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Objective — to study the role of different structures of the intervertebral disc in its degeneration, as well as the possibilities of tissue engineering

in the treatment of this disease. The most common clinical manifestation of intervertebral disc degeneration is back pain, which is often

associated with the early disability of patients. Histological examination of intervertebral disc remains the most reliable method for diagnosing

and studying the processes of its degeneration. The review considers a violation of the disc metabolism due to morphological changes in

its structural components as a trigger for this process. It is shown that disc microcirculation disorders cause a change in the structure of

the nucleus pulposus (fibrotization) and its extracellular matrix, which results in the disc destruction. The use of autologous disc-derived

cells cultured in vitro and stem cells with their subsequent implantation can replenish the cell deficit and restore the structure of the matrix.
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Currently, degenerative processes of the
intervertebral disc (IVD) are a global
medical and social problem. Clinical
manifestations of IVD degeneration
include back pain, which is often
associated with early disability. At the
same time, more than 85 % of the world
population older than 35 years suffer
from back pain [1]. Back pain associated
with IVD degeneration is the leading
reason of disability benefit payments
in the Social Security system. In the
UK, 37 % of payments in the system
of mandatory rehabilitation health
insurance in 2012 was granted due
to degenerative processes of the IVD.
Even in such a small Western European
country as the Netherlands, the total
annual expenditures for back pain were
evaluated to be 4.4 billion euros [2, 3].
In Russia, the incidence of chronic back
pain is 26-33 % of the adult population.
Notably, most of patients are working-
age people (25-55 years) [4].

IVD is one of the most complex ana-
tomical structures of the musculoskeletal
system. Functionally, it is a form of con-
tinuous cartilaginous junctions, which
are intermediate between synchondroses
(strong synostoses) and the true joints [6].
Leveling of differences in loads and oscil-
lating movements applied to the spine
is the most important function of the
IVD due to its structural characteristics.
Human IVD belongs to avascular struc-
tures, and for this reason dosed load is
an active stimulator of nutrient supply
and this effect does not occur in static
postures and/or during high loads [7].

During natural aging processes, IVD
structure undergoes significant chang-
es of the extracellular matrix, condition
and density of cell populations. The inci-
dence of spondylitis and osteoarthritis,
which is the latest step of degenerative
diseases of the IVD, steadily increases
with age and reaches 100 % at the age
of 80-90 years [8]. Nutrient supply to
IVD through the endplates by diffusion,
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which will be described later, gradual-
ly decreases from the early childhood,
which leads to decrease in cell density
and formation of structural defects of
the IVD [9]. Since IVD cells synthesize
intercellular substances and maintain
the constancy of the internal environ-
ment, investigation of their morphology
and cell behavior may play a key role in
preventing degenerative processes and
activating IVD regeneration. However,
maintenance of the structure and func-
tion of the IVD is determined not only
by normal synthesis of the extracellular
matrix, but also by regular arrangement
of its proteins, mainly proteoglycans with
glycosamine chains [10, 11]. During IVD
degeneration, proteolysis of extracellular
matrix proteins leads to cytoarchitecture
disorders and normal arrangement of
proteoglycans. Keratin sulphate to chon-
droitin sulphate ratio increases, their
binding to collagen weakens, and IVD
elasticity and stretching force decrease.
Decrease in aggrecan level in the nucleus
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pulposus results in reduced hydration
along with impaired mechanical func-
tion, being one of the early signs of its
degeneration [10].

The study was aimed at investigat-
ing the role of various structures of the
IVD in its degeneration, as well as the
possibilities of tissue engineering in the
treatment of this disease. An integrat-
ed approach to the study of these issues
will provide deep insight into the mech-
anisms of pathogenesis of IVD degen-
eration and determine new application
points in the treatment of degenerative
diseases of the spine.

Histological structure of the IVD

Cell composition. Cells account for only
1-2 % of IVD tissue volume. Despite
the small amount of cells, they perform
various regulatory functions, ensuring
normal structure and functioning of
the disc. The nucleus pulposus and
annulus fibrosus differ in their cellular
composition. In the outer part of the
annulus fibrosus, cells have fibroblast-
like structure (Fig. 1) and are arranged
in parallel with collagen fibers. In the
inner part of the annulus fibrosus, cells
are more oval. Nucleus pulposus cells are
oval in shape, immersed in a matrix, and
discrete: about 5000 in 1000 mm?, Some
IVD cells both in nucleus pulposus and

in annulus fibrosus are elongated up to
30 microns in length. It is believed that
they play sensory communicative role
inIVD [14].

The number of cells in the nucleus
pulposus (Fig. 2) is on the average twice
lower than in the annulus fibrosus (cell
density of approximately 4106 cells/cm?).
Nucleus cells are round and/or oval and
are classified as notochordal. These cells
produce type II collagen, which forms
fibrils the most suited to compression
loads [15] and is the only type of collagen
in the intact nucleus pulposus [16].

It is believed that these are the resid-
ual cells of the chord, which develops
to form the IVD. In humans, the num-
ber of notochordal cells is maximal in
newborns and then rapidly decreases
during the first years of life. Adults have
less notochordal cells. These cells are
replaced with chondrocyte-like cells,
which then transform into chondrocytes
as a result of natural aging and degenera-
tion. Chordal cells also produce proteo-
glycans and hyaluronic acid; decrease in
their number or complete disappearance
are associated with degenerative changes
in IVDs [13].

Cell function is affected by mechani-
cal and biochemical signals. Physiological
and mechanical pressure on the IVD (3.5
MPa) has a stimulating effect on the syn-
thesis of the extracellular matrix, while

Fig. 1

copy, x100 magnification

The outer portions of the annulus fibrosus (our own case study of the patient with
intervertebral disc herniation at L5-S1 level): a — H & E stain; b — polarizing micros-
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excessive pressure (7.5 MPa) has inhib-
iting effect [10]. For example, collagen
content in IVDs of actively moving dogs
isby 37 % higher than at rest. At the same
time, periodically increasing pressure on
the IVD significantly stimulates its degen-
eration [13]. Therefore, mechanical pres-
sure significantly affects proliferation, dif-
ferentiation, and functional activity of
IVD cells.

Intercellular substance (maitrix) of the
IVD. Collagen, proteoglycans, elastin,
and hyaluronic acid are the main com-
ponents of the intercellular substance
of the IVD. Collagen accounts for about
50% of the dry weight of the annulus
fibrosus and 15-20 % of the weight of
the nucleus pulposus. There are sever-
al collagen types in the IVDs (I, IL, 11, V,
and XIV), whose ratio varies with age
[12]. Type I and II collagens prevailing in
IVDs account for more than 80 % of the
total amount of collagen; type VI col-
lagen accounts for 10-20 % of the total
amount of collagen [17]. Proteoglycans
are complex macromolecules consist-
ing of protein and covalently bound gly-
cosaminoglycans, which are physiologi-
cally active only when incorporated in
this compound. Proteoglycans account
for about 10 % of the dry weight of the
annulus fibrosus, their content is high-
er in the central parts of the ring, and
reaches 50 % in the nucleus pulposus.
Hyaluronic acid is found in all areas of
the IVD, but its concentration is signifi-
cantly higher in the nucleus [18]. The stu-
dies of tissue culture and animal experi-
ments have demonstrated that hyal-
uronic acid can activate aggregation of
individual proteoglycan molecules and
biosynthesis in chondrocytes [49].

Elastic fibers, which mainly consist of
elastin protein, is another important IVD
component. Elastin molecules are capa-
ble of considerable stretching. IVDs con-
tain about 1-10 % of this structural pro-
tein. In the annulus fibrosus, elastic fibers
are conjugated to the collagen fibrils and
stabilize its lamellae with special bridges,
while in nucleus tissue they are oriented
randomly [20]. Additionally, IVDs contain
many lipids, mainly in the form of cho-
lesterol, triglycerides, and phospholipids.
Lipofuscin (lipid pigment) and patholog-
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Fig. 2

The structure of the nucleus pulp-
osus (our own case study of the
patient with herniated intervertebral
disc at L5-S1): the central part of the
nucleus is represented by numerous
chondrocyte clusters located in the
intercellular substance; H & E stain,
x200 magnification

ical amyloid protein are mostly detected
in elderly and senile age [44].

Massive macromolecular aggregates
with aggrecans and amorphous network
of type II collagen are formed using hyal-
uronic acid. These aggregates can retain
water molecules in the IVD, thereby
forming an internal hydrostatic pressure,
which enables nucleus pulposus to play
a role of viscoelastic cushion, resisting
axial compressive load in the spinal col-
umn [21].

Water molecules penetrate the nucle-
us pulposus by means of diffusion from
the blood vessels of adjacent vertebral
bodies through the endplate tubules.
Increase in pressure inside the IVD
results in pressure-gradient-driven water
movement in the opposite direction out-
side the disc. For example, human IVDs
loose about 25 % of water during daily
physical activity and the same amount
returns during night sleep. As a result,
the spine is higher in the morning than
at night by 1.5-2 cm [38]. The amount
of water in IVDs decreases with age due
to lower content of hydrophilic mol-
ecules (in particular, the reduced pro-
teoglycan and collagenous fibers ratio).

IVD degeneration process is associated
with reduced synthesis of proteoglycans,
which results in lowered hydrostatic
pressure in the disc and loss of the elas-
tic properties of the nucleus pulposus.
This in turn leads to mechanical over-
load of the nucleus pulposus and annu-
lus fibrosus and formation of breaks and
cracks in the annulus fibrosus. Degenera-
tive processes results in IVD replacement
with connective tissue, which therefore
cannot adequately fulfill its biomechani-
cal function [22, 23].

Destruction of IVD matrix mainly
occurs due to specific enzymes. These
are aggrecanases, various types of matrix
metalloproteinases (MMP), and other
degrading enzymes. For example, MMP-
3 (stromelysin) leads to destruction of
type III, IX, and X collagen, proteogly-
cans, fibronectin; MMP-2 (gelatinase)
degrades type IV collagen. Several oth-
er degrading enzymes are classified to
ADAMTS family (adamalysin with throm-
bospondin module) [5, 41].

Nutrient supply to the IVD. IVDs are
supplied by diffusion of substances from
the blood vessels of adjacent structures.
In the horizontal plane, these are vessels
of the anterior and posterior longitudinal
ligaments, in the vertical plane — lacunae
of bone marrow, whereof nutrients are
supplied to IVDs through special chan-
nels in the endplates. These channels
are present throughout the entire length
of the osteochondral junction, but the
greatest density is observed in the nucle-
us pulposus. In the central part of the
IVD, nutrient concentration is minimal,
while concentration of metabolic prod-
ucts is maximal, which results in con-
centration-gradient-driven diffusion [41].

AM. Zaydman et al. [5] studied in
detail and described IVD microvascula-
ture. They proved that tubules detected
in the annulus fibrosus are connected to
the tubules of the loose fibrous portion
of the IVD and nucleus pulposus, which
proves the existence of integrated trans-
port and drainage system in IVD struc-
tures. Furthermore, tubules of the outer
portion of the annulus fibrosus penetrate
the vertebral body. In the medial regions
of the lamella base, tubules permeate
the endplate in the horizontal direction.
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Therefore, proteoglycans, collagen, and
other extracellular matrix proteins syn-
thesized in chondrocytes are exchanged
and transported through the micro-
tubule system. In turn, there is lymph
drainage to the lymphatics of the outer
portions of the annulus fibrosus, which
receive the lymph from the tissue tubule,
performing drainage from all structural
components of the IVD.

Maintaining substances gradient
between IVD center and periphety is an
important condition for normal metabo-
lism of the disc. Any factors that can alter
this concentration gradient may affect
vital functions of cells. Composition of
the matrix wherethrough solutions dif-
fuse play an important role in supply-
ing the IVD. Condition of the endplates,
which determines their permeability, is
another factor important for normal
nutrient supply to the IVD [24]. Any fac-
tor altering the contact area of the end-
plates leads to disturbance of their per-
meability. For example, calcification of
the endplates or annulus fibrosus can
impair transportation of metabolites.

The role of the endplates in IVD
degenerative processes

Endplate is a hyaline cartilage having
typical structural organization (Fig. 3).
The endplate consists of chondrocytes
and extracellular matrix, comprising
mostly proteoglycans and type II
collagen. Collagen fibers are arranged
horizontally. IVD is separated from the
bone tissue of the vertebral bodies by
internal plate fibrils, which grow into
endplate matrix [25, 27].

As mentioned above, [VDs are sup-
plied due to diffusion of nutrients from
the endplates. In these way, substances
are synthesized in the cells and reverse
outflow of metabolites occurs. Howev-
er, recent studies of IVDs showed that
a network of tiny tubules is located in
the central part of the endplate. They
are essential for nutrient supply to IVD
structures. Its structures undergo reduc-
tion with age, which is associated with
natural degeneration of the disc accom-
panied by calcification and ossification of
the endplate [30].

DEGENERATIVE DISEASES OF THE SPINE
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Endplates are much thicker in chil-
dren than in adults. According to Raj et
al. [39], endplates of newborns are rich
in tubules extending through the nucle-
us pulposus and annulus fibrosus. In
adults, the endplates are much thinner
(on the average, up to 1 mm), and the
number of perforating vessels is low or
they are absent. Degenerative processes
in the endplate start in the area of its
direct contact with the nucleus pulposus,
which leads to an imbalance between dif-
fusion of nutrients and metabolite out-
flow [47]. This results in nucleus pulposus
dystrophy and cell death and accumula-
tion of metabolic products in the nucleus
pulposus followed by destruction.

In children aged 3-11 years, decrease
in the amount of microtubules in the
endplates is observed and there are soli-
tary cracks [34]. It should be noted that
these changes usually begin in the medi-
al portion of the plate. In adolescence,
there is sharp decrease in the number
of tubules, which has negative effect on
the structure of IVD matrix. Decrease
in the number of microtubules corre-
lates with decrease in cell density and
significant increase in disorganization
area of the endplate [36]. Morphologi-
cal changes of the endplates in the age
group 17-20 years are similar to those
in children. Rudert et al. [42] noted the
presence of supplying microtubules in
the endplates of people under the age
of thirty. Decrease in their number is
accompanied by pronounced decrease
in the thickness of the endplate and
microscopic protrusions into the adja-
cent bone tissue of the vertebral bodies.
From 20 to 30 years, structural changes
in the endplates are almost identical to
the changes occurring in younger groups,
but their number is several times higher.
Age period from 30 to 50 years is chat-
acterized by significant increase in the
endplate destructions area. Disorgani-
zation of endplates is characterized by
numerous micro-cracks and gaps. Later
on, endplates are gradually replaced by
fibrous cartilage with necrotic foci. In
old age, degenerative processes of the
endplates are caused by a sharp decrease
in the number of tubules and cartilage
replacement with bone tissue, which

leads to significant disorders of nutrient
diffusion and degeneration of the nucle-
us pulposus [28].

Aggrecan degradation as a trigger-
ing factor of IVD degeneration

Aggrecan is a structural proteoglycan,
an essential component of IVD matrix.
Maintenance of the osmotic pressure
required for normal functioning of the
IVD and resistance to mechanical load
are the main functions of aggrecan.
Aggrecan provides normal interaction
between IVD cells and matrix due
to binding to the collagen fibers and
hyaluronic acid [48].

IVD degeneration reduces the amount
of proteoglycans due to fragmentation
and loss of glycosamine chains, which in
turn reduces osmolality and worsens IVD
hydration [48]. However, even with IVD
degeneration, its cells are capable of syn-
thesizing aggrecans having normal struc-
ture. Investigations have proved the key
role of aggrecans in inhibiting growth of
vessels and nerves in the cartilaginous
tissues [50]. Normally, nerve fibers are
detected only in the peripheral regions
of the annulus fibrosus of the IVD. IVD
degenerative processes are accompanied
by growing nerves into the peripheral
regions of the annulus fibrosus and the
nucleus pulposus. Nerve growth factor
receptors were observed on the ingrow-
ing nerve fibers. It is known that nerve
growth factor is expressed by chondro-
cytes of the annulus fibrosus and nucle-
us pulposus. There is also correlation
between the severity of IVD degenera-
tion and expression of nerve growth fac-
tor [32]. The development of discogenic
pain is associated with ingrowth of nerve
fibers into the IVD tissue.

It was proved that aggrecan can sup-
press both growth of nerves and endo-
thelial cell migration [43]. The loss of
aggrecan by IVD matrix is accompanied
by ingrowth of vessels and nerves and
its progressive degeneration. Aggrecan
degradation is carried out by enzymes,
matrix metalloproteinases and aggreca-
nase, which leads to disturbance of its
structural organization and functioning.
In particular, this process depends on gly-
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cosylation of keratan sulfates and chon-
droitin sulfates on aggrecan monomer

The possibilities of tissue engi-
neering in the treatment of IVD
degeneration

Recent studies have shown that IVD
structures contain progenitor cells.
Richardson et al. [40] have shown the
presence of stem cell populations in
the outer region of the annulus fibrosus,
which can be activated during IVD
degeneration. Progenitor cells were
detected using immunohistochemical
markers (STRO-1, Ki-67). This results
were supported by findings of Risbud
and Blanco [32], who isolated stem-like
cells from degenerated human IVD. In
both cases, isolated cell populations
wete capable of differentiation into any
mesodermal tissue, which confirms their
pluripotent nature. In another study,
Zhang et al. [52] isolated progenitor
cell population from the annulus
fibrosus of the non-degenerated IVD
(age 13-15 years) and found that this

Fig. 3

The structure of endplate (our own
case study of the patient with her-
niated intervertebral disc at L5-S1):
endplate is represented by numer-
ous layers of chondrocytes, located in
the the large amount of eosinophil-
ic extracellular matrix; H & E stain,
x100 magnification
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cell population has cellular CD-markers
similar to those of mesenchymal stem
cells, using the immunophenotyping
method.

Advances in the use of IVD progenitor
cells suggest that they can be a source of
cells for therapy with subsequent implan-
tation. Progenitor cells are the uncom-
mitted pluripotent stem cells, which are
found in various tissues and character-
ized by high plasticity and capability of
multilineage differentiation. Several vec-
tor systems, which demonstrated high
activity of expression of IVD extracellular
matrix proteins, have been introduced to
the progenitor cells [53]. However, trans-
formation is not the only problem to be
solved. Progenitor cells must be differen-
tiated into chondrocyte-like cells before
implantation. For this purpose, BMP
growth factors were used [46]. More spe-
cific differentiation factor belonging to
Sox family is also studied. Thus, Brachy-
ury transcription factors also facilitate
the required cell adhesion [33]. Never-
theless, it was recently found that cultur-
ing of mesenchymal cells with IVD cells
is sufficient to induce disk-like pheno-
type [35]. Cultivation in a three-dimen-
sional system also facilitates formation
of chondrocyte-like phenotype. When
collagen-gel-encapsulated mesenchymal
cell system was implanted into degen-
erating IVD of rabbits, preservation of
nucleus pulposus and the annulus fibro-
sus structure, prevention of proteoglycan
synthesis reduction, and increase in IVD
height was observed [26, 45]. Implant-
ed cells survive and express the genet-
ic markers of the nucleus pulposus and
annulus fibrosus. Similar results were
obtained with injection of progenitor
cell suspension into IVDs of rabbits and
gel-encapsulated progenitor cell suspen-
sion into coccygeal IVDs of rats [26]. The

use of progenitor cells gave impetus to
the development of autotransplantation
methods in patients with IVD degenera-
tive processes.

Currently, cell therapy methods based
on the use of stem cells are being actively
developed. Several types of adult stem
cells have been described in cell ther-
apy for IVD degeneration: mesenchy-
mal cells derived from bone marrow;
cells isolated from adipose tissue; cells
obtained from muscle tissue; hemato-
poietic cells; olfactory membrane cells;
synovial cells. Thus, Orozco et al. [37]
conducted a pilot study on the implan-
tation of mesenchymal stem cells into
degenerated IVD in 2011. The con-
cluding remark of this study states that
patients reported significant decrease in
the severity of pain and shorter disability
time 3 months after administration of
mesenchymal stem cells. According to
MRI, there was increase in IVD hydra-
tion and height. Lu et al. [29] evaluated
changes in gene expression in stem cells
derived from the subcutaneous adipose
tissue of a rabbit during their co-culti-
vation with cells of the annulus fibro-
sus and nucleus pulposus in vitro. The
authors have shown that adipose stem
cells have increased expression of type
II collagen and aggrecan genes, when
co-cultured with nucleus pulposus cells,
but not with annulus fibrosus cells. Stem
cell therapy is 2 modern and effective
method to treat IVD degeneration.

Conclusion

IVD degeneration is a complicated
staged process, where the key role is
given to morphological changes in
disc structures. Currently, histological
examination of the IVD is the most
reliable diagnostic method to study
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its degeneration. Joint action of the
aforementioned pathological changes
in the IVD results in disc degeneration.
Impaired nutrient supply to the IVD due
to structural changes in the endplate is
the triggering mechanism of this process.
Impaired nutrient supply to the IVD
leads to decrease in cell populations,
and, consequently, reduced synthesis
of intercellular substance proteins.
Neoangiogenesis and cell proliferation
in the form of clusters prevent IVD
degeneration only at the early stages.
Later on, vessels growing into the nucleus
pulposus and proliferating cell clusters
disarrange matrix proteins and therefore
the structure of the extracellular matrix
of the nucleus itself, which eventually
exacerbates IVD destruction. Therapies
currently used in clinical practice are
not able to restore the structure and
biomechanical function of the IVD. The
use of autologous IVD cells cultured
in vitro followed by implantation is a
promising method, which potentially can
make up for deficiency of the cells and,
as a consequence, the matrix. However,
the viability and activity of the implanted
material should be studied under the
influence of various factors over a long
period of time in order to implement
this approach.

Therefore, an integrated approach
to the study of the morphology of IVD
degenerative processes will enable dis-
covering new biological therapies aimed
at restoring the microstructure and bio-
mechanical function of the disc.
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