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Abstract—Low back pain is associated with intervertebral
disc degeneration. One of the main signs of degeneration is
the inability to maintain extracellular matrix integrity.
Extracellular matrix synthesis is closely related to production
of adenosine triphosphate (i.e. energy) of the cells. The
intervertebral disc is composed of two major anatomical
regions: annulus fibrosus and nucleus pulposus, which are
structurally and compositionally different, indicating that
their cellular metabolisms may also be distinct. The objective
of this study was to investigate energy metabolism of annulus
fibrosus and nucleus pulposus cells with and without
dynamic compression, and examine differences between the
two cell types. Porcine annulus and nucleus tissues were
harvested and enzymatically digested. Cells were isolated and
embedded into agarose constructs. Dynamically loaded
samples were subjected to a sinusoidal displacement at
2 Hz and 15% strain for 4 h. Energy metabolism of cells was
analyzed by measuring adenosine triphosphate content and
release, glucose consumption, and lactate/nitric oxide pro-
duction. A comparison of those measurements between
annulus and nucleus cells was conducted. Annulus and
nucleus cells exhibited different metabolic pathways. Nucleus
cells had higher adenosine triphosphate content with and
without dynamic loading, while annulus cells had higher
lactate production and glucose consumption. Compression
increased adenosine triphosphate release from both cell types
and increased energy production of annulus cells. Dynamic
loading affected energy metabolism of intervertebral disc
cells, with the effect being greater in annulus cells.

Keywords—Intervertebral disc, Annulus fibrosus, Nucleus
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INTRODUCTION

Degeneration of the intervertebral disc (IVD) is a
common spine disorder which is closely related to low
back pain (LBP),*** affecting millions of people.*
Disc degeneration has been attributed to aging, genetic
factors, nutrition, and mechanical factors. The cause of
this pathology is still to be determined.''”*’

IVDs are strong, yet deformable, soft tissue found
between the vertebral bodies, and are biomechanically
important because their main functions are to transfer
loads' and permit proper movement of the spine,
allowing compression, torsion and bending.®'® ITVDs
are composed of two major anatomical regions,
annulus fibrosus (AF) and nucleus pulposus (NP).*
AF is typically composed of approximately 15-25
distinct layers of collagen fiber lamellae organized
into concentric rings around the NP.%** At the cel-
lular level, AF cells originate from the mesenchyme
during embryonic development'® and vary from being
elongated to more spherical and chondrocyte-like,
depending on their location within the annulus tissue
of the disc.® NP is characterized by randomly ori-
ented collagen fibrils embedded in a proteoglycan gel.
NP cells originate from the notochord and in humans
notochordal NP cells disappear at maturity. At age
10, maturity begins and notochordal NP cells are
replaced by mature NP cells, which have been com-
pared to chondrocytes."'® Notochordal and mature
NP cells differ in structure and function."”” Noto-
chordal cells have faster biosynthesis rates, which
corresponds to a higher energy demand.** Noto-
chordal NP has a water content of 80-88%, while
mature NP has a water content of approximately
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70%.%** As discs mature, these changes in the NP may
contribute to degeneration.>'>'® NP has a lower
collagen content than AF but higher proteoglycan
content, indicating differences in metabolism between
AF and NP cells.®*

Maintenance of extracellular matrix (ECM) integ-
rity in IVDs is imperative, otherwise disc degeneration
may occur due to mechanical destruction.!” Synthesis
of ECM components is a highly energy-demanding
process. The major source of energy in cells is adeno-
sine triphosphate (ATP). IVD is the largest avascular
tissue in the human body> and utilizes diffusion as the
main mechanism of nutrition transport. In the fetal
stage, the discs are vascular, but within a few years,
vascularization of the disc decreases and is limited to
the outer annulus tissue.” Poor nutrient supply, which
limits cellular energy production, has been attributed
as a major factor of IVD degeneration. However, few
studies have investigated the energy metabolism of
IVD cells and its possible relation to disc degeneration.
Furthermore, various studies have demonstrated that
mechanical loading modulates nutrient supply to IVD
cells and its ECM synthesis.?!-26-27-30:31.3444.35 1¢ 5150
has been shown that mechanical loading affects glu-
cose and oxygen consumption rates and ATP released
from chondrocytes.'®*® Changes in ECM synthesis
by mechanical loading may be due to a combination
of extrinsic (i.e., nutrient supply) and intrinsic
(i.e., metabolism) effects on energy production.
Therefore, the objective of this study was to investigate
energy metabolism of AF and NP cells with and
without dynamic compression and examine differences
between the two cell types.

MATERIALS AND METHODS

Intervertebral Disc Cell Isolation

Lumbar spines were harvested from 4 to 6 month-
old pigs, which were obtained within 2 h of sacrifice
from the slaughterhouse (Cabrera Farms, Hialeah,
FL). Young pigs were chosen to ensure that NP tissue
contained notochordal cells because the loss of noto-
chordal cells in the NP region has been associated with
the initiation of disc degeneration.”*> Tissues were
harvested from AF and NP regions and digested in a
collagenase-pronase solution of Dulbecco’s Modified
Eagle Media (DMEM; Invitrogen Corp., Carlsbad,
CA) containing 1 mg/mL collagenase (Worthington
Biochemical Corp., Lakewood, NJ), and 0.6 mg/mL
pronase (Sigma Chemical, St. Louis, MO) overnight at
37 °C. After 24 h, the cell-enzyme solution was puri-
fied by filtration through a 70 um strainer, and then
cells were isolated by centrifugation.

Agarose Construct Preparation

IVD cells were resuspended in DMEM containing
10% FBS, and 1% antibiotics, at a density of 107 cells/
mL. Cell suspension and 4% agarose were combined in
equal amounts to obtain cell-agarose constructs (8 mm
in diameter and 2 mm in thickness) in which IVD cells
were encapsulated in 2% agarose at a density of
5 x 10° cells/mL. The constructs were made by casting
the same volume (i.e., 100 uL) of cell-agarose mixture
into the same custom-made mold (8§ mm in diameter)
to ensure consistency in the thickness of the constructs
(2.07 £ 0.08 mm). Cell-agarose constructs were cul-
tured overnight prior to conducting experiments.

Bioreactor

A custom bioreactor (Fig. 1) was modified from a
previous design.?> Each specimen was individually
placed in a compression chamber. After placing the
sample and media into the chambers, a cap was used to
close each chamber and guide each compressive rod’s
motion. Compression plugs were initially set to rest on
the samples and quickly locked in place by position
nuts to prevent unintended compression of samples
during experiment set-up. The light weight (~1.5 g) of
the compression plug caused a minimal deformation
(< 1%) based on the mechanical properties of agarose
reported in our previous study.'* Then the compression
plugs were attached to the dynamic loading system to
establish the initial position. A cam-follower system
was used to apply the same sinusoidal displacement
(magnitude: 200 ym) to samples in compression
chambers though a compression plate (Fig. 1), and a
linear variable differential transformer (LVDT) was
used to measure the displacement. To obtain 5% pre-
loading, a 100 um thick shim (Small Parts Inc., Seattle,
WA) was inserted between the cam and the follower.
The bioreactor performed compressive loading experi-
ments at 37 °C, 21% O, and 5% CO, in a conventional
humidified tissue culture incubator.

Dynamic Loading

Cell-agarose constructs were divided into four
groups: NP control, AF control, NP compression, and
AF compression. The sample size (n = 15) was the
same for all four groups. The compression samples
were pre-loaded with 5% static compressive strain, and
then subjected to sinusoidal compressive loading of
10% strain (i.e., loading strain between 5 and 15%), at
2 Hz for 4 h. The control samples were cultured in the
chambers without plugs or compression rods (i.e.,
without any loading) (Fig. 1), and were placed inside
the incubator for the same period of time. Since the
consumption rates of glucose of IVD cells are low'® and
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FIGURE 1. Schematic of the bioreactor system.

high glucose concentration was used, differences in
glucose concentration between the samples in the
chambers with and without the compressive plug were
less than 1% (i.e., a negligible effect on glucose con-
sumption) after a 4 h experiment according to our
theoretical analysis using a finite element software
(COMSOL, Inc., Burlington, MA).?! This was also
verified by our preliminary study which showed no
significant difference in glucose consumption between
the samples with and without the plugs. However, the
compressive plug may hinder release of lactate and
ATP from the sample whereas dynamic compressive
loading may promote their release by inducing con-
vective flow. This could introduce another factor in
comparison between the control and loading groups.
Thus, in order to minimize this factor and facilitate
release of ATP and lactate from the samples, as
occurring during dynamic compression, the compres-
sive plug was not used in control group. DMEM
(Invitrogen), without FBS or antibiotics was used in all
experiments. After experiments, each sample was
homogenized with 1 mL of lysis buffer containing
0.225 M NacCl (Sigma), 5 mM EDTA (Sigma) pH 8§,
1% Triton X-100 (Sigma), and 10 mM Tris (Sigma) pH
7.4, and then heated at 65 °C for 15 min. After centri-
fugation, supernatant was collected for measurements
of ATP and DNA contents. Media were also collected
for ATP, nitric oxide (NO), lactate, and glucose mea-
surements. The evaporation of the media (~10%
reduction in volume) was also evaluated and taken into
account in measurements after 4-h experiments.

Assays
Lactate

A reaction mix was prepared containing 5 mg/mL
of p-Nicotineamide Adenine Dinucleotide (Sigma),
0.2 M glycine buffer (Sigma), and 22.25 units/mL of
L-Lactic Dehydrogenase (Sigma). A standard curve
(12.5-800 uM) was made using a standard lactate
solution (Trinity Biotech, Wicklow, Ireland). Equal
parts of the reaction mix and each sample were mixed
in a 96-well plate. Absorbance at 340 nm was mea-
sured using a plate reader (model: DTX880, Beckman
Coulter, Brea, CA). Lactate concentration of each
sample was then calculated using the standard curve.

Nitric Oxide

The assay used to detect nitric oxide is based on the
Griess principle to detect nitrates.”® The Griess reagent
was 1% sulfanilamide (Sigma) and 0.1% naphthyl-
ethylenediamine (Sigma) in 20% orthophosphoric acid
(Sigma). A reaction mix was prepared, containing 1 M
Tris (Sigma), 0.02 mM NADPH (Sigma), 5 mM glu-
cose-6-phosphate (Sigma), 10 unts/mL glucose-6-
phosphate dehydrogenase (Roche Diagnostics), and
1 unit/mL nitrate reductase (Sigma). A standard curve
(from 2.5-160 uM) was made using sodium nitrite
(Sigma). Equal parts of the reaction mix and each
sample were mixed in a 96-well plate using a shaker for
30 min. Then Griess reagent was added in equal parts
to the previous mixture and placed on the shaker for
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another 10 min. Finally, absorbance was measured at
550 nm using the plate reader.

ATP

ATP was measured using the luciferin-luciferase
method (Sigma). Immediately after each experiment,
aliquots from media were mixed in equal parts with
ATP stabilizing solution, which is a 3 mM EDTA
solution, and then boiled for 2 min. The ATP Biolu-
minescent Assay Kit (Sigma) was used as instructed by
manufacturer. Luminescence was measured using the
plate reader at 1000 ms. Total ATP was calculated by
summing the ATP measurements from the media and
the lysed samples.

DNA Measurements

DNA content was measured from the lysed sam-
ples using a Qubit"™ fluorometer (Invitrogen) and
its corresponding Quant-iT dsDNA HS Assay Kit
(Invitrogen).

Glucose Measurements

The Cobas C System (Roche Diagnostics, India-
napolis, IN) was used to determine the glucose con-
centration in medium samples. Glucose concentration
was also measured from unused media as a reference
point and used to calculate consumption by taking the
difference between this and the samples.

Statistical Analyses

The measurements of ATP release, ATP content,
NO content, lactate content, and glucose consumption
were normalized to DNA content. Student ¢-test
analyses, using SPSS (SPSS Inc., Chicago, Illinois),
were performed to examine differences in all mea-
surements between AF and NP cells and effects of
dynamic loading on energy metabolism. When com-
paring AF and NP, all measurements were normalized
to AF measurements, and when comparing control
and compression, all measurements were normalized to
respective controls. A p < 0.05 was considered statis-
tically significant.

RESULTS

Comparison Between NP and AF Cells

Without compression there were no significant dif-
ferences between the ATP release from NP and AF
cells (Fig. 2). However, under dynamic loading the
ATP release of NP cells was significantly higher than
that of AF cells (Fig. 3). NP cells had a significantly

8

H AF Control
6 NP Control

Relative Quantities
s

I
JEL O e R W

ATP Release Total ATP Lactate Glucose
Consumption

FIGURE 2. Comparison of ATP release, total ATP content,
lactate production, glucose consumption, and NO production
between the AF and NP control groups. Differences were only
observed for total ATP content and glucose consumption,
where total ATP content was higher for NP cells, and glucose
consumption was higher for AF cells. *p<0.05.
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FIGURE 3. Comparison of ATP release, total ATP content,
lactate production, glucose consumption, and NO production
between the AF and NP loading groups. Differences were
observed in all measurements, where NP had higher total
ATP content and higher ATP release, and AF had higher glu-
cose consumption, lactate production, and NO production.
*p<0.05.

higher total ATP than AF cells both without com-
pression (Fig. 2), and under dynamic loading (Fig. 3).
Without dynamic loading, there were no significant
differences between the lactate productions of AF and
NP cells (Fig. 2). Conversely, under dynamic loading
the lactate production of AF cells was higher than that
of NP cells (Fig. 3). Without dynamic loading there
were no significant differences in NO production
among cell types (Fig. 2), but under dynamic loading,
NO content was significantly higher in AF compared
to NP (Fig. 3). Glucose consumption without com-
pression and under dynamic loading was significantly
higher for AF cells than for NP cells (Figs. 2 and 3).
The rates of glucose consumption and lactate pro-
duction by NP and AF cells are listed in Table 1.

Effect of Dynamic Loading on Energy Metabolism

ATP release significantly increased with com-
pression for both AF and NP cells (Figs. 4 and 5).
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TABLE 1. Average rate of glucose consumption and lactate production by NP and AF cells.

Glucose consumption

Lactate production Ratio
(nmol/million cells/h) (lactate/glucose)

395 £ 11 1.7
572 +£ 16 1.8
588 + 11 1.9
897 + 18 1.8

Cell type Group (nmol/million cells/h)
NP Control 231 + 39
Compression 315 + 32
AF Control 307 + 49
Compression 495 + 52
4 i AF Control
AF Compression
a *
£33
g *
3, : | .
| 1
[ Lo
"} T T T

ATP Release Total ATP Lactate Glucose NO
Production Consumption

FIGURE 4. Effects of dynamic loading on ATP release, total
ATP content, lactate production, glucose consumption, and
NO production of AF cells. Dynamic loading promoted ATP
release, total ATP, lactate production, NO production, and
glucose consumption. *p<0.05.
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FIGURE 5. Effects of dynamic loading on ATP release, total
ATP content, lactate production, glucose consumption, and
NO production of NP cells. Dynamic loading promoted ATP
release and NO production. *p<0.05.

Dynamic compression significantly promoted ATP
production, glucose consumption, and lactate pro-
duction of AF cells (Fig. 4). Although no significant
effects of dynamic loading were seen on ATP pro-
duction, glucose consumption, and lactate production
of NP cells, a slight increase was seen in these mea-
surements. NO production increased as a result of
compression in both AF and NP cells.

DISCUSSION

As disc degeneration advances, NP tissue
becomes granular and stiffer, cells begin to resemble

chondrocytes, and the tissue becomes devoid of its gel-
like properties.*>>>! Integrity of IVDs is dependent on
the ability of its cells to produce and maintain ECM.>*
Dynamic compression has been shown to modulate
ECM synthesis in chondrocytes’ and in IVD cells.®
Since ECM synthesis requires energy, given the limited
supply of nutrients to the IVD, energy production may
play an important role in ECM synthesis of IVD cells.
This is the first study to demonstrate (1) the differences
in energy metabolism between AF and notochordal
NP cells under dynamic compression and (2) the effects
of dynamic compressive loading on energy metabolism
of IVD cells.

Glycolysis is the process by which glucose is oxi-
dized into pyruvate and ATP is produced. It rapidly
occurs upon glucose availability. Pyruvate may be
oxidized aerobically or anaecrobically, depending on
the cell type and presence of oxygen. In aerobic oxi-
dation, pyruvate enters the mitochondria of cells and
more ATPs are produced through the Krebs cycle and
electron transport chain. Aerobic oxidation produces
significantly higher amounts of ATP than glycolysis
alone. In the anaerobic respiration pathway, pyruvate
is oxidized into lactate without ATP production. Pre-
vious studies have suggested that glycolysis is the main
source of energy in IVD cells.>!*>® This study found
that notochordal NP cells had much higher quantities
of total ATP compared to AF cells, although glucose
consumption of AF cells was significantly higher than
that of notochordal NP cells. These differences suggest
that the major pathway for energy production is dif-
ferent for notochordal NP and AF cells. NP cells
consume less glucose and produce much more ATP,
suggesting that notochordal NP cells may also produce
ATP through aerobic respiration in addition to gly-
colysis. This suggestion is supported by our previous
study® that showed the oxygen consumption rate of
notochordal NP cells was higher than that of AF cells.
More recently, Guehring er al.'® suggested notochordal
NP cells rely on glycolysis for ATP production based
on the rates of oxygen consumption, glucose con-
sumption, lactate production, and CO, production.
The ratio between the rates of glucose consumption
and lactate production for notochordal NP cell was
found to be less than 2 in the study of Guehring
et al.'® and the current study. Aerobic oxidation can
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produce ATP much more efficiently than glycoslysis
(30 ATP vs. 2 ATP). Hence, if a small amount of
pyruvate enters the mitochondria, much more ATP
could be produced compared with glycolysis. ATP
measurements in our study provided a more direct
indication for energy production than the other mea-
surements. Higher ATP content of notochordal NP
cells found in this study suggests that metabolism of
notochordal NP cells demand more ATP than AF
cells. Therefore, because of its efficiency and higher
ATP output, aerobic respiration would be the best
option to supply sufficient ATP for metabolically
active NP cells when oxygen is available. Nevertheless,
cellular energy metabolism is strongly influenced by
the local levels of oxygen and glucose in the experi-
ments. Differences between the current study and the
study of Guehring et al.'® may be due to different
experimental set-ups and resulting differences in the
local levels of oxygen and glucose. For example, the
initial glucose concentration in the experiments was
25 mM in the current study and 5 mM in the study of
Guehring et al.'®

On the other hand, the major pathway for ATP
production in AF cells is glycolysis.***** The differ-
ence in energy metabolism between AF and NP cells
may be due to their different embryonic origins and/
or their distinct environmental conditions. AF cells
originate from the mesenchyme and have been his-
tologically analyzed and characterized as chondro-
cyte-like cells,** while NP used in this study are
notochordal cells, which have a distinct molecular
phenotype compared to AF.'® Furthermore, although
glycolysis and aerobic respiration do not occur
exclusively to produce ATP in these cells, increased
glucose consumption in AF cells by dynamic loading
suggested that glycolysis is promoted in AF cells via
dynamic loading. The latter was also indicated by the
increase in lactate production and total ATP of AF
cells, under dynamic loading.

ATP production of notochordal NP cells was found
to be much higher than the AF cells, indicating the
notochordal NP cells are more metabolically active
and rely on sufficient nutrient supply to maintain their
normal function. Therefore, disappearance of noto-
chordal cells from the NP region of the IVD could
result from reduction of nutrient supply during the
maturation of disc.>> The cartilage endplates (CEP) are
a 1 mm-thick layer of hyaline cartilage which enables
fluid exchange and nutrient transport between the IVD
and the vertebral body, through osmosis and diffu-
sion.”* CEPs have been found to calcify with aging.*’
A previous study of rat endplate has shown that
endplate calcification started as early as one week of
age which was earlier than the time (i.e., 8 week of
age) when disc degeneration occurred.’® Therefore,

calcification of CEPs may diminish transport of
nutrients into IVD,* resulting in disappearance of
notochordal cells and initiating IVD degeneration.

Inorganic phosphates and inorganic pyrophos-
phates have been identified to cause chondrocalcinosis
or calcification of chondrocytes, which appears as two
different mineral formations: calcium pyrophosphate
dehydrate (CPPD) and basic calcium phosphate
(BCP).***® Calcification can cause enzymatic damage
to cartilage matrix. Matrix vesicles are membrane-
limited structures that bind to calcium and contain
enzymes that generate inorganic pyrophosphates from
ATP,>'*!8 which promotes CPPD and BCP forma-
tion.”® Extracellular ATP can be hydrolyzed by the
ecto-ATPase family of enzymes (e.g. ecto-nucleoside
triphosphate diphosphohydrolases, and ecto-nucleo-
side triphosphate pyrophosphohydrolase) and release
inorganic pyrophosphates and phosphates.?®*® There-
fore, extracellular ATP may promote calcification of
cartilage.*® The current study found that ATP release
from IVD cells was promoted by dynamic loading in
IVD cells. A study showed that permeability of the
CEP is limited to its central portion basically limiting
nutrient exchange to and from NP and inner AF
regions.*! An increase in ATP release from NP cells
under dynamic loading may contribute to CEP
calcification, diminishing nutrient transport to NP.
However, it has been suggested that inorganic pyro-
phosphates may inhibit hydroxyapatite formation,
while promoting CPPD crystal deposition.*! Concur-
rently, inorganic pyrophosphates can be reduced by
alkaline phosphatases into inorganic phosphates,
which may in turn form BCP crystals.>® Inorganic
pyrophosphates and phosphates seem to have an
antagonistic relationship affecting calcification,*® and
generation of both is ATP-dependent.”® Therefore,
investigating metabolism of extracellular ATP in the
IVD may provide a better understanding of CEP cal-
cification. In addition, recent studies demonstrated
that ATP release from chondrocytes under mechanical
loading mediated cellular proteoglycan synthesis
through a purinergic pathway.'® Therefore, ATP re-
lease promoted by dynamic loading may have a similar
effect on regulating extracellular matrix biosynthesis of
IVD cells.

A previous study showed that NO production
was inhibited in chondrocytes encapsulated in high-
density-cross-linked PEG gels as these were dynami-
cally loaded at 0.3 Hz? In the current study, the
contrary was found for IVD cells, where dynamic
loading promoted NO production in both AF and NP.
These differences may be due to the differences in cell
type and culture conditions. However, our findings are
consistent with another previous study on cartilage
explants, where NO production was promoted by
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dynamic loading at 0.5 Hz."" Furthermore, since NO
is known to inhibit acrobic oxidation of pyruvate
after glycolysis, by blocking the complex C in mito-
chondrial electron transport chain,>’” NO could regu-
late mitochondrial respiration in cells.*® Although
increased NO production of AF cells via dynamic
loading may reduce mitochondrial activity, no inhib-
itory effects were seen on ATP production of AF cells
under dynamic loading. This supports the suggestion
that glycolysis is the main pathway of ATP produc-
tion in AF cells. In NP cells, NO production was
significantly promoted via dynamic loading. However,
energy metabolism of NP cells was not affected by
dynamic compression (i.c., no significant changes
were observed in total ATP, glucose consumption,
and lactate production). This suggests that dynamic
loading may counteract possible inhibitory effect of
increased NO production on mitochondrial respira-
tion of NP cells.

The main limitation in the current study is that the
experiments were performed at higher concentrations
of oxygen (i.e., 0.204 mM) and glucose (i.e., 25 mM)
compared to in vivo conditions. In this study, high
oxygen and glucose concentrations were chosen to
eliminate the influence of concentration change on
consumption of oxygen and glucose due to experi-
mental set-up (e.g., enhanced transport caused by
dynamic loading). Consumption of oxygen or glucose
can be described by Michaelis-Menten kinetics.'®*
When the oxygen or glucose level is much higher than
the Michaelis constant (e.g., for mature NP cells,
0.000147 mM for oxygen and 0.194 mM for glu-
cose'®), the consumption rate of oxygen or glucose is
close to the maximum reaction rate and insensitive to
small concentration changes. Therefore, high con-
centrations of oxygen and glucose used in the current
study can eliminate the extrinsic effects of dynamic
compressive loading which promotes solute transport,
and allow us examine its intrinsic effect on energy
metabolism of IVD cells. Since the energy metabolism
of IVD cells strongly depends on the concentrations
of oxygen and glucose, the data obtained in the cur-
rent study may not exactly represent the in vivo
behaviors of IVD cells. Steep concentration gradients
of oxygen and glucose exist in the disc due to its
avascularity. These conditions may alter both abso-
lute metabolic rates as well as relative activities of AF
and NP cells. For example, metabolically active
notochordal NP cells may exhibit higher glucose
consumption (i.e., glycolysis) than the AF cells under
in vivo hypoxic condition.

In summary, this study demonstrated the differences
in the energy metabolism between AF and notochordal
NP cells. Higher ATP content found in notochordal
NP cells indicates that NP cells are more metabolically

active and may produce ATP through aerobic respi-
ration in addition to glycolysis. Dynamic loading
caused an increase in ATP release from both cell types,
and had a greater effect on AF cells, resulting in ele-
vated glucose consumption, lactate production, NO
production, and ATP production. Moreover, ATP
release due to dynamic loading may be a cause for
cartilage endplate calcification, leading to malnour-
ishment of the IVD and thus degeneration.
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