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Abstract Disc degeneration is the loss of the normal
nucleus pulposus disc matrix to a more fibrotic and less
cartilaginous structure. This change in disc micro-
anatomy can be associated with pain and deformity,
however, prevention and treatment options of disc
degeneration are currently limited. Much research is
going on to understand intervertebral discs at a
molecular/ cellular level in hopes of creating clinically
applicable options for treating disc degeneration. This
review article will give insight into the current and
developing status of treating intervertebral disc
degeneration from a molecular standpoint.
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Introduction

The normal intervertebral disc consists of a rich
extracellular matrix (ECM) that can be divided into
the nucleus pulposus (which contains chondrocyte-like
cells) and annulus fibrosus (which contains fibroblast-
like cells) [1]. ECM provides the mechanical charac-
teristics of the disc while the cells within this vascular
fibrocartilaginous structure synthesize and maintain
the matrix. Disc degeneration is characterized by loss
of the normal nucleus pulposus disc matrix to a more
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fibrotic and less cartilaginous structure. Disc degener-
ation is clinically associated with low-back pain and
other important disease conditions of the spine [2, 3].
Current treatment options range from pain manage-
ment to invasive procedures such as spinal fusion and
spinal arthroplasty, however, there is no clinically
proven biological therapy for disc degeneration.
Ongoing research hopes to develop strategies to treat
and prevent disc degeneration using biologically active
molecules. This review article will focus on the current
status of molecular therapy for intervertebral disc.

Biology of intervertebral disc degeneration

The integrity of the intervertebral disc relies on the
proper balance between matrix synthesis and degra-
dation. The disc matrix is an elaborate framework of
macromolecules that attract and hold water. The major
structural components of the macromolecular frame-
work are collagens and proteoglycans.

Collagens provide form and tensile strength while
proteoglycans, through interactions with water, give
the tissues stiffness, viscoelasticity, and resistance to
compression [4]. Table 1 outlines the types of
collagenous and non-collagenous proteins found in the
disk. Collagenous proteins comprise 70% of the outer
annulus dry weight, but only account for 20% of
the central nucleus pulposus [4]. On the other hand,
the greatest proteoglycan concentration exists in the
nucleus pulposus, and proteoglycans have been shown
to comprise 50% of the nucleus dry weight in children
[4]. The proteoglycan molecule is made of a core
protein to which a variable number of glycosamino-
glycan units are covalently attached [5]. The most
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Table 1 Intervertebral disc

Disc-matrix Proteoglycans
components

proteins

Collagen Disc proteinases

Fibronectin Aggrecan (most abundant) Fibril-forming

Elastin Versican

CILP Decorin

Asporin Biglycan
Fibromodulin
Lumican
Perlecan

Metalloproteinases (MMPs)
collagens

10-80%

11 0-80%

MI<5%

V1-2%

XI 12%

Short helix collagens
VI 5-20%

IX 12%

XII<1%

Collagenases (MMPs 1, 8, and 13)
Gelatinases (MMP 2 and 9)
Stromelysin (MMP 3)

ADAMS

common glycosaminoglycan side chains in discs are
chondroitin sulfate and keratan sulfate, with the for-
mer predominating in the normal disc and the latter in
the degenerated disc [4-6]. Asporin, a member of the
small leucine-rich repeat proteoglycan family, is ex-
pressed at higher levels in osteoarthritic articular car-
tilage [7, 8]. Similarly, cartilage intermediate layer
protein (CILP) has been shown to increase with age in
articular cartilage and enhance in the early stages of
human osteoarthritis [9]. Asporin and CILP are still
being further investigated and will hopefully give
greater insight into degenerative tissue biology.

It is important to understand disc degeneration from
both morphological and molecular levels. Disc mor-
phology changes with age. Degenerative changes have
been shown unequivocally in those as young as
11 years [10]. These changes include dehydration, fis-
sures as well as tears of the nucleus, annulus, and
endplates. On the molecular level, degenerative chan-
ges include decreased diffusion of nutrient and waste
products, decreased cell viability, accumulation of
apoptosis debris, degradative enzyme activity, accu-
mulation of degraded matrix macromolecules, fatigue
failure of the matrix, decreased proteoglycan synthesis,
and alteration in collagen distribution [4, 11].

Disc degeneration begins when imbalances occur
favoring catabolism and/or the failure to retain matrix
proteins over synthesis and/or retention. Decreased
disc nutrition is an important contributor to degener-
ation. Increased disc size and endplate changes, when
combined with cell density, lead to decreased nutrition
in the center of the nucleus, low pH, and possibly cell
death [4, 12]. The most prominent change with
degeneration is progressive loss of proteoglycan, water,
and collagen II in the disc matrix of the nucleus
pulposus. Another notable change is the loss of dif-
ferentiated chondrocyte phenotypes from the nucleus
pulposus resulting in a more fibrotic phenotype. There
are qualitative matrix changes that are not well-defined
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including the breakdown of higher molecular weight
proteoglycans and differences in the small leucine-rich
proteoglycans. Other changes include collagen cross-
linking and organization of the proteoglycan. Altera-
tions in the annulus fibrosus include disorganization of
the matrix. These changes take many years to become
apparent and result from an imbalance between
annular lamella layers and physical defects in the col-
lagenous matrix (Fig. 1).

Although inflammatory mediators have been iden-
tified in degenerated discs, the pathologic role played
by each of these mediators is not well understood.
Nitric oxide (NO), interleukin-6 (IL-6), prostaglandin
E2 (PGE2), TNF-alpha, fibronectin, and matrix me-
talloproteinases (MMPs) are a few of the many medi-
ators identified (Table 2) [11, 13-15]. The roles played
by these mediators are currently being investigated.
The NO, IL-6, and PGE2 appear to be the inhibitory
factors of proteoglycan synthesis. These factors are
recruited into action by interleukin-1 (IL-1), which also
plays a role in the direct breakdown of the proteogly-
can matrix. This process of direct breakdown by IL-1 is
thought to be mediated by a family of enzymes known
as MMPs. IL-1 likely plays a major role in the cascade
of inflammatory mediators, but the nature of that role
is not well defined [16]. Seguin et al. [14] recently
demonstrated that TNF-[alpha] (a proinflammatory
cytokine found in herniated nucleus pulposus tissue) at
doses of 1-5 ng/ml, induced multiple cellular re-
sponses, including: decreased expression of both agg-
recan and type II collagen genes; decreases in the
accumulation and overall synthesis of aggrecan and
collagen; increased expression of MMP-1, MMP-3,
MMP-13, ADAM-TS4, and ADAM-TSS5; and induc-
tion of ADAM-TS dependent proteoglycan degrada-
tion. Within 48 h, these cellular responses resulted in
75% loss of proteoglycan content of nucleus pulposus
tissue. This loss suggests that TNF-[alpha] plays a role
in the process of disc degeneration.
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Fig. 1 Disc-matrix metabolism: balance of synthesis and degra-
dation. a In the homeostatic state, the disc undergoes matrix
synthesis and degradation in a balanced manner. b As the disc
matrix undergoes a turnover during the course of an individual’s
lifetime, any small imbalance between synthesis and degradation
can lead to significant changes in overall disc-matrix content. ¢
One of the major goals of molecular therapy of the disc involves
modulating this metabolic balance to the more favorable
anabolic state. This can be accomplished by increasing the
synthesis or decreasing the catabolism

The balance between synthesis, breakdown, and
accumulation of matrix macromolecules determines
the quality and integrity of the matrix, and thus the
mechanical behavior of the disc itself. The goal of

Table 2 Inflammatory  mediators  implicated in  disc
degeneration

1. Matrix metalloproteinases (MMPs)
2. Nitric oxide (NO)

3. Interleukin-6 (IL-6)

4. Prostaglandin E2 (PGE2)

5. TNF-alpha

6. Fibronectin

molecular therapy is to prevent or reverse these
changes in the disc ECM by altering the degradation—
synthesis balance in favor of synthesis.

Molecular therapy strategies for disc disease

Therapeutic strategies under investigation for the bio-
logical treatment of disc degeneration include the use
of cellular components (mesenchymal stem cells,
chondrocytes, culture expanded disc cells, disc allo-
graft, etc.), matrix-derivatives, and molecules influ-
encing disc-cell metabolism and phenotype (Table 3)
[17-26]. There are at least four different classes of
molecules that are currently being investigated for disc
therapy: anti-catabolics, mitogens, morphogens, and
intracellular regulators. All of these molecules have
some in vitro data, but few have been tested in vivo
with an animal model of disc degeneration (Table 4).
Each of these categories will be defined and the key
literature reviewed in this article.

Table 3 Molecular therapy strategies for disc disease

Type of intervention  Examples

Cell-based Whole-disc transplantation
Transplantation of cultured disc cells
Chondrocyte transplantation
Mesenchymal stem cells transplantation
Disc cell/scaffold constructs
ECM ECM—extracellular matrix protein
component-based
Molecule-based Anti-catabolic
Mitogens
Morphogen

Intracellular regulators

Table 4 Molecules under investigation for disc therapy

Category Molecule

TIMP-1,-2,-3
Anti-TNF-alpha
Anti-MMPs (CPA-926)
IGF-1

PDGF

EGF

FGF

TGF-beta

BMP-2

BMP-7 (OP-1)
BMP-13 (GDF-6 aka CDMP-2)
GDF-5 (CDMP-1)
Link N

SMADs

Sox9

LMP-1

Anti-catabolic

Mitogens

Morphogen

Intracellular regulators
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Anti-catabolics

Anti-catabolics prevent matrix loss by inhibiting deg-
radative enzymes within the disc. Several families of
enzymes are capable of breaking down the various
matrix molecules of disc, including cathepsins, aggre-
canases, and MMPs [13, 27]. MMPs play an important
role in the normal turnover of matrix molecules, but
have also been linked with degradation of collagen,
aggrecan, versican, and link proteins found in the
degenerated disc [27]. The main members of the MMP
family are stromelysin (MMP 3), collagenase (MMPs 1,
8, and 13), and gelatinase (MMPs 2 and 9). Stromelysin
is found mainly in the nucleus pulposus, and is active in
degrading the core protein of proteoglycans. It is the
only agent capable of gaining access to the proteolytic
cleavage sites, leaving isolated hyaluronate-binding
regions, degraded proteoglycan aggregates, and gly-
cosaminoglycan fragments as breakdown products [13,
27-29]. Collagenase and gelatinase are more prevalent
in the annulus, and cooperate in the breakdown of
collagen. Aggrecan and versican degradation may re-
sult from members of a second family of metallopro-
teinases, ADAMs. Two members of this family
(ADAM-TS4 and 5) show a particular avidity for
aggrecan and have been termed aggrecanases [11].

Given the degradative properties of MMPs, it is
logical that much attention has focused on inhibiting
MMPs and thus slowing or stopping disc degeneration.
Within the matrix, MMP activity is normally inhibited
by tissue-inhibitors-of-MMPs (TIMPs) [30, 31]. Wal-
lach et al. successfully delivered an anti-catabolic gene,
TIMP-I, into the cells from degenerated intervertebral
discs using an adenoviral vector. They showed an in-
creased expression of TIMP-1 in disc cells and also an
increase in the ‘“‘measured synthesis rate” of proteo-
glycans. This finding supports catabolic inhibition as a
promising avenue of research for the treatment of
degenerative disc disease via gene therapy [31]. An
esculetin prodrug, CPA-926, which has a better phar-
macokinetic profile than esculetin itself has anti-
inflammatory and anti-tumorogenic characteristics. It
has been shown to prevent degeneration in an osteo-
arthritic model of cartilage destruction [32]. Based on
histological and radiographic evidence, Okuma et al.
showed that oral administration of CPA-926 can pre-
vent or delay the onset of disc-height loss using an
annulotomy model of disc degeneration in the rabbit
[32]. The inhibition of degradative molecules is an
important aspect of preventing disc degeneration that
has potential for future clinical practice.

Along with the balance of synthesis and degrada-
tion, the rate of disc-matrix metabolism may also be
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important. For example, the overall rate of disc
metabolism in younger discs may be much higher than
in older discs. In older discs, this may lead to increased
accumulation of degraded products in comparison to
the newly synthesized molecules. This disparity has
been shown to be the case for aggregans when looking
at aged discs. Further imbalance results when the de-
mand of nutritional requirement, created by the need
for increased metabolic rate, is not met in the degen-
erative intradiscal cells. Cytokines such as IL-1 and
TNF-alpha, as described previously, may also have
critical roles in disc metabolism. Molecules such as
IL-1Ra and inflixamab, which can block IL-1 and
TNF-alpha, respectively, may be useful [33-35]. Fur-
ther research into anti-catabolic molecules may yield
important results.

Mitogens

Growth factors act as anabolic regulators of disc-cell
metabolism [36]. Mitogens are defined by their ability
to increase the rate of mitosis. These molecules con-
stitute the true “growth factors”, and for the purposes
of this review article, we will differentiate mitogenic
“growth factors” from the set of molecules that are
highly chondrogenic (morphogens) (Fig. 2). Growth
factors are typically cytokines, defined by their ability
to bind to specific transmembrane receptors resulting
in activation of an intercellular signaling cascade. In
general, the biological effect of cytokines can be a
variety of different effects such as cell proliferation,
differentiation, migration, and apoptosis.

For disc cells, mitogenic molecules include insulin-
like growth factor-1 (IGF-1), epidermal growth factor
(EGF), and fibroblast growth factor (FGF) [37].
Thompson et al. [37] used in vitro experiments with
mature canine disc cells to show that mitogenic mole-
cules can increase the rate of mitosis and proteoglycan
synthesis to various degrees depending on the region of
the disc from which the cells were obtained. In vivo
experiments with growth factors using a mouse-tail disc
compression model for degeneration by Walsh et al.
[38] produced results that were consistent with in vitro
experiments by Thompson et al. [37]. Walsh et al.
showed that IGF-1 had mild effects (especially in the
inner annulus) and FGF had no effect while Thompson
et al. found EGF to perform better than other mito-
gens [37]. Additionally, Okuda et al. demonstrated an
age-related decline in proteoglycan synthesis to IGF-1
in rat discs [39]. Based on this information, researchers
have speculated that by restoring the IGF-1 in aging
discs, matrix synthesis may be increased.
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More nutritional requircment
More unnecessary activity
Cell death due to crowding
Stimulate more catabolism
Tumorogenicity

Fig. 2 Mitogenic molecules: mitogenic molecules are the true
growth factors. They increase the cell number without necessar-
ily enhancing cell differentiation. The increase in cell number
leads to increase in matrix synthesis. However, this may also
increase the nutritional requirement in the disc due to higher

In a related but different potential mechanism of
therapy, some growth factors may protect disc cells
from apoptosis. Gruber et al. [40] demonstrated a
significant reduction in the percentage of apoptotic disc
cells after exposure to 50-500 ng/ml IGF-1 or exposure
to 100 ng/ml platelet-derived growth factor. These
findings expand the understanding of the cell biology
of disc cells and show that selected cytokines can retard
or prevent programed cell death in vitro. While IGF-1
has some anabolic effects, it may also have an effect on
catabolism. IGF-1 has been shown to decrease the
levels of active TIMP-2 in tissue-culture experiments,
indicating a complex effect on disc-matrix metabolism
by IGF-1. The complete understanding of IGF-1 is still
evolving and holds potential.

Morphogens

Transforming growth factor-beta (TGF-beta), bone
morphogenetic proteins (BMPs), and growth and dif-
ferentiation factors (GDFs) are chondrogenic mor-
phogens for disc cells. They have mitogenic capability,
but are truly characterized by their ability to increase
the chondrocyte-specific phenotype of the cell (Fig. 3).
These growth factors tend to act as anabolic regulators
of disc-cell metabolism and increase the production of
collagen II, Sox9, aggrecan, and sulfated-glycosamino-
glycans [37]. Chondrogenic morphogens are particularly
attractive because they may reverse the fibrotic phe-
notype of disc cells to the more favorable chondrocytic

Degradation

N\

Degradation

needs for keeping the cell alive and perhaps increase the overall
catabolism as well as synthesis. Furthermore, high cell density
can lead to less nutrition per cell leading to limits on synthetic
metabolism. Finally, mitogens may have a potential to promote
tumors

phenotype found in younger and more ‘“‘normal” disc.
The aging-process changes the expression level and
spatial distribution of TGF and BMP molecules and
receptors [41, 42]. Okuda et al. supported this notion by
demonstrating that the responsiveness of intervertebral
cells to IGF-1 and TGF-beta decreases with advancing
age in rabbit disc cells [39].

Transforming growth factor-beta was one of the first
morphogenic molecules studied. Thompson et al. not
only reported that TGF-beta was a mitogen, but also
showed that it was a highly anabolic molecule leading
to significantly increased proteoglycan synthesis by the
cell [37]. They further showed that TGF-beta more

Changes cell phenotype
Not necessarily amitogen

Col 2

differentiate

_‘_\_‘_\_‘_\_‘—m

PG Col1

Col1 PG

Fig. 3 Morphogenic molecules: morphogens change the pheno-
type of the cell as their major mechanism of action without
necessarily increasing the cell number. In the disc, morphogens
may be used to increase the chondrocyte-like phenotype of the
cells and enhance chondrocytic matrix synthesis
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superiorly increased proteoglycan-synthesis rate in
comparison to the growth factors: EGF, IGF-1, PDGF,
and FGF [37]. Subsequently, Nishida et al. demon-
strated that an adenoviral vector containing the
TGF-betal gene can be directly injected into immu-
nocompetent rabbit (normal) discs in vivo and lead to
expression of TGF-betal and increased rate of
proteoglycan synthesis [43]. Another report showed
that degenerated disc are also capable of responding to
TGF-betal [44, 45]. This in vitro experiment took cells
from degenerated human discs and exposed them to
TGF-betal, revealing increased proteoglycan- and
collagen- synthesis rates; suggesting that degenerated
disc cells are capable of responding to TGF-betal [44,
45]. In vivo experiments in mouse-tail discs indicated
that TGF-betal had some effect on cell proliferation in
the inner annulus, but did not have a measurable effect
on the disc height [38]. As demonstrated by the broad
interest, TGF-betal definitely has potential but its
efficacy in vivo degeneration models has not yet been
established.

Morphogenetic proteins-2 is another chondrogenic
morphogen that has been shown to increase rat disc-
fcell proteoglycan production and the chondrocytic
phenotype of disc cells by Yoon et al. They demon-
strated an increased aggrecan and collagen II gene
expression, but no change in collagen I gene expression
[45, 46]. Because BMP-2 promotes the terminal dif-
ferentiation of osteoblasts during bone formation,
there was an initial concern that BMP-2 may also lead
disc cell differentiation along an osteoblastic lineage.
However, in vitro experiments with human disc cells
demonstrated that BMP-2 enhanced the expression of
chondrocytic genes but not osteogenic genes [47].
Further evidence of BMP-2 anabolic effect has been
reported using human disc cells obtained during elec-
tive surgery in an in vitro model [48]. As of yet, there
are no published reports on BMP-2 efficacy for treating
disc degeneration in vivo models. It remains to be
determined whether cells in a degenerated disc, espe-
cially metabolically impaired cells, can respond to
growth factors and regenerate a damaged interverte-
bral disc. Ahn et al. [48] recently reported that BMP-2
and BMP-12 stimulated proteoglycan and collagen
synthesis by human nucleus pulposus cells from
degenerated discs cultured in monolayer in the absence
of serum. They found that a significant and optimal
stimulation of proteoglycan synthesis by these cells was
achieved at 50 ng/ml of BMP-2 (560%) and BMP-12
(460%). Further studies using aging intervertebral disc
cells are anticipated to prove the therapeutic concept
that growth factors will be useful to treat degenerated
disc disease in the aging population [36].
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Morphogenetic proteins-7, also known as OP-1, is
another potent disc-cell morphogen [49, 50]. Masuda
et al. reported a dose-dependent increase in proteo-
glycan synthesis and expression of the chondrocytic
genes aggrecan and collagen II. This effect was seen in
both annulus fibrosus and nucleus pulposus of rabbit
disc cells grown in vitro under the influence of BMP-7
[49]. Takegami et al. demonstrated that rabbit disc cells
grown in alginate in the presence of the inflammatory
cytokine IL-1 leads to loss of proteoglycan and colla-
gen in the alginate as compared to control [17]. How-
ever, adding BMP-7 at 200 ng/ml to the IL-1 culture
led to increased synthesis of proteoglycan and collagen
even when compared to the controls without IL-1.
Zhang et al. reported that in vitro cultured bovine disc
cells from three distinct spatial zones (outer annulus,
inner annulus, and nucleus) all increased cellular
proliferation in the presence of BMP-7 [50]. However,
only cells from outer annulus and nucleus increased the
rate of proteoglycan synthesis in the presence of BMP-
7. Recent in vivo experiments with BMP-7 in rabbit
models of disc degeneration show that direct intradi-
scal injection of BMP-7 increases disc height and
proteoglycan content in young rabbits [51]. Preliminary
data also indicates that intradiscal injection of BMP-7
may be effective in treating an experimental rabbit
disc-degeneration model using a small annulotomy
[52].

Morphogenetic proteins-13, known as GDF-6 or
cartilage-derived morphogenetic protein-2 (CDMP-2)
is in the BMP family, but has only 50% homology to
BMP-2 in amino acid sequence [53, 54]. BMP-13 in-
creases proteoglycan synthesis rate and chondrocytic
phenotype of disc cells, but it is much less potent
osteogenic molecule than BMP-2 [54, 55]. For disc
cells, the effect of adding both BMP-2 and BMP-13
were additive in increasing proteoglycan production or
chondrocytic gene expression [54]. BMP-13 has some
effect on tendon healing and therefore is under inves-
tigation for annulus fibrosus repair [56, 57].

Growth and differentiation factors-5, also known as
CDMP-1, is predominantly found at the stage of
precartilaginous mesenchymal condensation and
throughout the cartilaginous cores of the developing
long bones during embryogenesis [53]. Walsh et al.
compared in vivo effects of a single injection and mul-
tiple injections of growth factors, such as bFGF (8 ng/
disc), GDF-5, IGF-1, or TGF-betal in the mouse caudal
disc with degeneration induced by static compression
[38]. Although the effects of a single growth-factor
injection were not apparent within 1 week, the
appearance of inner annular fibrochondrocyte clusters
was observed in the GDF-5 group. Of the four



Eur Spine J (2006) 15 (Suppl. 3):S379-S388

S385

molecules tested, GDF-5 was the only molecule that
increased the disc height as compared to saline controls.
Furthermore, there seemed to be an increase in cellular
proliferation in the middle and inner annulus as well as
transitional zones found on histological sections.
However, repeated injection induced an inflammatory
response which was thought to be a secondary damage
induced by the needles used and not necessarily the
GDF-5 since even the saline group had similar inflam-
matory changes. A gene-therapy approach was used by
Wang et al. to demonstrated that GDF-5 delivered by
an adenovirus promoted the growth of disc cells cul-
tured in vitro [58]. GDF-5 is being developed com-
mercially for spinal-fusion application. With large
quantities of recombinant GDF-5 now available, more
in vivo research can be accomplished.

The non-covalent bond between aggrecan and hy-
aluronan is stabilized by the glycoprotein, Link pro-
tein. LinkN is an amino-terminal fragment of link
protein that was shown by Mwale et al. to have stim-
ulatory activity on disc cells [59]. Mwale et al. reported
that Link N, at concentrations of 10 and 100 ng/ml,
stimulated matrix assembly in pellet culture of nucleus
pulposus and annulus fibrosus cells by increasing the
production and/or accumulation of proteoglycans and
collagen, but did not increase cell number in a statis-
tically significant fashion. This suggests that a certain
level of degradation products of link protein, which can
be generated by MMPs, acts as a “‘growth factor” in a
feedback mechanism. Collagen type 1l production was
found to be increased by 113% in cells derived from
the nucleus pulposus and 25% in cells derived from the
annulus fibrosus. The mechanism by which Link N
induces the specific up-regulation of an important
chondrocyte marker (collagen II) without much effect
on cell number is not yet clear. However, these findings
allow categorization of Link N as a chondrogenic
morphogen.

Intracellular regulators

Intracellular regulators have effects similar to those of
the molecules previously discussed but are not cyto-
kines. These molecules are distinct because they are
not secreted and do not work through transmembrane
receptors (Fig. 4). Their major role is to control one or
more aspects of cellular differentiation by intracellular
activity. Examples of these include: SMADs, Sox 9,
and latent membrane protein-1 (LMP-1).

LMP-1 up-regulates the production of BMP-2,
BMP-7, and proteoglycans [60]. It is an intracellular
molecule that was initially discovered by its positive

Not secreted
Not cytokines
Can cause Cytokine Secretion
Variety of functions

Fig. 4 Intracellular regulators: intracellular regulatory are not
secreted molecules and do not act through a transmembrane
receptor. Intracellular regulators can induce the secretion of
cytokines to act in autocrine or paracrine fashion or directly up-
regulate matrix production

effect on bone formation and osteoblast differentia-
tion. Its properties have been shown by Yoon et al. to
be effective in both short-term monolayer cultures and
in longer (3 week) experiments using alginate cultures
[60]. By showing that the up-regulation of proteoglycan
can be blocked with a specific inhibitor of BMPs
(Noggin, San Antonio, TX, USA), Yoon et al. dem-
onstrated that the effect of LMP-1 involved a BMP-
dependent mechanism. Subsequent in vivo work with
rabbit discs showed that gene therapy with low doses of
adenovirus-LMP-1 increased the disc-tissue mRNA
levels of BMP-2, BMP-7, and aggrecan. Because LMP-
1 stimulates both BMP-2 and BMP-7, this was
hypothesized to potentiate the formation of the BMP-
2:BMP-7 heterodimers. These heterodimers have been
shown to be up to 20 times more effective than ho-
modimers of BMP-2 and BMP-7 in osteogenesis [61].

Another molecule that mediates its effect via BMP-
receptor signaling is SMADs [62, 63] Certain SMADs
have been predicted to induce effects on disc cells in a
similar fashion to BMP-2, such as increasing proteo-
glycan and collagen II synthesis. However, there are no
published papers on the influence of SMADs on disc
cells. Sox9 is a chondrocyte marker that is a positive
regulator of collagen I mRNA transcription [64, 65].
Paul et al. demonstrated that Sox9 delivered by ade-
novirus can increase both Sox9 expression and disc-cell
collagen II production in vitro experiments [66]. When
injected in vivo, the adenovirus-Sox9 construct pre-
vented the histological evidence of degenerative
changes in the disc in a rabbit annulus puncture model.
Of note, the disc-degeneration model used consisted of
a 27-gauge needle puncture, which is a very small in-
jury to the disc and therefore may lead to mild or no
disc degeneration. Based on the histology, the authors
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found that Sox9-treated discs had a more chondrocyte-
like phenotype as compared to the control virus-injected
discs [66]. The final role of intracellular molecules is
yet to be established but its importance is becoming
more apparent with studies such as those reviewed
above.

Summary

The normal intervertebral disc clinically acts to
support and dissipate loads while permitting multi-
axial motions of the spine. Its demanding mechanical
function is provided by a well-defined microstructural
organization and biochemical composition. Interver-
tebral disc degeneration is a complex process that
disrupts this well-defined organization and biochemi-
cal balance. One hallmark of intervertebral disc
degeneration is the loss of proteoglycan and water in
the nucleus pulposus. Because of the central role of
proteoglycans in the function of the intervertebral
disc, restoration of normal proteoglycan production
may be critical. Of the many different biological
treatment strategies for intervertebral disc degenera-
tion, the strategy of treating intervertebral disc cells
with bioactive molecules has received the most
attention. The molecules used to treat disc degener-
ation have expanded beyond the classical ‘“‘growth
factor”. There are at least four different classes of
molecules that may be effective in disc repair. These
include anti-catabolics, mitogens, morphogens, and
intracellular regulators. While all of these molecules
have some in vitro data, few have been tested in vivo
with an animal model of disc degeneration. The next
phase of experiments will use more realistic animal
models of disc degeneration as a bridge to finally at-
tempt human studies. The future holds development
of better delivery methods using gene therapy and
slow release formulation of therapeutic molecules.
With the current foundation of pre-clinical data, the
future holds promise for an acceleration in molecular
therapy research of the intervertebral disc.
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