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ABSTRACT

The intervertebral disc (IVD) is one of the parts of the body most commonly affected by disease, and it is only recently that we have
come closer to understanding the reasons for its degeneration, in which nutrient supply plays a crucial role. In this literature review, we
discuss the basic principles and characteristics of energy supply and demand to the IVD. Specifically, we review how different metabolites
influence IVD cell activity, the effects of mechanical loading on IVD cell metabolism, and differences in energy metabolism of the annulus
fibrous and nucleus pulposus cell phenotypes. Determining the factors that influence nutrient supply and demand in the IVD will enhance
our understanding of the IVD pathology, and help to elucidate new therapeutic targets for IVD degeneration treatment.
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RESUMO

O disco intervertebral (IVD) é uma das partes mais comuns do corpo e apenas recentemente nos aproximamos de compreender as
razées da sua degeneracdo, em que o suprimento de nutrientes desempenha um papel crucial. Nesta revisdo da literatura, discutimos 0s
principios basicos e as nuances do fornecimento e da demanda de energia para o IVD. Especificamente, analisamos como os diferen-
tes metabdlitos influenciam na atividade das células IVD, os efeitos da carga mecanica no metabolismo das células VD, a diferenga no
metabolismo energético dos fendtipos das células fibrosas e do nicleo do pulposus anelar. A determinagdo de fatores que influenciam o
suprimento e a demanda de nutrientes no IVD aumentara nossa compreensao da patologia IVD e ajudara a elucidar novos alvos terapéuticos
para o tratamento da degeneragéo IVD.

Descritores: Disco intervertebral;, Ntcleo pulposo; Anel fibroso; Metabolismo energético; Terapia celular.

RESUMEN

El disco intervertebral (IVD, por sus siglas en inglés) es una de las partes mas comtnmente enfermas del cuerpo y solo recientemente
nos acercamos a la comprension de los motivos de su degeneracion, de los cuales el suministro de nutrientes juega un papel crucial. En
esta revision de la literatura discutimos los principios basicos y los matices de la oferta y demanda de energia para el IVD. Especificamente,
revisamos cémo los diferentes metabolitos influyen en la actividad de las células IVD, los efectos de la carga mecanica sobre el metabolismo
de las células IVD y las diferencias en el metabolismo energético de los fenotipos de las células del anillo fibroso y el nicleo pulposo. La
determinacion de los factores que influyen en la oferta y demanda de nutrientes en el IVD mejorara nuestra comprension de la patologia
IVD y ayudara a dilucidar nuevos objetivos terapéuticos para el tratamiento de la degeneracion IVD.

Descriptores: Disco intervertebral; Nicleo pulposo; Anillo fibroso; Metabolismo energético; Terapia celular.

INTRODUCTION

some supply originating radially through the AR Due to normal

The intervertebral disc (IVD) is one of the parts of the body most
commonly affected by disease, and it is only recently that we have
come closer to understanding the reasons for its degeneration,
in which nutrient supply plays a crucial role. The IVD consists of
three primary structures: the nucleus pulposus (NP), which is sur-
rounded radially by the annulus fibrosus (AF), and the cartilaginous
endplates (CEP), which attach the disc to the adjoining vertebral
bodies. The healthy adult IVD is practically devoid of blood ves-
sels; they are found only in the outer lamellae of the AF." Nutrients
are therefore heavily reliant on diffusive and convective means of
transport through disc tissue, with diffusive mechanisms being
dominant.?* The endplates have been shown to be responsible
for the majority of nutrient transport into the disc,® though there is

aging, the morphology and molecular biology of the disc changes,
diminishing its ability to provide critical functions.®” Within the first
decades of life, the disc loses most of its blood supply, resulting in
nutrient deficiency. Later, calcification of the CEP leads to the loss
of its permeability.2® This decreases nutrient diffusion, leading to a
decrease in glucose and oxygen concentrations and an increase
in metabolic waste concentration. The resulting nutrient deprivation
and waste product accumulation can lead to cell death and senes-
cence.'® Despite making up less than 1% of the volume of the entire
disc, cells are critical for maintaining disc health and function.!" Disc
cells interact with each other and with the surrounding extracellular
matrix, which is constantly being destroyed and rebuilt by the cells
as part of the normal tissue repair process.'? Cell death in the IVD
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leads to a degradation of the tissue without any ability to repair itself.
The aim of this mini-review is to summarize the current literature on
IVD nutrient supply and demand. Studying factors that influence
nutrient supply and demand in the IVD will enhance our understand-
ing of IVD pathology and elucidate new targets for IVD therapies.

Metabolite Influences on IVD Cell Activity

Regular glucose supply is critical for IVD cell viability, optimal ho-
meostasis and matrix synthesis. There are several studies that examine
the influence of glucose concentration on the proliferation and survival
of IVD cells. Cell viability decreases with when glucose concentration
is sustained below 0.5 mM for more than three days.™ According to
another study,' cells begin to die when glucose concentration is sus-
tained below 0.2 mM for 24 hours. It has been shown that the pH of
healthy human discs ranges from 7.1 to 7.4, with a lower pH in the
central part of the disc due to the higher lactic acid accumulation.'® Fur-
thermore, the pH level also harms the condition of the IVD cells: even
with an adequate glucose level, the acidic environment adversely af-
fects the viability and proliferation of the cells.""'® During degeneration,
the pH decreases to values of 6.5 to 6.8 in mildly degenerated discs
and even to 5.7 in severely degenerated discs.™ In vivo, O2 levels are
extremely variable, ranging from 1% to 5% within the IVD.?°

It has been demonstrated that IVD cells could survive at low
oxygen concentrations without a significant loss of cell viability.'”2!
However, the oxygen consumption rate of degenerated human VD
cells was three to five times higher than that of healthy cells under
identical cell culture conditions.?? Furthermore, the oxygen consump-
tion rate of degenerated IVD cells was sensitive to glucose levels.
However, this study has an important limitation: IVD cells change their
phenotype during expansion,® and monolayer expansion induces
oxidative metabolism and reactive oxygen species in chondrocytes.?*

It is widely supported in the literature that an acidic pH level
significantly decreases the rates of glycolysis and oxygen uptake,
and as a result, the production of ATP. Proper biosynthesis of ex-
tracellular matrix in the IVD requires an extensive amount of ATP
to be produced® especially proteoglycan biosynthesis, which
uses ATP as an energy source and building block.?® Extracel-
lular ATP treatment promoted extracellular matrix accumulation
by both cell types and significantly increased intracellular ATP
content in NP cells in 3D culture.?” In addition, in vitro studies
have shown that the synthetic activity of disc cells, i.e. the rate of
production of the extracellular matrix depends on the concentra-
tion of extracellular oxygen and pH.

The balance between the rate of diffusion of dissolved sub-
stances through the matrix and the rate of their consumption by cells
determines the concentration gradient within the disc. The concentra-
tion gradient in the different regions of disc (i.e. local gradient) has a
strong influence on metabolic rates, matrix production and cell survival
and hence on the development of disc degeneration. In the disc model
proposed by Shirazi-Adl et al.,® the zone with the lowest concentrations
of oxygen and glucose and maximum level of lactic acid was located
in the centre of NP at the disc mid-height plane, which is furthest away
from the supply/uptake sources. In this zone, the cells are located 7-8
mm from the nearest blood vessel.® Thus, the disc central part is likely
to be the first part to degenerate due to the nutrient-poor conditions.

Recent studies have demonstrated that NP cells respond to
low oxygen concentration and nutrient deprivation by upregulating
the synthesis of hypoxia-inducible factor (HIF) proteins, particularly
HIF-1 and 2. HIF-1 is known to activate many downstream signals
involved in anaerobic metabolism, control of intracellular pH, DNA
damage responses and proliferation, and plays an important role in
cell adaption, survival, and overcoming the stressful conditions of
hypoxia.?*3" HIF-1a has been demonstrated in the NP of both normal
and degenerated human VD% and hypoxia responsive glucose
transporters GLUT-1, 3, 9 are expressed in NP cells, but not AF
and CEP cells.®® Furthermore, activation of HIF-1[] in degenerated
IVD increases expression hypoxia responsive glucose transporters
GLUT-1, 3, 91in NP cells. This study shows that NP and AF and CEP
cells have different GLUT expression. Based on what is known,

HIF-1 and HIF-2 may also serve to enhance NP cell survival in the
specialized microenvironment of the [VD.30-34

Effects of Mechanical Loading on the Energy Metabolism of IVD Cells

Mechanical loading significantly changes water content, chemi-
cal composition and nutritional levels in the IVD. The intradiscal pres-
sure varies during normal daily activity, but the effects of abnormal
mechanical loading, such as mechanical stresses, hyperflexion and
swelling pressure, may lead to injury and degeneration process in
IVD. The effects of mechanical loading are dependent on level, load-
ing frequency and permeability capacity of CER® It also has been
shown that mechanical loading increases glucose and oxygen con-
sumption rates.%%" In a study performed by Fernando et al.,* there
were no differences in glucose consumption and lactate production
of AF cells between the static and dynamic compression groups.
Dynamic compression, static compression and vibratory loading all
promote ATP release from IVD cells both cell types®®3°. Therefore,
mechanical loading influences the biological function of the IVD
by regulating intra- and extra- cellular ATP metabolism. In general,
physiological dynamic loading increases oxygen concentration,
reduces lactate concentration, and promotes oxygen consumption
and lactate production by IVD cells.

Differences in Energy Metabolism of the Annulus Fibrosus and
Nucleus Pulposus Cells

Studies on the metabolism of the IVD suggest that AF and NP
are metabolically and bioenergetically different tissues.??%"% These
differences indicate that the main pathway of energy production dif-
fers between these types of cells. NP cells consume less glucose
and produce much more ATP. which suggests the likely production
of ATP by aerobic respiration in addition to glycolysis.®° It has been
suggested that these differences in cell phenotypes may be attributed
to differences in embryonic origins of the tissue types.*' The nucleus
pulposus is derived from the notochord, whereas AF and CEP arise
from the mesenchyme.*? The nucleus pulposus contains notochordal
cells at early ages, then these cells disappear with age.*® The higher
lactate production and oxygen rate consumption of the human NP
cells indicate that NP cells have a more active metabolic phenotype.

Nutrient Considerations in IVD Therapy

Currently, treatment strategies for IVD degeneration fail to address
the nutrient transport problem faced by cells. The problem of nutrient
deprivation can be well illustrated by the significantly higher incidence
of smokers with disc degeneration disease.** When confronted with
tobacco smoke, human disc cells undergo adverse morphologic
changes that suggest a nutrient-deprived state.*® One promising tech-
nique is that of Hoyland, which utilizes differentiated bone marrow and
adipose mesenchymal stem cells to treat disc degeneration.*s How-
ever, in a nutrient-starved environment, the transplantation of more
cells will further reduce the availability of nutrients. In order for thera-
pies to address this starvation, the nutrient transport process must be
considered.*® Motaghinasab et al. developed a computational model
to predict the penetration profile of solutes. In line with the avascular
nature of discs, solute concentrations fall dangerously below healthy
levels far from the blood supply sources.“® Current strategies seek to
address this critical nutrient transport deficit through mechanical and
biological means such as spinal traction*#” and enzymatic permeabi-
lization®® respectively. Kuo et al. explored the effect of spinal traction
on molecular transportation in a simulated porcine IVD degeneration
model. Though this study, they suggested that traction treatment
provides enhancements for nutrition supply. Other studies have of-
fered mixed conclusions about its effectiveness. In response to these
challenges, Giers et al. created a porcine model of IVD degeneration
to explore biomechanical and physiological factors guiding nutrient
transport. Based on the mass transport of dyes, diffusion was deter-
mined to be the main transport mechanism. The use of mechanical
loading, which includes strategies like spinal traction, was judged
as having conflicting benefits for nutrient transportation.* Based on
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these efforts, spinal traction does not appear to address nutrient
deprivation, requiring innovative new therapies for degeneration.*
Work by Fields et al. explored how changing CEP permeability would
influence nutrient diffusion — though nutrient delivery was not clearly
improved, this study established a clear correlation.® Therefore, this
strategy offers a promising new direction for addressing nutrient
transport deficits in IVD.

CONCLUSION

It should be emphasized that to date, there is no direct evi-
dence of the sequence of these phenomena, evidence of the pri-
mary disruption of the IVD trophism and the secondary nature of
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its degeneration. Further study of the mechanisms determining ho-
meostasis in IVD in normal and pathological tissues is still relevant,
since many researchers are already considering the restoration or
maintenance of adequate intradiscal metabolism as the determining
curative direction for preventing degenerative changes in the IVD.
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