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Tumor Necrosis Factor� Modulates Matrix Production
and Catabolism in Nucleus Pulposus Tissue

Cheryle A. Séguin, MSc,* Robert M. Pilliar, BASc,*† Peter J. Roughley, PhD,‡
and Rita A. Kandel, MD*†

Study Design. This study examines changes in the
production of extracellular matrix molecules as well as
the induction of tissue degradation in in vitro formed
nucleus pulposus (NP) tissues following incubation with
tumor necrosis factor (TNF)�.

Objective. To characterize the response of NP cells to
TNF-�, a proinflammatory cytokine present in herniated
NP tissues.

Summary of Background Data. TNF-� is a proinflam-
matory cytokine expressed by NP cells of degenerate in-
tervertebral discs. It is implicated in the pain associated
with disc herniation, although its role in intervertebral
disc degeneration remains poorly understood.

Methods. In vitro formed NP tissues were treated with
TNF-� (up to 50 ng/mL) over 48 hours. Tissues were as-
sessed for histologic appearance, proteoglycan and col-
lagen contents, as well as proteoglycan and collagen syn-
thesis. Reverse transcriptase polymerase chain reaction
was used to determine the effect of TNF-� on NP cell gene
expression. Proteoglycan degradation was assessed by
immunoblot analysis.

Results. At doses of 1–5 ng/mL, TNF-� induced multi-
ple cellular responses, including: decreased expression of
both aggrecan 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-TS5; and induction of
ADAM-TS dependent proteoglycan degradation. Within
48 hours, these cellular responses resulted in NP tissue
with only 25% of its original proteoglycan content.

Conclusions. Because low levels of TNF-�, comparable
to those present physiologically, induced NP tissue deg-
radation, this suggests that TNF-� may contribute to the
degenerative changes that occur in disc disease.

Key words: nucleus pulposus, intervertebral disc, tu-
mor necrosis factor-alpha, matrix metalloproteinases, ag-
grecanase, proteoglycan, collagen, extracellular matrix
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Low back pain as a result of intervertebral disc (IVD)
degeneration is a common cause of major disability and
constitutes one of the leading musculoskeletal disorders
responsible for days lost from work. Epidemiologic stud-
ies show that chronic low back disability is increasing
exponentially, to the degree that a simple backache has a
lifetime prevalence of 60% to 80%.1 The etiology and
disease process remain poorly understood, and are
largely based on studies that have correlated changes in
IVD matrix composition to the grade and stage of IVD
degeneration.2 Alterations in the extracellular matrix of
the nucleus pulposus (NP) of degenerate IVDs are known
to involve marked decreases in the synthesis and accu-
mulation of proteoglycans, increased accumulation of
aggrecan fragments, decreased synthesis and accumula-
tion of type II collagen, increased denaturation of type II
collagen, and increased synthesis of type I collagen.3–6

Recent studies suggest that changes in the extracellular
matrix content may be in part be caused by altered pat-
terns of gene expression because the grade of degenera-
tion in human NP correlated with decreases in messenger
ribonucleic acid (mRNA) levels for large aggregating
and small interstitial proteoglycans, as well as type II
collagen.7,8

In addition to changes in the production of matrix
macromolecules, the activity of zinc-dependent matrix-
degrading enzymes, the matrix metalloproteinases
(MMP) and the ADAM-TS (a disintegrin and metallo-
proteinase with thrombospondin motifs), as well as their
regulators, the tissue inhibitors of matrix metallopro-
teinases (TIMP), have been implicated in the tissue re-
sorption that occurs in association with degeneration.
The family of MMPs consists of at least 20 structurally
similar members, each with substrate specificities that
enable MMPs to degrade all components of the extracel-
lular matrix in a concerted manner.9,10 To maintain the
balance between matrix production and turnover, the
activities of MMPs are tightly regulated at the level of
gene expression, activation of the proenzyme precursors,
and specific interactions with the extracellular matrix.11

TIMPs, endogenous inhibitors that bind the active form
of the enzymes, also regulate the local activities of MMPs
in tissues.11,12 ADAM-TS4 and ADAM-TS5 (aggre-
canase-1 and aggrecanase-2) are members of the ADAM
family and are characterized by their ability to cleave the
inter-globulin domain of aggrecan at the Glu373-Ala374

bond, a site distinct from the Asn341-Phe342 MMPs
cleavage site.13,14 Similar to MMPs, the aggrecanase ac-
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tivity of ADAM-TS4 and ADAM-TS5 are regulated by
TIMPs, namely, TIMP-3.13

Studies of human cadaveric IVDs have shown that
although MMP expression was absent from the IVDs of
infants and young adolescents, expression of MMP-1,
MMP-2, MMP-3, MMP-8, and MMP-9 were increased
in herniated discs, and correlated with the histologic
changes and clinical grade of IVD degeneration.6,15,16

Aggrecanase-produced aggrecan fragments are increased
with disease, their levels correlating with higher degen-
erative grade IVDs.6 Although it is clear that MMPs and
ADAM-TS regulation by TIMPs is essential for main-
taining balanced tissue turnover, the role of TIMPs dur-
ing disc degeneration remains unknown. While de-
creased levels of TIMP-1 were found to correlate with
the severity of IVD degeneration as determined by mag-
netic resonance imaging, other studies have reported that
TIMP-1 levels increase, while levels of TIMP-2 remain
unchanged in herniated discs.6,16

In addition to the presence of active MMPs and ag-
grecanases, NP tissue of herniated IVDs secreted in-
creased levels of nitric oxide, prostaglandin E2, interleu-
kin (IL)-1�, IL-6, IL-8, and tumor necrosis factor-�
(TNF�),17–21 mediators of inflammation known to con-
tribute to extracellular matrix degradation in articular
cartilage.22,23 As a cytokine constituent of herniated NP
tissue, recent investigations have described a central role
for the proinflammatory cytokine TNF� in the manifes-
tations of sciatica and nerve root damage associated with
IVD herniation. Identified as a key pathogenic factor in
neuropathic pain states, the liberation of TNF� by her-
niated NP tissue can initiate a cascade of neuropatho-
logic change, including Schwann cell activation, edema,
macrophage recruitment, and impairment of nerve con-
duction.19 This response also induced endoneurial TNF�
production. The importance of TNF� was shown in an
animal model in which topical application of TNF� in-
hibitor prevented the development of nerve root damage
induced by the herniated NP.24 These findings were re-
inforced by a pilot study in human beings in which TNF�
blockade effectively reduced sciatic pain within 1 hour of
infusion.25

Although the role of TNF� in cartilage degradation
has been well described, the effect of TNF� exposure on
NP cells of the IVD and its relative role in the process of
IVD degeneration are unknown. Studies aimed at char-
acterizing the causes and cellular mechanisms regulating
IVD degeneration have, to date, been limited by the
availability of normal disc tissues and the lack of suitable
in vitro models. NP cells grown in monolayer, on algi-
nate or agarose beads, or in biocompatible scaffolds re-
main viable, accumulate large aggregating proteoglycans
and type II collagen but are not able to form a continuous
layer of tissue with extracellular matrix composition or
mechanical properties similar to that of native NP tis-
sue.26–31 Although organ culture of the IVD has been
used to study metabolism of the whole tissue, it cannot
be maintained at a metabolic level comparable to the

in vivo tissue and can swell up to 5-fold when placed
directly into culture.32

We have recently developed a culture system that per-
mits the formation of a continuous layer of NP tissue in
vitro.33 This tissue was shown to resemble the native NP,
suggesting that it is suitable to use as a model for the
study of the processes regulating disc development and
NP tissue degeneration. Given that TNF� is produced by
NP cells and plays a pivotal role in the pathogenesis of
sciatica, as well as the established role of TNF� in induc-
ing degeneration in tissues such as articular cartilage, we
examined whether TNF� could alter the synthesis and
retention of matrix molecules or patterns of MMPs,
ADAM-TS, and TIMPs gene expression in NP cells. Al-
tering the balance between extracellular matrix produc-
tion and degradation would suggest an important role
for TNF� in IVD tissue degeneration.

Materials and Methods

Calcium Polyphosphate Substrates. To support NP tissue
formation, sintering calcium polyphosphate powder (CPP)
generated porous cylindrical substrates (4 mm diameter), as
previously described.34

In Vitro Formation of NP Tissue. To generate NP-like tis-
sue, cells were isolated from NP obtained from bovine distal
caudal spines (6–9 months of age) by sequential enzymatic
digestion, as previously described.33 Tissue from up to 3 ani-
mals was combined for each experiment to obtain a sufficient
numbers of cells. On average, 2 � 107 cells were obtained from
the 6 discs isolated from each caudal spine. NP cells were
seeded in Ham F12, supplemented with 25 mmol/L HEPES and
10% fetal bovine serum (FBS), on the upper surface of the CPP
substrate (160,000 cells/mm2), which was surrounded by Ty-
gon tubing (4.3 mm diameter, Thermoplastics Processor Inc.,
San Jose, CA). Cultures were transferred to Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% FBS 48
hours following seeding, and at day 5 the FBS concentration
was increased to 20%. Ascorbic acid (100 �g/mL final concen-
tration) was added to the medium starting at day 7, and the
tubing was removed from the NP-CPP composite at day 10.
The medium was changed every 2–3 days, and fresh ascorbic
acid was added with each change.

Cultures were maintained for 4 weeks to allow for the for-
mation of tissue with properties similar to those of native NP.33

In vitro formed tissues were transferred to DMEM supple-
mented with 5% FBS 24 hours before addition of TNF� (hu-
man recombinant; Sigma, St. Louis, MO). NP tissues were
maintained for either 24 or 48 hours in DMEM containing 5%
FBS supplemented with various concentrations of TNF� before
harvesting.

Histologic Evaluation. The tissues were removed from the
CPP surface, fixed in 10% formalin, and paraffin-embedded.
5-�m sections were cut and stained with hematoxylin and eosin
or toluidine blue. Three separate sets of cultures were exam-
ined.

Deoxyribonucleic acid (DNA) Quantification. The NP tis-
sues were digested by papain (Sigma; 40 �g/mL in 20 mmol/L
ammonium acetate, 1 mmol/L ethylenediaminetetraacetic acid
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[EDTA], and 2 mmol/L dithiothreitol) for 48 hours at 65°C.
The DNA content was determined from aliquots of the papain
digest using the HOECHST 33258 dye binding assay (Poly-
sciences, Warrington, PA) and fluorometry (emission wave-
length 365 nm, excitation wavelength 458 nm), as previously
described.35 Autofluorescence of NP tissues was corrected for
the amount of endogenous fluorescence (in the absence of
HOECHST dye). The standard curve was generated using calf
thymus DNA (Sigma).

Determination of Proteoglycan and Collagen Contents.
The proteoglycan content was determined by measuring the
amount of sulfated glycosaminoglycans in the papain-digested
samples using the dimethylmethylene blue dye binding assay
and spectrophotometry (wavelength 525 nm), as previously
described.36 The standard curve was generated using bovine
chondroitin sulfate (Sigma). Collagen content was determined
by measuring the hydroxyproline content of the NP tissues.
Aliquots of the papain digests were hydrolyzed in 6 N HCl for
18 hours at 110°C, after which the hydroxyproline content
was determined using the chloramine-T/Ehrlich’s reagent assay
and spectrophotometry (wavelength 560 nm), as previously
described.37 The standard curve was generated using
L-hydroxyproline (Sigma).

Quantification of Proteoglycan and Collagen Synthesis.
To quantify matrix macromolecule synthesis, tissues were in-
cubated in the presence of both [35S]SO4 (6 �Ci/construct) to
label proteoglycans and [3H]proline (4 �Ci/construct) to label
collagen during the last 24 hours of TNF� treatment. Radiola-
beled tissues were removed from culture and washed 3 times in
phosphate-buffered saline to remove unincorporated isotope.
Following papain digestion of the tissues, retention of newly
synthesized proteoglycan and collagen were determined by

quantifying the appropriate radioisotope incorporation using a
�-liquid scintillation counter. The proteoglycans in the media
were precipitated with 70% ethanol, resuspended in 4 M gua-
nidinium hydrochloride (in 50 mmol/L sodium acetate pH 5.8
containing 0.1 M 6-amino-hexanoic-acid, 50 mmol/L
benzamidine HCl, 10 mmol/L EDTA, and 5 mmol/L N-
ethylmaleimide), and radioisotope incorporation quantified.
Collagen molecules were precipitated from the culture media
with 70% ammonium sulfate, resuspended in 10% sodium
dodecyl sulfate, and radioisotope incorporation quantified. To-
tal synthesis was determined by combining radioisotope incor-
poration of both the NP tissue and the culture medium.

Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR) Analysis. Total RNA was isolated from TNF�-treated
tissues by Trizol� (Gibco BRL, Rockville, MD) extraction fol-
lowing disruption of the tissue by mortar and pestle in liquid
nitrogen. 0.5 �g of total RNA was reverse transcribed (Super-
script First Strand Synthesis System, Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Relative gene ex-
pression was examined by semiquantitative PCR using Taq
Polymerase (Quiagen, Mississauga, ON) and sequence-specific
primers in reactions designed to amplify the template sequence
of interest within the linear range (Table 1). PCR products were
analyzed by electrophoresis on a 1.5% agarose/Tris, Boric
Acid, EDTA (TBE) gel containing ethidium bromide and visu-
alized by ultraviolet transillumination. The level of gene ex-
pression was determined by densitometry using LabWorks 4.0
Image analysis software (UVP BioImaging Systems, Upland
CA) and corrected for 18S rRNA expression.

Quantification of ADAM-TS Message Levels. A compet-
itive PCR that uses an internal RNA standard requiring the
same oligonucleotide primers as the authentic message was

Table 1. Gene-Specific Primer Sequences and Amplification Conditions

Gene Primer Sequence Product Size (bp) PCR Conditions

Aggrecan fwd: 5�-CACTGTTACCGCCACTTCCC-3� 303 95°C 60 s, 60°C 60 s, 72°C 60 s, 26 cycles
rev: 5�GACATCGTTCCACTCGCCCT-3�

Link protein fwd: 5�-GGTCTGTGCAATATCCCATC-3� 231 95°C 60 s, 60°C 60 s, 72°C 60 s, 30 cycles
rev: 5�-CCCACTTTAGCAATCTGAGC-3�

Type II collagen fwd: 5�-CCACTGCAAGAACAGCATTG-3� 463 95°C 60 s, 60°C 60 s, 72°C 60 s, 26 cycles
rev: 5�-CCAGTTCAGGTCTCTTAGAG-3�

Type I collagen fwd: 5�-TGCTGGCCAACTATGCCTCT-3� 496 95°C 60 s, 60°C 60 s, 72°C 60 s, 26 cycles
rev: 5�-TTGCACAATGCTCTGATC-3�

MMP-1 fwd: 5�-AACTCTGGAGCAATGTCACAC-3� 584 95°C 60 s, 55°C 60 s, 72°C 60 s, 30 cycles
rev: 5�-CCTCATAATCAGCTTGAAGTC-3�

MMP-2 fwd: 5�-GCTGAAGGACACCCTGAAGAAGAT-3� 200 95°C 60 s, 55°C 60 s, 72°C 60 s, 28 cycles
rev: 5�-CCAGATCAGGTGTGTAGCCAATGA-3�

MMP-3 fwd: 5�-GTTAGGAGAAAGGACAGTGGTCCTG-3� 402 95°C 60 s, 55°C 60 s, 72°C 60 s, 30 cycles
rev: 5�-GGCATAGGCATGGGCCAAAACATT-3

MMP-13 fwd: 5�-GCTCTGTGATTGACAGGCTT-3� 1189 95°C 60 s, 60°C 60 s, 72°C 90 s, 28 cycles
rev: 5�-GCCAATGAGGTCTACGACAT-3�

ADAM-TS4 fwd: 5�-GCCATTGTGGAGGATGATG-3� 316 95°C 30 s, 60°C 60 s, 72°C 60 s, 32 cycles
rev: 5�-AGCTGGCACTGGCGGTCA-3�

ADAM-TS5 fwd: 5�-AAGCGCTTAATGTCTTCCATC-3� 471 95°C 60 s, 60°C 60 s, 72°C 60 s, 29 cycles
rev: 5�-TTTTCTTGGTTTTGTCCACACA-3�

TIMP-1 fwd: 5�-ATGGCCTCTGGCATCCTGTTG-3� 668 95°C 60 s, 60°C 60 s, 72°C 60 s, 28 cycles
rev: 5�-AAAGGTGGGAGTGGAAACA-3�

TIMP-2 fwd: 5�-GTGGACTCTGGAAAYGACAT-3� 264 95°C 60 s, 55°C 60 s, 72°C 60 s, 28 cycles
rev: 5�-TCTTCTTCTGGGTGGTGCT-3�

TIMP-3 fwd: 5�-CTACACCATCAAGCAGATGAAGATG-3� 457 95°C 60 s, 60°C 60 s, 72°C 60 s, 30 cycles
rev: 5�-GCTCAGGGGTCTGTGGCATTGAT-3�

18S rRNA fwd: 5�-AAACGGCTACCACATCCAAG-3� 150 95°C 60 s, 55°C 60 s, 72°C 60 s, 30 cycles
rev: 5�-CCTCCAATGGATCCTCGTTA-3�
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used to determine the message levels for ADAM-TS4 and
ADAM-TS5 in TNF� treated tissues, as previously described.38

Briefly, templates for the internal standards were designed to
contain: the SP6 RNA Pol promoter, the upstream primer se-
quence corresponding to the message of interest, a bacterio-
phage lambda sequence, the downstream primer sequence for
the message of interest, and a poly-T tail. The length of the
lambda sequence was chosen to give a primer separation within
the internal standard 60–120 bp larger than the authentic com-
plementary (c)DNA. Message levels in cDNA samples prepared
from NP tissues treated for 48 hours with 50 ng/mL TNF�
were screened by PCR over a range of internal standard con-
centrations, using 10-fold dilutions from 103 to 108 copies. The
PCR products were analyzed by electrophoresis, visualized by
ultraviolet transillumination, and the ratio of the product in-
tensities derived from the authentic message and internal stan-
dard were used to calculate the copy number of the ADAM-TS
message in the NP tissues.38

Immunoblot Analysis. Matrix proteoglycans were extracted
from the NP tissues by incubation in 4 M guanidinium hydro-
chloride in 50 mmol/L sodium acetate pH 5.8 containing pro-
tease inhibitors (0.1 M 6-amino-hexanoic-acid, 50 mmol/L
benzamidine HCl, 10 mmol/L EDTA, and 5 mmol/L N-
ethylmaleimide) for 48 hours at 4°C. Guanidinium was then
removed by dialysis in 25 mmol/L ammonium acetate (1:1000)
for 4 days at 4°C, and samples were concentrated by overnight
lyophilization. Reconstituted extracts were separated by elec-
trophoresis on 10% sodium dodecyl sulfate-polyacrylamide
gels and electroblotted to nitrocellulose membranes (BioRad,
Mississauga, ON). The membranes were then blocked over-
night in 3% (wt/vol) bovine serum albumin in tris-buffered
saline. Immunodetection of the aggrecan degradation products
was performed using a rabbit anti-(aggrecan G1) antibody,

prepared as previously described,39 and an alkaline phos-
phatase-conjugated goat anti-(rabbit immunoglobulin G) anti-
body (Promega Corp., Madison, WI). Reactivity was detected
using nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl
phosphate.

Statistical Analysis. Results are expressed as mean � the
standard error of the mean (SEM) from 3 independent experi-
ments. One-way analysis of variance with the Dunnett multiple
comparison test was used to compare the untreated NP tissue
to TNF� treated samples; as part of this analysis the linear
trend of dose responses was also evaluated. P values �0.05
were considered statistically significant.

Results

Histologic Evaluation
Following 4 weeks of culture, a continuous layer of tissue
was formed containing the NP cells surrounded by an
abundant proteoglycan-rich extracellular matrix (Figure
1A). Within 48 hours, treatment of NP with 25 ng/mL
TNF� resulted in decreased toluidine blue staining,
suggestive of decreased tissue proteoglycan content
(Figure 1B).

Effects of TNF� on Proteoglycan and Collagen
Contents of NP Tissue

TNF� induced a dose-dependent decrease in tissue pro-
teoglycan content. There was a significant decrease in
glycosaminoglycan content following 24-hour incuba-
tion with 5 ng/mL TNF�, which increased to a maximal
loss of 55% � 3% with 50 ng/mL TNF� (Figure 2A).
The loss of tissue proteoglycans was more pronounced
following 48-hour TNF� treatment, reaching a maximal
decrease of 74% � 2% with 10 ng/mL TNF�. It is inter-
esting that 1 ng/mL TNF� induced a significant loss of
tissue proteoglycans within 48 hours. In contrast to the
rapid depletion of proteoglycans, TNF� treatment did
not significantly alter the collagen content of NP tissues
at either time (Figure 2B).

TNF� Induced Changes in Extracellular Matrix
Gene Expression

To correlate changes in matrix macromolecule content
with changes in gene expression, RNA extracted from
TNF� treated tissues underwent RT-PCR using se-
quence-specific primers (Table 1). Within 24 hours,
TNF� induced a dose-dependent decrease in aggrecan

Figure 1. Effect of TNF� treatment on the morphologic appear-
ance of NP tissue. Histologic appearance of untreated in vitro
formed NP tissue (A) and tissue treated for 48 hours with 25 ng/mL
TNF� (B) (toluidine blue, original magnification �250).

Figure 2. Extracellular matrix
content of TNF� treated NP tissue.
Proteoglycan (A) and collagen (B)
content of in vitro formed NP tis-
sues cultured for 24 (e) or 48
hours (f) with increasing concen-
trations of TNF�. Results are ex-
pressed as mean � SEM from ex-
periments repeated 3 times.
*Values are significantly different
from control at 24 hours (P � 0.05).
**Values are significantly different
from control at 48 hours (P � 0.05).
GAG, glycosaminoglycan; OH-Pro, Hydroxy-proline.
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gene expression, with a significant decrease observed at
10 ng/mL TNF� (42% � 6% of control) (Figure 3A).
Although unchanged following 24 hours of TNF� treat-
ment, type II collagen gene expression showed a dose-
dependent decrease by 48 hours, which was significantly
different from controls at 50 ng/mL TNF� (68% � 20%
of control) (Figure 3B). TNF� did not induce any
changes in the levels of link protein or type I collagen
mRNA at either time (Figure 3).

Effects of TNF� on the Accumulation and Overall
Synthesis of Extracellular Matrix Molecules

Patterns of protein synthesis were assessed to determine
if TNF� induced changes in gene expression resulted in

altered levels of proteoglycan and collagen production.
The accumulation of newly synthesized proteoglycan
and collagen in NP tissue was quantified in the presence
of varying amounts of TNF� up to 50 ng/mL. Twenty-
four hour treatment of NP tissues with TNF� induced a
dose-dependent decrease in the retention of newly syn-
thesized proteoglycans, with a significant decrease of
28% � 5% detected at 5 ng/mL TNF� (Figure 4A). The
effects of TNF� were more pronounced following 48
hours, resulting in a 45% � 3% decrease in the retention
of newly synthesized proteoglycans at 1 ng/mL TNF�.
TNF� induced a similar dose-dependent decrease in the
accumulation of newly synthesized collagens. Following

Figure 3. Effect of TNF� on the
expression of extracellular ma-
trix genes. Representative RT-
PCR analysis of extracellular
matrix gene expression in NP
cells treated with increasing
concentrations of TNF� for ei-
ther 24 (A) or 48 hours (B). Gene
expression was semi-quantified
by densitometry, as described in
the “Materials and Methods,”
and calculated as percent
change from control (corrected
for 18S rRNA). The experiment
was repeated 3 times, and the
results are expressed as mean �
SEM. †Values are significantly
different from control at P � 0.05.
prtn, protein.

F igure 4. TNF� down-re-
gulates proteoglycan (PG) and
collagen (Coll) synthesis. Accu-
mulation of newly synthesized
sulfated PGs (A) and Colls (B) by
NP tissues treated for 24 (e) or
48 hours (f) with increasing
concentrations of TNF�. Total
synthesis of sulfated PGs (C) and
Colls (D) by NP tissues treated
with increasing concentrations
of TNF� for 48 hours (f). The
experiment was repeated 3 times,
and the results are expressed as
mean � SEM. *Values are signif-
icantly different from control at 24
hours (P � 0.05). **Values are sig-
nificantly different from control at
48 hours (P � 0.05).
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24 hours, there was a significant decrease in the amount
of radiolabeled collagen molecules detectable within
TNF� treated NP tissues, which ranged from a 25% �
4% decrease at 1 ng/mL to 42% � 3% at 50 ng/mL
(Figure 4B). The effects of TNF� were again more pro-
nounced following 48 hours, with a 40% � 3% decrease
in the retention of newly synthesized collagens at 1
ng/mL TNF�.

To ascertain whether the reduced accumulation of
newly synthesized proteoglycans and collagens in TNF�
treated NP tissues was a result of decreased production,
total synthesis was determined following 48-hour TNF�
treatment. When compared to untreated tissues, treat-
ment with 1 ng/mL TNF� decreased proteoglycan syn-
thesis by 25% � 4% (Figure 4C). Although significant,
this decrease in proteoglycan synthesis is not as marked
as the decreases observed in the retention of newly syn-
thesized proteoglycans in TNF� treated NP tissues (Fig-
ure 4A), suggesting that the loss of tissue proteoglycans
in response to TNF� may also involve increased proteo-
glycan catabolism. The 48-hour TNF� treatment caused
a significant decrease of 41% � 0.1% in the synthesis of
collagen molecules at 1 ng/mL, with a maximal loss of
67% � 0.2% at 25 ng/mL (Figure 4D). These results
suggest that the decreased retention of newly synthesized
collagen molecules in TNF� treated tissues can be ac-
counted for by decreased collagen protein synthesis.

Effect of TNF� on MMP, ADAM-TS, and TIMP
Gene Expression

To determine if TNF� treatment was inducing the ex-
pression of genes associated with matrix catabolism, the
expression of MMPs, aggrecanases, and TIMPs were as-
sessed in NP tissues following 48-hour TNF� treatment
(Figure 5). In the absence of cytokine stimulation, NP
cells showed constitutive expression of MMP-2,

TIMP-1, TIMP-2, and TIMP-3, as well as MMP-1,
MMP-3, and MMP-13 at very low levels. Forty-eight-
hour TNF� treatment produced a dose-dependent in-
crease in MMP-1, MMP-3, and MMP-13 gene expres-
sion, with significant induction at doses as low as 1 ng/
mL. TNF� treatment caused a similar dose-dependent
induction of aggrecanase gene expression, with signifi-
cant induction of both ADAM-TS4 and ADAM-TS5 at 1
ng/mL TNF�. TNF� was shown to induce a higher level
of ADAM-TS5 gene expression (0.053 � 0.02) than that
of ADAM-TS4 (0.017 � 0.01) on a per cell basis (relative
message levels normalized to glyceraldehyde-3-
phosphate dehydrogenase), as determined by competi-
tive PCR (Figure 6). These findings show the preferential
induction of ADAM-TS5 gene expression over that of
ADAM-TS4 (approximate ratio 4:1). In contrast to the
dramatic induction of MMPs and aggrecanase gene ex-
pression, the treatment of NP cells with increasing con-
centrations of TNF� for 48 hours did not alter the ex-
pression of TIMP-1, TIMP-2, or TIMP-3.

Mechanism of TNF� Dependent Aggrecan
Degradation

To assess the functional activation of proteoglycan-
degrading enzymes, TNF� treated NP tissues were ex-
amined for the presence of aggrecan degradation. Un-
treated NP tissue contained low levels of both the MMPs
generated fragment (MMP-G1) and the aggrecanase-
generated fragment (ADAM-TS-G1) in addition to intact
aggrecan (Figure 7A). Treatment of NP tissues with
TNF� concentrations higher than 10 ng/mL resulted in
the accumulation of the aggrecanase-generated G1 frag-
ment in tissues. No changes in the levels of MMP-
generated G1 fragments were observed at all doses of
TNF� assayed. In the absence of cytokine stimulation,
NP tissue culture medium did not contain detectable lev-
els of either MMPs or aggrecanase-generated fragments
(Figure 7B). At concentrations as low as 1 ng/mL TNF�,
there was a dramatic accumulation of the aggrecanase-
generated G1 fragment in the culture medium. No in-

Figure 5. Effect of TNF� on the expression of matrix degrading
enzymes and their inhibitors. RT-PCR analysis of gene expression
in NP cells treated for 48 hours with increasing concentrations of
TNF�. This is a representative gel from an experiment that was
repeated 3 times.

Figure 6. Quantification of TNF� induced aggrecanase gene ex-
pression. Quantitative PCR analysis of aggrecanase gene expres-
sion in NP cells treated for 48 hours with TNF� (50 ng/mL). cDNA
from TNF� treated NP was subjected to PCR amplification for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ADAM-
TS4, or ADAM-TS5 in the presence of increasing concentrations
of internal standard (IS), as described in the “Materials and
Methods.”

1945TNF-� Modulates Matrix Production and Catabolism • Séguin et al



creased levels of MMP-generated G1 fragments were de-
tected in the culture medium of TNF� treated NP tissues.

Discussion

Proinflammatory mediators and cytokines secreted by
degenerate IVD tissue are thought to regulate inflamma-
tion and tissue resorption. IVD tissue can produce a wide
range of inflammatory mediators, including TNF�.18–20

The current study shows that a brief (48-hour) exposure
of NP tissues to low levels of TNF� induces multiple
cellular responses, including: decreased expression of
both aggrecan and type II collagen genes; decreased ac-
cumulation and overall synthesis of aggrecan and colla-
gen; increased expression of MMP-1, MMP-3, MMP-
13, ADAM-TS4, and ADAM-TS5; and the induction
of aggrecanase dependent proteoglycan degradation.
Together, these cellular responses to TNF� result in
NP tissue that histologically shows a loss of extracel-
lular matrix and has a maximal loss of 74% of its
proteoglycan content. These findings suggest that
TNF� could contribute to NP degeneration in vivo,
however, several factors may influence these findings.
First, it is possible that the response of NP cells in the
in vitro formed tissues to TNF� may be influenced by
the tissue culture system used. Alternatively, the pres-
ence of the CPP substrate may alter NP cell gene ex-
pression. Furthermore, bovine caudal NP cells may
differ from human NP cells in their response to inflam-
matory stimulation, differences that may also reflect
physiologic differences between cells in caudal IVD
versus other locations in the spine.

TNF� production has been detected at levels of ap-
proximately 0.4 ng/g in homogenates of surgically re-
moved human lumbar herniated discs.20 Although re-
cent studies have questioned the origin of TNF� found
at the site of IVD degeneration,40 whether secreted by
NP cells in response to proinflammatory stimulus or
by macrophages in the surrounding granulation tissue,
the current study shows that low levels of TNF� (1
ng/mL), comparable to those present physiologically,
increase MMPs and ADAM-Ts gene expression, lead-

ing to the depletion of tissue proteoglycans in the early
stages via aggrecanase mediated degradation. These
findings, together with studies showing the prevention
of nerve root injury and pain associated with herniated
IVD-induced sciatica following anti-TNF� treat-
ment,24,25,41 show a significant role for TNF� in the
pathophysiology of NP degeneration. Furthermore,
the up-regulated production of MCP-1 in NP cells fol-
lowing TNF� stimulation has suggested that TNF�
may also contribute to the resorption of the herniated
disc through the promotion of macrophage infiltra-
tion.42

Immunohistochemical localization studies in degener-
ate IVDs have shown the presence of MMPs and, thus,
their potential involvement in matrix remodeling and
degradation. The current study shows increased gene ex-
pression of MMP-1 and MMP-13 following exposure to
levels as low as 1 ng/mL TNF�. These findings are in
accordance with those of Doita et al,43 who showed in-
creased gene expression and production of MMP-1 in
explant cultures of herniated human NP treated for 72
hours with TNF� (50 ng/mL). However, those studies
did not differentiate between the latent and active form
of the enzymes, and they did not show collagenase-
mediated matrix degradation. We observed that al-
though there were changes in collagenase gene expres-
sion, the decrease in NP tissue collagen could be
accounted for by decreased protein synthesis and, there-
fore, was not caused by MMP-mediated collagen fibril
lysis within 48 hours of TNF� treatment. It appears
that NP cells respond similarly to IL-1� because it has
been shown that IL-1� induced the synthesis of
MMPs, however, the major proportion of the MMPs
produced was present in the inactive pro-form, and
levels of collagenase activity in NP tissues were unaf-
fected.44 – 46 Interestingly, in degenerative diseases
such as osteoarthritis and rheumatoid arthritis, pro-
teoglycan degradation precedes collagen catabo-
lism,47 and it has been shown that the removal of
aggrecan is required before collagen degradation oc-
curs in cartilage.48 Therefore, the cells may require a

Figure 7. TNF� induces aggrecanase, but not MMP-mediated proteoglycan degradation. Immunoblot analysis of aggrecan degradation
products generated in tissues (A) and culture medium (B) of NP tissues following 48-hour treatment with increasing concentrations of
TNF�. Fragments were detected using an antibody reactive with the G1 region of aggrecan, as described in the “Materials and Methods.”
This is a representative blot from an experiment repeated 3 times. MW, molecular weight.
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more prolonged exposure to TNF� before MMP-
mediated collagen degradation is detected in NP tis-
sues.

Our data suggest that MMP-mediated aggrecan ca-
tabolism does not contribute to the loss of tissue proteo-
glycans following short-term exposure to TNF�. Instead
proteoglycan degradation appears to be a result of the
induction of aggrecanase activity. In chondrocytes, ex-
pression of ADAM-TS5 is constitutive and unaltered fol-
lowing exposure of tissues or cells to inflammatory cyto-
kines, whereas expression of ADAM-TS4 is enhanced
following TNF� stimulation.49 Although ADAM-TS4
and ADAM-TS5 show similar substrate specificities, the
increased activity level of ADAM-TS4 has led to the sug-
gestion that its expression is more detrimental to the
health of cartilage.47 In contrast to articular chondro-
cytes, we show that NP cells do not constitutively express
either ADAM-TS4 or ADAM-TS5 under our experimen-
tal conditions and that expression of the message for
both of these enzymes is significantly up-regulated by
exposure to TNF� at concentrations as low as 1 ng/mL.
Levels of ADAM-TS5 mRNA were significantly higher
than those of ADAM-TS4, suggesting that ADAM-TS5
may be the major aggrecanase in the IVD, similar to
patterns observed in human articular chondrocytes.50

These findings may reflect the tissue culture system used
to form NP tissues because recent studies have shown
that the expression level of many enzymes was signifi-
cantly higher in vitro than in vivo. However, in prelimi-
nary studies examining gene expression in native bovine
NP, we have been unable to show constitutive
ADAM-TS expression (data not shown).

It is noteworthy that while the current study shows
the induction of MMPs and ADAM-TS gene expression
and ADAM-TS enzyme activity in response to TNF�,
there were no significant alterations in the expression of
TIMP-1, TIMP-2, or TIMP-3, inhibitors that play an
important role in the regulation of extracellular matrix
degradation. Although conflicting reports exist as to the
regulation of TIMPs expression in degenerate IVDs, an
imbalance between MMPs and their inhibitors has been
proposed to exist in the degenerating disc.6,16 Because
aggrecanase-mediated catabolism appears to play an es-
sential role in the early stages of NP tissue degradation in
response to TNF�, the lack of change in TIMP-3 expres-
sion may be compounding ADAM-TS mediated degra-
dation. Further study is required to understand the con-
tribution of TIMP-3 to tissue degeneration. It may be
that targeting the expression level of this protein may
represent a promising avenue toward the prevention of
NP tissue degradation.

These studies show the exquisite sensitivity of NP tis-
sues to TNF� stimulation and provide evidence that the
ADAM-TS enzymes are responsible for aggrecan cleav-
age during cytokine-induced IVD degeneration. In addi-
tion, although based only on a limited number of genes,
this study suggests that TNF� stimulation of NP cells is a
good model to study the induction of catabolic processes

known to occur during disc degeneration in vivo. Delin-
eating the response of NP tissues to cytokine exposure
may help us understand the stepwise progression of IVD
degeneration or the mechanisms regulating the initiation
of NP tissue resorption following herniation.

Key Points

● NP tissues show an exquisite sensitivity to TNF�
treatment; doses as low as 1 ng/ml dramatically
alter patterns of gene expression and protein syn-
thesis.
● Following a brief (48-hour) exposure to TNF�,
NP tissues show decreased gene expression and
protein synthesis of proteoglycan and collagens.
● Short-term exposure of NP cells to TNF� activates
aggrecanase-mediated proteoglycan degradation.
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