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ene Profiles during Root Canal Treatment in
xperimental Rat Periapical Lesions
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bstract
he purpose of this study was to profile gene expres-
ion in periapical lesions during root canal treatment
RCT). Periapical lesions were induced experimentally
y exposing the pulp in Sprague-Dawley rats. After 3
k, the animals received root canal filling (RCF) and
ere sacrificed 1 or 4 wk later. From the periapical

issues, total RNA was extracted and processed for
DNA-microarray analysis. The lesions were histologi-
ally and radiographically confirmed to expand 4 wk
fter pulp exposure (inflammation phase) and to sta-
ilize 4 wk after RCF (healing phase). In approximately
0,000 genes on the microarray, 203 genes were up-
egulated to more than 5-fold (e.g., IL-1�), and 864
enes were down-regulated to less than 20% of base-

ine level (e.g., caspase 8) in inflammation phase. Com-
ared with inflammation phase, we found that 133
enes were up-regulated (e.g., IL-1�) and 50 genes
ere down-regulated (e.g., defensin �5) in healing
hase. Corresponding to the gene expression profiles,
ccumulation of IL-1� and IL-1� was observed in the
eriapical lesions by immunohistochemistry. These
ene profiles might be useful in diagnosing the healing
rocess of periapical lesions. (J Endod 2007;33:
36–943)

ey Words
ene profiles, IL-1�, IL-1�, periapical lesion, root canal

reatment
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eriapical periodontitis is mainly caused by bacterial infection within the root canal
(1), and periapical tissue destruction is caused by endogenous inflammatory me-

iators released during interaction between bacteria and host cells, mainly polymor-
honuclear neutrophils (PMNs), lymphocytes, plasma cells, and macrophages (2).
owever, the pathological mechanisms that are responsible for apical tissue destruc-

ion such as bone degradation are not fully understood.
After developing periapical lesions, endodontic treatment (root canal treatment,

CT) has been performed traditionally to remove the infectious agents in root canal (3).
y means of RCT, inflammatory reactions against infectious antigen in periapical lesions
ecrease gradually, and lead to the healing process (2, 3).

Clinically, judgment of the success of RCT is abundant but inconclusive. In many
linical cases, the success has been evaluated by radiographic healing of periapical
esions (4). Also, it may be evaluated by a decrease in clinical symptoms such as
pontaneous pain, percussive pain, and pus discharge from canal. Considering the
nflammatory responses in periapical lesions, success should be evaluated by decrease
n inflammatory reactions. However, molecular mechanisms regulating inflammatory
rocesses, especially the healing process after RCT in periapical lesions, are still poorly
nderstood.

Comprehensive gene expression analysis with cDNA microarray is a powerful tool
o investigate the etiology and pathophysiology of diseases including periapical lesions
5, 6). The altered gene expression pattern detected by cDNA microarray analysis
uggests that changes of complex inflammatory reactions during RCT are likely to be
nvolved in the development and consequences of the disease. In the present study, we
stablished an in vivo model of the periapical lesions with RCT to clarify the molecular
athophysiology of the disease. Using cDNA microarray analysis, we report for the first

ime a global gene expression analysis in periapical lesions with RCT. We analyzed the
ene expression profiles in periapical lesions to clarify the molecular mechanisms of
he disease, and we also investigated changes in gene expression relating to the thera-
eutic effects. The possible targets for diagnosis of healing process in periapical lesions
sing immunohistochemical analysis were determined from these data. Our approach
hould contribute to the development of novel diagnostic systems in periapical lesions
uring RCT.

Materials and Methods
nimals

Male Sprague-Dawley (SD) rats 10 weeks of age were purchased from CLEA Japan
Tokyo, Japan). Rats were fed standard rodent chow and water ad libitum, and housed
nder a 12-hour light– dark cycle. Rats were acclimated to the animal facility for 5 days
efore any experimental handling. The protocol was approved by the Animal Care
ommittee of the Okayama University Graduate School of Medicine, Dentistry and Phar-
aceutical Sciences.

xperimental Animal Models of Periapical Lesions During RCT
The animals were anesthetized with sodium pentobarbital (50 mg/kg; nembutal
odium: Dainippon-Sumitomo Pharma, Osaka, Japan). Periapical lesions were induced

JOE — Volume 33, Number 8, August 2007
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xperimentally by exposing the pulp in the lower first molars of the rats.
fter 3 wk, root canals were mechanically disinfected with reamers and
iles, and irrigated with standard saline solution, then root canals were
bturated using gutta-percha point (Showa Yakuhin Kako, Tokyo, Ja-
an) and sealer (Canals N, Showa Yakuhin Kako) with lateral conden-
ation technique. Finally the occlusal cavity was sealed with glass-iono-
er cement (Fuji Ionomer Type II: GC, Tokyo, Japan). According to

xperimental protocol (Fig. 1A), 4 rats were assigned to 3 groups: a
ontreatment group (healthy, n � 4; 3 for RNA sample, 1 for tissue
ection); an inflammation group (inflammation, n � 4; 3 for RNA
ample, 1 for tissue section); and an RCT group (healing, n � 4; 3 for
NA sample, 1 for tissue section). Inflammation group has not received
CT throughout experiments. Periapical inflammatory reactions were
valuated by radiographic examination in a time dependent manner
sing a portable X-ray machine (MAX-DC 70: Morita, Osaka, Japan). At
he same time, periapical tissues were evaluated histologically in each
roup of rats.

NA Preparation
In the three specimens from each group, tissues surrounding peri-

pical area were dissected out with the use of a low-speed handpiece-
ur and excavator. The samples were immediately inserted in RNAlater
Ambion, Austin, TX) to perform microarray analysis. Then the samples
f each group were pooled into 1 tube and homogenized using a Mixer

igure 1. Establishment of in vivo experimental model of periapical lesions with
CT. (A) Experimental protocol. (B) Representative radiographical (X-ray, top
anel) and histological (hematoxylin and eosin staining, middle and bottom
anel) evaluation in each group. In radiographic data in top panel, arrow heads
how the radiolucent area. We stained 3 sections on a glass slide for each group,
nd selected the most representative view. In the inflammation phase, infiltrated
eukocytes were observed. Scale bars: middle panel, 500 �m; bottom panel,
P00 �m.

OE — Volume 33, Number 8, August 2007
ill MM 301 (Retsch, Haan, Germany) and total RNA was isolated using
Neasy Fibrous Tissue Mini Kit (QIAGEN, Hilden, Germany). The RNA

ntegrity was determined using Agilent 2100 bioanalyzer, and RNA6000
ico LabChip Kit (Agilent, Palo Alto, CA) and the ratio of the amount of
8S to 18S ribosomal RNAs approached about 2:1.

icroarray Analysis
Rat genome 230 2.0 arrays, which contained approximately

0,000 probes corresponding to known rat genes, were purchased
rom Affymetrix (Santa Clara, CA). For cDNA microarray analysis, a
eries of reverse-transcription, second-strand cDNA synthesis, and
robe generation were accomplished and processed according to man-
facturer’s instruction (Affymetrix). Briefly, first-strand cDNA was syn-

hesized with SuperScript II and a T7-(dT)24 primer from total RNA and
hen double-strand cDNA was synthesized with Escherichia coli RNase
, E. coli DNA polymerase I, and E. coli DNA ligase (all from Af-

ymetrix). After the double-stranded cDNA were purified with GeneChip
ample Cleanup Module (Affymetrix), cRNA was prepared using a
EGAscript T7 kit (Ambion). After a second cycle of amplification and

iotin labeling with a GeneChip IVT labeling kit (Affymetrix), 20 �g of
abeled cRNA was fragmented by mild alkaline treatment, at 94°C for 35

in with GeneChip Sample Cleanup Module (Affymetrix). The Rat ge-
ome 230 2.0 arrays were hybridized as described in the GeneChip
xpression Analysis Technical Manual (Affymetrix). After hybridization,

he microarray was rinsed with 0.2 � SSC (3 mmol/L NaCl, 0.3 mmol/L
a-citrate) and then scanned with an array scanner (Scanner 3000,
ffymetrix). Scanned images were analyzed using GeneChip Operating
oftware (Version 1.1: Affymetrix) and GeneSpring software (version
.2: Tomy Digital Biology, Tokyo, Japan). In brief, the hybridization
fficiencies were equalized by median value of control probe set to each
rray, and the genes with higher signal intensities than bioB derived
rom E. coli as an internal control for hybridization were subjected for
urther analysis. The genes (probe sets) showing greater than a fold-
hange greater than 5.0 or less than 0.2 were selected as changed genes.
ext, pathway analysis was performed using Ingenuity pathways analysis
IPA) software (www.ingenuity.com, Ingenuity® Systems, Inc, CA), a
eb-delivered application that enables biologists to discover, visualize,
nd explore potentially relevant pathobiologic networks. Data sets con-
aining the genes accession numbers and their corresponding expres-
ion fold-change values were imported into IPA software (Ingenuity
ystems, Inc.). Focus genes identified by the IPA program were catego-
ized based on location, cellular components, and reported biochemi-
al, biologic, and molecular functions using the software. The program
ueried the Ingenuity Systems’ Pathway Knowledge Base for interactions
etween the focus genes and all other gene objects stored in the knowl-
dge base, and generated a set of networks ranked by score. The score
s the negative log of a p value and indicates the likelihood of the focus
enes being found in the networks caused by random chance. A score of
indicates that there is a 1/1,000 chance that the focus genes are in the
etwork due solely to chance. Therefore, scores of 3 or greater repre-
ent a 99.9% confidence level. Biological functions were then calculated
nd assigned to each network.

uantitative RT-PCR
The quantitative reverse transcription polymerase chain reaction

qRT-PCR) was performed using Chromo 4 Real-time PCR Detector
Bio-Rad, Hercules, CA) according to the manufacturer’s instructions.
riefly, 5 �g of total RNA extracted from the periapical samples were
everse-transcribed with oligo (dT)12–18 primer, dNTPs and Super-
cript II (all from Invitrogen, Carlsbad, CA) in a total volume of 20 �l,
nd 0.1 �l of this reaction mixture was mixed with both SYBR Green

CR Master Mix (Applied Biosystems, Foster City, CA) and the gene-
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pecific primers. The PCR primers were designed by Primer 3 (http://
rodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and have been
hown in a supplementary Table. The real-time PCR was performed
sing Chromo 4 Real-time PCR Detector (Bio-Rad) according to the
anufacture’s instructions. The all amplification of selected genes con-

itions consisted of an initial 10 min denaturation step at 95°C followed
y 40 cycles of denaturation at 95°C for 15 sec, annealing and elonga-
ion at 55°C for 1 min. Three independent assays were performed for
ach gene, and we deleted outlier from the further analysis. �-Actin was
sed as an internal control for the relative quantification of the target
essages, because there were no significant difference in �-actin mRNA

evel among the samples by preliminary experiments using the microar-
ay and real-time PCR.

mmunohistochemistry
To confirm the Microarray data, one rat in each group was sacri-

iced, and periapical area with tooth of each rat was harvested carefully
or histological examination. Tissues were fixed in 4% paraformalde-
yde and decalcified by K-CX decalcifying solution (FALMA, Tokyo,
apan). The decalcified tissues were embedded in paraffin wax, and
hree sagittal sections 5-�m thick were cut and placed together on one
lass slide for histological (hematoxylin and eosin staining) and immu-
ohistochemical examination.

The tissue sections were deparaffinized in xylene and rehydrated.
ections were rinsed in phosphate-buffered saline solution (PBS) (�)
nd incubated with 3% H2O2 in methanol for 20 min to quench endog-
nous peroxidase activity and the sections were rinsed with PBS (�).
rimary antibodies were incubated 30 min at room temperature in a
umid chamber. Primary antibodies used in this study were rat anti–
L-1� antibody (Cat. No. sc-9983, Santa Cruz Biotechnology, Santa
ruz, CA) and rat anti–IL-1� antibody (Cat. No. sc-7884, Santa Cruz).
fter sections were rinsed with PBS containing 0.2% Tween 20 (PBST),
eroxidase-conjugated goat anti-rat immunoglobulin (Nichirei, Tokyo,
apan) was incubated for 30 min at room temperature and rinsed with
BST. Finally, the sections were developed with 3, 3=-diaminobenzidine
etrahydrochloride (DAB: Vector Laboratories, Burlingame, CA) and

ounted with coverslips.

tatistical Analysis
Statistical analysis in quantitative RT-PCR (qRT-PCR) were carried

ut using StatView 5.0 software (Abacus Concepts, Berkeley, CA). Com-
arisons between two groups were performed with unpaired Student’s
test, and p values of less than 0.05 were considered statistically signif-

cant.

Results
stablishment of Experimental Animal Models of
eriapical Lesions

Experimental protocol has shown in Fig. 1A. To confirm the es-
ablishment of inflammatory reaction in periapical area, we examined
he degree of the inflammation by both radiographic and histologic
xamination (Fig. 1B). We observed that there was a dramatic inflam-
atory reaction, infiltration of leukocytes, and thickness of periodontal

igament 4 wk after pulp exposure in periapical area. Further, the in-
lammatory reaction decreased slightly 4 wk after RCF as expected.
rom these results, we categorized the inflammatory stages around peri-
pical region to three groups (Healthy, Inflammation, and Healing). No
linical signs of infection or mortality were observed throughout exper-
ments. There were no significant differences in body weight of rats

mong each group. p

38 Arias Martinez et al.
icroarray Analysis
Global gene expression patterns were generated from Affymetrix

enechip microarrays using total RNA isolated from periapical tissues
f each group. We compared the gene expression patterns among each
roup (Healthy vs. Inflammation, Healthy vs. Healing, and Inflammation
s. Healing) and used a 5-fold change in expression as the experimental
ut-off value that would imply significance. In the 30,000 genes on the
rray 203 genes were up-regulated to more than 5-fold (IL-1�, MMP-
2, PDGF-�, etc.) and 864 genes were down-regulated to less than 20%
f baseline level (Cathepsin E, Caspase 8, Calmodulin 3, etc.) in the
nflammation compared with the healthy control (Table 1). In addition,
10 genes were up-regulated to over 5-fold (IL-1�, Cathepsin L, Inte-
rin �6, etc.) and 826 genes were down-regulated to less than 20% of
aseline level (MMP-8, Defensin Rat NP-3 precursor, Cyclin E, etc.) in
he healing phase compared with the healthy control (Table 2). Fur-
hermore, 133 genes were up-regulated to over 5-fold (IL-1�, MMP-3,
ntegrin �6, etc.) and 50 genes were down-regulated to less than 20%
f baseline level (Mast cell protease 9, Defensin Rat NP-3 precursor,
efensin-�5, etc.) in the healing phase compared with the inflamma-

ion (Table 3). To validate the alternation of gene expression levels that
ere detected on the microarrays, qRT-PCR analysis was performed
sing RNA obtained from the same tissue samples used in the microar-
ay experiment (Fig. 2). Because the amount of tissue was limited, RNA
f the rats belonging to the same experimental group was pooled. As
hown in Fig. 2, we analyzed several genes, IL-1�, caspase 8, cathepsin
, IL-1�, and defensin-�5 using qRT-PCR. Besides caspase 8 gene, we
emonstrated that gene expression patterns correlated, but generally
igher fold-changes were observed in qRT-PCR experiments compared
ith those obtained in the microarray experiments.

The ingenuity analysis shows possible interactions among the gene
roducts which were up- or down-regulated in the microarray experi-
ents. As seen in supplementary Fig. 1–3, the pathway analysis revealed

hat interactions of genes during RCT are complex as expected. Espe-
ially, we found that increase of IL-1� gene is an important factor in
ealing phase after the inflammation phase (Supplementary Fig. 3).
lso, we found that the tumor necrosis factor (TNF) gene and trans-

orming growth factor (TGF) �1 gene might play a central role in heal-
ng phase, although the expression of their genes does not show obvious
hange during RCT.

xpression of IL-1� and IL-1�
The pathways presented in the supplemental figures are possible

nteractions but do not directly implicate IL-1� and IL-1� in the process
f healing. Since both IL-1� and IL-1� are known to be involved in the
rocess of inflammation (7), we investigated further their expression at
rotein levels. The expression of IL-1� or IL-1� protein in rat periapi-
al lesions was assessed by immunohistochemistry (IHC). As shown in
ig. 3, the strong staining of IL-1� was observed in periapical lesions at
ealing phase compared with inflammation phase. Furthermore, we
bserved that there was no significant difference between inflammation
hase and healthy controls in IL-1� staining. On the other hand, the
trong staining of IL-1� was observed in periapical areas at inflamma-
ion phase compared with healthy controls. Moreover, we observed that
here was no significant difference between inflammation phase and
ealing phase in IL-1� staining.

Discussion
Inflammatory processes are thought to play an important role in

he pathogenesis of periapical periodontitis (7). An accumulation of
arious cell types, neutrophils, macrophages, and lymphocytes in the

eriapical lesions has been observed to be associated with the develop-

JOE — Volume 33, Number 8, August 2007

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi


m
t
p
v
l
t
f
R
g

R
s
d
s
e

c
s

T

*

Basic Research—Biology

J

ent of periapical periodontitis (8). Increased numbers of inflamma-
ory cells or high levels of inflammatory mediators such as cytokines and
roteases have been reported in periapical lesions (9). Thus, several in
itro studies may contribute to clarify the pathophysiology of periapical
esions that lead to periapical healing (9 –11), but conclusive evalua-
ions rely on clinical examination in patients with periapical lesions. In
act, the radiographic evaluation is frequently used for the assessment of
CT or even epidemiologic clinical studies (12, 13). However, radio-

ABLE 1. Gene Profiles in Inflamed Tissue Compared with Healthy Control

Function Gen

Up-regulated (total 203 genes)
Cytokine-related Chemokine (CXC m

*IL-1�
Colony stimulating

Enzymes MMP-12
Plasminogen activa
Prostaglandin-endo
MMP14
Carboxypeptidase X
Lysyl oxidase

Growth factor–related Insulin-like growth
PDGF-�
Insulin-like growth
Epidermal growth f
Fibroblast growth f

Kinases MAPKKKK
CaM-kinase II inhib

Cellular matrix Collagen type XVIII
Laminin �1
Collagen type XIV �
Procollagen, type X
Cadherin 13

Transcription regulator Runt related transc
Jun-B oncogene

Others Heat shock 70kD pr
Fibulin 2
Myosin heavy chain
Dynamin 1

Down-regulated (total 864 genes)
Cytokine-related Erythropoietin rece

Tumor Necrosis fact
Interferon regulato

Enzymes Mast cell protease 8
Cathepsin E
MMP-8
*Caspase 8
Cytochrome c oxida
Dipeptidylpeptidas

Growth factor–related Hepatocyte growth
Kinases Calmodulin 3

Phosphatidylinosito
Cyclin-dependent k
G protein-coupled r
Protein kinase C. 0
Mitogen activated

Cellular matrix Proteoglycan 2, bon
Lectin
Cadherin 1
Integrin �7
Tubulin �2

Transcription regulator GATA binding prot
Calmodulin binding

Others Fc receptor, IgE
Leptin receptor
Cyclin B1
Cyclin E
CD47 antigen

Confirmed by qRT-PCR.
raphic examination is not sufficient for the evaluation of healing during d

OE — Volume 33, Number 8, August 2007
CT because bone remodeling is much slower than biological re-
ponses; therefore several molecular markers must be selected for
iagnosis of periapical healing to evaluate more scientifically and rea-
onably. In this case we may use exudate as samples for checking sev-
ral molecular markers.

At first, to identify candidate genes regulated by performing RCT
omprehensively, we established the in vivo models for periapical le-
ions with RCT and confirmed the inflammation and healing phase

me Accession # Fold Change

ligand 1 NM_030845 170.00
NM_031512 6.48

r 1 AW535553 5.22
NM_053963 54.2
NM_013151 15.7

xide synthase 2 U03389 8.99
AI176440 8.31
AI577849 7.72
NM_017061 6.43

r binding protein-5 BF399783 27.6
AA866419 10.5

r-2 BI299621 6.56
NM_022294 6.18

-3 BF410980 5.06
BE117850 9.65
AI236027 6.94
AI101782 9.79
BI281952 9.28
AI599143 7.20
AA800298 6.86
NM_138889 5.40

n factor 2 BF403180 10.50
NM_021836 5.41

1A NM_031971 27.90
AA944398 7.27
X16262 6.06
NM_080689 5.11

NM_017002 0.112
gand) superfamily BF286267 0.161
tor 7 BF411036 0.179

NM_021598 0.011
NM_012938 0.070
NM_022221 0.093
NM_022277 0.104
X15030 0.156
J02997 0.156

r inhibitor 1 BI280343 0.151
NM_012518 0.100

hosphate 5-kinase BF406008 0.126
inhibitor 3 BE113362 0.136

tor kinase 6 NM_031657 0.138
AI171093 0.148

in kinase 1 BI282894 0.184
rrow NM_031619 0.052

NM_012976 0.118
NM_031334 0.122
AF003598 0.157
AA892044 0.174
NM_012764 0.080

ein 1 AW528001 0.186
M17153 0.029
AF304191 0.056
L11995 0.061
AW913890 0.086
NM_019195 0.104
e Na

otif)

facto

tor
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1

facto

facto
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itor �
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1
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otein
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ein 1
prot
uring RCT radiographically and histologically (Fig. 1B). Histological
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xaminations of the periapical lesions show the increased infiltration of
nflammatory cells such as leukocytes at 4 wk after pulp exposure al-
hough they were present in a small number (inflammation phase).
urther, we observed regenerative bone slightly at 4 wk after RCF (heal-
ng phase). Importantly, radiolucent areas have been still observed at
eriapical lesions at 4 wk after RCF, although the areas reduced by
adiographic examination. These findings indicate that periapical le-
ions at 4 wk after RCF were in the initial phase toward healing. Using
his in vivo model, we performed cDNA microarray analysis to clarify the
egulation of gene expression comprehensively at periapical lesions
ith RCT.

Microarray data demonstrates that the expression of several in-
lammatory cytokine-related genes is altered by inflammatory process.

ABLE 2. Gene Profiles in Healing Phase after Root Canal Filling Compared with

Function Gen

Up-regulated (total 410 genes)
Cytokine-related IL-1�

Interferon regula
IL-1�
Chemokine (C-C
Chemokine (C-C

Enzymes MMP-3
Prostaglandin E s
MMP-10
Lysil Oxidase
Plasminogen acti
*Cathepsin L
MMP-14
TIMP-1
Cathepsin C

Growth factor–related PDGF-�
Epidermal growt
Fibroblast growt

Cellular matrix Integrin �6
Collagen type V
Procollagen, type

Transcription regulator Hypoxia inducibl
CCAAT/enhancer
JUN-B oncogene

Others Claudin 1
Heat shock 70kD
Heat shock 27kD

Down-regulated (total 826 genes)
Enzymes Mast cell proteas

MMP-8
Cathepsin E
Chymase 1, mast
Dipeptidylpeptid

Kinases Protein kinase C,
MMP-14

Cellular matrix Proteoglycan 2, b
Tubulin �5
Integrin �7

Transcription regulator GATA binding pr
CCAAT/enhancer
GATA binding pr

Others Defensin NP-4 pr
*Defensin, �5, Pa
Defensin Rat NP-
Cathelicidin
Cyclin-dependen
Cyclin A2
Cyclin B1
Cyclin E
Fc receptor, IgE,
Leptin receptor
Cyclin D3

Confirmed by qRT-PCR.
fter 4 wk exposure of pulp, we observed that expression of chemokine e

40 Arias Martinez et al.
CXC motif) ligand 1, IL-1�, and colony stimulating factor 1 genes
ncreased as expected. Interestingly, gene expression of TNF family de-
reased. Since different expression patterns were observed, even in
enes categorized in similar function, we recognized that gene expres-
ion profiles are complex. To determine the biologically relevant net-
orks and pathways of the differentially expressed genes, pathway anal-

sis was done on the up- and down-regulated genes, and integrated total
atasets using the IPA software (supplementary Figs. 1–3). The net-
orks describe functional relationships between gene transcripts based
n known interactions reported in the literature. Several significant
athways were recognized in up- and down-regulated genes. Since the
etwork was complex as expected, we cannot find an important pathway
specially in periapical lesions during RCT. The whole extent of gene

thy Control

e Accession # Fold Change

NM_031512 21.9
factor 6 BF410603 19.6

NM_017019 19.3
) ligand 2 NM_031530 15.5
) ligand 3 U22414 12.9

NM_133523 17.4
ase AB048730 14.8

NM_133514 11.9
NM_017061 11.5

, urokinase X83537 11.3
AI176595 9.95
X83537 9.85
NM_053819 7.73
AW920064 5.85
AA866419 18.2

tor receptor M37394 13.7
or-3 BF410980 5.27

AI070686 59.1
NM_021760 27.4

�1 BE108345 11.2
or 1, � subunit AI029318 14.4
ing protein, � NM_024125 8.26

NM_021836 7.65
AI137640 21.6

ein 1A NM_031971 20.0
ein 1 NM_031970 20.0

NM_019323 0.01
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ver, additional investigations can be based on the data recruited by this
nalysis. We hope that they will help future investigation of molecular
echanisms in healing process after RCT.

By comparing the gene profiles between inflammation and healing
hase we focused on the IL-1 gene expression mainly in the events
ssociated with RCT. IL-1 is a pro-inflammatory cytokine that regulates
ultiple aspects of immune and inflammatory responses (14). The IL-1

amily of cytokines includes IL-1� and IL-1� (15). Since IL-1� and

ABLE 3. Gene Profiles in Healing Phase after Root Canal Filling Compared with

Function Gene

Up-regulated (total 133 genes)
Cytokine-related *IL-1�

Interferon regulato
Enzymes Carbonic anhydras

MMP-12
Lipase, endothelial
Adenosine deamin
MMP-3
Interferon gamma

Cellular matrix Integrin �6
Others Claudin 4

Immunoglobulin h
PERP, TP53 apopto
GO/G1 switch gene
Annexin A8
Fc receptor, IgG, lo

Down-regulated (total 50 genes)
Enzymes Carbonic anhydras

Pre-eosinophil-asso
Mast cell protease

Cellular matrix Proteglycan 2, bon
Spectrin �1
Myosin VC
Claudin 5
Lectin, galactose b

Transcription regulator Nucleotide binding
Others Defensin NP-4 prec

Defensin NP-3 prec
*Defensin, �5, Pan
Cathelicidin
Transferrin

Confirmed by qRT-PCR.

igure 2. Validation of microarray gene expression data by qRT-PCR analysis.
ased on the microarray data shown in Table 1–3, several genes were selected
nd confirmed the expression pattern by triplicate qRT-PCR analysis for each
ooled RNA sample. The expression patterns of all the genes indicated with
sterisks except caspase 8 (D), correlated to microarray data. (A): IL-1�
Healthy vs Inflammation), (B): Cathepsin L (Healthy vs Healing), (C): IL-1�
Inflammation vs Healing), (D): Caspase 8 (Healthy vs Inflammation), (E):
efensin�5 (Healthy vs Healing), and (F): Defensin�5 (Inflammation vs
ealing). All values were normalized to �-actin housekeeping genes. Values
re mean � SD, (n � 3) * p � 0.05; ** p � 0.01; NS, not significant (Student’s
atest).
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L-1� bind to the same receptors (16), it seems that differential expres-
ion of these molecules may explain the differential roles of these mol-
cules among inflammatory reactions during RCT. Interestingly, Matsuo
t al. reported previously that the exudates from the canals with small
adiolucent areas contained significantly higher IL-1� levels than those
rom the canals with large radiolucent areas (17). They mentioned that
he tendency to be an increase in the levels of IL-1� and a decrease in
he levels of IL-1� was observed after RCT. Their findings suggest that
L-1� and IL-1� may play different roles in the healing process of
eriapical lesions during RCT. Corresponding to their findings, our
esults showed that IL-1� expression in healing phase is stronger than
hat of inflammation phase from our cDNA microarray analysis (Table 3)
nd IHC data (Fig. 3). In addition, Egusa et al. reported that human
ingival epithelial cells clearly increased production of IL-1� in re-
ponse to bacterial infection. This report might indicate that IL-1� level
ncreases by growth of epithelial cells around periapical lesion as seen
n healing phase (18). It might be explained, at least in part, the patho-
hysiology of periapical healing by the different expression of IL-1� and
L-1�, although the exact mechanisms for the functional discrimination
etween IL-1� and IL-1� remains to be elucidated.

Neutrophils are key components of innate immune system (19).
hey are the first cells to infiltrate at sites of local inflamed lesions where

hey kill invading pathogens and promote acute inflammation via re-
ease of proteases and reactive oxygen species (19, 20). In our exper-
mental in vivo model, we observed that leukocytes infiltrate at periapi-
al lesions in inflammation phase. These data suggest that neutrophils
re important for the initiation of periapical lesion formation. Further-
ore, it has been generally accepted that neutrophils produced antimi-

robial peptides defensins (21), suggesting that neutrophils can protect

mmatory Phase

e Accession # Fold Change

NM_017019 7.15
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uences. Mainly, defensins have been isolated from the cytoplasmic
ranules of neutrophils in human beings (22), rats (23), and rabbits
24). From the present microarray data, we found that the expression of
everal defensin-related genes, defensin NP-4 precursor, defensin Rat
P-3 precursor and defensin �5, were down-regulated at healing phase
ompared with inflammation phase (Table 3). These findings suggest
hat infiltration of neutrophils at periapical lesions decreased after RCF.
o examine the expression of defensin-related genes in periapical le-
ions might be useful to create the novel examination systems for diag-
osis of periapical healing after RCT in the future.

In summary, cDNA microarray analysis of global gene expres-
ion patterns provided new molecular candidates for the diagnosis
f periapical healing after RCT using in vivo models. Our findings
uggest biological significance of differential gene expression and
onfirm some results in the literature with regard to molecules
nown to be involved in the periapical healing. cDNA microarray
nalysis of a well-controlled model system involving a highly rele-
ant periapical healing is a useful screening tool for identifying
ovel differentially expressed genes. These genes provide a basis for

urther studies of periapical healing after RCT, and might be useful
s attractive targets for diagnosis.
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