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Alterations in ECM signature
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Abstract

The intervertebral disc is a specialized connective tissue critical for absorption of mechanical loads and
providing flexibility to the spinal column. The disc ECM is complex and plays a vital role in imparting tissue its
biomechanical function. The central NP is primarily composed of large aggregating proteoglycans (PGs) while
surrounding AF is composed of fibrillar collagens, | and Il. Aggrecan and versican in particular, due to their
high concentration of sulfated GAG chains form large aggregates with hyaluronic acid (HA) and provide water
binding capacity to the disc. Degradation of aggrecan core protein due to aggrecanase and MMP activity,
SNPs that affect number of chondroitin sulfate (CS) substitutions and alteration in enzymes critical in
synthesis of CS chains can impair the aggrecan functionality. Similarly, levels of many matrix and matrix-
related molecules e.g. Col2, Col9, HAS2, ccn2 are dysregulated during disc degeneration and genetic animal
models have helped establish causative link between their expression and disc health. In the degenerating
and herniated discs, increased levels of inflammatory cytokines such as TNF-q, IL-13 and IL-6 are shown to
promote matrix degradation through regulating expression and activity of critical proteases and stimulate
immune cell activation. Recent studies of different mouse strains have better elucidated the broader impact of
spontaneous degeneration on disc matrix homeostasis. SM/J mice showed an increased cell apoptosis, loss
of cell phenotype, and cleavage of aggrecan during early stages followed by tissue fibrosis evident by
enrichment of several collagens, SLRPs and fibronectin. In summary, while disc degeneration encompasses
wide spectrum of degenerative phenotypes extensive matrix degradation and remodeling underscores all of

them.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http:/
creativecommons.org/licenses/by/4.0/).

Introduction

Intervertebral disc degeneration is one of the main
contributors to chronic low back, and neck pain,
among leading causes of disability in the United
States [1,2]. The intervertebral disc and the adjoining
vertebral bodies forms a polyaxial diarthrodial joint
which provides flexibility and range of motion to the
spinal column and accommodates the compressive
biomechanical forces applied to the spine [3]. The
disc is comprised of 3 distinct tissues: the nucleus

pulposus (NP) — a proteoglycan rich, gelatinous
tissue that forms the core of the disc and is sparsely
populated with cells derived from the notochord;
ligamentous annulus fibrous (AF) - that surrounds
the NP and is primarily composed by fibrillar
collagens; and the hyaline cartilaginous endplates
(CEP), bordering the NP and AF on cranial and
caudal surfaces (see Fig. 1). The interaction
between these 3 compartments provide the disc its
ability to absorb loads. The applied loads are
resisted by the osmotic swelling pressure in the NP
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ECM signature underscores multiple sub-phenotypes

generated as a result of high concentration of
negatively charged glycosaminoglycans that substi-
tute large aggregating proteoglycans, aggrecan and
versican and the hoop stresses in the AF that contain
them [4]. Noteworthy, due to the anatomical struc-
ture of the disc, blood vessels and neurons are only
present in the superficial regions of CEP and AF, but
do not reach the inner AF and NP compartments.
Consequently, NP cells experience hypoxia and rely
on HIF-1 [5] signaling to adapt to this hypoxic and
nutritionally challenging microenvironment [6-8].
Another defining feature of the intervertebral disc
niche is its extracellular matrix with each tissue
compartment having a unique composition. Accord-
ingly, ECM maintenance is critical for intervertebral
disc homeostasis and several studies have docu-
mented alteration in ECM profiles in different disc
degeneration models [9—-11]. Importantly, polymor-
phisms in ECM genes including ACAN, COL1, COL
2,C0L9, COL11, FN, HAPLN1, THBS, CILP, ASPN;
and ECM related genes: GDF5, MMP1, MMP2,
MMP3, and TIMP have been correlated with human
disc degeneration [12,13]. This mini review will detail
the current knowledge of ECM complexity in disc
homeostasis and pathology.

Complexity of ECM in the intervertebral
disc

ECM composition and structure governs interver-
tebral disc function. The NP is enriched in different
proteoglycans; aggrecan (ACAN) is the most abun-
dant followed by versican which is diffusely distrib-
uted in the NP and present at higher concentrations
than what is found in articular cartilage [14].
Importantly, these large aggregating chondroitin
sulfate proteoglycans (CSPG) confer negative
charge to the NP tissue resulting in attracting water
molecules [15]. As a consequence, proteoglycans
are responsible for maintaining tissue hydration and
viscoelasticity of healthy discs, critical in absorbance
of mechanical loads. In fact, decrease levels of
ACAN and other CSPGs were strongly correlated
with disc aging and degeneration [16]. Furthermore,
replacement of versican with a complex collagenous
ECM in the NP was suggested as a hallmark of disc
fibrosis and degeneration process [17]. NP cells also
express other PGs such as perlecan, syndecans,
glypicans, and various small leucine-rich repeat
proteoglycans (SLRPs) including decorin, biglycan,
fibromodulin, chondroadherin and asporin and their
dysregulation can compromise disc function [14,18].
Another proteoglycan, PRG4/lubricin enriched in
superficial zone of articular cartilage and meniscus
is found abundantly in the disc tissues, and
especially in the NP [19] however its function is not
clearly understood. Dysregulation of other matrix
constituents such as fibronectin (FN) [20], hyalur-

onan and proteoglycan link protein (HAPLN1) [21],
thrombospondin (THBS) [22] and cartilage interme-
diate layer protein (CILP) [23] were shown to disturb
disc homeostasis. While relative to proteoglycans,
collagens constitute a minor component of NP
tissue, importance of collagen Il in the disc develop-
ment should be mentioned. In Col2a1-null mice, the
notochord fails to disintegrate within developing
vertebral bodies and persists as a rod-like structure,
resulting in lack of NP formation [24]. Transgenic
Del1 mice harboring a 150-bp deletion in Col2a1
showed a similar notochord phenotype with Col2a1-
null mice along with abnormal vertebral bodies. [25].
Additionally, substitution of arginine to cysteine at
position 519 in Col2a1 causes primary osteoarthritis
and osteochondrodysplasia in mice resembling
phenotype in human patients carrying similar muta-
tion [26]. There is also a report that COL2A1
rs2276454 polymorphism is associated with an
increased risk, and COL2A1 rs1793953 might be a
protective factor of developing disc degeneration in a
Chinese Han population [13], however these SNPs
are not validated in other ethnic populations.
Consequently, Collagen Il is not considered a
genetic risk factor for disc degeneration which
seems paradoxical and warrants further investiga-
tion. Nevertheless, these studies emphasize the
importance of Col Il in disc development and later in
life. Altered expression of other minor collagens
including collagen VI [10], collagen IX (COL9) [27],
collagen X [9], collagen Xl [28], collagen XII [10],
collagen XV [10], and collagen XVIII [10] found in the
disc also affect NP and AF structure and accelerate
disc degeneration. Laminin is another constituent of
the NP matrix. Laminin y1 chain and its receptor
integrin 6 subunit was localized predominantly in
immature NP of pig compared to adjacent AF [29].
Whereas Laminin a5 chain, laminin receptors such
as integrin a3, a6, f4 subunit and CD239 and related
binding proteins (CD151) were also highly
expressed in NP cells [29].

The AF is composed primarily by fibrillar colla-
gens, namely collagen | and Il, organized in
concentric lamellae, which offer resistance to NP
swelling [30]. However, it is important to recognize
that within the AF compartment, there are zonal
differences in ECM composition based on the
mechanical stresses experienced by the tissue.
While inner AF has a similar composition to the
NP, rich in PGs and collagen type Il fibers to handle
higher compressive forces, outer AF region is
enriched in collagen | fibers, providing resistance
and tensile strength [31]. In addition to collagens, the
AF matrix also contains elastin and fibrillin-1 rich
microfibrillar network showing different region-
specific content and arrangement [32,33]. While,
elastin content was similar in outer AF and inner AF
in healthy discs, it increased with degeneration and
age, and the highest levels were seen in
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Fig. 1. A scheme of important signaling pathways and matrix molecules that play roles in intervertebral disc health and disease. Notochordal cells (NCs) populate in
the center of the nucleus pulposus (NP) and communicate with each other by many gap junctions (GJs). The annulus fibrosus (AF) and cartilaginous endplate (CEP)
encapsulate the NP.
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Fig. 2. Phenotypic differences observed between SM/J and LG/J mice, mainly focusing on molecular regulation and
composition of the intervertebral disc (Ref #9, 10). SM/J mice evidence spontaneous early onset disc degeneration

characterized by extensive cellular and matrix changes.

degenerated inner AF [32]. Elastin was aligned in
parallel with collagen bundles in the outer AF,
whereas, it was dense and often crisscrossed or
cross-bridged with adjacent lamellae in the inner AF
[32,34]. As for fibrillin-1 rich microfibrils, their network
was completely different from region to region in
nondegenerate discs [33].

It is important to recognize however that the disc
matrix composition is slightly different between
embryonic and adult life. During embryonic devel-
opment and early post-natal life, notochordal cells
that constitute NP tissue synthesize collagens 1, 2,
3, 9 and express high levels of HA and CD44 not
enriched or actively synthesized in the adult NP
tissue [35-37]. Interestingly, a Col2a1 splice variant
2A and not 2B is predominantly expressed in rabbit
embryonic disc [35] an observation further illustrated
by Melrose et al. in their studies of ovine disc matrix
[38]. Sandell and coworkers have reported collagen
IIA expression in notochord of 42-day human
embryos and in the inner AF of 54-day embryos;
these authors also noted that the IIA expression
persisted in 52-week embryos in central disc areas
whereas collagen 1IB was localized in vertebral
tissue adjacent to the disc [36,37]. Melrose et al.
found the highest levels of decorin and versican in

the AF with equal abundance of biglycan in all zones
of the fetal disc [38]. Predominance of biglycan in the
fetal disc and decorin in mature disc tissues were
noted along significantly lower levels of versican in
adult disc specimens [38]. Additionally, the compo-
sition of the disc slightly varies with its location within
the spine and with aging e.g. lower levels of PGs
were evident in discs at the juncture of a mobile and
less mobile spinal motion segment [39].

ECM remodeling mechanisms in the
intervertebral disc

An important consideration in maintaining disc
homeostasis is the tight regulation of ECM quality
control and turn-over. ECM turnover is largely
controlled by various proteases and their activity
modulators. Those factors include metalloproteases
(MMP2 [40], MMP3 [41], MMP7 [42] and MMP13
[43]), disintegrin and metalloproteinase with throm-
bospondin motifs (ADAMTS4 and ADAMTSS5) [44],
other proteases (Htra1) [45] and tissue inhibitor of
metalloproteinases (TIMPs) [12]. Likewise, inflamma-
tion related proteins, such as interleukins (IL-1and IL-
6) [46—48], tumor necrosis factor (TNF) family [49,50]
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Fig. 3. Predominant disc degeneration phenotypes and their ECM signatures. Each degenerative sub-type is
characterized by a unique extracellular matrix composition and remodeling signature. Red (increase) and blue (down)
arrows represent directionality of the change respectively. Abbreviations: collagen (COL); proteoglycans (PGs); tissue
non-specific alkaline phosphatase (TNAP); metalloproteases (MMP); A Disintegrin and Metalloproteinase with
Thrombospondin motifs (ADAMTS); aggrecan (ACAN); progranulin (PGRN); ATP-binding cassette sub-family C member
6 (ABCCS6); aggrecanase (ADAMTS-1, -4 & -5)-generated N-terminal neoepitope ARG after cleavage (ARGxx); Nucleus

pulposus (NP); Annulus fibrosis (AF).

and cyclooxygenase-2 (COX2) [51] are involved in
this process. Dysregulation of any of these molecules
is likely to affect the remodeling and composition of
disc ECM resulting in compromised mechanical
properties and accelerated disease progression [52].

Furthermore, it is important to recognize that for
the optimal disc function the PG concentration and
charge ratio should remain as high as possible [14].
PGs should possess maximal substitution of its
sulfated GAG chains, and as for aggrecan, to form
large aggregates with HA [14]. Fewer and shortened
CS chains can impair the ability of aggrecan to
aggregate with HA, and cause further fragmentation
of the PG, leading to the disc degeneration [14]. It is
also noteworthy that expression of enzymes in-
volved in GAG biosynthesis is decreased with
degeneration and age, as shown by significantly
decreased xylosytransferase-1 levels in aged bovine
discs [14] and reduced levels of
glucuronosyltransferase-l in degenerated human
and aged bovine discs [14]. Elevated levels of
syndecan-4 (SDC4), a small, cell surface heparan
sulphate proteoglycan have been implicated in disc
matrix catabolism [18,53]. In the degenerating NP,
the increase in inflammatory cytokines TNF-a and
IL-1B regulates SDC4 expression via MAPK and NF-

KB signaling pathways [18]. SDC4 is shown selec-
tively interacts with ADAMTS-5 and increase it
efficiency of aggrecan cleavage [18,54]. SDC4 is
also important in modulating TNF-dependent MMP-3
expression [18,55] (see Fig. 1).

An overview of various animal models clearly
illustrates the importance of maintaining healthy disc
matrix. Chondrodystrophic dogs lose their noto-
chordal cells after birth and are prone to spontane-
ous disc degeneration [39]. This degeneration as in
humans, is characterized by decreased PG content,
diminished aggregation levels of PG with HA,
increased keratan sulphate content, increased ser-
ine proteinase activity, and decreased serine pro-
teinase inhibitory protein levels [39]. Likewise,
biochemical changes in aging sheep and rabbits
are similar to humans with respect to altered
metabolism and PG synthesis [39]. More recently
studies utilizing different inbred strains of mice have
better elucidated the broader impact of degeneration
on disc matrix. SM/J and LG/J mice exhibit contrast-
ing phenotypes in terms of disc health [9,10]. SM/J
mice exhibited an early onset spontaneous disc
degeneration underscored by loss of vacuolated NP
cells and their replacement with sparsely distributed
chondrocyte-like cells within condensed and fibrotic
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matrix. This was accompanied by the loss of the AF
lamellar structure, loss of AF-NP tissue boundary
[9,10]. NP tissue of SM/J mice also evidenced
increased apoptosis, loss of NP cell phenotypic
markers, increased of ARGxx, an aggrecan degra-
dation and collagen X abundance [9]. The analysis
of the NP matrisome of SM/J mice further showed
enrichment of Col6al, Col6a2, Col12a1, Col15ai,
Col18a1, versican, fibronectin, and COMP as well as
biglycan and decorin, small SLRPs associated with
collagen fibril formation [10]. SM/J mice were
predisposed to acquire hypertrophic chondrocyte
identity (see Fig. 2). Importantly, the matrix changes
were accompanied by the increased stiffness and
lower range of spinal motion in SM/J mice [9] (see
Fig. 3).

Matrix changes during intervertebral
disc aging

Despite the well-described multifactorial etiology
of disc degeneration, natural aging is still one of the
major contributors to disc degeneration [9,10]. This
becomes more important as advances in medicine,
nutrition and public health are contributing to an
increased lifespan, and therefore, to an increase in
age-dependent diseases [56]. In a study including
over one thousand individuals, 40% presented with
disc degeneration at 30 years old, increasing pro-
gressively to over 90% by 55 years old [57].
Furthermore, it was reported that over the course
of their lifespan, both humans and animal models
experience decreased levels and quality of extracel-
lular matrix proteins and biomechanical properties,
as well as an increase in inflammatory cytokine
expression, catabolic processes, cell death and
consequently increase in degeneration [49,56].
Eyre and Muir have reported the relative amounts
of collagens | and Il in human thoracolumbar and
lumbar discs at various ages [58]. Collagen Il
constituted about 50-65% of total collagen of the
AF and was higher in a teen disc than that of an old
disc [58]. Interestingly, the proportions of collagens |
and Il in the AF did not significantly differ in samples
ranging from 5 years to 66 years old [58]. In contrast
to AF, collagen Il was more than 85% of total
collagen in NP tissues regardless of age [58].
Recently, Caldeira et al. have shown an increase
in collagen fiber diameter, and intersection of fibers
in the NP of elder population. In the same study, after
performing a matrisome analysis comparing young
and old NP tissues, the authors showed that levels of
fibronectin (FN) and prolargin were increased, along
with decrease in collagen XI [59]. Interestingly, these
results support other studies correlating FN increase
with decrease in aggrecan and increase in MMP
levels, promoting cartilage degradation [20]. Not
surprisingly, decreased levels of aggrecan were also

associated with increase of ADAMTS and MMPs
activity levels during NP aging [43]. Senescence has
also been reported to increase in the intervertebral
disc during aging [43,47]. Senescent cells are
characterized by a unique profile of catabolic and
pro-inflammatory secretion, resulting in changes in
disc ECM [60,61]. Recently, using disc specific
conditional knockout p16INK4a mice Novais et al.
showed that COL1, COL2 and CS levels were
decreased, followed by an increase of COL10 in
the NP [47]. Patil et al. supported this idea and
showed that removal of senescent cells from aged
disc leads to decrease in MMP catabolic activity,
with improvement in disc health [43]. Osmotic
response factors NFAT5/TonEBP [11,46] and actin
regulator Arp2/3 [62] were also shown to play an
important role in organizing and maintaining ECM
during aging [62]. In TonEBP hypomorphic mice
there was global downregulation in disc matrix
genes and a noteworthy increase in COL10, an
important marker of hypertrophic chondrocytes [11].
These studies along with studies of disc cell
senescence, suggests a possibility that ECM shift
over aging is likely driven by cell transformation.
Similarly, ECM turn-over promoted by inflammatory/
catabolic signaling is widely accepted. In fact, disc
aging is often correlated with changes in IL-1, IL-6,
MCP-1, MMPs, ADAMTS and TGF-B signaling,
along with alteration in ECM composition [47].
Surprisingly, however, a recent study using IL-1a/
double KO mouse, showed that in absent of IL-1,
there was a decrease in the protein levels of COL2
and COMP during aging [48]. This data suggests
that cytokine levels in the disc can play a catabolic
and/or anabolic role depending on the concentration
levels and/or stage of the disease (healthy vs
degenerated). Underscoring the importance of cyto-
kine concentration levels and phenotypic outcome of
the disc, two recent studies reported an increase in
NP cellularity with and without increased incidence
of NP herniation in hTNF-Tg mice [63,64]. These
results suggest that during aging there is a shift in
cell phenotype, promoting changes in ECM compo-
sition and remodeling, which might explain the
increased incidence of disc degeneration and
disease in the elder population.

Predominant disc degeneration pheno-
types

One important aspect of human disc degeneration
is the wide spectrum of degenerative phenotypes.
Histological analyses of human degenerated discs
have shown: disc fibrosis with loss of cells, annular
clefts, neovascularization, and sclerosis of the
subchondral bone; ectopic calcification of the carti-
laginous endplate and/or the disc itself; and herni-
ated discs with increased senescent cells and matrix
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metalloproteinases expression [57,65,66]. While the
contribution of genetic predisposition, tissues micro-
environment, or altered mechanical environment
underlying these pathological phenotypes is still
unknown, ECM seems to present a unique profile in
each subtype of disc disease. We describe below
cellular and ECM changes seen in three such major
phenotypes (see Fig. 3).

Disc degeneration with fibrosis

Loss of tissue viscoelastic properties is one of the
major hallmarks of disc degeneration. In fact, the
gold standard classification of disc degeneration in
clinic was proposed by Pfirrmann in 2001 [67]. This
classification system of degeneration is based on
signal intensity detected by T2-weighted MRI , that
indirectly capture the ability of the NP to bind water.
Consequently, the diagnosis of disc degeneration
primarily reports the shift of an ECM rich in PGs
towards a more fibrotic and stiffer ECM that is rich in
collagens [57,68]. There are several contributors
that can promote this turn-over of matrix. Aberrant
mechanical loading is thought to play a role on
stimulating disc fibrosis tissues, since in humans the
prevalence of disc degeneration is higher at lumbar
L5/S1 and cervical C5/C6 than the others levels [68].
Interestingly, studies have also shown that anatom-
ical predisposition to disc degeneration is presentin
other species [69]. Moreover, the combination of
twin cohort studies [70] and mouse stains compar-
isons [9,10,69] indicate that genetic background
might be essential to drive disease progression
towards a specific subtype of degeneration. In fact,
SM/J mice, a novel model of spontaneous disc
degeneration shows fewer NP cells, associated with
an increase in hypertrophic chondrocyte-like phe-
notype [9]. This cell signature is known by secretion
of preferentially collagenous ECM [71], which might
explain the increased fibrotic matrix and stiffness of
degenerated discs in SM/J mice [9,10]. Similarly,
histological and proteomic analyses of human discs
have further supported relationship among in-
creased stiffness associated with a fibrotic environ-
ment, increased levels of collagenous matrix and
number of hypertrophic like cells in degenerated
disc [72-74].

Degeneration with calcification

Another common subtype of disc degeneration,
mainly found in elder people, is intervertebral disc
calcification [75]. Indeed, histological analysis of
human cadaveric samples showed that both NP and
AF compartments can be affected, as well as
increase in COLX, calcium, inorganic phosphate
and local alkaline phosphatase activity [66]. Inter-
estingly, deficiency of progranulin (PGRN), a pleio-
tropic growth factor, has been shown to result in

elevation in TRAP, Cathepsin, COLX, MMP13 and
ADAMTSS levels [76]. In this case, ACAN content
was also decreased, but this time in the context of
intervertebral disc calcification. Importantly, studies
affecting inorganic phosphate metabolism have also
showed progressive ectopic mineralization of the AF
and adjacent ligaments, which eventually lead to NP
collapse at 1 year [77]. Although, mineralization
process of the disc remains unknown, cell death,
matrix remodeling, increase in local calcium and
phosphate, tissue- nonspecific alkaline phosphatase
(TNAP) activity and cell transformation seen in
degenerating discs have been shown to contribute
to mineralization [78,79]. While most models of disc
degeneration present a fibrotic phenotype, LG/J
mice showed an increased prevalence of interverte-
bral disc calcification in caudal spine during aging
[80] as well as a higher predisposition of synovial
and meniscus calcifications following knee trauma
[81]. Importantly, LG/J disc calcification features
resemble the intervertebral disc calcification seen
with higher prevalence at lower thoracic levels of
elder human patients at both histological and
transcriptomic levels [66,75,80]. All together, these
results suggest that intervertebral disc calcification
phenotype underscores the combination of anatomic
location, genetic predisposition and stress factor
such as aging or trauma.

Disc herniation

In humans, disc herniation is an important clinical
finding associated with radicular pain, neurological
changes and overall matrix catabolism processes
[82]. Degeneration of the AF with subsequent
changes in its structure predisposes patients to
develop intervertebral disc herniation. This can
result in neural compression and subsequent radic-
ular pain [57]. Several studies have shown an
important correlation between ECM composition
and herniation of the disc. In fact, TonEBP deficient
mice which shows a clear decrease in collagen
content in the AF, presents an increased incidence
of lumbar disc herniation [11]. Surprisingly, TgTNF
mice, which also showed spontaneous disc hernia-
tion in caudal spine, did not present any significant
changes in the ECM but only a noticeable local
increase in immune system activity and cytokine
expression [63,64]. Supporting the hypothesis of
anatomical/mechanical loading as a predisposition
factor to disc herniation, bipedal mice showed a
significantly increased incidence of disc herniation
[83]. Moreover, destabilization of the spine by
resection of spinous processes, supraspinous and
interspinous ligament, with paravertebral muscle
detachment, altered AF ECM organization promot-
ing disc herniation as well [84]. In addition, trauma
induced disc herniation, usually by annular puncture,
have clearly shown the importance of annulus
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fibrosus integrity to the pathology and have helped to
further explore the progressive local response after
NP herniation: inflammatory cascade, immune re-
sponses and matrix remodeling [85-87]. Overall,
disc ECM profile and integrity seem to be influenced
by the conjugation of local inflammation, mechanical
stress/loading and genetic predisposition, contribut-
ing to loss of matrix integrity and consequent NP
herniation.

Conclusion

The biomechanical function of the intervertebral
disc is critically dependent on a healthy ECM and it
plays an essential role in cellular homeostasis by
promoting signaling and survival [4,11,18,62]. In the
intervertebral disc, ECM profile varies depending on
anatomical position of the motion segment as well as
mechanical properties of each region of the inter-
vertebral disc. In fact, disc ECM is composed by a
huge diversity of PGs, different collagens and a
unique matrix remodeling machinery. It is not
surprising that, alteration in the ECM leads to disc
degeneration and in some cases are the conse-
quence of degenerative processes. Ultimately, ECM
disruption leads to loss of mechanical properties and
increase disc stiffness [9,44,59]. Noteworthy, disc
degeneration can be divided in different subtypes
such as: disc fibrosis, disc calcification and disc
herniations [57]. Interestingly, the ECM presents a
unique signature in each of these degenerative
phenotypes. While fibrotic degeneration seems to be
promoted by secretion of collagenous matrix by
hypertrophic-like cells, with increased PGs catabo-
lism; intervertebral disc mineralization is more
correlated with microenvironment changes induced
by high levels of calcium, phosphate, cell death and
TNAP activity. On the other hand, disc herniation,
appears more depend on altered mechanical stress-
es and accelerated AF degeneration over NP, with
loss of ECM structural molecules, such as COL1 or
COL2. Another important factor relevant to disc
degeneration is the role of aging and cellular
senescence, having a considerable association
with senescence associated secretory phenotype
and matrix composition. In summary, understanding
homeostatic mechanisms in the disc that govern
ECM composition and quality provides insights into
multifactorial pathogenesis of intervertebral disc
degeneration.
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