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Free Radical Damage in Facsimile Synovium:
Correlation with Adhesion Formation in
Osteoarthritic TMJs
Donald W. Sheets, Jr., DMD;1 Toru Okamoto, DDS, PhD;2 Leonore C. Dijkgraaf,
DDS, PhD;3 Stephen B. Milam, DDS, PhD;4 John P. Schmitz, DDS, PhD;5 and
Gustavo Zardeneta, PhD6

Purpose: The purpose of this study was to use the rat air pouch model of facsimile synovium to eval-
uate oxidative stress as a primary mechanism in the pathogenesis of degenerative temporomandibular
joint (TMJ) disease.

Materials and Methods: Forty-nine Sprague-Dawley adult female rats were used to generate the
standard rat air pouch model of facsimile synovium. This was accomplished by daily air injections
(20 cc) subdermally through the dorsal skin. Hydrogen peroxide and ferrous iron (components
of the Fenton reaction which generate free radicals) were introduced into the pouches of the
4-, 7-, and 14-day groups to generate oxidative stress. Control rats were injected with phosphate-
buffered solution (PBS), pH 7.4. Either N-acetylcysteine (NAC), a powerful free radical scavenger,
or ibuprofen were simultaneously injected with the Fenton reagents into the pouches of the 14-
day treatment groups to modulate free radical-mediated protein damage to the synovium. Animals
were euthanized at appropriate experimental intervals and biopsies obtained from specimens to
analyze: (1) proteins’amino acid modification (carbonyl group formation), (2) protein hydrophobicity,
(3) detection of low molecular weight protein degradation products, and (4) histological and gross
anatomical observations.

Results: Free radicals introduced into the rat air pouch interacted with synovial tissues causing
oxidation and breakdown of proteins. Clinical evidence of adhesion formation consistent with features
found in osteoarthritis of the TMJ developed. The groups subjected to oxidative stress experienced
statistically significant (p < 0.05) increases in carbonyl formation, carbonyls/protein, and low
molecular weight protein fragments. These groups also showed significant (p < 0.05) hydrophobicity
changes consistent with free radical attack. Control synovial tissues were statistically undamaged.
The 14-day NAC and ibuprofen treatment groups experienced statistically significant (p < 0.05)
decreases in total carbonyl formation, carbonyls/protein, and hydrophobicity. Histological and gross
observations in free radical damaged synovium exhibited features consistent with known arthoscopic
and arthrocentesis findings in diseased TMJs.
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Conclusions: This study suggests that the rat air pouch model of facsimile synovium develops clinical
evidence of adhesions and biochemical signs of protein modification when subjected to free radical
attack. NAC and ibuprofen prevented carbonyl formation as well as hydrophobicity changes indicative
of oxidative stress damage in facsimile synovium. These findings are consistent with features of
degenerative human TMJ disease. Future direction may be taken from this study to postulate new
analysis techniques and treatment modalities for patients with degenerative TMJ disease.

J Prosthodont 2006;15:9-19. Copyright C© 2006 by The American College of Prosthodontists.
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TEMPOROMANDIBULAR JOINT (TMJ) dis-
ease, its etiology, pathogenesis, and the

degenerative changes affecting the articular
structures are not yet fully understood. Arthro-

scopic studies suggest that chronic degenerative
TMJ disease, in addition to cartilage degenera-
tion, may initially result in synovial tissue hyper-
vascularity, creeping synovitis, and redundancy of
the synovial lining. Further progression of the TMJ
disease is characterized by adhesion formation
and a reduction of the posterior and anterior
recess leading to functional impairment and pain.1

In recent years, TMJ arthrocentesis and lavage
techniques have been refined in order to detect
specific molecular metabolites and proteins in
lavage fluid of affected TMJs.2 Specific character-
istics and biochemical mechanisms that may cause
damage to the synovial tissues have been postu-
lated. This can ultimately result in progression
of the TMJ disease and characteristic adhesion
formation in the TMJ compartments leading to
functional impairment and pain. Our hypothesis
is that degraded proteins, generated by oxidative
stress, aggregate within the TMJ compartment to
form adhesions.3

Biochemical and histological analyses of the
TMJ fluid and tissues have led to an increased
understanding of diseased TMJ pathophysiology,
and studies of other joints have led to the ad-
vancement of three pathogenic mechanisms of in-
jury associated with degenerative TMJ disease3—
direct mechanical injury, hypoxia/reperfusion in-
jury, and neurogenic inflammation. Each model
of disease hypothesizes that the underlying cause
of degenerative TMJ disease is direct or indirect
mechanical stress to the TMJ leading to oxida-
tive stress. The term oxidative stress designates
any condition that results in the accumulation
of free radicals in a tissue.4,5 Free radicals are
molecules capable of independent existence that
have one or more unpaired electrons in their outer

orbits.6 These molecules are extremely reactive
and may function as second messengers by acti-
vating molecules involved in vital cellular func-
tions.7,8 Excessive free radical-mediated reactions
can be extremely damaging to TMJ synovial tis-
sues by causing direct damage to both cellular and
extracellular molecules and by excessive activa-
tion of normal cellular processes via their second
messenger role.9,10 Oxidative stress in the TMJ
can lead to the conversion of extracellular matrix
components into protein radicals (Fig 1). Protein
radicals can form intramolecular and intermolec-
ular crosslinks making them more resistant to
degradation.11 Our hypothesis is that oxidized
proteins aggregate within the TMJ joint space
to form adhesions.12 As these protein aggregates
accumulate in TMJ compartments, they can ul-
timately form nucleation sites for adhesions. An
adhesion is defined as the development of abnor-
mal attachments between tissues13 and is a char-
acteristic degenerative modification of the TMJ
extracellular matrix.

Free Radicals

Hydrolytic and Proteolytic Systems

Amino Acids

Proteins

Denatured/Hydrophobic Proteins

Fragmented ProteinsCross Linked Proteins

Insoluble Aggregates

Adhesions

Hydrophilic Intermediate

Figure 1. Schematic representation of free radical-
mediated protein damage, fragmentation, and aggre-
gation.
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The hydroxyl radical is capable of attacking
molecules in the TMJ, causing fragmentation
and degradation of the extracellular matrix and
synovial fluid components.9,14 Mechanical stress
or the TMJ trauma can result in focal bleeding
into the TMJ spaces with subsequent extrava-
sation of erythrocytes.15 As these erythrocytes
are destroyed, hemoglobin is released and iron
is deposited in the synovial tissues. Zardeneta
et al16 reported a significant amount of redox-
active hemoglobin and hydrogen peroxide recov-
ered by arthrocentesis in diseased TMJs. In in-
flammatory TMJ disease, phagocytes accumulate
and produce the superoxide radical and hydrogen
peroxide.17 The superoxide radical dismutes to
form hydrogen peroxide and also reduces Fe3+ to
Fe2+.19 Hemoglobin provides highly reactive iron
to catalyze the conversion of hydrogen peroxide to
hydroxyl radicals in what is known as the Fenton
reaction.9,18,19 The hydroxyl radical is also gener-
ated when ascorbic acid (present in the synovial
fluid of inflamed joints) interacts with hydrogen
peroxide and iron in a reaction independent of
superoxide.20

For the Fenton reaction to be sustained, Fe3+

generated by the oxidation of iron Fe2+ must be
recycled or reduced back to iron Fe2+.

The absence of an appropriate animal model for
investigation of the synovial pathophysiology and
biochemical mechanisms of degenerative TMJ dis-
ease21 has limited correlation of in vitro data from
arthrocentesis specimens with gross histopatho-
logical findings. The mechanisms that perpetuate
these processes will not be completely understood
without a congruous animal model for investi-
gation. Histological and biochemical studies are
essential for the study of the pathogenesis of these
disorders and development of therapies that are
scientifically based on an understanding of the
specific disease mechanisms at a molecular level.
The purpose of this study was to use the subcuta-
neous rat air pouch model of facsimile synovium to
evaluate oxidative stress as a primary mechanism
in the pathogenesis of extracellular matrix protein
degradation and adhesion formation in the TMJ
disease.

Figure 2. Subcutaneous rat air pouch model. Mechani-
cal disruption of subcutaneous connective tissue on the
dorsum of rats by 20 cc air injections over a six-day
period develops a synovial membrane-lined cavity by
accretion of macrophages and fibroblasts via mechanical
cavitation.

Materials and Methods
Rat Air Pouch Model

Forty-nine Sprague-Dawley adult female albino rats (10
rats for pilot study and 39 for final study) weighing 200 to
250 g and housed two per cage were used to generate the
standard rat subcutaneous air pouch model of facsimile
synovium.22 This study was approved by the UTHSCSA
Instutional Animal Care and Use Committee, protocol
#99155-35-01-A. The model was generated by daily
20 cc subcutaneous air injections under the dorsal
skin surface of all rats over a six to seven day period
(Fig 2).

Materials

FeSO4 and N-acetylcysteine (NAC) were purchased
from Aldrich Chemical Co., Milwaukee, WI. Ascorbic
acid, ibuprofen sodium salt, and phenylmethyl sulfonyl
fluoride (PMSF) were acquired from Sigma Chemical
Co., St. Louis, MO. The fluorescent probes bis-ANS (1-
anilinonaphthalene-8-sulfonic acid) and Bodipy Fluo-
rescein were obtained from Molecular Probes, Eugene,
OR. Bio Rad, Hercules, CA, manufactured the 4% to
15% Tris-HCl gradient gels used for SDS-PAGE analy-
sis. Solubilization solution (PBS-TDS) consisted of 1%
Triton� X-100, 100 mM deoxycholate, and 1% SDS
in PBS, pH 7.5. All other reagents used were reagent
grade.

Experimental Design

A pilot study using 10 rats (5 test rats and 5 controls)
was accomplished to determine sample sizes for the final
study. A power analysis was performed using a power
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Table 1. Experimental Design in All Groups

Group # Rats Treatment Days

A 6 F, A, P 4
A control 3 P 4
B 6 F, A, P 7
B control 3 P 7
C 6 F, A, P 14
D 6 F, A, P, NAC 14
E 6 F, A, P, ibuprofen 14
CDE control 3 P 14

Air pouches were developed for six days prior to treatment.
Rats were sacrificed in the day following the last treatment
day.
F = Fenton reagents; A = Ascorbate; P = PBS; NAC =
N-acetylcysteine.

value of at least 85% and α = 0.05 to determine final
sample sizes.

Thirty-nine rats were used for the final study. Fol-
lowing development of a stable air pouch, Groups A,
B, and C (6 rats each) received daily injections of
Fenton reagents (4.2 mM FeSO4, 50 mM H2O2), 25
mM ascorbate, and pH 7.4 phosphate buffered solution
(PBS) in a total volume of 5 ml for 4, 7, and 14 days,
respectively. Control Groups A, B, and CDE (3 rats
each) received daily 5 ml PBS injections for 4, 7, and 14
days, respectively (Table 1). Groups A, B, and C were
used to examine the time-dependent effects of oxidative
stress reactions in the rat air pouch.

Following development of a stable air pouch, Group
D (6 rats) received daily injections of Fenton reagents,
ascorbic acid, PBS, and 21 mM NAC (i.e., 5× molar
amount relative to the limiting Fenton reagent iron
sulfate), a free radical scavenger for 14 days. Group E
(6 rats) received daily injections of Fenton reagents,
ascorbic acid, PBS, and 21 mM of ibuprofen (i.e., 5×
molar amount relative to the limiting Fenton reagent
iron sulfate) for 14 days. Control Group CDE (3 rats)
received daily 5 ml PBS injections for 14 days. Groups D
and E were used to examine the effect of a free radical
scavenger and an anti-inflammatory drug on oxidative
stress reactions in the rat air pouch. All experimental
groups were run in concurrence and euthanized at
appropriate experimental intervals (see experimental
design, Table 1).

Euthanasia and Biopsy Protocol

The animals were euthanized at the appropriate exper-
imental intervals via carbon dioxide inhalation. Dorsal
pouch dissection was accomplished via sharp and blunt
techniques to gain access to the internal surface of
the pouch and synovial lining. First, the pouches were
inspected macroscopically for adhesion formation and
other pathologiccal changes. Subsequently, four biopsy

samples, two 10% neutral formalin-fixed and two frozen
samples (−80◦ C), per test and control rats were used for
eventual histological and biochemical analysis. Tissue
specimens were taken from adhesions located at the
lateral border of the pouch along the anterior line of
transition between the normal adherent skin and that
detached by the air pouch.

Tissue Sample Preparation

Frozen tissue specimens used for biochemical analysis
were solubilized in a solution containing 1.5 mM PMSF
and 1 ml of PBS-TDS. Each sample was sonicated two
times each for 1 minute with a Microson ultrasonic cell
disruptor (Misonix, Inc., Farmingdale, NY) to solubilize
tissue, and stored at −80oC. Tissues to be used for histo-
logical analysis were fixed in 10% neutral formalin and
embedded in paraffin, sectioned at 3 μm, and stained
with hematoxylin and eosin.

Protein Quantification

The BCA colorimetric assay (Pierce Chemical Co.,
Rockford, IL) with a bovine serum albumin (BSA)
standard was used with a Dynatech MR 5000 spec-
trophotometer (Dynex Technologies, Chantilly, VA) to
determine protein concentration.

Amino Acid Modification (Detection of
Carbonyl Groups by Fluorescence)

Assessment of protein modification by free radicals was
measured with the fluorophore, Bodipy Fluorescein,
which reacts with carbonyl groups yielding stable hy-
drazones to give a bright fluorescence.23 The extent of
fluorescence correlates with the amounts of carbonyl
groups indicative of free radical damage.

Protein samples (100 μg) were incubated with 10 μg
Bodipy and PBS in a final volume of 100 μl at 25◦C in
the dark for 1 hour. Then, protein was precipitated by
the addition of 1 ml 10% trichloroacetic acid (TCA) to
each sample, and incubated at 4◦C for 10 minutes. Sam-
ples were centrifuged 5 minutes at 5000g at 4◦C. The
supernatant was discarded and the TCA precipitation
repeated. The remaining pellets were washed with 1 ml
ethanol:ethylacetate, 1:1 v/v solution three times each
to remove the free dye. The pellets were resuspended
in 120 μl of Tris-HCl, pH 8.8. Samples (100 μl) were
aliquoted into a flat bottom polystyrene 96-well plate.
The total relative fluorescence was measured with a
Cytofluor 2350 fluorescent plate reader (Millipore, Bed-
ford, MA) using excitation and emission wavelengths of
495 and 520 nm, respectively.

Bodipy-labeled samples were also analyzed by SDS-
PAGE (sodium dodecyl sulfate—polyacrylamide gel
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electrophoresis). Aliquots (50 μl) from the 96-well plate
after fluorometric analysis were run in 4% to 15% Tris-
HCl gradient gels, and the protein bands were visualized
and photographed using a multi-image light cabinet
(Alpha Innotech Corp., San Leandro, CA). The most
prominent fluorescent band at ∼70 kDa was quanti-
fied by densitometric analysis using NIH Image 1.54-
computer software. Relative densitometric units were
calculated from the integration of peak areas in com-
parison with standards.24

Detection of Low Molecular Weight Protein
Degradation Products

Protein samples (50 μg) of solubilized control and
test samples were subjected to SDS-PAGE. Gels were
stained with Coomassie Brilliant Blue R-250 (Bio Rad,
Hercules, CA). Protein fragments were quantified by
densitometric analysis using the relative staining in-
tensities which can reliably detect a 5% loss of a given
protein band.25

Protein Structure Modification (Detection
of Hydrophobicity Changes by Fluorescence)

Bis-ANS binds to hydrophobic sites on proteins and
was used to detect protein conformations. Initially, as a
protein denatures, bis-ANS fluorescence decreases and
then increases as a protein becomes more denatured.26

Protein (100 μg) solubilized from pouch synovial tissues
was incubated in the dark for 5 minutes with 0.05 μM
bis-ANS in a total volume of 100 μl in a 96-well plate.
Fluorescence was quantitated in a plate reader using
excitation and emission wavelengths of 360 and 460 nm,
respectively.

Histological Observations

Histology samples were assessed based on parameters
described previously.27-31 The observations were based
on the following parameters: synovial lining features
(hyperplasia, vascularity, inflammatory cell infiltrate,
morphology, fibrinoid extracellular matrix tissue) and
subintima features (inflammation, vascularity, type,
myxoid degeneration, perivascular fibrosis, erythrocyte
extravasation).

Statistical Management of the Data

Pilot study data were analyzed via Student’s t-test to
assess statistically significant differences and a power
analysis to determine sample size for the final study.
A two-way analysis of variance was used for the time
course study (Groups A, B, and C) to compare groups

across three time periods. A one-way analysis of variance
was used for treatment Groups D and E. A Tukey HSD
post hoc test was used to assess the effects of treatment.

Results
Macroscopic Findings

Clinical evidence of adhesion formation was
present in areas anterior and lateral to the air
pouch in the test subjects (4-, 7-, and 14-day
Fenton-treated Groups A, B, and C) (Fig 3). This
was characteristic of the formation of abnormal at-
tachments between the air pouch synovial tissues
and consistent with a degenerative modification
of the extracellular matrix of the test subject vs.

Figure 3. Macroscopic presentation of adhesion forma-
tion in rat air pouch. (A) After a 4-day treatment with
Fenton reagents (Group A), the lateral borders of the
dissected air pouch show adhesions (depicted by arrows).
Note the change in synovial tissue character to include
hypervascularity, whereas a control specimen (B), shows
clinically undamaged synovium. Note pink, noninflamed
synovial tissues.
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controls. NAC and ibuprofen treatment groups
(D and E) also experienced adhesion formation
relative to controls.

Histological Observations

Histological observations of all test subjects (in-
cluding the 4-, 7-, and 14-day Fenton-treated
groups and the 14-day NAC and ibuprofen groups)
consistently demonstrated synovial lining hyper-
plasia, fibrous intima matrices, fibrous subin-
timal tissues, hypervascularity, inflammatory
infiltration, perivascular fibrosis, myxoid degen-
eration, and erythrocyte extravasation relative to
respective control specimens (Fig 4).

Fluorophore-Quantitated Presence of
Carbonyl Groups (Total Protein)

The presence of carbonyl groups in total proteins
derived from air pouch adhesions represented a
significant increase over controls (Fig 5). At 7 and
14 days, the carbonyl group formation was signif-
icantly increased over controls. This represented
a 65% and 75% increase, respectively. Carbonyl
group formation was inhibited by both NAC and
ibuprofen at the 14-day period. NAC inhibited car-
bonyl formation 58% compared to 14-day samples,
while ibuprofen inhibited carbonyl formation 51%
compared to 14-day samples. This demonstrated
that certain free radical scavengers (NAC and
ibuprofen) could modulate carbonyl formation in
a facsimile synovium model of oxidative stress
generated by the Fenton reaction.

Detection of Carbonyl Groups in 70 kDa
Proteins

Solubilized tissue samples were labeled with Bod-
ipy fluorescein and analyzed by SDS-PAGE. The
most prominent fluorescent protein band was seen
at ∼70 kDa. This was analyzed by densitometric
analysis. The 7-, and 14-day Fenton-treated groups
showed significant increases in carbonyls/70 kDa
protein relative to their controls by 44%, 235%,
and 280%, respectively (Fig 6). Carbonyl group
formation was inhibited by NAC at the 14-day
period. Carbonyl group formation was not inhib-
ited in the 14-day ibuprofen group. In view of the
total protein inhibition of carbonyl formation by
ibuprofen, this data suggests that the ∼70 kDa

Figure 4. Histologic observations of the rat air pouch
model of facsimile synovium. (A) Shows a photomicro-
graph of a sample from Group A (4-day Fenton-treated
group). SLH = synovial lining hyperplasia with dense
fibrinoid extracellular matrix, FSI = fibrous subintima
with acute inflammatory infiltrate and myxoid degen-
eration, HV = hypervascularity (ingrowth of multiple
vascular structures to support hyperplasic synovial lin-
ing) with perivascular fibrosis (PV). EE = erythrocyte
extravasation. (B) Shows a photomicrograph of an un-
treated sample from Group A control. SL = 1 to 3
cell layer thickness synovial lining (nonhyperplasic), SI
= mixed subintima of areolar and adipose type with
relative lack of inflammatory infiltrate.

protein may be more susceptible to free radical
attack and resultant carbonyl formation.

Detection of Low Molecular Weight Protein
Degradation Products

Low molecular weight protein degradation prod-
ucts (less than 70 kDa) were detected using
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Bodipy Fluorescein (Total Protein)
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Figure 5. Presence of total protein carbonyl groups
quantified by fluorescence. Solubilized protein samples
were labeled with Bodipy fluorescein and subjected to
fluorometric analysis. Higher levels of fluorescence cor-
relate to higher degrees of carbonyl group formation and
hence oxidative modification. Significant statistical dif-
ferences between the 4-, 7-, and 14-day Fenton-treated
groups as well as the 14-day NAC and ibuprofen groups
and their respective controls are denoted with asterisks.

densitometric analysis. The 7-, and 14-day Fenton-
treated groups showed a 5%, 41%, and 101% aver-
age increase, respectively, in protein degradation.
This represents significant increases over their

Bodipy Fluorescein (70 KDa Protein)
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Figure 6. Carbonyl groups in ∼70 kDa band. Bodipy-
labeled samples from Figure 5 were analyzed by SDS-
PAGE. The most prominent fluorescent band at ∼70
kDa was quantified by densitometric analysis. Greater
relative densitometric units correlate to higher de-
grees of carbonyl group formation and hence oxidative
modification. Significant statistical differences between
groups and their respective controls are denoted with
asterisks.

controls (Fig 7). Thus, there was a time-dependent
increase in protein degradation upon exposure to
oxidative stress. The 14-day NAC and ibuprofen
groups showed significant average increases in
protein degradation of 147% and 142%, respec-
tively, over controls.

Protein Structure Modification (Detection
of Hydrophobicity Changes by Fluorescence)

The solubilized protein samples were incubated
with bis-ANS and analyzed fluorometrically. The
initial hydrophilic intermediate of the oxidatively
damaged proteins was detected as indicated by
decreases in hydrophobicity of all samples ver-
sus their controls (Fig 8). The 4-, 7-, and 14-day
Fenton-treated groups showed a significant 31%,
36%, and 38% average decrease in hydrophobic-
ity, respectively, relative to their own controls.
The 14-day NAC and ibuprofen groups showed
a significant 44% and 31% average decrease in
hydrophobicity, respectively, relative to controls.

Discussion
The subcutaneous rat air pouch model, originally
described by Selye in 1953,32 has been found to be

Protein Degradation by Oxidative Stress
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Figure 7. Detection of low molecular weight pro-
tein degradation products by SDS-PAGE analysis.
Solubilized protein samples were subjected to SDS-
PAGE. Protein fragments were quantified by densit-
ometric analysis. Increased relative amounts of low
molecular weight protein bands correlate to increased
degradation. Significant statistical differences between
groups and their respective controls are denoted with
asterisks.
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Protein Hydrophobicity
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Figure 8. Hydrophobicity of proteins from facsimile
synovium. Solubilized protein was incubated with bis-
ANS and analyzed fluorometrically. Changes in bis-ANS
fluorescence depict protein modification indicative of
the initial stages of oxidative synovial damage. Signif-
icant statistical differences between groups and their
respective controls are denoted with asterisks.

a suitable model to perform time course measure-
ments and biochemical analyses of synovial inflam-
matory reactions and their ramifications.33 Advan-
tages of the rat air pouch model include its close
approximation to synovial tissue,22 reproducible
ease of induction, and the presence of a blind
connective tissue cavity that lacks a mesothelial
basement membrane.34 In as early as six days, the
resulting cavity develops a lining having a mixed
population of macrophage (synovial-like A) and
fibroblast (synovial-like B) cell types arranged in
a manner similar to synovial tissue. In the present
study, histological analysis demonstrated that rat
air pouch synovial linings underwent consistent
and pronounced alterations comparable in many
aspects to the proliferative synovitis that develops
in human TMJ disease.

Degenerative changes of the TMJ can occur
focally in the articular cartilage due to changes in
external compressive and shear stresses resulting
in fragmentation of collagen fibrils.38 These fibrils
are released into the TMJ cavity and resorbed by
the synovial membrane causing inflammatory syn-
ovitis. Cytokines released from the synovial mem-
brane may stimulate chondrocytes to synthesize
and release degradative enzymes. This process,
coupled with damage generated by hydroxyl free
radical production via the Fenton reaction, im-

pacts the progression of synovitis to degenerative
joint disease characterized by adhesion formation,
limited mandibular mobility, pain, and decreased
function. Oxidized proteins can also undergo hy-
drolytic and proteolytic degradation.10,11 As a re-
sult of attack by free radicals, there is an initial
decrease in protein hydrophobic pockets. Eventu-
ally, the protein loses its original conformation and
an increase in hydrophobicity occurs.36 Protein
oxidation may also cause modifications of amino
acid side chains. The presence of carbonyl groups
in the amino acid side chains indicates that the
protein may have been subjected to free radical
damage.11,37 As the intensity of oxidative stress
increases, fibrotic degeneration of connective tis-
sue and inflammation ensues. This can result in
irreversible cell damage38 and degenerative TMJ
pathology.

This study shows that the rat air pouch model
of facsimile synovium develops clinical evidence
of adhesions and degraded proteins when sub-
jected to free radical attack. The effect inten-
sities varied based on time course interactions
with Fenton reaction-generated oxidative stress
reactions.

The histological observations made in this in-
vestigation indicate a close agreement with stud-
ies done by Dijkgraaf et al,28 where synovial mem-
brane biopsies from diseased human TMJs were
examined. Their findings suggest that the initial
signs of degenerative TMJ pathology include syn-
ovial intima hyperplasia and cell hypertrophy, as
well as deposition of fibrous material in the in-
tima matrix. Eventually, fibrosis of the subintimal
tissue occurred in combination with degeneration
of the subintimal layer. The histological findings
of this study also agree with other studies29-31 in
that degeneration of the synovial lining of the
TMJ may initially result in synovial tissue hy-
pervascularity, redundancy, and subsequent adhe-
sion formation. NAC and ibuprofen were success-
ful in preventing carbonyl group formation—an
indication of oxidative stress. NAC successfully
prevented carbonyl formation in the ∼70 kDa
protein; however, ibuprofen acted as a pro-oxidant
in this assay. Since it was shown that ibuprofen
did elicit an effective treatment effect against
carbonyl group formation in total protein exper-
iments, a conclusion can be drawn that it was
not effective in preventing carbonyl formation
in the 70 kDa protein. It is possible that the
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70 kDa protein is more susceptible to oxidative
modification than other proteins since proteins
vary in their susceptibility to free radical attack.
It is also likely that the 70 kDa protein is al-
bumin extravasated from blood vessels. Albumin
comprises the major protein in the human TMJ
lavage. The transient presence of albumin may
explain why it was modified to produce carbonyl
groups and not degraded, as were most tissue
proteins that were exposed to oxidative stress
for longer periods of time, and why NAC was
effective in preventing carbonyl formation in this
protein. It must be pointed out that the time
course of this experiment was not sufficiently
long enough to observe the increases in hydropho-
bicity seen when proteins become fully dena-
tured, e.g., after long-term, sustained free radical
attack.

Recently, it has been found that free radical
oxidations are not necessarily exclusively initiated
by the hydroxyl radical formed from the well-
accepted Fenton reaction, but rather, by iron in
the form of “Fe-O’’ complexes.39 This may ex-
plain why NAC and ibuprofen were unsuccessful
treatment modalities in the concentrations used
against protein degradation by oxidative stress.
In fact, they seemed to act as pro-oxidants. Stud-
ies by Sprong et al40 have reported that low-
dose NAC protects against oxidative stress, while
higher doses may have the opposite effect. Other
studies41,42 suggest an oxidative imbalance seems
to play an important role in living systems. These
studies found an increased ability of NAC-exposed
cells to adhere to other cells and extracellular
matrix with high concentrations of NAC. Oth-
ers have demonstrated that NAC could induce
Fe-dependent H2O2 generation and postulated
a possible mechanism of oxidative damage in-
duced by NAC based on Fe (II) auto-oxidation
to generate Fe (I) and a radical of NAC.43 Pro-
oxidant activities of ibuprofen seen in protein
degradation have been substantiated by several
studies44-47 that implicate the deleterious effect
of high doses of ibuprofen. Ibuprofen has been
shown to augment and/or potentiate tumor necro-
sis factor-α, interleukin-6, elastase, interleukin-1
induced collagenase, and cytokine-induced pro-IL-
1β. General pro-oxidative mechanisms of ibupro-
fen range from inhibition of negative feed-
back mechanisms to direct activation of these
molecules.

Conclusion
The use of the subcutaneous rat air pouch model in
this study may become a primary means of under-
standing more completely the pathophysiological
processes contributing to degenerative TMJ dis-
ease. This study demonstrated macroscopically,
histologically, and biochemically that free radicals
introduced into the rat air pouch interact with
extracellular matrix molecules causing oxidation
and breakdown of proteins and promote adhesion
formations consistent with features of human TMJ
disease. Future directions may be taken from this
study to postulate new analysis techniques and
therapeutic modalities for patients afflicted with
degenerative TMJ disease.
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