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ABSTRACT
It is well known that the aryl hydrocarbon receptor (AhR) is involved in the toxicity of halogenated aromatic hydrocarbons (HAH) and

polycyclic aromatic hydrocarbons (PAH). Recent experiments have shown the induction of impaired tooth and hard-tissue formation by AhR

pathway activation, however, the effect on periodontal ligament (PDL) tissue remains unclear. Here, we investigated the effects of

benzo(a)pyrene (BaP), a member of PAH, on the extracellular matrix (ECM) remodeling-related molecules, collagen type I (COL-I), matrix

metalloproteinase-1 (MMP-1), alpha-smooth muscle actin (a-SMA) expression, and apoptosis in two different human periodontal ligament

cells (HPDLCs). The transduction of AhR from the cytoplasm to the nucleus and the increase of AhR-responsive genes; that is, cytochrome

P450 1A1 (CYP1A1), cytochrome P450 1B1 (CYP1B1), and aryl-hydrocarbon receptor repressor (AhRR), expression was induced by BaP

exposure in both HPDLCs. BaP treatment significantly enhanced MMP-1 mRNA expression and MMP-1 protein production, while markedly

suppressing COL-I and a-SMA mRNA expression in both HPDLCs. Furthermore, these BaP-treated HPDLCs fell into apoptotic cell death as

evidenced by induction in annexin V and caspase-3/7 staining and reduction of total cell number and Bcl-2 mRNA expression. Thus, BaP

exposure altered the expression of ECM-related molecules and induced apoptosis in HPDLCs through activation of the AhR pathway.

Overactivity of the AhR pathway may induce an inappropriate turnover of PDL tissue via disordered ECM remodeling and apoptosis in PDL

cells. J. Cell. Biochem. 113: 3093–3103, 2012. � 2012 Wiley Periodicals, Inc.
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H alogenated aromatic hydrocarbons (HAH) and polycyclic

aromatic hydrocarbons (PAH) are widely spread environ-

mental pollutants that toxically affect a variety of organs and cells.

It is generally accepted that their toxic effects are directly mediated

through aryl hydrocarbon receptor (AhR) pathway activation

[Nebert et al., 2000]. AhR is a ligand-activated cytosolic protein,

which belongs to a family of transcriptional regulatory proteins

containing the basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS)

domain structure, with multiple functions in metabolism and

development [Gu et al., 2000]. Previous reports have demonstrated

the diverse effects of AhR pathway activation on acute and chronic

toxicity, such as immunosuppression, thymic atrophy, teratogene-

sis, carcinogenesis, and developmental defects [Pohjanvirta and

Tuomisto, 1994]. AhR pathway activation was revealed to elicit

impaired tooth and hard-tissue formation. In rats, the most toxic

congener of HAH, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),

induced apoptosis of dental epithelial cells, reduced tooth size,

and deformed cuspal morphology [Partanen et al., 2004]. TCDD

exposure also enhanced caries susceptibility and inhibited third

molar formation [Kattainen et al., 2001]. In humans, the exposure to

high amounts of HAH revealed missing permanent teeth (Alaluusua

and Lukinmaa, 2000). Dietary exposure to HAH also induced
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developmental enamel defects, demarcated opacities, and hypopla-

sia [Jan and Vrbic, 2000]. Moreover, the Yusho patients accidentally

exposed to a high level of HAH-related compounds via ingestion of

contaminated rice oil sometimes showed horizontal alveolar bone

resorption and deep periodontal pockets, despite good dental plaque

control [Shimizu et al., 1992]. However, the effects of AhR pathway

activation on periodontal ligament (PDL) cells have not been fully

examined.

Benzo(a)pyrene (BaP) is an important and extensively studied

member of the PAH. Its cytotoxic, carcinogenic, and mutagenic

effects have been well documented in various animal species.

Sources of BaP include automobile emissions, industrial processes,

tobacco smoke, incineration facilities, and hazardous waste sites

[Wu et al., 2003]. In the first step of metabolism, BaP binds to AhR

and the liganded AhR translocates to the nucleus, where it forms a

heterodimer with ARNT [Rowlands and Gustafsson, 1997].

The PDL is a highly specialized connective tissue that surrounds

the root of the tooth and connects it with the tooth socket bone

[Carnes et al., 1997]. Apart from anchoring the tooth, the PDL tissue

also ensures proper tooth homeostasis, repair, nutrition, and sensory

transmission [Shimono et al., 2003]. Once PDL tissue is severely

destroyed, the periodontium exhibits common clinical symptoms

such as deep periodontal pocket formation, extensive alveolar bone

loss, necrotic or exposed cementum development, and high tooth

mobility. The final stage of PDL destruction is characterized by tooth

loss.

PDL tissue consists of a heterogeneous cell population, including

fibroblasts, mesenchymal stem cells, epithelial cell rests of Malassez,

and endothelial cells [Freeman, 1994]. These cells are embedded in a

protein-rich extracellular matrix (ECM) that is constantly remodeled

in response to various types of stimulation. The periodontal ECM is

composed of both collagenous and non-collagenous proteins.

Collagens in PDL tissue are divided into three groups: the fibril-

forming collagens (collagen type I [COL-I], collagen type-III

[COL-III] and collagen type-V [COL-V]), the non-fibril-forming

collagens (collagen type- VI [COL-VI]), and the fibril-associated

collagens with interrupted triple helices (collagen type-XII

[COL-XII] and collagen type-XIV [COL-XIV]) [Nemoto et al.,

2010]. Among them, COL-I is a major collagen and plays a crucial

role in protecting PDL tissue from mechanical stress, such as

masticatory loading [Butler et al., 1975]. Alpha-smooth muscle actin

(a-SMA), an actin isoform typical of vascular smoothmuscle cells, is

also known to be important for contractile force generation by

fibroblasts [Skalli et al., 1986]. a-SMA is known as a putative marker

of myofibroblastic cells and is important for myofibroblast

differentiation, focal adhesion maturation, and force generation

[Desmouliere et al., 2005]. In addition, Lekic et al. [2001] revealed

that the high percentages of PDL cells express a-SMA in vivo and in

vitro. Matrix remodeling and collagen turnover have been known to

be very rapid in PDL tissue [Sodek and Limeback, 1979]. Matrix

metalloproteinases (MMPs) belong to a family of zinc-dependent

enzymes that are responsible for degradation of fibrillar collagen

and other ECM proteins [Galis et al., 1994]. In PDL tissue, MMPs play

a central role in ECM remodeling, both in physiological and in

pathological conditions [Kerrigan et al., 2000]. Presently, at least 28

MMPs have been identified, among which MMP-1 is capable of

degrading interstitial COL-I, -II, and -III. MMP-1 is constitutively

synthesized by many different cell types including PDL cells

[Alvares et al., 1995].

In most tissues, the biological processes of cell proliferation,

differentiation, and apoptosis are all tightly coupled to appropriate

alterations in metabolic status and their imbalance promotes tissue

destruction. Previous reports demonstrated the involvement of

apoptosis in the development of various oral diseases including

periodontal disease [Loro et al., 2005]. A number of physiological

and pathological stimuli including lack of nutrients, activation of

cell surface death receptors, chemicals, ionizing radiation, and direct

physical injury can activate the apoptotic pathways. In PDL cells,

several toxic factors such as leukotoxins, lipoproteins, lipopoly-

saccharides, and hydrogen sulfide induced apoptosis (Zhang et al.,

2010).

The aim of this study was to investigate the effects of AhR

pathway activation on PDL tissue remodeling and apoptosis. Here,

we report that BaP activated the AhR pathway in two different

human periodontal ligament cells (HPDLCs) in a similar manner.

In addition, BaP treatment promoted MMP-1 mRNA expression,

MMP-1 protein production and apoptosis, and suppressed COL-I and

a-SMA mRNA expression in both HPDLCs.

MATERIALS AND METHODS

CELL CULTURE

HPDLCs, reported in our previous studies, were used [Fujii et al.,

2006; Maeda et al., 2011]. Briefly, the cells were isolated from

healthy premolars or third molars of six different patients, two

30-year-old females (2D and 2G), a 14-year-old male (2I), a 22-year-

old female (3D), a 26-year-old male (3M), a 20-year-old female (3O)

who visited Kyushu University Hospital for extraction. The

keratinocyte cell line, HaCaT, was kindly provided by N. E. Fusenig,

DKFZ Heidelberg (Boukamp et al., 1988). This line was used as a

positive control for the ligand-activated AhR pathway. HPDLCs-2D,

-2G, -2I, -3D, -3M, -3O, and HaCaT were maintained in a-minimum

essential medium (a-MEM; Gibco-BRL, Grand Island, NY) supple-

mented with 50mg/ml streptomycin and 50U/ml penicillin (Gibco-

BRL) containing 10% fetal bovine serum (FBS; SAFC Bioscience,

Lenexa, KS; 10% FBS/a-MEM) in a humidified atmosphere of

5% CO2 and 95% air at 378C. All procedures were performed

in compliance with the Research Ethics Committee, Faculty of

Dentistry, Kyushu University.

SEMI-QUANTITATIVE RT-PCR

HPDLCs-2D, -2G, -2I, -3D, -3M, -3O, or HaCaT were seeded in

60mm dishes (1� 105 cells/dish) in 10% FBS/a-MEM containing

0.01% dimethyl sulfoxide (Wako, Osaka, Japan) as control medium

(CM). After 24 h, total cellular RNA was extracted using TRIzol

Reagent (Invitrogen, Carlsbad, CA). First-strand cDNA synthesis and

semi-quantitative PCR were performed as described previously

[Fujii et al., 2008]. Primer sequences, annealing temperatures, cycle

numbers, and product sizes for each gene are listed in Table I. The

mRNA expression levels were evaluated by densitometric image

analysis using Scion Image Software (Scion Corporation, Walkers-

ville, MD).
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IMMUNOCYTOCHEMICAL STAINING

HPDLCs-2D, -2G, -2I, -3D, -3M, -3O, and HaCaT, cultured for 24 h,

in CM were fixed with 4% paraformaldehyde including 0.5%

dimethyl sulfoxide in phosphate-buffered saline (PBS; Gibco-BRL)

for 20min. After blocking in 5% skim milk (Yukijirushi, Hokkaido,

Japan) containing 0.01% NaN3 (Nacalai Tesque, Kyoto, Japan) in

PBS for 1 h, a rabbit polyclonal anti-human AhR (AbD Serotec,

Oxford, UK; 1:100) was applied for 2 h. Cells were rinsed with PBS

and exposed to a biotinylated secondary antibody and avidin-

peroxidase conjugate using a SAB-PO kit (Nichirei, Tokyo, Japan).

For color development, cells were treated with 3,30-diaminobenzi-

dine (DAB; Nichirei). Cells were observed with an inverted

microscope (BX41; Olympus Medical, Tokyo, Japan). HPDLCs-2G,

cultured for 4 days in CM or CMþ 10mM benzo(a)pyrene (BaP;

Sigma, St. Louis, MO) was also stained with a rabbit polyclonal anti-

human AhR (1:100). Following washing with PBS, cells were

exposed to a goat FITC-labeled anti-rabbit (Zymed, South San

Francisco, CA; 1:20). After 1 h, cells were washed with PBS and

counterstained with VECTASHIELD Mounting Medium with DAPI

(Vector Laboratories, Burlingame, CA). Cells were observed with

fluorescence microscopy (AXIOPLAN; Carl Zeiss, Jena, Germany).

The alternating dishes from each experimental condition were

processed with blocking solution as a negative control with no

primary antibody.

QUANTITATIVE RT-PCR

HPDLCs-2G, -2I, or HaCaT were cultured in 60mm dishes

(1� 105 cells/dish) for 24 h or 14 days in CM, CMþ 1mM BaP, or

CMþ 10mM BaP. In addition, HPDLCs-2G or -2I were incubated for

20, 40, or 60min or 0, 14, or 28 days in CM or CMþ 10mM BaP.

Following total cellular RNA extraction and first-strand cDNA

synthesis, quantitative PCR was performed [Tomokiyo et al., 2008;

Maeda et al., 2011]. Primer sequences, annealing temperatures, cycle

numbers, and product sizes for each gene are listed in Table II.

ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

To quantify the concentration of MMP-1 protein secreted from

HPDLCs, a sensitive two-site ELISA was performed. HPDLCs-2G or -

2I were seeded at 5� 105 cells/dish on a 100mm dish in CM or

CMþ 10mM BaP. After 7 or 14 days, the confluent cells were

thoroughly washed with PBS and incubated in serum-free a-MEM.

After 24 h, the conditioned media from these cells were collected. A

commercially available ELISA kit (Quantikine Human pro-MMP-1

Immunoassay; R&D Systems, Minneapolis, MN) was used to

quantify the MMP-1 concentration in these conditioned media.

The absorbance was measured at 450 nm with Immuno-mini NJ-

2300 (Microtec, Chiba, Japan). All samples and standards were

measured in triplicate.

CELL VIABILITY

HPDLC-2G or -2I were seeded at 1� 103 cells/well on 48-well plates

in CM, CMþ 1mM BaP, or CMþ 10mM BaP. Four wells were

assigned to each experimental treatment. Following the 3, 5, or

7 days culture, adherent cells were detached with 0.05% trypsin

(Wako) containing 0.02% ethylenediaminetetraacetic acid (Wako) in

PBS. After centrifugation at 1,100 rpm for 5min, the solution was

removed by aspiration. Then, cells were resuspended in a-MEM and

10ml cell suspension was used for direct cell count. The number of

cells was estimated using a BX41 inverted microscope and a

hemocytometer. HPDLC-2G or -2I were seeded at 5� 105 cells/dish

TABLE I. Specific Primer Sequence, Annealing Temperature, Cycle Numbers, and Product Size for Semi-Quantitative RT-PCR

Target gene (abbreviation) Primer sequence forward/reverse

Annealing
temperature

(8C) Cycles

Size of
amplified

products (bp)

Aryl hydrocarbon receptor (AhR) 50-TACTGAAGCAGAGCTGTGCA-30/50-CTCATACAACACAGCTTCTCC-30 58 24 315
Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH)
50-ACCACAGTCCATGCCATCCAC-30/50-TCCACCACCCTGTTGCTGTA-30 60 17 452

TABLE II. Specific Primer Sequence, Annealing Temperature, Cycle Numbers, and Product Size for Quantitative RT-PCR

Target gene (abbreviation) Primer sequence forward/reverse

Annealing
temperature

(8C) Cycles

Size of
amplified
products

(bp)

Cytochrome P450 1A1 (CYP1A1) 50-TGGTCTCCCTTCTCTACACTCTTGT-30/50-ATTTTCCCTATTACATTAAATCAATGGTTCT-30 60 40 141
Cytochrome P450 1B1 (CYP1B1) 50-CCTATGTCCTGGCCTTTCCTTT-30/50-TGAGGAATAGTGACAGGCACAAA-30 60 40 67
Aryl-hydrocarbon receptor

repressor (AhRR)
50-GCCTCTGGGCATTTATGGATTTAAG-30/50-CTGGGCACTCGGTTAGAATAGGAA-30 60 40 82

Matrix metalloproteinase-1
(MMP-1)

50-CTGGCCCACAACTGCCAAATG-30/50-CTGTCCCTGAACAGCCCAGTACTTA-30 60 40 103

Collagen type 1 (COL-1) 50-CCCGGGTTTCAGAGACAACTTC-30/50-TCCACATGCTTTATTCCAGCAATC-30 60 40 148
Alpha-smooth muscle actin

(a-SMA)
50-GACAATGGCTCTGGGCTCTGTAA-30/50-CTGTGCTTCGTCACCCACGTA-30 60 40 147

Bcl-2 50-TGGGATGCCTTTGTGGAACT-30/50-GAGACAGCCAGGAGAAATCAAAC-30 60 40 67
b-actin (b-ACT) 50-ATTGCCGACAGGATGCAGA-30/50-GAGTACTTGCGCTCAGGAGGA-30 60 40 89
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on a 100mm dish in CM or CMþ 10mMBaP. Following the 3 or 24 h

culture, adherent cells were detached with trypsin. Then, for

detection of apoptotic cells, double labeling for annexin V and

propidium iodide (PI) was performed using an annexin V FITC kit

(Miltenyi Biotec Inc., Auburn, CA). The percentage of apoptotic cells

was measured on a FACSCalibur and analyzed with CellQuest

software (Becton Dickinson Labware, Lincoln Park, NJ). HPDLCs-2G

or -2I were also seeded at 5� 105 cells/dish on a 100mm dish in CM.

After 3 days, the cells were detached by trypsin and incubated with

CM or CMþ 10mM BaP at 5� 105 cells/ml in 15ml polypropylene

culture tubes (Sumilon, Tokyo, Japan). After 24 h, the expression of

active caspase-3/7 in suspended cells was detected with a FLICA

Apoptosis Detection Kit (Immunochemistry Technologies, LLC,

Bloomington, MN), which contained a green fluorescent-labeled

inhibitor of activated caspases, FAM-DEVD-FMK FLICA. This probe

binds covalently to active caspase-3/7 in apoptotic cells. Following

counterstaining with Hoechst (Immunochemistry Technologies,

LLC), cells were observed by fluorescence microscopy (Carl Zeiss).

All samples were measured in duplicate.

STATISTICAL ANALYSIS

Each experimental value represents the mean� SD. Independent

repeats were performed at least twice and four different replicates

were analyzed for all experiments. Statistical significance was

determined using Student’s t-test, and P< 0.05 was considered

significant.

RESULTS

EXPRESSION OF AhR IN HPDLCs AND HaCaT

A previous study showed the endogenous expression of AhR in a

human keratinocyte cell line, HaCaT [Ikuta et al., 2004]. Therefore,

we first investigated the expression of AhR mRNA in HPDLCs-2D, -

2G, -2I, -3D, -3M, -3O, and HaCaT cultured in CM for 24 h by semi-

quantitative RT-PCR analysis. In agreement with the previous result,

HaCaT expressed AhR mRNA (Fig. 1A). In addition, the expression

level of HaCaT was almost similar to that of HPDLCs (Fig. 1A). Next,

we performed immunocytochemical staining with anti-human AhR

antibodies for HPDLCs-2D, -2G, -2I, -3D, -3M, -3O, and HaCaT. As

shown in Figure 1B, intracellular distribution of AhR was confirmed

in nearly all cells. Higher magnification images exhibited strongly

positive staining in the cytoplasm in HPDLCs and HaCaT while

staining was faint in their nuclei (Fig. 1C,E-J). Staining without a

primary antibody did not reveal any positive reactions (Fig. 1D).

ACTIVATION OF THE AhR PATHWAY IN HPDLCs

In Figure 1A, all of six HPDLCs expressed AhR mRNA and its

expression level was relatively low in HPDLCs-2G, while relatively

high in HPDLCs-2I. Therefore, we selected HPDLCs-2G and 2I to

examine the effects of AhR pathway activation of HPDLCs. The

cellular localization of AhRwas investigated in HPDLCs-2G cultured

for 4 days in CM or CMþ 10mM BaP. The cells cultured in CM

showed the immunolocalization of AhR mainly in the cytoplasm

(Fig. 2A–C). However, 55.9� 6.0% of cells cultured in CMþ 10mM

BaP revealed the distribution of AhR both in the cytoplasm and the

nucleus (Fig. 2E–G). Staining with no primary antibody did not

reveal any positive reactions (Fig. 2D,H). Since cytochrome P450

1A1 (CYP1A1), cytochrome P450 1B1 (CYP1B1), and aryl-

hydrocarbon receptor repressor (AhRR) were reported as the novel

target genes of the AhR pathway (Mimura et al., 1999), we

investigated gene expression in HPDLCs-2G, -2I, and HaCaT by

quantitative RT-PCR analysis. After 24 h of BaP exposure, HaCaT

showed respectable up-regulation of CYP1A1 mRNA, consistent

with previous studies [Wanner et al., 1995]. Its induction was also

observed in HPDLCs-2G and -2I, however, its expression level was

much lower than HaCaT (Fig. 2I). The CYP1B1 mRNA expression

was clearly increased in HaCaT treated with BaP, while it was

slightly up-regulated in HPDLCs-2G and -2I (Fig. 2J). The AhRR

mRNA level was significantly up-regulated in these cells cultured in

CMþ 1mM BaP and CMþ 10mM BaP, compared to the cultures in

CM (Fig. 2K).

INDUCTION OF MMP-1 EXPRESSION IN HPDLCs BY AHR PATHWAY

ACTIVATION

Previous reports demonstrated the stimulation of MMP-1 expression

through the activation of the AhR pathway in melanoma cells,

vascular smooth muscle cells, and urothelial carcinoma cells

[Villano et al., 2006; Meng et al., 2009]. Therefore, the expression of

MMP-1 was examined in HPDLCs-2G, -2I, and HaCaT treated with

Fig. 1. Expression of AhR mRNA and AhR protein in HPDLCs. A: Semi-

quantitative RT-PCR analysis of AhR mRNA expression in HPDLCs-2D, -2G,

-2I, -3D, -3M, -3O, and HaCaT. Human glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) was used as an internal standard. B–J: Immunocytochemi-

cal staining images of anti-human AhR in HPDLCs-2G (B–D) and -2D (E), -2I

(F), -3D (G), -3M (H), -3O (I), and HaCaT (J). C: Higher magnification images of

the boxes in B. D: Staining images with no primary antibody as a negative

control. Bars¼ 100mm. Experiments were performed in duplicate. Represen-

tative data are shown.
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BaP. These cells, exposed to 1 and 10mM BaP for 14 days, showed

significant enhancement ofMMP-1mRNA expression, compared to

the untreated control cells (Fig. 3A). Next, this gene expression was

further investigated in both HPDLCs treated with 10mM BaP for 0,

14, or 28 days. The cells cultured in CM did not reveal a large change

of MMP-1 mRNA expression even if the culture period was

extended, whereas the cells cultured in CMþ 10mM BaP exhibited

up-regulation depending on the culture period (Fig. 3B,C). In

addition, after 28 days of culture with 10mMBaP, HPDLCs-2G, and -

2I increased MMP-1 mRNA expression to 4076.7� 35.6% and

2086.7� 15.1% of untreated control cells, respectively (Fig. 3B,C).

Furthermore, ELISA analysis confirmed a marked increase in the

expression of MMP-1 protein in HPDLCs cultured in CMþ 10mM

BaP for 14 days (Fig. 3D).

SUPPRESSION OF COL-I AND a-SMA EXPRESSION IN HPDLCs BY

AhR PATHWAY ACTIVATION

The expression of COL-I and a-SMA mRNAs was examined in

HPDLCs-2G, -2I, and HaCaT treated with BaP. After 14 days of

culture with 1 or 10mM BaP, the expression of COL-I mRNA was

distinctly decreased in HPDLCs-2G and HaCaT, while HPDLCs-2I

showed no significant difference, compared to untreated control

cells (Fig. 4A). The expression of a-SMA mRNA was markedly

suppressed in HPDLCs-2G, -2I, and HaCaT in a dose-dependent

manner (Fig. 4B). These gene expressions were further investigated

in HPDLCs-2G and -2I exposed to 10mM BaP for 0, 14, or 28 days.

Both types of cells incubated in CM showed a tendency to increase

COL-I mRNA expression as time advanced, while cells incubated in

CMþ 10mM BaP demonstrated the suppression of this gene

expression (Fig. 4C,D). In addition, after 28 days of culture with

10mM BaP, HPDLCs-2G, and -2I significantly decreased COL-I

mRNA expression to 3.4� 0.3% and 5.9� 0.4% of control untreated

cells, respectively (Fig. 4C,D). Moreover, a-SMA mRNA expression

was also suppressed in HPDLCs-2G and -2I treated with 10mM BaP,

compared to control untreated cells. After 14 days, HPDLCs-2G and -

2I significantly decreased a-SMA mRNA expression to 39.6� 1.2%

and 50.6� 3.7% of control untreated cells, respectively, while after

28 days, only HPDLCs-2G significantly suppressed its expression to

10.5� 0.5% of control untreated cells (Fig. 4E,F).

INDUCTION OF APOPTOSIS IN HPDLCs BY AhR PATHWAY

ACTIVATION

To examine the effects of AhR pathway activation on cell

proliferation of HPDLCs, direct cell count was performed in

HPDLCs-2G and -2I. Both HPDLCs treated with BaP showed low

proliferation in dose-dependent manner (Fig. 5A–C). At 7 days of

culture, a significant reduction was found at CMþ 10mM BaP in

HPDLCs-2G and -2I to 23.5� 2.0% and 20.6� 2.1% as compared to

untreated control cells, respectively (Fig. 5B,C). To verify whether

BaP-decreased cell proliferation exhibits the characteristics of

apoptosis, flow cytometric analysis of double-staining with

annexin V and PI was performed. After 3 h of culture, the cells

cultured in CM showed a low percentage of annexin V positive cells

(annexinVþ/PI� and annexin Vþ/PIþ) in HPDLCs-2G (0.8%) and -2I

(1.1%; Fig. 5D), while treament with CMþ 10mM BaP increased the

percentage of annexin V positive cells in HPDLCs-2G (85.7%) and -

2I (84.6%). In addition, the annexin Vþ/PI� fraction was highest in

HPDLCs-2G (65.1%) and -2I (70.0%). After 24 h of culture in CM, few

cells revealed an annexin V positive reaction in HPDLCs-2G (0.9%)

and -2I (1.9%), whereas BaP treatment for 24 h increased the number

of apoptotic cells in HPDLCs-2G (93.0%) and -2I (99.1%). Moreover,

the annexin Vþ/PIþ population was highest in HPDLCs-2G (67.3%)

and -2I (70.7%). A previous study reported that Bcl-2 family genes,

such as Bcl-2, were the most effective anti-apoptotic regulators

[Reed, 2000]. Therefore, the expression of Bcl-2 mRNA was

investigated in HPDLCs-2G and -2I treated with 10mM BaP for

20, 40, or 60min. A significant reduction of Bcl-2mRNA expression

was observed in the culture with BaP in both HPDLC-2G (40 and

60min) and -2I (20 and 40min), compared to untreated control cells

(Fig. 5E,F). We further analyzed apoptotic cell death focusing on

activated caspase-3/7 using fluorescent labeled compound. Cas-

pase-3/7 has been reported to be responsible for the execution of

apoptosis by cleaving many different types of proteins [Slee et al.,

2001]. After 24 h of culture in CM, HPDLCs-2G and -2I did not show

any positive reactions for activated caspase-3/7, however, many

cells cultured in CMþ 10mM BaP were stained positively for this

enzyme (Fig. 5G). Our data clearly demonstrated the localization of

activated caspase-3/7 in the nuclei of apoptotic HPDLCs.

Fig. 2. Effects of BaP exposure on the expression of AhR and AhR ligand

responsive genes in HPDLCs. HPDLCs-2G was cultured in CM (A–D) or

CMþ 10mM BaP (CMþ BaP10) (E–H) for 4 days. Fluorescence microscopic

images of human AhR (A,E), DAPI (B,F), or merging of both stainings (C,G).

Arrow shows the translocation of AhR from the cytoplasm to the nucleus. D,H:

Staining images with no primary antibody as a negative control. Bars¼ 50mm.

I–K: Expression of CYP1A1 (I), CYP1B1 (J), and AhRR (K) mRNA was investi-

gated using quantitative RT-PCR. HPDLCs-2G, -2I, and HaCaT were cultured in

CM, CMþ 1mM BaP, or CMþ 10mM BaP for 24 h. Human b-actin (b-ACT)

was used as an internal standard. Experiments were performed in triplicate.

Representative data are shown. �P< 0.05, ��P< 0.01.
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DISCUSSION

Previous reports have demonstrated the toxic effects of AhR ligands

on various tissues including tooth and hard-tissue [Alaluusua and

Lukinmaa, 2000; Jan and Vrbic, 2000; Kattainen et al., 2001;

Partanen et al., 2004]. In addition, Shimizu et al. [1992] indicated

there is a close relationship between orally ingested HAH and PDL

tissue destruction, however, the particular effects of the ligand-

activated AhR pathway on PDL tissue remain unclear. In this study,

we suggest that AhR pathway activation induces the expression of

disordered ECM remodeling-related molecules and apoptosis in two

different HPDLCs; that is, HPDLCs-2G and -2I.

In our current study, AhR mRNA and AhR protein expression

were confirmed in HPDLCs-2D, -2G, -2I, -3D, -3M, -3O, and HaCaT.

To our knowledge, this is the first study to report AhR expression in

HPDLCs. Moreover, incubation of HPDLCs with BaP resulted in a

shift of AhR from cytosolic localization to cytosolic/nuclear

distribution. A previous study reported that in the absence of

ligand, AhR was found in the cytosol in a complex with several

proteins such as HSP90, XAP, ARA9, and AIP, while after ligand

binding, AhR moved to the nucleus and dimerized with ARNT

[Rowlands and Gustafsson, 1997]. In addition, BaP treatment

induced the up-regulation of CYP1A1, CYP1B1, and AhRR mRNA

expression in HPDLCs-2G, -2I, and HaCaT. AhR controls the

induction of cytochrome P450s in response to the presence of HAH

and PAH; the AhR-ARNT dimer binds to a xenobiotic responsive

element (XRE) and initiates the transcription of cytochrome P450s

[Ma, 2007]. AhRR belongs to a bHLH/PAS protein family and acts as

a negative feedback modulator. The transcription of AhRR is

induced by the AhR-ARNT dimer through binding to XRE [Karchner

et al., 2002]. These results suggested that BaP treatment induced the

translocation of AhR into the nucleus and the expression of AhR

responsive genes in HPDLCs. A previous report showed that CYP1A1

and CYP1B1 mRNA expression was induced by similar compounds

[Bhattacharyya et al., 1995]. In HaCaT, both genes were considerably

up-regulated by BaP. HPDLCs-2G and -2I also showed the induction

of both genes, but the induction level of CYP1B1 mRNA was quite

slight. Moreover, their increase was much lower than that of HaCaT.

Murray et al. [2001] reported that the expression patterns of

CYP1A1 gene differs from that of CYP1B1 in a lot of tissues and

suggested that there are considerable differences regarding the

regulation, metabolic specificity, and tissue-specific expression of

both genes. Moreover, Uno et al. [2004] suggested that CYP1A1 is

important in BaP detoxification and CYP1B1 is responsible for

metabolic activation of BaP, despite their close relationship. These

findings indicated that PDL tissue may be subject to the toxic effects

of HAH and PAH with the low detoxification and metabolic

activation.

In PDL tissue, MMP-1 is considered to be crucial for tissue

remodeling due to its function in degrading COL-I and -III [Kerrigan

et al., 2000]. In our present study, BaP exposure promoted the

extreme expression of MMP-1 mRNA and MMP-1 protein in

HPDLCs-2G and -2I. This result was supported by previous findings

that the AhR pathway activated by TCDD increased MMP-1

Fig. 3. Effects of BaP exposure on MMP-1 mRNA expression and MMP-1 production in HPDLCs. A–C: Expression of MMP-1 mRNA was investigated using quantitative

RT-PCR. A: HPDLCs-2G, -2I, and HaCaT were cultured in CM, CMþ 1mM BaP, or CMþ 10mM BaP for 14 days. HPDLCs-2G (B) and -2I (C) were incubated in CM (& or*) or

CMþ 10mM BaP (& or *) for 0, 14, or 28 days. D: MMP-1 concentration in condition medium of HPDLCs-2G and -2I cultured in CM or CMþ 10mM BaP for 14 days.

Experiments were performed in triplicate. Representative data are shown. �P< 0.05, ��P< 0.01
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expression in keratinocytes and melanoma cells [Murphy et al.,

2004]. In addition, inappropriate expression of MMP-1 is involved

in several pathologies such as rheumatoid arthritis [Maeda et al.,

1995], Alzheimer’s disease [Leake et al., 2000], and tumor metastasis

[Ishii et al., 2003]. Interestingly, remarkable up-regulation of MMP-

1 expression was exhibited in PDL cells in patients with chronic

periodontal diseases [Reynolds et al., 1994]. Prevotella intermedia, a

major periodontal pathogen that plays an important role in the

development of periodontitis, markedly promoted MMP-1 expres-

sion in PDL cells [Guan et al., 2009]. These results suggested that the

increased MMP-1 via AhR pathway activation would have a close

contribution to pathologic degradation of PDL tissue.

COL-I is known as the connective tissue protein central in tendon,

ligament, bone, and PDL tissue [Becker et al., 1991]. In PDL tissue, it

is synthesized in approximately 99% of PDL cells [Connor et al.,

1983], whereas HPDLCs-2G and -2I exposed to BaP for 28 days

reduced COL-I mRNA to <10% in comparison to the untreated

control cells. Sodek and Limeback [1979] revealed the continuous

and rapid collagen turnover in PDL tissue, and Perera and Tonge

[1981] focused attention on collagen synthesis of PDL cells as an

index of metabolic turnover. Therefore, AhR pathway activation

might prevent collagen turnover in PDL tissue via the suppression of

COL-I synthesis in PDL cells. Moreover, a marked decrease of a-SMA

mRNA expression was also exhibited in HPDLCs-2G and -2I exposed

to BaP. a-SMA is known as the most reliable marker of

myofibroblasts. Previous reports suggested the involvement of

myofibroblasts in ECM synthesis and in force generation, which

promoted ECM reorganization and wound healing [Tomasek et al.,

2002]. Arora and McCulloch [1994] demonstrated that PDL

fibroblasts with a high remodeling capacity also strongly expressed

a-SMA. Interestingly, the close relationship between connective

tissue regeneration and COL-I or a-SMA expression has been

previously demonstrated. Sculean et al. [2002] revealed strong

expression of COL-I in regenerating PDL tissue compared to normal

PDL tissue. Agarwal et al. [2006] showed the promotion of a-SMA

expression in healing fibroblasts in collateral ligaments. Olaso et al.

[2011] revealed a delay of cutaneous wound healing with the

suppression of a-SMA expression in discoidin domain receptor 2

knockout mice. These results suggested that AhR pathway activation

in PDL tissue would provoke PDL tissue destruction and induce

inappropriate remodeling through the decrease of COL-I and a-SMA

expression.

Fig. 4. Effects of BaP exposure on Col-I and a-SMA mRNA expression in HPDLCs. Expression of Col-I (A,C,D) and a-SMA (B,E,F) mRNA was investigated by using quantitative

RT-PCR. A,B: HPDLCs-2G, -2I, and HaCaT were cultured in CM, CMþ 1mMBaP, or CMþ 10mMBaP for 14 days. HPDLCs-2G (C,E) and -2I (D,F) were incubated in CM (& or*)

or CMþ 10mM BaP (& or *) for 0, 14, or 28 days. Experiments were performed in triplicate. Representative data are shown. ��P< 0.01.
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Transforming growth factor b1 (TGFb1), a member of the TGFb

superfamily, was reported to induce COL-I and a-SMA expression in

myofibroblasts (Desmouliere et al., 1993). Our recent study

demonstrated high expression of TGFb1 in PDL cells in vivo and

in vitro [Fujii et al., 2010]. To examine the involvement of TGFb

signaling in AhR-induced COL-I and a-SMA suppression, we

investigated the expression of TGFb1 mRNA in HPDLCs-2G and -2I

treated with BaP, but did not confirm any significant differences

(data not shown). Abbott and Birnbaum [1990] demonstrated that

AhR activation by TCDD reduced TGFb1 expression in epithelial and

mesenchymal cells. On the other hand, Gramatzki et al. [2004]

showed that 3-methylcholanthrene, a member of PAH, did not

influence TGFb1 expression in glioma cells. Thus, AhR activation

may regulate TGFb signaling pathways in a cell type-specific

Fig. 5. Apoptotic effects of BaP exposure on HPDLCs. A: Phase-contrast microscopic images of HPDLCs-2G and -2I cultured in CM, CMþ 1mMBaP, or CMþ 10mM BaP for 7

days. B,C: Cell number of HPDLCs-2G (B) and -2I (C) incubated in CM (^), CMþ 1mMBaP (&), or CMþ 10mMBaP (~) for 0, 3, 5, or 7 days. D: Flow cytometric analysis of the

expression of annexin V and PI. HPDLCs-2G and -2I were cultured in CM or CMþ 10mMBaP for 3 or 24 h. E,F: Expression of Bcl-2 mRNA was investigated by using quantitative

RT-PCR. HPDLCs-2G (E) and -2I (F) were cultured in CM (& or*) or CMþ 10mMBaP (& or*) for 20in, 40, or 60min. G: Fluorescence microscopic images of Hoechst (blue),

caspase-3/7 (green), or merging of both stainings in HPDLCs-2G and -2I. These cells were cultured in CM or CMþ 10mM BaP for 24 h. Arrows show double-positive cells

expressing activated caspase-3/7 that is localized in nuclei. Bar¼ 100mm. Experiments were performed in quadruplicate. Representative data are shown. �P< 0.05, ��P< 0.01
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manner and furthermore the suppression of COL-I and a-SMA

mRNA expression by AhR activation may be independent of the

TGFb signaling pathway in PDL cells.

Apoptosis is an evolutionarily conserved form of cell suicide. AhR

ligands were previously reported to induce apoptotic cell death in

several types of cells such as thymocytes, ovarian germ cells, liver

epithelial cells, and chondrocytes [Yang and Lee, 2010]. In addition,

the AhR-deficient mice were resistant to TCDD-induced apoptosis

[Fernandez-Salguero et al., 1996]. These results suggested the

contribution of the AhR pathway as the mediator of apoptotic effects

on various tissues. In this study, we demonstrated BaP-induced

apoptosis of HPDLCs-2G and -2I through a decrease in total cell

number and an increase in the percentage of annexin V-positive

cells. Annexin V binds to phosphatidylserine, which is translocated

from the inner surface of the plasma membrane to the outer cell

surface early in the process of apoptosis [Martin et al., 1995]. We

found that the highest fractions of annexin Vþ/PI�, implying early

apoptosis, appeared in 3 h cultures treated with BaP, while the

fraction of annexin Vþ/PIþ, implying late apoptosis, were increased

in 24 h cultures with BaP. In addition, we observed the suppression

of the most effective antiapoptotic gene, Bcl-2, in both HPDLCs

exposed to BaP. In support of our findings, previous reports showed

BaP-induced Bcl-2 reduction in Burkitt’s lymphoma cells [Salas and

Burchiel, 1998], hepatoma cells [Ko et al., 2004], and lung

fibroblasts [Jiang et al., 2012]. Caspases are key enzymes in

apoptosis and their activation is a cascade of elemental reactions to

cell death. Caspase-3 and -7, so-called effector caspases, play a

pivotal role in initiating apoptosis. Lei et al. [1998] suggested that

caspase-3 has been engaged in caspase-dependent apoptosis of BaP

in mouse Hepa1c1c7 hepatoma cells. Furthermore, Tampio et al.

[2008] revealed caspase-7 activation after BaP treatment of human

MCF-7 breast adenocarcinoma cells. Consistently, with these results,

our data demonstrated an increase in activated caspase-3/7- positive

cells in HPDLCs-2G and -2I treated with BaP. In addition, activated

caspase-3/7 is mainly localized in the nuclei of BaP-treated HPDLCs.

Kamada et al. [2005] reported nuclear localization of activated

caspase-3 but not caspase-7 in apoptotic human hepatocellular

carcinoma cells. These results indicated that AhR pathway

activation may induce PDL cell apoptosis by the reduction of

Bcl-2mRNA expression and the activation of caspase-3. Our present

study showed the increase of CYP1A1 and CYP1B1 mRNA in

HPDLCs-2G and -2I cultured for short period, namely 24 h with BaP.

CYP1A1 has been reported to play important roles in BaP-induced

apoptosis because a-naphthoflavone, an inhibitor of CYP1A1

activity, significantly reduced BaP-induced apoptosis [Solhaug

et al., 2005]. In contrast, 2, 30, 4, 50-tetramethoxystilbene and

pyrene, CYP1B1-specific inhibitors, couldn’t suppress BaP-induced

apoptosis. Furthermore, Kim et al. [2007] previously reported the

involvement of not CYP1B1 but CYP1A1 in BaP-induced caspase-3

activation in Hepa1c1c7 cells and human RL95-2 endometrial

cancer cells. These results indicated that BaP-bound AhR may

activate caspase-3 through the genomic pathway involved in the

fast transcriptional regulation of CYP1A1 mRNA in HPDLCs.

In summary, we presented AhR expression in HPDLCs-2G and -2I

and confirmed its activation induced by BaP binding. BaP exposure

altered the expression of ECM-related molecules, MMP-1, Col-I, and

a-SMA and induced apoptosis in both HPDLCs. Overactivity of the

AhR pathway may induce inappropriate turnover via disordered

ECM remodeling and apoptosis in PDL tissue. A proposed model for

the effects of AhR pathway activation on HPDLCs is shown in

Figure 6. Our findings may help to establish new therapy for AhR-

induced periodontal diseases. In future studies, the mechanisms of

signaling in the AhR pathway in PDL cells need to be elucidated.
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