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Reactive oxygen species (ROS) production is an anti-
microbial response to pathogenic challenge that may,
in the case of persistent infection, have deleterious
effects on the tissue of origin. A rat periodontal dis-
ease model was used to study ROS-induced chronic
epithelial inflammation and bone loss. Lipopolysac-
charide (LPS) was applied for 8 weeks into the gingi-
val sulcus, and histological analysis confirmed the
onset of chronic disease. Junctional epithelium was
collected from healthy and diseased animals using
laser-capture microdissection, and expression mi-
croarray analysis was performed. Of 19,730 genes
changed in disease, 42 were up-regulated =4-fold.
Three of the top 10 LPS-induced genes, monoamine
oxidase B (MAO/B) and flavin-containing monooxy-
genase 1 and 2, are implicated in ROS signaling. LPS-
associated induction of the ROS mediator H,0,, as
well as MAO/B and tumor necrosis factor (TNF)-a
levels were validated in the rat histological sections
and a porcine junctional epithelial cell culture model.
Topical MAO inhibitors significantly counteracted
LPS-associated elevation of H,O, production and
TNF-a expression in vivo and in vitro, inhibited dis-
ease-associated apical migration and proliferation of
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junctional epithelium and inhibited induced systemic
H,O0, levels and alveolar bone loss in vivo. These
results suggest that LPS induces chronic wounds via
elevated MAO/B-mediated increases in H,O, and
TNF-« activity by epithelial cells and is further as-
sociated with more distant effects on systemic oxi-
dative stress and alveolar bone loss. (4m J Pathol
2009, 175:1398—-1409; DOI: 10.2353/ajpath.2009.090108)

The production of microbicidal reactive oxygen species
(ROS), a key feature of the innate immune system, has
been best characterized in professional phagocytes.’
Although epithelial cells are the first line of defense
against bacterial challenge, the antimicrobial ROS prop-
erties of this cell type have been, to date, largely unstud-
ied. Recently it has been shown that natural gut epithelial
infection in Drosophila is associated with rapid ROS syn-
thesis, but flies that lack normal ROS cycling capacity
have increased mortality rates.? In the event of chronic
infection, however, excessive ROS production may be-
come toxic to the host. Gastric epithelial cells exposed to
various strains of Helicobacter pylori showed a dose-de-
pendent increase in ROS generation. Likewise ROS lev-
els were greater in epithelial cells isolated from gastric
mucosal biopsy specimens from H. pylori-infected sub-
jects than in cells from uninfected individuals.® H. pylori
strains bearing the Cag pathogenicity island are associ-
ated with greater peptic ulceration® and induce higher
levels of ROS and activated apoptosis markers caspase
3 and 8 than isogenic Cag pathogenicity island-deficient
mutants.® The pathogenicity island may act by elevating
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mitochondrial ROS formation®, and, if so, monoamine
oxidases (MAOQOs), which generate the ROS mediator
H,O, and are a component of the mitochondrial mem-
brane found in most cell types in the body,® might be
expected to be one of the sources.

Prolonged exposure to pathogenic bacteria and/or
their secreted virulence factors may result in delayed
wound closure and pathological tissue changes.” In vitro,
lipopolysaccharide (LPS) derived from either Pseudomo-
nas aeruginosa or Escherichia coli strongly inhibits epithe-
lial migration and is therefore implicated as a factor in
the failure of wound closure.® In vivo, periodontal disease
offers a model of such chronic wound conditions. The peri-
odontal sulcus is located in a space between the tooth and
surrounding gingival tissue and is composed of junctional
epithelium, which interfaces with periodontal soft and min-
eralized tissue. The recess of the sulcus favors population
by an adherent bacterial biofilm and hence chronic chal-
lenge by virulence factors. Conversion of this biofiim to a
Gram-negative, LPS-rich microbial population is associated
with the conversion of the junctional to pocket epithelium,
which is regarded as an early marker of disease initiation.®
Periodontitis is associated with oxidative stress,’® de-
creased total antioxidant status,’’ and/or increased lipid
peroxidation in gingival crevicular fluid and saliva.'?

Experimentally induced periodontitis provides a valu-
able model of chronic wounds and alveolar bone loss.
Rats treated daily under anesthesia by application of E.
coli LPS into the gingival sulcus showed disease as indi-
cated by elongation of rete ridges and onset of apical
migration of junctional epithelium at 8 weeks. Addition of
Streptomyces griseus protease to the LPS treatment fur-
ther potentiated the LPS-induced effects, yet protease
treatment alone had no significant effect.’ The LPS/pro-
tease model also established that the progressive develop-
ment of disease was associated with apoptosis of adjacent
fibroblasts and destruction of collagen fibers relative to both
sham-treated and untreated (time 0) controls.'* This model
also demonstrated that elevated local and plasma oxidative
stress, as measured by 8-hydroxydeoxyguanosine levels,
was associated with chronic wound formation and alveolar
bone loss.'®

In this study, the established LPS/protease-induced rat
chronic wound model®'® was used to analyze epithelial
ROS signaling leading to alveolar bone loss relative to
time O controls. First, epithelial tissues isolated by laser-
capture microdissection were analyzed by expression
microarray for transcriptional changes associated with
the onset of epithelial disease and alveolar bone loss.
Second, because microdissected disease epithelia were
shown to have elevated infiltration of polymorphonuclear
leukocyte (PMN) immune cells, consistent with the inflam-
matory process, pro-oxidative genes of interest, mono-
amine oxidase A (Maoa) and B (Maob) were validated
both by RT-quantitative (q) PCR and at the protein level
(MAO/A and MAQO/B) in cell culture. This validation was
done using a confirmed PMN-free primary culture of por-
cine junctional epithelia, both because isolation of suffi-
cient rat junctional epithelia for culture was impractical
and to confirm the conservation of the mechanism across
species. Third, because tumor necrosis factor-a (TNF-a)
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has been reported to be up-regulated in chronic
wounds'® and involved in bone loss,"” LPS-associated
ROS induction was assayed in association with elevated
TNF-« protein expression both in vivo and in vitro. Fourth,
the effects of LPS on TNF-« activity were further charac-
terized in vitro using ROS inhibitors and MAO inhibitors.
Finally, topically applied phenelzine, an MAO inhibitor,
was tested in vivo for modulation of LPS-associated H,O,
production, TNF-a expression, PMN infiltration, systemic
oxidative stress, and bone loss.

Materials and Methods

Animal Experiments

Animal experiments complied with guidelines of and
were approved by the Animal Research Committee of
The University of British Columbia and the Animal Re-
search Control Committee of Okayama University Dental
School. A rat periodontitis model was used as described
previously: Animals were anesthetized daily using Isoflu-
rane (Baxter, Toronto, ON, Canada), and then 25 ug/ul of
serotype O55:B5 E. coli LPS (Sigma-Aldrich, St. Louis,
MO) with 2.25 U/ul of S. griseus type XIV proteases (Sig-
ma-Aldrich), which was used for acceleration of LPS
penetration, resuspended in pyrogen-free water (ICN
Biomedical Inc., Aurora, OH), was introduced by micropi-
pette into the left and right palatal gingival sulcus of all
three maxillary molars as described previously.'®'™ A
total of 14 male Wistar strain rats (6 weeks old) were used
per experiment, with seven animals in each of the time 0
control and 8-week treatment groups. In another experi-
ment using 21 male Wistar strain rats, 4 weeks after
LPS/protease treatment was begun in 14 animals, this
group were randomly divided into two groups of seven
animals each. Thereafter, in addition to LPS/protease treat-
ment, one group of rats also received topical application of
0.5 ul of 250 mg/ml phenelzine (Sigma-Aldrich) in pyrogen-
free water for 4 weeks. The third group of 7 rats received
topical application of pyrogen-free water for 8 weeks.

Tissue Preparation

Before death, rats were deeply anesthetized using Isoflu-
rane and the right palatal gingival soft tissue was col-
lected by sharp dissection, immediately embedded in
optimal cutting temperature compound (Sakura Finetek
USA, Inc., Torrance, CA), frozen in liquid nitrogen, and
stored at —86°C until required. Sections from these
blocks were subsequently used for laser dissection and
processed for microarray analysis. After removal of the
right palatal biopsy sample, rats were euthanized by
intracardiac perfusion with 4% paraformaldehyde in 0.1
mol/L phosphate buffer (pH 7.4) under deep general
anesthesia. After initial fixation, the left maxillary molar
regions were resected en bloc from each rat. Tissues
were decalcified with 10% tetrasodium-EDTA aqueous
solution (pH 7.4) for 2 weeks at 4°C. Paraffin-embedded
buccolingual 5-um sections were made and used for
morphometric and immunohistochemical analysis.
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Table 1. Primer Sequences

Gene Accession Sequence

Maoa NM_001001640 F: 5'-AGGAACGGAAGTTTGTAGGCGGAT-3'
R: 5'-ATAGGTGACAGGACACCTCAGCTT-3’

Maob AY596820 F: 5'-TTACAAAGAGCCCTTCTGGAGGCA-3’
R: 5'-TGGAATCATCCAACGTGTAGGCGA-3’

Tnfa EU682384 F: 5'-GCCCACGTTGTAGCCAATGTCAAA-3’
R: 5'-GTTGTCTTTCAGCTTCACGCCGTT-3’

Gapdh AF017079 F: 5 -GCAAAGTGGACATTGTCGCCATCA-3’
R: 5'-CCGTGGAATTTGCCATGGGTAGAA-3’

Actb DQ452569 F: 5'-AGCTGGAGTCTTTCTCGTGTTTGC-3’
R:

5'-TCACACGAGCCAGTGTTAGTACCT-3’

F, forward; R, reverse.

Morphometric Analysis

Paraffin sections of 5-um thickness were stained with
H&E, and the distances from the cemento-enamel junc-
tion to the coronal aspect of the connective tissue attach-
ment (epithelial migration) and from the cemento-enamel
junction to the coronal margin of alveolar bone (bone
loss) were measured using a microgrid at X200 magni-
fication. The number of PMNs was determined per 0.05
mm? under a magnification of X400."® Means of histo-
logical data were calculated for each rat.

Gene Expression Analysis

Serial 8-um-thick cryosections were cut on the day of use
using a cryostat (Cambridge Instruments, Heidelberg,
Germany) onto membrane slides (Zeiss P.A.L.M., Bernried,
Germany) from three blocks each of the control and ex-
perimental groups. Immediately before use slides were
briefly thawed, stained with Mayer’s hematoxylin (Sigma-
Aldrich), rinsed with RNase-free H,O, and drained. Slides
were sequentially dehydrated through 75, 95, and 100%
ethanol for 30 seconds each, transferred into xylene for 5
minutes, and air-dried for 5 minutes. Slides were imme-
diately used for laser-capture dissection (Zeiss P.A.L.M.).
Sufficient sections were collected to yield a minimum of
2 X 10° um? of epithelia from each animal. Sections from
each animal were pooled, and RNA was extracted using
the RNeasy Micro Kit (Qiagen, Mississauga, ON, Can-
ada). Amplified cRNA was produced and analyzed at
Genome British Columbia (Vancouver, BC, Canada). Pu-
rified RNA was amplified using a GeneChip Expression
3’-Amplification Two-Cycle cDNA Synthesis Kit (Af-
fymetrix, Santa Clara, CA), cRNA quality/quantity was
assayed using a lab-on-a-chip/Bioanalyzer 2100 system
(Agilent Technologies, Santa Clara, CA), and cRNA was
subject to expression analysis using a GeneChip Rat
Genome 230 2.0 Array (Affymetrix). Microarray data were
analyzed using principal component and dChip soft-
ware.'® For RT-qPCR cell cultures were processed using
an RNeasy Micro Kit as above. Template was synthe-
sized using a SuperScript Il First-Strand Synthesis Kit
(Invitrogen, Carlsbad, CA). Primers of interest (Table 1)
were designed from porcine sequences using software
from and synthesized by Integrated DNA Technologies
(Coralville, IA). gPCR was performed using Platinum

SYBR Green gPCR Super Mix-UDG (Invitrogen), and prim-
ers were subjected to 50°C for 10 minutes with initial dena-
turation at 94°C for 10 minutes, followed by 35 cycles of
denaturation for 10 seconds, annealing at 60°C for 15 sec-
onds, and extension at 72°C for 20 seconds. Raw data were
analyzed with a relative quantification software tool (REST)
using two internal reference genes (Gapdh and Actb), and
results are presented as fold change relative to controls.™®

Immunohistochemistry

Representative cryosections or deparaffinized sections
were stained with the primary antibodies recognizing
MAO/A, MAO/B (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), and TNF-a (R&D Systems, Minneapolis, MN)
in PBS/bovine serum albumin and Histofine Simple Stain
MAX PO Kits (Nichirei Co., Tokyo, Japan). In brief, depar-
affinized tissue sections or cryosections were immersed
in methanol containing 0.3% H,O, for 30 minutes to block
endogenous peroxidase activity. The sections were
treated with secondary antibody (Fab’)-conjugated per-
oxidase complex for 30 minutes. Peroxidase staining was
performed for 5 to 10 minutes using a solution of 3,3'-
diaminobenzidine tetrahydrochloride in 50 mmol/L Tris-
HCI (pH 7.5) containing 0.001% H,O,. The sections were
counterstained with Mayer’s hematoxylin. Digital quanti-
fication was performed to segment the area of interest
and determine the ratio of positive expression in a given
area using the Scion Image (Scion Corp., Frederick, MD)
computer program as described previously.°

Cell Culture Experiments

Porcine ligament epithelial cells were isolated as de-
scribed previously?! and maintained in a-minimal essen-
tial medium (Gibco BRL, Rockville, MD) supplemented
with 15% fetal bovine serum (PAA Laboratories Inc., Eto-
bicoke, ON, Canada). Cells were plated into 96-well
plates for RT-gPCR or H,O, assay, 24-well plates for
immunostaining or TNF-« assay, or 35-mm dishes for flow
cytometry. When cultures were 75% confluent, the cells
were quiesced overnight in serum-free a-minimal essen-
tial medium. Cells were treated with E. coli LPS (O55:B) at
12.5 to 1600 ng/ml. Long-term experiments of up to 2
weeks were performed with 2.5% serum and 250 ng/ml



LPS. In some experiments, cells were pretreated with
N-acetylcysteine (10 to 80 mmol/L, 1 hour) or catalase
(125 to 1000 U/ml, 1 hour) (Sigma-Aldrich) and thereafter
with or without 800 ng/ml LPS. In other experiments, cells
were treated with the MAO/B inhibitor R-(—)-deprenyl
hydrochloride or the MAO/A+B inhibitor phenelzine sul-
fate salt (Sigma-Aldrich) at 3 to 100 wmol/L in the ab-
sence or presence of 800 ng/ml LPS.

TNF-a Quantitation

Quantification of TNF-a levels in cell supernatant was
performed using DuoSet enzyme-linked immunosorbent
assay kits (R&D Systems). The 96-well microtiter plates
were precoated with a monoclonal mouse anti-porcine
TNF-a antibody. Then 200 ml of the samples was trans-
ferred to 96-well plates from 24-well plates, standards
were applied and run in parallel, and all plates were
incubated for 2 hours at room temperature. Plates were
washed and further incubated with a biotinylated goat
anti-porcine TNF-a antibody. The specifically bound an-
tibody was detected by application of streptavidin-horse-
radish peroxidase. Peroxidase activity was visualized by
the addition of tetramethylbenzidine substrate solution in
H,0,. After 20 minutes of incubation, 2 N H,SO, stop
solution was added, and the plates were read at 450 nm.

Immunostaining and Flow Cytometry

Semiconfluent, quiescent porcine ligament epithelial cul-
tures were treated with increasing concentrations of LPS
as above. Cells were recovered by trypsinization, neu-
tralized with 10% serum, washed with PBS for flow cy-
tometry or left in situ for immunostaining, and then fixed in
2% formaldehyde/5% sucrose for 1 hour at room temper-
ature. Fixative was washed out three times with PBS, and
then cells were blocked for 1 hour in hybridization buffer
(3% bovine serum albumin, 0.2 mol/L glycine, and 0.1%
saponin), which was also used in subsequent steps.
Samples were incubated with MAO/A, MAQO/B, or TNF-«
antibody for 1 hour and then washed three times. Sam-
ples were incubated with Alexa Fluor 488-conjugated
secondary antibody (Molecular Probes, Eugene, OR) and
finally were washed three times in PBS. Five groups of
10,000 cells from triplicate experiments were analyzed
using a FACSCalibur system (BD Biosciences, San
Jose, CA) or by epifluorescence and were digitally
recorded. Samples stained with secondary antibody
alone were included to standardize results relative to
autofluorescence.

ROS Quantitation

Serum H,0,, levels were measured colorimetrically using
the Amplex Red Kit (Molecular Probes). Fluorescence
intensity was recorded with excitation in the range of 530
to 560 nm and emission of 590 nm. To directly detect
ROS in cryosections or cultured cells, samples were in-
cubated with 0.5 mg/ml 3,3-diaminobenzidine and 0.1
mol/L Tris-HCI, pH 7.6, alone (H,0,) or including 0.1
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mg/ml MnCl, (03)?? for 10 minutes and then were
washed three times with PBS, counterstained with hema-
toxylin, washed three times with PBS again, fixed (2%
paraformaldehyde, 5% sucrose, and PBS), and mounted.
Images were digitally recorded under tungsten illumina-
tion and quantified as above. ROS scavenging was also
tested cell-free with increasing concentrations of cata-
lase, R-(—)-deprenyl hydrochloride or phenelzine sulfate
incubated with H,O, (1 mmol/L, room temperature, 1
hour) and then incubated with 3,3’-diaminobenzidine tet-
rahydrochloride as above and measured spectrophoto-
metrically at 560 nm.

Statistical Analysis

Data analysis was performed using a statistical software
package (SPSS 15.0J for Windows, SPSS Japan, Tokyo,
Japan). Data are expressed as means + SD. Statistical
analysis was performed using a Mann-Whitney U-test for
comparison between the two groups (P < 0.05). Differ-
ences among the three groups were analyzed using a
Kruskal-Wallis test followed by a Mann-Whitney U-test,
using the Bonferroni correction to adjust probability (P <
0.05/3 = 0.017).

Results

The previously established experimental periodontitis
model was used with time O controls (healthy) and rats
that received 8 weeks of daily applications of LPS/pro-
tease combined treatment to the gingival sulcus (dis-
ease).'®" The treated group exhibited apical migration
of junctional epithelium characteristic of disease (Figure
1, A and D). As confirmed by morphology, cryosections
from healthy (Figure 1, B and C) and diseased (Figure 1,
E and F) rats were processed by laser-capture micros-
copy for the isolation of epithelium. Laser captures sec-
tions of about 2 million um? of epithelium from each
group were pooled, RNA was purified, and then sections
were subjected to two rounds of amplification and cRNA
synthesis (Figure 2). Far fewer sections were required
from the disease group to reach the required total area
because of increased epithelial proliferation associated
with LPS treatment as shown in Figure 1. This response to
bacterial challenge may be similar to the increased pro-
liferation reported in gastric mucosal epithelia in re-
sponse to H. pylori infections.2® Total amplified cRNA and
cRNA per unit area were highly consistent between
healthy (control group) and diseased (8-week treatment
group) animals (Figure 2A), and RNA yields from healthy
(Figure 2B) and diseased (Figure 2C) rats showed con-
sistent size profiles that ranged from 52 to 3891 nucleo-
tides with a median size of 510 nucleotides for all sam-
ples, indicating that LPS treatment was not associated
with increased RNA degradation.

Gene expression changes were assayed by subject-
ing cRNA from healthy and diseased animals to microar-
ray analysis. Normalized data were first analyzed by prin-
cipal component analysis, which showed that healthy
and diseased samples grouped quite separately, but
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Figure 1. Microdissection of epithelia from healthy and LPS-induced chron-
ically diseased tissues. LPS was applied daily to the palatal gingival sulcus of
maxillary molars of male Wistar rats. Animals in each group (1 = 7) were
sacrificed at time 0 (A—=C) or 8 weeks (D-F). The maxilla were removed,
decalcified, paraffin-embedded, sectioned, and stained with H&E. Represen-
tative samples are shown with the black arrowheads indicating the epithe-
lial cell apical boundary, the cemento-enamel junction that is normally
associated with health (A) or disease (D). From the same animals before
sacrifice, palatal biopsy samples were removed under general anesthesia,
embedded in optimal cutting temperature compound, frozen, cryosectioned,
stained with hematoxylin, and processed for laser-capture microdissection of
healthy (B and C) and disease-associated epithelial tissues (E and F). Scale
bar = 200 pwm.

closely, within treatment groups, although one disease
sample, number 2 rat in the 8 weeks of treatment group
(8W2ep), was deemed to be somewhat of an outlier and
was excluded from further analysis (Figure 3). Of partic-
ular interest, on the basis of ranked change, it was found
that of the genes induced in response to disease onset
(9031 of 19,730) only a very small number (42) showed a
greater than fourfold increase in expression (Table 2).
However, within the top 10 of this group, three genes,
monoamine oxidase B (Maob, 5.72-fold) and flavin-con-
taining monooxygenase 1 (Fmo1, 6.70-fold) and 2 (Fmo2,
7.26-fold) are involved in reactive oxygen signaling (Ta-
ble 2). Further querying of the database for pro-oxidative

8W2ep
o o
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g' S—N7ep
g =%
‘g S 8wiep
g ol 8W8ep
- 131(6613 NS5ep
= X
| | | |
-20 0 20 40

Principal Component 1

Figure 3. Principal component analysis of amplified cRNA. cRNA of 0-week
control (N5-7ep) and 8-week LPS-treated groups (8W2ep, 8W5ep, and
8W8ep) was used for gene array analysis, and then samples were subjected
to preliminary evaluation by principal component analysis to reduce multi-
dimensional sets to a lower dimension for analysis. Analysis distribution
showed that healthy and disease-associated samples were distinctively
grouped. All three control samples were closely grouped and were included
for further analysis. For the LPS-treated groups, two samples segregated
closely but one (8W2ep) was classified as an outlier and hence was excluded
from further analysis.

genes in related pathways®*2° revealed a generally con-

sistent prevalence of increased expression (Table 2).
Conversely, no antioxidant genes of interest®® were found
to be up-regulated but instead showed consistently de-
creased expression (Table 2). Taken together, these re-
sults indicate that LPS induced overall epithelial oxidative
stress.

Because three top-ranked up-regulated genes had
been implicated in the generation of ROS signaling inter-
mediates,?*2°> we examined H,0, (MAO activity) and
superoxide (flavin-containing monooxygenase activity)
levels in vivo and in vitro. The assay for H,O, (3,3’-diami-
nobenzidine) and superoxide (3,3'-diaminobenzidine/
manganese) showed that both were strongly induced in
LPS-treated tissues (Figure 4A). Porcine epithelial cell
(PLE) cultures have previously been established as a
model for junctional epithelium.?® Here, PLE cultures
treated with LPS also showed strongly increased H,O,

A Control (0 weeks

Block N° of Sections ~ Total Area (um”)  Total cRNA(nug) cRNA/area(pg/um?)  cRNA(ug/ul)
N5ep 62 2,046,163 125.22 61.19 7.04 Figure 2. cRNA amplification of laser-capture
Né6ep 62 2,023,570 133.82 66.12 774 microdissected healthy and disease-associated
N7ep 62 2.108.896 141.04 66.88 8.87 epithelia. Palatal biopsy samples from control
L . ) ’ ’ and 8-week LPS-treated animals (12 = 3/group)
) LIDODOIVS“Ch‘;‘nde/P rotease treated (8 weeks) > were removed under general anesthesia, em-
Block N°of Sections ~ Total Area (um”)  Total cRNA(ng) cRNA/area(pg/um”)  cRNA(pg/ul) bedded in optimal cutting temperature com-
8W2ep 24 1,964,254 131.62 67.00 7.39 pound, and frozen. Serial 8-um cryosections
8W5ep 24 2,029,612 126.18 62.17 721 were cut onto membrane slides, dehydrated,
SWSe, 24 2.308.086 183.24 7939 9.9] and processed for laser-capture microdissection.
P U : : : Sections from each animal were pooled, and
B C total RNA was amplified through two cycles.

NTep1, 2nd cRNA1/25

W2ep1, 20d cANA1/25

Final cRNA was quantified and expressed per

Fluorescence

unit area of epithelia (A). Amplified cRNA from
control (B) and 8-week treated (C) animals was
compared for cRNA relative quality, cRNA size
range (52 to 3891 nucleotides), and median size
(510 nucleotides) for all groups.
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Table 2. Gene Array Analysis of LPS-Induced Changes in Epithelial Gene Expression
Genes Fold change increased transcription Fold change decreased transcription
changed Total 2-2.99%X 3-3.99% >4X Total 2-2.99X 3-3.99% >4X
19,730 9031 265 39 10,699 359 81 47
Top 10 genes increased Healthy mean  Healthy SE  Disease mean Disease SE  Fold increase
Monoamine oxidase B 192.11 16.71 1098.08 330.17 572
LRP16 protein 16.15 6.86 95.38 31.79 5.91
Paraoxonase 3 111.00 36.70 693.64 257.86 6.25
Epidermal growth factor-like protein 6 32.10 10.65 201.63 84.16 6.28
Flavin-containing monooxygenase 1 95.65 29.21 641.29 170.15 6.70
4-Aminobutyrate aminotransferase 46.14 26.68 323.57 72.50 7.01
Flavin-containing monooxygenase 2 74.42 50.28 540.10 224.85 7.26
Palate/lung/nasal carcinoma protein precursor 148.96 59.85 1232.08 818.08 8.27
Transcription factor AP-283 (predicted) 30.24 8.77 394.16 108.83 13.03
Dihydropyrimidinase-like 3 9.11 0.92 233.95 68.29 25.69
Pro-oxidative functions Gene description Symbol RGD ID Fold increase
NADPH-dependent oxidases Flavin-containing mono-oxygenase 1 Fmo1 2622 6.70
Flavin-containing mono-oxygenase 2 Fmo2 628600 7.26
Flavin-containing mono-oxygenase 3 Fmo3 619761 3.93
Flavin-containing mono-oxygenase 4 Fmo4 628601 1.98
Xenobiotic metabolism Cytochrome P450 2/b/2 Cyp2b2 2467 1.50
NADPH oxidases NADP oxidase 1 Nox1 620598 —-1.37
Amine oxidases Monoamine oxidase A Maoa 61898 1.54
Monoamine oxidase B Maob 3041 5.72
Anti-oxidative functions Gene description Symbol RGD ID Fold increase
H,O, scavenger Catalase Cat 2279 -1.32
Metallothionein 3 Mt3 621252 —2.31
Superoxide dismutases Superoxide dismutase 1 Sod1 3731 —-1.21
Superoxide dismutase 2 Sod2 3732 —-1.11
NADP reduction Glutathione reductase Gsr 621747 -1.91
Thioltransferase Glutaredoxin 1 Girx1 70951 —-1.21
Heme reduction Heme oxygenase (decycling) 1 Hmox1 2806 —-1.68
Biliverdin reductase A Bivra 620721 -1.97

Oral junctional epithelia from control (O weeks) and LPS-treated (8 weeks) rats was isolated by laser capture microscopy and pooled, and RNA was
extracted. Amplified cRNA was subject to microarray expression assay using GeneChip Rat Genome 230 2.0 Array and dChip analysis software. Data
are presented as a summary of changes in LPS-induce disease group: Total changes, top 10 genes by fold increase in expression, relevant pro-

oxidative genes altered, and relevant anti-oxidant genes altered are shown.

RGD ID, Rat Genome Database identification number.

and superoxide positive staining (Figure 4B). In both
cases the distribution of staining seemed consistent with
previous reports of H,O, extracellular diffusibility.?” Dig-
ital quantitation of tissue and cell culture experiments
showed that H,O, and superoxide expression was sig-
nificantly increased in both LPS-treated models (P <
0.05) (Figure 4C). PMNs are a major source of ROS, and
LPS-induced PMN infiltration into the epithelial compart-
ment is a characteristic of inflammation.?® We assayed
LPS-induced increases in PMNs in the epithelial compart-
ment and a significant increase in PMNs was found in the
8-week treatment group (P < 0.05) (Figure 4D), consistent
with the onset of inflammatory disease. To ascertain
whether LPS-induced ROS could also be of epithelial origin,
PLE cultures were first assayed for purity of the population.
In addition to morphological confirmation, cell suspensions
were immunostained with either the epithelium-specific
marker cytokeratin 13 (CK13) or the PMN-specific marker
integrin-B, (CD11) and assayed by flow cytometry. Exclu-
sive staining of PLEs by cytokeratin 13 but not by CD11
(Figure 4E) confirmed the purity of the epithelial cell line.

These data support an epithelial source of LPS-associated
levels of ROS evident in Figure 4B.

We next addressed a possible molecular source for
LPS-induced epithelial ROS. Fmo2 in both humans?® and
rats®° is known to be truncated and therefore nonfunc-
tional; thus, it was not studied further. Fmo7 is generally
thought to be uninducible by xenobiotics, although re-
cently it was reported to be up-regulated via the aryl
hydrocarbon receptor.®" Maob has previously been
found to be inducible by 17B-estradiol in hamster kidney
preceding carcinogenesis.®? Flavin-containing monoox-
ygenase 1 protein expression did not show any signifi-
cant change at the protein level in either PLE culture or rat
histological sections and so was not further studied (data
not shown). However, in semiconfluent, quiescent control
PLE cultures low constitutive MAO/B expression in a sub-
population of cells (horizontal gate) (Figure 5A) was de-
tected by flow cytometry. Numbers of expressing cells
and total MAO/B expression were clearly up-regulated in
this subpopulation after 24 hours with 1000 ng/ml of LPS
treatment (Figure 5B). The proportion of the total cell
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Peroxide Superoxide
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Figure 4. Detection of LPS-induced reactive ox-
ygen species in healthy and diseased tissues.
Reactive oxygen species were detected by incu-
bation with 3,3-diaminobenzidine alone (H,O,)
or in the presence of MnCl, (superoxide, O3).
Arrows indicate brown ROS staining. A: Cryo-
sections of palatal biopsies from control and
8-week LPS-treated rats. Scale bar = 200 um. B:
Control and 24-hour LPS-treated primary cell
cultures from porcine periodontal ligament ep-
ithelial cells. Scale bar = 50 wm. C: Digitized
peroxide and superoxide relative expression
levels were quantitated and are presented as
mean = SD. Cell culture data are representative
of three independent experiments (7 = 6) and
for the animal experiment (2 = 7) with differ-
ences between control and experimental groups
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population responding to LPS by increasing MAO/B ex-
pression at 24 hours was found to be concentration-
dependent and to plateau close to 1000 ng/ml with no
discernible effect on MAO/A expression levels (Figure
5C). The effects of LPS on PLEs was studied for 2 weeks
to simulate the in vivo chronic inflammatory challenge.
PLEs were cultured in a combination of low serum (2.5%)
and daily LPS treatment (250 wg/ml) that minimized both

proliferation and apoptosis for up to 2 weeks (data not
shown). Previously, ROS has been shown to play a cen-
tral role of generating chronic inflammation and tissue
damage in response to periodontal pathogens,'" and
chronic wounds are associated with significant up-regu-
lation of TNF-a.."® In addition, targeted inhibition of MAOs
has been shown to inhibit proinflammatory cytokine ex-
pression.3334 Therefore, this chronic in vitro model was

Figure 5. Validation of LPS-induced MAO/B
and TNF-a protein up-regulation in LPS-treated
cell cultures. Quiescent, semiconfluent primary
cell cultures of porcine periodontal ligament ep-
- MAO/B ithelia were treated with various concentrations
-4a- MAO/A of LPS for 24 hours and compared with control
cultures for changes in MAO/A or MAO/B ex-

O O TEREED Jereeneronas 7 pression by flow cytometry. The curve shift of

the histogram of MAO/B was defined as percent

500 1000 expressing cell subpopulation (horizontal bars).

LPS (ng/ml) A: Control. B: 1000 ng/ml LPS. C: Numbers of

gated MAO/A or MAO/B high-expressing cells

l in response to increasing LPS concentration are

MAO/B presented as mean * SD; n = 6. D and E:

Epithelial model of chronic inflammation was
cultured for 2 weeks with daily application of
LPS (250 ng/mD) and then assayed by flow cy-
tometry for MAO/B (D) and TNF-a (E). F: Epi-
thelial expression of MAO/B and TNF-a was
significantly induced (P < 0.05) by 7 days as
assayed by flow cytometry and presented as
mean * SD; n = 6.
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Figure 6. LPS regulation of TNF-a expression via H,O, and MAO/B. Quiescent, semiconfluent primary cultures of porcine periodontal ligament epithelia were
stimulated for 24 hours with increasing concentrations of LPS and assayed for H,O, production (A), increasing concentrations of H,O, alone or with phenelzine
(25 wmol/L) (B), and assayed for up-regulation in TNF-a protein expression, 500 ng/ml LPS in the presence of increasing concentrations of catalase and then
assayed for changes in TNF-a expression (C), and 500 ng/ml LPS in the presence of increasing concentrations of N-acetylcysteine (NAC) and then assayed for
changes in TNF-a expression (D). E: Inhibition of LPS-induced TNF-a expression was assayed in the presence of the MAO/B inhibitor R-(—)-deprenyl
hydrochloride or the MAO/A+B inhibitor phenelzine, and cultures were then assayed for changes in TNF-«a expression. F: Scavenging of H,O, in a cell-free system
by increasing concentrations of catalase, R-(—)-deprenyl hydrochloride, or phenelzine was detected colorimetrically after incubation with 3,3-diaminobenzidine.

Significant difference between groups bordering bars (* < 0.05). Data are presented as mean = SD; n = 5.

used to assay LPS-induced coincident changes in lase (Figure 6D) largely ameliorated LPS induction of
MAO/B and TNF-« protein expression. At 7, 10, and 14 TNF-a present in cell culture media. Although exogenous
days significant (P < 0.05) shifts of a large proportion of catalase may not be highly cell permeable, H,O, is, and
cell populations in flow cytometry assays were seen for scavenging it from the extracellular region should there-
both MAO/B (Figure 5, D and F) and TNF-a (Figure 5, fore be expected to reduce the intracellular oxidative
E and F). load.®? These data confirm the important role of ROS sig-

We next tested in vitro whether LPS regulation of TNF-« naling in LPS induction of TNF-a expression in our culture
protein expression was mediated through MAO/B-medi- model. We subsequently tested what impact MAO/B inhibi-
ated H,O, generation. First, LPS was found to induce an tion would have on 500 ng/ml LPS-induced TNF-«a expres-
increase in H,O, production in a concentration-depen- sion. Increasing concentrations of the MAQO/B inhibitor de-
dent manner (Figure 6A) and, further, exogenously prenyl or MAO/A+B inhibitor phenelzine significantly (P <
added H,O, induced a concentration-dependent in- 0.05) reduced LPS-induced TNF-a expression (Figure
crease in TNF-a protein expression but cotreatment with 6E). As reported previously®®, we confirmed in a cell-free
phenelzine significantly (P < 0.05) reduced induced lev- system that phenelzine but not deprenyl is also capable
els (Figure 6B). Cotreatment of cultures with 500 ng/ml of partial direct H,O, scavenging (Figure 6F). This finding
LPS and increasing concentrations of the ROS scavenger could explain the increased ability of phenelzine over
N-acetylcysteine (Figure 6C) or the H,O, antagonist cata- deprenyl in Figure 5E to reduce H,O,-elevated TNF-«
A B C D E

31 * :

Relative fold-change

1 7 14
LPS treatment (days)

Figure 7. In vitro validation of LPS induction of MAO/B. Porcine epithelial cells were cultured for up to 2 weeks with or without daily treatment with LPS (250
ng/ml) and then were processed for RT-qPCR using primers designed from porcine mRNA sequences. Relative expression of target genes is presented as mean *
SD; 12 = 6 of fold change over untreated controls (A). Significant difference between groups (* 7 < 0.05). Parallel experiments were immunostained for relative
MAO/B levels at 0 (B), 1 (C), 7 (D), and 14 (E) days.
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levels. Phenelzine was chosen for further validation stud-
ies to avoid any potential compensation between the two
isozymes during treatment.

To further investigate the mechanism linking LPS-in-
duced MAO/B induction to increased TNF-a the long-
term PLE model was used to assay changes to gene
expression by RT-gPCR. At both 7 and 14 days LPS-
treated cells showed significantly (P < 0.05) increased
Maob expression and a more moderate increase of
Maoa. However, no change in Tnfa was detectable (Fig-
ure 7A). With the same model the LPS-increased MAO/B
expression was further confirmed by immunostaining of
0-, 1-, 7-, and 14-day experiments (Figure 7, B-E). Again
no change was seen for TNF-a (data not shown). A post
hoc survey of microarray data revealed that no LPS-
induced change of TNF-a was detected (data not
shown).

The role of MAO/B induction associated with TNF-a
levels was further assayed in rat cryosections. LPS-
treated 8-week samples showed MAO/B expression,
which was most distinctly up-regulated in the epithelial
compartment subpopulation (Figure 8A) similar to the
onset of induction seen in the in vitro experiments. Con-
sistent with its diffusibility,?” H,O, was detected over a
wider area (Figure 8B), and TNF-a protein detection (Fig-
ure 8C) correlated spatially with H,O,. Chronic LPS top-
ical application resulted in elevated levels for MAO/B,
H,0,, and TNF-«, and all three were significantly (P <
0.017) reduced in the phenelzine/LPS cotreated group
(Figure 8, A-C, right panel, and D). Also in vivo we sub-
sequently examined whether inhibition of MAO/B activity
could counteract LPS-induced disease onset at both lo-
cal and more distant foci. Paraffin-embedded sections
from animals in control, LPS-treated, and LPS/phenel-
zine-treated groups were assayed for epithelial prolifera-
tion and alveolar bone loss using morphometric analysis
as described previously.'® In phenelzine cotreated an-
imals, LPS-induced alveolar bone loss was signifi-
cantly reduced coincident with a reduction of disease-
associated junctional epithelial proliferation and
migration (P < 0.05) (Figure 9, A and B). In addition,
chronic LPS-associated local PMN infiltration and sys-
temic H,O, levels were also both significantly (P < 0.05)
reduced with concomitant topical application of phenel-
zine (Figure 9C).

Discussion

Numerous studies have assayed the effects of LPS by
microarray analysis but, to date, only three have tested
effects on normal epithelia. First, intramammary infusion
of E. coli LPS for 4 hours in a mouse model identified 489
of 23,000 genes changed in whole mammary tissue. LPS
binding protein CD14, chemokines CXCL1, CXCL2, and
S100A8, and the acute-phase protein SAA3 were among
the most significantly elevated (=1.77), and these results
were validated in mammary epithelial cell culture by
Northern analysis.®® Second, bovine mammary epithelial
cell cultures stimulated with E. coli LPS for 6 hours iden-
tified 9 of 1278 transcripts induced (>1.25 times). Four of

Control LPS
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2 0 B s
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MAO/B H,0, TNFa

Figure 8. Inhibition of MAO/B, H,O,, and TNF-a expression by the MAO/
A+B inhibitor phenelzine. Control, 8-week LPS-treated or LPS in the pres-
ence of topical phenelzine-treated rats were sacrificed, and palatal biopsies
were processed by cryosectioning and immunohistochemical analysis fol-
lowed by counterstaining. Brown color reveals staining for MAO/B (A),
colorimetric staining for H,O, (B), and staining for TNF-a (C). Scale bar =
100 um. D: Digital quantification of histochemical staining of the epithelial
compartment in control and treated groups. Data are presented as mean *
SD; n = 7. Relative expression of MAO/B, H,O,, and TNF-« in the phenel-
zine-treated group was significantly reduced compared with the LPS-treated
group (*P < 0.017).

these, cytokines regulated upon activation, normal T cell
expressed and secreted/CCL5, interleukin-6, and CXL5,
and protease T-PA, were validated by Northern analy-
sis.3” Third, intraperitoneal injection of E. coli LPS in both
rats and mice identified 10 genes from whole liver tissue
that increased (>3 times) at 6 hours, of which the top-
ranked, acute-phase protein lipocalin 24p3, was subse-
quently validated using LPS-treated type Il alveolar epi-
thelial cells.®

To study epithelial cell responses to a chronic inflam-
matory challenge we used a timed periodontal disease
model,"* "® which offered several experimental advan-
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tages. The direct application of E. coli LPS to the sulcus
around a tooth enhanced epithelial suffusion and mod-
eled normal disease pathobiology. Progression of
chronic inflammation over 8 weeks could be confirmed
by histological changes to junctional epithelium and
eventual bone loss consistent with the diseased state.
Precise laser-capture microscopy permitted microarray
analysis specific to healthy and diseased epithelium.
From this it was found that of the 42 genes most induced,
three of the top 10, Maob, Fmo1, and Fmo2, are associ-
ated with generation of ROS signaling mediators.?* Inter-
estingly, Maob and Fmo1 were also significantly up-reg-
ulated in gene chip analysis of atrial fibrillation-induced
oxidative stress.?* This is the first described induction of
FMO enzymes within periodontal tissues and clarifies a
previously described increase in MAO expression in peri-
odontal tissues as most probably being MAO/B up-reg-
ulation.®® Analysis was focused to validate up-regulation
of MAO/B protein levels in histological sections of the
same experimental animals and in porcine periodontal
epithelial cell cultures previously established as a model
for junctional epithelia.?® LPS-induced epithelial MAO/B
protein staining of tissue sections and epithelial cell cul-
tures both identified a subpopulation of epithelial cells
that were the most highly responsive.

MAO/A and MAO/B are found bound to the outer mem-
brane of mitochondria in most cell types in the body and
are the major enzymes catalyzing the oxidative deamina-
tion of monoamine neurotransmitters such as dopamine,
adrenaline/noradrenaline, and serotonin.® In a previous
study, C6 glioma cells treated with LPS were assayed for
MAO/A and MAO/B activity, but no change was detec-
ted,*© making the present study the first to date to detect
such an effect. Oxidative deamination by MAO/B gener-
ates H,0,,*" and consistent with this finding, H,0, was
elevated in diseased tissue sections and in our LPS-
treated cell culture model. H,O, along with other ROS
participate in cell signaling and/or injury.** In addition,
H,0., is lipid-soluble and diffuses across biological mem-
branes and has been shown to be a diffusible paracrine
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Figure 9. Topical phenelzine reduction of LPS-
induced morphological indicators of disease,
polymorphonuclear leukocyte infiltration and
peripheral serum H,O,. A: Control rats or rats
treated for 8 weeks with LPS alone or LPS in the
presence of phenelzine were sacrificed and sub-
jected to morphometric analysis (n = 7 per
group). Epithelial migration was measured as
the distance from the cemento-enamel junction
(arrowhead) apically along the root surface.
Bone loss was measured as an increase in the
distance between the cemento-enamel junction
to the crest of the existing alveolar bone (ABC).
Scale bar = 100 wm. B: LPS-induced junctional
epithelial migration and bone loss were both
significantly reduced in phenelzine-treated ani-
mals (P < 0.001). C: LPS-induced polymorpho-
nuclear leukocyte number per 0.05 mm? was
significantly increased (P < 0.001) over that for
untreated controls and significantly reduced
from LPS-induced levels in the presence of
phenelzine (P < 0.001). Serum H,O, signifi-
cantly induced by LPS (P < 0.001) as measured
by phenylenediamine oxidation was signifi-
cantly reduced (P < 0.017) in the presence of
phenelzine.
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mediator for signal crosstalk between epithelial and stro-
mal tissue.?” Consistent with these findings we found
LPS-induced H,0, staining to be somewhat diffuse from
sites of MAO/B staining. However, we also showed in-
creased PMN infiltration into the epithelial compartment,
consistent with chronic inflammation,?® and this may be
another H,O, source.

The mechanism by which MAO up-regulation and sub-
sequent therapeutic inhibition may contribute to this
chronic inflammatory disease progression and inhibition,
respectively, is significant. Previously it was postulated
that remission of rheumatoid arthritis in patients taking
MAO inhibitors may be due to inhibition of prostaglandin
E, synthesis.*® Subsequently, two cases were described
in which the MAQ inhibitor phenelzine induced remission
in patients with another chronic inflammatory disease,
Crohn’s disease.®* It was postulated that MAO inhibitors
may inhibit these diseases by blocking TNF levels, but no
evidence was presented.* However, further evidence
begins to support this hypothesis. First, MAO/B levels are
closely related to the pathogenesis of Parkinson’s dis-
ease and up-regulation of TNF-a and interleukin-6 mRNA
was increased in the hippocampus of Parkinson’s pa-
tients.*>*¢ MAO/B inhibitors are effective for the treat-
ment of Parkinson’s disease, both through their direct
effect on MAO/B and in part by also activating multiple
factors for anti-oxidative stress including anti-inflamma-
tory cytokines.*® Second, the MAO/A inhibitor moclobe-
mide inhibited the unstimulated production of TNF-a and
interleukin-8 in whole blood from healthy volunteers and
enhanced the LPS-stimulated production of the anti-in-
flammatory cytokine interleukin-10.%® However, the im-
pact MAO/B inhibitors may have on LPS-induced cyto-
kine expression in oral tissues has not been evaluated. In
our in vivo chronic inflammatory disease model we found
that LPS-induced TNF-a expression was largely abro-
gated by inhibition of MAO/B activity. Differences in our
data compared with previous reports suggest that tissue-
specific differences in LPS induction of MAO/A versus B
expression and regulation may exist.
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In our cell culture model H,O, induced TNF-a protein
expression in a concentration-dependant manner, and it
was effectively inhibited by treatment with the H,O, an-
tagonist catalase and the ROS scavenger N-acetylcyste-
ine. Similarly, LPS-induced TNF-« in vivo was significantly
reduced by cotreatment with phenelzine. Previously it
was shown that LPS induced ROS coordinates TNF-a
production through IkB kinase complex regulation of
transcription factor nuclear factor-kB.*” Subsequently,
LPS-induced TNF-a expression was largely inhibited by
deprenyl (MAO/B inhibitor) but almost completed inhib-
ited by phenelzine (MAO/A+B inhibitor). In a cell-free
system we confirmed that phenelzine is also an H,0O,
scavenger,®® and that this characteristic may potentiate
its antioxidant effect as an MAO inhibitor. However, nei-
ther microarray or RT-gPCR data revealed any significant
LPS-induced changes in Tnfa transcription. Previously it
was reported that increased TNF-« activity during inflam-
mation may be due to post-translational activation of the
prohormone rather than transcriptional up-regulation.
Among candidates for LPS-induced TNF-a converting
enzyme function in mouse myeloid cells in vivo is primarily
ADAM 17, although ADAM 10 and 19, matrix metallopro-
teinase 7 and proteinase 3, are also TNF-a converting
enzyme candidates.*® Our microarray data showed
some increase in ADAM 10 (1.82-fold) and ADAM 17
(1.16-fold). The accentuated detection of elevated TNF-«
at the protein level may be due in part to the fact that the
antibody is raised against an activated epitope. The elu-
cidation of TNF-a activation in our model remains a sub-
ject for further enquiry.

These data provide additional support that MAO inhib-
itors do have a dramatic impact on proinflammatory cy-
tokine expression, and their inhibition was best achieved
using a drug that blocks both isoenzymes and scav-
enges ROS. In vivo, topical application of phenelzine
significantly reduced classic outcomes of the periodontal
epithelial disease process including proliferation and api-
cal migration, PMN infiltration, an elevated serum oxida-
tive load, and perhaps, most important, alveolar bone
loss. TNF-a, as one of the major cytokines driving inflam-
mation, can directly promote osteoclastogenesis via
binding to TNF receptor 1 on osteoclast precursor cells or
indirectly via induction or macrophage colony-stimulating
factor and receptor activator for nuclear factor kB ligand
on mesenchymal cells.’ It further functions to direct
homing, migration, and fusion of the precursor cells to
mature bone-resorbing osteoclasts.*® Moreover, TNF-a
induction of Smurf-mediated degradation of Runx2 leads
to the inhibition of osteoblast activity in restoring bone.>°
In this study, alveolar bone loss in LPS-treated rats was
largely reduced by the MAO inhibitor phenelzine in as-
sociation with strongly reduced ROS (H,0,) and TNF-«
expression in the junctional epithelium.

In conclusion, this study provides the first evidence
that in LPS-induced chronic epithelial wounds ROS gen-
eration, MAO/B expression, and TNF-a activity are up-
regulated. Furthermore, the progression of epithelial dis-
ease correlated with more distant alveolar bone loss.
Both disease aspects were strongly reduced by the MAO
inhibitor phenelzine via reduced MAO/B H,O, generation

and direct scavenging of H,O,. These data suggest that
the mechanism by which MAO inhibitors alleviate the
symptoms of several chronic inflammatory diseases (ie,
Crohn’s disease, rheumatoid arthritis, Parkinson’s dis-
ease, and now experimental periodontal disease) may be
largely a reduction in the levels of ROS molecules that
can induce proinflammatory cytokine expression.
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