorders - familial osteochondritis dissecans
(OCD) [74] and Spondyloepimetaphyseal dysplasia
(SEMD), aggrecan type [38] - have been identified as
being caused by mutations in AGC1. Similar to SED
Kimberly type, familial OCD is also associated with
dwarfism and early onset OA [75]. SEMD aggrecan
type leads to a decrease in height both in homozy-
gous patients and heterozygous carriers, but does
not lead to early OA. A thorough review on the current
state of knowledge regarding these aggrecanopa-
thies can be found in [76].
In many of the chondrodysplasias with mutations in

ECM components, disease progression is driven not
only by abnormalities in the ECM structure, but also
by the accumulation of the mutant molecules within
chondrocytes [77,43]. Specifically, abnormally folded
proteins collect in the endoplasmic reticulum (ER)
which triggers ER stress. This in turn induces the
unfolded protein response (UPR). TheUPR is a set of
signaling pathways that attempt to eliminate mutant
proteins by upregulating degradation of the accumu-
lating proteins and increasing the synthesis of
chaperones that assist with protein folding. At the
tilage diseases, Matrix Biol (2017), https://doi.org/10.1016/j.
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same time, UPR leads to a downregulation of overall
protein synthesis in order to reduce the expression of
mutant proteins [78]. This downregulation could
affect not just the mutant ECM components, but
also other ECM molecules which are unaffected by
the mutation [77]. Consequently, the ECM may lack
sufficient levels of multiple proteins which would
compromise its structure and function, thereby
contributing to the pathological changes that are
observed in these disorders. Additionally, if the
mechanisms described above are not successful in
reducing ER stress, UPR will eventually trigger
apoptosis which can also contribute to the pheno-
typic changes that are seen in patients [77].
Developing drugs that can alleviate ER stress and
target UPR could potentially lead to a significant
clinical improvement in chondrodysplasias without
requiring gene therapy [43].
Osteochondritis dissecans

Osteochondritis dissecans (OCD) was first de-
scribed by König in 1888 as a condition that leads to
the formation of loose bodies in the joints without any
trauma [79,80]. Most recently, OCD has been
defined as “A focal, idiopathic alteration of subchon-
dral bone with risk for instability and disruption of
adjacent articular cartilage that may result in
premature osteoarthritis” [81]. There are both juve-
nile and adult forms of the disease, which are
defined based on whether or not the growth plates
are open in the patient [82,83]. The joint that is most
commonly affected by OCD is the knee, followed by
the ankle and the elbow. Within the knee, OCD
lesions classically present on the lateral aspect of
the medial femoral condyle [84,85]. In one report of
disease incidence in femoral condyles, the highest
incidence was found in the 10–20 year old age
group with 20 in 100,000 women and 30 in 100,000
men affected [86]. A more recent pediatric knee
OCD epidemiological study was conducted involving
over 1 million people aged between 2 and 19 years
[87]. In this study, there was no incidence of knee
OCD in the 2–5 year old children, while the
incidence in the 6–19 year old age group was 9.5
in 100,000. Within the 6–19 age group, the incidence
was much higher for males compared to females
(15.4 vs 3.3 in 100,000).
The etiology of OCD has not yet been established

conclusively. One proposed mechanism is that
repetitive trauma leads to progression of the
disease. This is supported by the findings that 55
to 60% of patients are involved regularly in sporting
or athletic activities [88–90]. Additionally, repetitive
contact with the tibial spine has been proposed as
the etiology for OCD at the classic location on the
medial condyle [84]. Other etiologies that have been
proposed include repetitive trauma, inflammation,
Please cite this article as: Y. Krishnan, A. J. Grodzinsky, Ca
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ischemia, hereditary factors, osteonecrosis and
gradual development following an injury to the
endochondral epiphyseal growth plate [75,91,90].
There is currently speculation that a single etiology
may not explain all cases of OCD, and that the
disease may be multifactorial [91].
OCD is diagnosed based on patient history, a

physical exam and a radiograph. An MRI or an
arthroscopy may also be used to supplement the
findings on the radiograph. Once the disease is
diagnosed, the treatment options considered de-
pend on the stability of the lesion and the age of the
patient. Non-surgical options are usually the first line
of treatment for juvenile patients with stable lesions
[92,91]. If the stable lesion does not improve with
non-surgical management, then surgery is consid-
ered. Surgical management is considered as the first
line of treatment for cases where the lesion is
unstable or when a stable lesion is found in an adult
[92]. The various non-surgical and surgical treatment
methods are covered in detail in other papers
[85,93–95], and we refer the reader to them.
Relapsing polychondritis

Relapsing polychondritis (RP) is a rare inflamma-
tory disease that can affect all forms of cartilage and
also organs containing proteoglycans, such as the
eye and the heart. Its prevalence is estimated to be 2/
million person-years in Hungary [96] and 3.5/million
person-years in the United States [97]. The early
symptoms of RP include one or more of the following:
external ear pain that does not affect the non-
cartilaginous lobule, temporary pain in one or more
joints, nasal pain, throat pain, hoarse voice, eye
involvement in the form of scleritis or episcleritis,
vasculitis, skin symptoms, hearing impairment, diz-
ziness and systemic symptoms such as fever and
weight loss [98,99]. These symptom(s) can appear
as intermittent acute flares, and the disease follows a
progressive course that can lead to complete
destruction of the affected tissue [98]. For instance,
destruction of nasal cartilage leads to the commonly
observed “saddle nose” in these patients. The most
common cause of death in RP patients is respiratory
failure, followed by causes related to cardiovascular
involvement. In rare cases, the disease also affects
the kidneys and the prognosis is very poor in these
patients [100].
The symptoms of RP can overlap with many other

diseases and there is currently no specific test that
can be used to conclusively diagnose this condition.
Biopsy findings cannot be used to make a conclusive
diagnosis, and the injury caused by a biopsy can
further aggravate the disease. The diagnosis for RP is
currently made solely on the basis of clinical
presentation and by excluding other diseases based
on symptoms or by running specific tests. However,
rtilage diseases, Matrix Biol (2017), https://doi.org/10.1016/j.
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this process leads to frequent misdiagnosis of RP in
the initial stages, especially in cases where there is a
single presenting symptom. Themean delay between
the time a patient first presentswith symptomsand the
time a diagnosis for RP is made is 2.9 years [98]. The
first clinical algorithm for confirming a diagnosis was
published in 1976, in which 3 of the following 6 criteria
were considered to be sufficient: (1) bilateral chon-
dritis in the ears, (2) polyarthritis that is inflammatory
and non-erosive, (3) nasal chondritis, (4) inflammation
in the eyes, (5) chondritis involving cartilage in the
larynx and/or the trachea and (6) damage to the
cochlea or the vestibules in the ears [101]. Other
authors have modified these criteria to include biopsy
results, response to dapsone and steroid drugs and
seronegative inflammatory arthritis [102,103]. RP
frequently occurs in conjunction with other autoim-
mune diseases, and these should be considered
while making a diagnosis.
The etiology of relapsing polychondritis is not fully

understood. But there is evidence that autoimmunity
against cartilage specific components may play an
important role and that there may be a genetic
component that may increase susceptibility for the
disease [104,105]. Disease progression is measured
using the Relapsing Polychondritis Disease Activity
Index, which was developed in 2012 and uses 27
variables to generate a score [106]. Clinical progres-
sion and RPDAI are used to determine the manage-
ment strategy for RP. In early stages, NSAIDs,
dapsone and steroids are used to manage the
symptoms. If these drugs do not induce a response,
immunosuppressive drugs such as azathioprene and
methotrexate are then administered. In recent years,
biologic drugs such as TNF-α antagonists have been
used in patients with severe RP that does not respond
to other treatments [99]. Additionally, surgical inter-
ventions are used to rescue patients who are in
respiratory collapse and to improve hearing and/or
stability in those with inner ear involvement.
Chondrocalcinosis

Chondrocalcinosis is the deposition of calcium
pyrophosphate dihydrate (CPPD) crystals in joints.
This condition can stay asymptomatic, give rise to an
acute inflammatory reaction that resembles gout
(called pseudogout or acute CPP crystal arthritis)
[107,108], or chronic arthritis that may resemble
osteoarthritis (OA) or rheumatoid arthritis [109]. In
symptomatic patients, finding characteristic CPPD
crystals in the synovial fluid confirms the diagnosis.
Imaging techniques such as radiographs, ultrasono-
graphs, CT scans and MRI scans are also used to
diagnose the disease. The prevalence of chondrocal-
cinosis increases with age, and estimates range from
7% to 10% after the age of 60 years [110–112]. There
is also a higher incidence of CPPD crystal deposition
Please cite this article as: Y. Krishnan, A. J. Grodzinsky, Car
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in joints with OA, but this has not been found to
increase the rate of OA progression [113–115].
CPPD crystals are predominantly formed in the

pericellular spaces surrounding chondrocytes in
cartilaginous tissues [116,109]. Chondrocytes release
small amounts of inorganic pyrophosphate as well as
ATP into the pericellular space [117,118]. Extracellu-
lar ATP is broken down to form inorganic pyrophos-
phate by enzymes in the pericellular space [118,119].
Inorganic pyrophosphate reacts with calcium to form
CPPD crystals, which can change mechanical prop-
erties of cartilage. A transmembrane protein, ANKH,
regulates the release of ATP and inorganic pyrophos-
phate from chondrocytes [120] and mutations in this
have been found in genetically inherited cases of
chondrocalcinosis [109]. When CPPD crystals are
released from cartilage into the joint space, they can
induce an acute inflammatory reaction that leads to
pseudogout symptoms. The crystals can induce
chondrocytes and synoviocytes to upregulate MMP
and prostaglandin production and also activate innate
immune responses by activating the NLRP3 inflam-
masome which leads to the release of proinflamma-
tory cytokines [121–124].
There are currently no treatments that can reduce

the quantity of CPPD crystals being formed in the
joints. The acute form of the disease affects approx-
imately 25% of patients with chondrocalcinosis [125]
and leads to joint pain, swelling and warmth in one or
more joints. The knee is the most commonly affected
joint in these patients. Current treatment options
include intra-articular glucocorticoid injections, oral
colchicine (which acts upstream of inflammasome
activation) and NSAIDs [126]. The chronic presenta-
tion of the disease is more difficult to manage, and in
addition to the drugs used for the acute disease,
hydroxychloroquine andmethotrexate havealso been
used [127–129]. Emerging therapeutics includes anti-
inflammatory drugs such as IL-1 inhibitors and drugs
such as probenecid that can target the ANKH protein
and reduce theproductionof inorganic pyrophosphate
in the joint [130,109].
Cartilaginous tumors

Tumors made of cartilaginous tissue constitute a
major class of bone tumors. Benign cartilaginous
tumors include osteochondroma, enchondroma,
periosteal chondroma, multiple chondromatosis or
enchondromatosis, chondroblastoma, and chondro-
myxoid fibroma. Enchondroma and osteochondroma
are by far the most frequently occurring benign forms,
accounting for 34% and 30% of all benign cartilag-
inous tumors, respectively. Malignant cartilaginous
tumors (chondrosarcomas (CHS)) include central
CHS (both primary and secondary), peripheral CHS,
dedifferentiated CHS, mesenchymal CHS and clear
cell CHS. Overall, bone sarcomas account for only
tilage diseases, Matrix Biol (2017), https://doi.org/10.1016/j.
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about 0.2% of all malignancies in the United States
[131] and primary CHS is the third most common
primary bonemalignancy, accounting for 20 to 27% of
all cases. The epidemiology of benign cartilaginous
tumors has not been well established, in part because
many cases remain undiagnosed due to the absence
of symptoms. When they are symptomatic, benign
tumors can present with pain, swelling, lesions or a
pathological fracture.
In osteochondroma, there is a marrow-containing

bony projection covered with hyaline cartilage that
gets thinner with increasing age. It usually occurs in
the metaphyseal region of endochondral bones. In
chondromas, hyaline cartilage can be found either
inside the bone (called an enchondroma if it is a single
lesion or enchondromatosis in the case of multiple
lesions) or on the surface of bones (periosteal or juxta-
cortical chondroma). Enchondromatosis and perios-
teal chondroma are far less common than enchon-
droma. There is emerging evidence that disturbances
in the signaling pathways involved in the formation of
new bone from growth plate cartilage contribute to the
formation of osteochondroma and enchondroma
[132]. Chondroblastoma is a rare benign tumor (b1%
of all bone tumors) of unknown etiology that is usually
found in the bone epiphysis and is made up of
chondroblasts (immature chondrocytes). Chondro-
myxoid fibroma is an equally rare benign tumors
comprising of lobules of chondroid and myxoid tissue
with both spindle shaped cells and giant osteoclast-
like cells. Benign cartilaginous tumors rarely progress
to malignant forms and are usually treated through
excision or curettage along with a bone graft if
necessary. The radiological and histological features
of all these tumors are covered in detail in [133], and
these can be used to confirm the diagnosis. One
exception is enchondroma, since it is still very
challenging to differentiate enchondroma from low
grade chondrosarcoma based on histology, imaging
and clinical features [134,135]. This is an important
problem that needs to be solved since chondrosar-
coma is a malignant tumor and a misdiagnosis can
lead to terminal progression of the disease. Chon-
drosarcomas may be primary (arising de novo; these
account for 85% of all cases) or secondary (arising
from a pre-existing tumor) lesions made up of hyaline
cartilage [136]. There are 3 grades of CHS and the
morphology of the tissue deviates significantly from
normal cartilage in the higher grades [136]. Histolog-
ical analysis can beused to identify different gradesas
well as the different types of CHS. Chemotherapy and
radiation are not very effective for treating CHS, and
surgery is the main form of therapy [137–139].
Inflammatory arthropathies

There are several inflammatory rheumatic diseases
that lead to arthritis and can severely damage cartilage
Please cite this article as: Y. Krishnan, A. J. Grodzinsky, Ca
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tissue. These include rheumatoid arthritis, juvenile
idiopathic arthritis, gout, systemic lupus erythemato-
sus, and seronegative spondyloarthropathies.
Rheumatoid arthritis (RA), an autoimmune disease

that affects 0.5 to 1%of peopleworldwide [140,141], is
characterized by chronic systemic inflammation and
arthritis in multiple synovial joints. Left untreated, the
disease leads to progressive destruction of cartilage
and synovial joints. Serum markers for RA include
rheumatoid factor (RF) and anticitrullinated peptide
antibody (ACPA) [141]. Both adaptive and innate
immune systems play a role in the progression of the
disease and the major cytokines involved are TNF-α,
IL-6, IL-1β and IL-17A [141]. Synthetic disease
modifying anti-rheumatic drugs (DMARDs) include
methotrexate (which is usually the first line of
treatment for RA [142]), leflunomide, hydroxychloro-
quine and sulfasalazine [140]. Biologic drugs against
TNF-α have constituted a major breakthrough for RA
treatment, and constitute the first widespread and
major success of the biologic DMARD era; they are
effective in halting the progression of the disease in
almost 65% of RA patients. Additional therapeutics,
when TNF blockers are not found to be effective,
include monoclonal antibodies against CD20 in B
cells, IL-1 receptor antagonist and monoclonal anti-
bodies against the IL-6 receptor [140].
Gout is the most common form of inflammatory

arthritis [143], affecting approximately 8.3 million
people, or 4% of the population in the United States
[144]. It is caused by the deposition of uric acid
crystals in the joint and is managed using non-
steroidal anti-inflammatory drugs (NSAIDs), colchi-
cine and lifestyle changes to reduce uric acid levels
[145].
Juvenile idiopathic arthritis (JIA) refers to any form

of arthritis of unknown cause that occurs in a person
younger than 16 years of age [146]. JIA is the most
common form of arthritis in children and its preva-
lence is estimated to range from 16 to 150 per
100,000 in the developed world [146]. In the United
States, juvenile arthritis and other rheumatological
conditions affect approximately 1 in 250 children
[147,148]. There are six subtypes of JIA: systemic,
oligoarticular, polyarticular (which may be positive or
negative for rheumatoid factor), juvenile psoriatic,
enthesis-related, and undifferentiated arthritis [146].
Systemic lupus erythematosus is an auto-immune

disease characterized by the presence of circulating
anti-nuclear antibodies (ANA) [149]. Approximately
20% of cases occur in childhood and the childhood
onset form of the disease has a worse prognosis
compared to the adult onset form [150]. SLE can
affect multiple organs in the body including the
kidneys, skin, lungs, heart, joints and brain [149].
Clinically, there may be a broad range of signs and
symptoms; the criteria for making a diagnosis were
proposed in 1971 and then revised and updated in
1982 and 1997 [151,152]. A majority of patients
rtilage diseases, Matrix Biol (2017), https://doi.org/10.1016/j.
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experience arthropathy [153], and 3 to 6% of patients
have Jaccoud's arthropathy which leads to severe
deformation of the fingers [154,155].
Seronegative spondyloarthropathies, which com-

prise of ankylosing spondylitis, psoriatic arthritis,
reactive arthritis, arthritis associated with inflamma-
tory bowel disease, and a subtype of juvenile
idiopathic arthritis [156]. These conditions are
characterized by an absence of rheumatoid factor,
a strong correlation with carrying the HLA-B27 gene
and clinical features that include inflammatory back
pain, inflammation of insertion sites of tendons and
ligaments, peripheral arthritis and eye inflammation
[157,156]. The overall prevalence of spondyloarthri-
tides in North America is approximately 1% [158] and
the most common form of spondyloarthritis is
ankylosing spondylitis [156,159]. The prevalence of
psoriatic arthritis in the United States is 0.1% [158]
and it is seen in 10 to 40% of people with psoriasis
[160]. In a majority of patients, the arthritis develops
after psoriasis develops [160]. In addition to arthritis
and skin lesions, these patients may also experience
eye inflammation, tendinitis and pitting of the
fingernails [161]. Importantly, anti-TNF biologics
have been found to be very effective in treatment
of ankylosing spondylitis as well as psoriatic arthritis
[162].
Osteoarthritis

Osteoarthritis (OA) is the most common form of
arthritis, affecting approximately 90 million adults
(36.8% of the adult population) in the United States
alone [37] and hundreds of millions of people
worldwide. The disease primarily affects articular
hyaline cartilage in load bearing joints such as the
knee (Fig. 2), hip and shoulder, and is also commonly
found in the hands and feet. Other tissues such as the
joint capsule synovium and subchondral bone are
also affected and contribute to disease progression.
Normal Human Condyle

Fig. 2. Macroscopic cartilage degradation in hum
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As the disease advances, there is severe degenera-
tion of cartilage, narrowing of the joint space,
subchondral bone thickening, formation of osteo-
phytes [163] or bone spurs, and inflammation in the
joint accompanied by swelling and pain [164]. While
debates continue as to whether disease initiation
primarily involves cartilage versus subchondral bone,
we limit this review to processes and mechanisms
involving cartilage degeneration, as a separate review
in this series will focus entirely on OA.
The risk factors for OA are diverse and include

obesity, female gender, age, congenital structural
abnormalities in the joint and acute joint trauma [164].
In 2011, the total direct healthcare expenditure
associated with OA in the United States was $ 41.7
billion [165]. Despite the tremendous disease burden
worldwide, there are currently no disease modifying
drugs (DMOADS) to alter or halt disease progression,
which usually takes place over multiple years [166].
EarlyOAdiagnosis also remains challenging because
cartilage changes involved in the earliest stages do
not cause pain, due to the aneural nature of the tissue.
Thus, patients may remain symptom-free until more
advanced stages of the disease occur, with significant
and irreparable joint damage [167]. Progress is being
made in improving imaging modalities and discover-
ing molecular biomarkers to enable earlier disease
diagnosis [168–170]. One exception where early
intervention is currently possible is post-traumatic
osteoarthritis (PTOA), the sub-type of OA that
develops in approximately 50% of all patients who
experience a traumatic joint injury suchasanACL tear
[171]. PTOA accounts for ~12% of all OA cases [172]
and typically affects a population that ismuch younger
and otherwise healthier than other forms of OA [171].
Since PTOA usually takes 10–15 years to progress
from the time of the joint injury to fully developed OA,
effective clinical intervention immediately after the
injury could potentially prevent PTOA fromdeveloping
in these patients. Even so, developing DMOADs for
PTOA remains challenging as there are no approved
Grade 3 Osteoarthritis

an femoral cartilage caused by osteoarthritis.
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methods to delivery drugs directly inside of cartilage,
either to chondrocytes or ECM targets [173].
The etiopathogenesis of OA is not completely

understood. It is known that OA is a multifactorial
disease involving the entire joint and not just cartilage
[164,174,175]. Mechanical, biological and structural
factors are all known to play a role in disease initiation
and progression. For example, in the case of PTOA,
the initial joint injury results in damaging mechanical
forces on multiple joint tissues. While surgical inter-
vention may enable mechanical stabilization of the
joint and repair of the initial injury, it is known that
surgery does not alter progression to OA. The initial
injury can result in permanent structural changes to the
joint which can lead to abnormal loads on cartilage and
thereby contribute further to PTOA progression [176].
The acute mechanical trauma can also lead to cell
death, loss of aggrecan from cartilage and bruising of
the subchondral bone [177,178]. In addition to
mechanical damage, there is a sudden increase in
the levels of pro-inflammatory cytokines in the joint
in the days following the initial injury [179], such as
TNF-α, IL-6, and IL-1β. These cytokines can diffuse
into cartilage and cause upregulation of protease
activity, leading to degradation of multiple macromol-
ecules of cartilage ECM by the matrix metalloprotein-
ases [180] and aggrecanases [178,179].
Inflammation also plays an important role in other

types of OA [181,182], and there are reports of both
innate immune responses (e.g., complement cascade
[183], recruitment of macrophages [184], and the
activation of pattern recognition receptors (such as
toll-like receptors) [185–187]) and adaptive immune
responses (B cell responses [188] and T cell
responses [189]). Inflammation can cause oxidative
stress through the action of reactive oxygen species
that can damage cartilage tissue and cells [190], also
leading to catabolic degradation of ECM and loss of
aggrecan and collagen [178] as well as other matrix
degradation products [191]. Ultimately, this break-
down compromises the mechanical strength of the
tissue andmakes it susceptible to further damage and
degradation. Since tissue fragments and macromol-
ecules released by mechanical damage can trigger
innate immune responses, these factors can amplify
each other's effect and form a vicious cycle leading to
rapid disease progression [182]. The effect of
inflammation on the joint capsule is also a frequent
source of pain for OA patients. Finally, changes in the
subchondral bone at early stages contribute to
disease progression [192,193].
Based on recent advances in understanding OA

pathogenesis, several DMOAD candidates are cur-
rently under investigation. Based on evidence that
subchondral bone may play a crucial role in OA
progression, drugs such as bisphosphonates, calci-
tonin and strontium ranelate that can reduce bone
resorption and increase bone formation are under
consideration [166,194,195]. Inflammation and me-
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chanical injury in OA leads to excessive activation of
Wnt signaling, which increases transformation of
mesenchymal stem cells (MSCs) to bone and induces
MMP production, leading to cartilage degeneration.
Thus, molecule inhibitors of Wnt signaling, are also
being tested [196], and were found to promote in vitro
differentiation of MSCs into chondrocytes and to
inhibit production of MMPs by chondrocytes treated
with cytokines [196,197]. Another potential therapeu-
tic, Kartogenin, induces MSCs to selectively differen-
tiate into chondrocytes [198], and reduces nitric oxide
production and GAG loss from bovine cartilage
explants in the presence of cytokines [198]. In a rat
PTOA model [199], Kartogenin decreased cartilage
degeneration and matrix turnover.
To promote cartilage regeneration, growth factors

such as IGF-1 and FGF-18 are being tested in-vitro
and in-vivo [200,201]. Phase I clinical trials have
been completed for FGF18 in advanced OA patients
where it was found to be safe for use and also
promote cartilage growth while preventing its loss
[202]. In a separate phase I trial [203], there were no
differences found in the cartilage thickness in the
medial femorotibial compartment of the treatment
versus placebo groups. However, there was a
dose dependent increase in the cartilage thickness
and reduction in the joint space narrowing in the
lateral femorotibial compartment [203]. A location-
independent analysis showed that FGF18 reduced
cartilage loss and improved cartilage thickness in this
trial [204].
To manage OA pain, acetaminophen has been

found to be ineffective [205] and NSAIDs (non-
steroidal anti-inflammatory drugs) are currently the
preferred treatment. β-nerve growth factor (NGF) is a
neurotrophin that causes pain and a monoclonal
antibody inhibitor of NGF (tanezumab) has been
studied in clinical trials [206]. Phase III clinical trial
results showed that tanezumab treatment signifi-
cantly reduced hip and knee OA pain but caused
rapid OA progression in some patients [206,207].
Similar results were found in a phase II-III trial with
fasinumab, another anti-NGF monoclonal antibody
[206,208]. Further studies are warranted, as in-
creased OA progression could have been due to
higher activity and loading of joints in the absence of
pain, neuropathic arthropathy or upregulation of TLR
(toll-like receptor) inflammatory response [206].
While pain medications may alleviate OA symp-

toms, they do not resolve the underlying pathological
processes. To target the inflammatory and catabolic
aspects of OA, MMP inhibitors and aggrecanase
inhibitors were developed, but early trials of system-
ically administered MMP inhibitors were not success-
ful and were discontinued [166]. Monoclonal antibody
(mAb) inhibitors targeting the aggrecanase ADAMTS-
5 are still undergoing preclinical testing [166,209].
Other mAbs targeting the pro-inflammatory cytokines
IL-1, TNF-α and IL-6 have yet to be found dramatically
rtilage diseases, Matrix Biol (2017), https://doi.org/10.1016/j.

https://doi.org/10.1016/j.matbio.2018.05.005
https://doi.org/10.1016/j.matbio.2018.05.005


10 Review: Cartilage diseases
effective [166]. But a possible reason for this is that
mAbs are too large in size to penetrate cartilage tissue
rapidly enough before being cleared from the joint
capsule. Emerging targets for anti-inflammatory ther-
apy include reactive oxygen species, senescent
chondrocytes and signaling receptors and pathways
involved in pro-inflammatory cytokine production
(examples: TLR2 and TLR4 receptors, p38 MAPK
signaling pathway) [175,210,185,187].
Corticosteroids are currently injected into joints to

manage pain, but due to their broad anti-inflammatory
effects they are also being studied as potential
DMOADs. In an in-vitro bovine cartilage cytokine
injury model, dexamethasone was found to rescue
cartilage viability and have anti-catabolic effects [200].
In the same study, a combination therapy of Dexa-
methasone and IGF-1 was found to have both anti-
catabolic and pro-anabolic effects, and the combina-
tion was superior to either drug alone using human
cartilage. A clinical trial to study the efficacy of
Dexamethasone in preventing or reducing the severity
of PTOA following a wrist fracture was initiated based
in part on such data [211]. Another corticosteroid,
triamcinolone, was injected into the joints of patients
with knee OA in a phase IV clinical trial [212]. Using
standard intra-articular injection (with no direct deliv-
ery system into cartilage), patients receiving triamcin-
olone did not have any difference in pain scores
compared to controls receiving saline. Furthermore,
the triamcinolone group revealed loss of cartilage
volume (by MRI) at the end of two years compared to
the controls. In contrast, in a different Phase IIb clinical
trial in which triamcinolone was injected using an
extended release micro-particle formulation, there
was a significant reduction in the pain during the first
11 weeks [213].
The difference in the results of the above trials

highlights the challenge of drug delivery to targets
inside avascular cartilage. Drugs administered sys-
temically will not reach the tissue in an effective
manner due to the lack of blood vessels. A method to
overcome this challenge is intra-articular (IA) injection,
where drugs are injected directly into the synovial fluid
in joints [214]. This has the added advantage of being
a localized delivery method that will prevent any
systemic side effects associated with the drug.
However, drugs injected into the joints are cleared
out rapidly by the lymphatics and vessels in the joint
capsule, leading to poor cartilage penetration [214].
The dense extracellular matrix of cartilage also
provides steric hindrance to the transport of drug
molecules, which further reduces drug penetration
into the tissue. To achieve therapeutic levels of the
drug inside cartilage, repeated injections with high
doses would be required. But these are not recom-
mended clinically as they would cause systemic side
effects and increase the risk of infection.
To improve the retention time of drugs in the joint,

multiple strategies including entrapment of hydropho-
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bic drugs inside liposomes [215], encapsulation inside
polymer based micro- or nano-particles [216], and
encapsulation in PEGylated single walled carbon
nanotubes (PEG SWCNTs) [217] have been studied.
A recent development has been the discovery that
electrostatic interactions between positively charged
nano-carriers and negatively charged aggrecan pro-
teoglycans can dramatically increaseboth penetration
and retention of drugs in cartilage [218,219]. Avidin, a
66 kDa positively charged protein, has been demon-
strated to be an effective carrier for dexamethasone,
both in-vitro (in cytokine injury models) and in a rabbit
PTOAmodel [220,221]. Increased interfacial partition-
ing of the cationic nano-carrier, and thus increased
diffusive transport into cartilage occurswith increasing
positive charge on the nano-carrier. At the same time,
highly charged cationic carriers may bind strongly to
the negatively charged matrix, which slows transport
into cartilage, though increasing retention time [173].
The carrier charge can be fine-tuned to balance these
two effects and provide optimal uptake, penetration
and retention in the tissue and this is currently a very
active area of research. Successful delivery of drugs
may potentially transform several of the DMOAD
candidates discussed above into effective DMOADs
and thereby aid in the development of the first
treatment method to slow down or even halt the
progression of OA.
Conclusions

Cartilage is predominantly made of extracellular
matrix with a low density of cells, and matrix changes
play an important role in the progression of diseases
affecting the tissue. Taken together, cartilage dis-
eases represent one of the most common clinical
conditions affecting quality of life in the developed
world, with osteoarthritis alone affecting over 90
million people in the United States. In this review, we
have provided an overview of the structure of
cartilage, changes in cartilage ECM under different
disease conditions, and the etiology, pathology,
clinical features and currently available treatments
for the these diseases. Anti-inflammatory biologic
drugs have emerged as a highly effective and
groundbreaking treatment to slow down the progres-
sion of inflammatory arthropathies such as psoriatic
and rheumatoid arthritis. However, there are still no
effective disease modifying drugs for most diseases
affecting cartilage, and the factors contributing to this
include a lack of comprehensive understanding of
etiology and pathogenesis, delays in diagnosis owing
to the aneural nature of the tissue and challenges
associated with delivering potential therapeutics due
to the avascular nature of cartilage. There is an urgent
need for further investigation into the mechanisms
leading to the initiation and progression of cartilage
diseases, especially in the case of relatively rare
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conditions such as relapsing polychondritis and
osteochondritis dissecans. In the case of osteoarthri-
tis, mechanistic studies are yielding insights into drug
targets and are leading to the development of potential
therapeutic candidates. However, there remains a
lack of effective methods to deliver appropriate drugs.
Cationic carriers for cartilage-targeted drug delivery
are now emerging as a promising approach to aid in
the identification and improved efficacy of potential
DMOADs. Such delivery methods have the added
advantage of enabling localized, sustained treatment
that is effective at low doses, which minimizes
systemic side effects. Since the mechanism of
enhanced delivery for these charged carriers depends
on their interaction with matrix proteoglycans, the
same principles could be applied to deliver drugs for
other diseases affecting cartilage. Potential applica-
tions include targeted delivery of toxic chemothera-
peutic drugs to cartilage forming tumors in the bone
without affecting normal tissues, and delivery of gene
therapies and/or drugs targeting ER stress to chon-
drocytes in patients with genetic disorders affecting
cartilage.
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