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Background and Objective: Host modulatory agents directed at inhibiting specific

proinflammatory mediators could be beneficial in terms of attenuating periodontal

disease progression and potentially enhancing therapeutic responses. The aim of

this study was to investigate whether daidzein could modulate the production

inflammatory mediators in macrophages stimulated with lipopolysaccharide (LPS)

from Prevotella intermedia, a pathogen implicated in periodontal disease, and to

delineate underlying mechanisms of action.

Material and Methods: LPS was extracted from P. intermedia ATCC 25611 cells

by the standard hot phenol–water method. The amounts of nitric oxide (NO) and

interleukin-6 (IL-6) secreted into the culture medium were assayed. A real-time

PCR was performed to quantify inducible nitric oxide synthase (iNOS) and IL-6

mRNA expression. We used immunoblot analysis to characterize iNOS protein

expression, phosphrylation of c-Jun N-terminal kinase (JNK) and p38,

degradation of inhibitory jB-a (IjB-a), nuclear translocation of nuclear factor-jB
(NF-jB) subunits and phosphorylation of signal transducer and activator of

transcription 1 (STAT1). The DNA-binding activity of NF-jB was assessed by

using ELISA-based kits.

Results: Daidzein significantly inhibited the production of NO and IL-6, as well as

their mRNA expression, in P. intermedia LPS-treated RAW264.7 cells. The JNK

and p38 pathways were not involved in the regulation of LPS-induced NO and IL-6

release by daidzein. Daidzein inhibited the degradation of IjB-a induced by P. in-

termedia LPS. In addition, daidzein suppressed NF-jB transcriptional activity via

regulation of the nuclear translocation and DNA-binding activity of NF-jB p50

subunit and blocked STAT1 phosphorylation.

Conclusion: Although additional studies are required to dissect the molecular

mechanism of action, our results suggest that daidzein could be a promising agent

for treating inflammatory periodontal disease. Further research in animal models

of periodontitis is necessary to better evaluate the potential of daidzein as a novel

therapeutic agent to treat periodontal disease.

Professor Sung-Jo Kim, DDS, PhD, Department
of Periodontology, School of Dentistry, Pusan
National University, Beomeo-ri, Mulgeum-eup,
Yangsan, Gyeongsangnam-do 626-870, Korea
Tel: +82 55 360 5201
Fax: +82 55 360 5194
e-mail: sungjokim@pusan.ac.kr

Key words: daidzein; periodontal disease;
Prevotella intermedia; lipopolysaccharide; nitric
oxide; interleukin-6

Accepted for publication September 2, 2011

J Periodont Res 2012; 47: 204–211
All rights reserved

� 2011 John Wiley & Sons A/S

JOURNAL OF PERIODONTAL RESEARCH

doi:10.1111/j.1600-0765.2011.01422.x



With the current advances in the

understanding of the initiation and

progression of periodontal disease, it is

well established that host immune and

inflammatory responses to the specific

periodontopathogens and their meta-

bolic products mediate local tissue

destruction observed in periodontitis.

Thus, the use of host modulatory reg-

imens as an adjunctive therapy may be

a novel treatment approach for man-

aging periodontal disease (1,2).

Natural compounds, such as flavo-

noids, may be useful for the prevention

and treatment of inflammatory peri-

odontal diseases. Flavonoids are a

group of naturally occurring polyphe-

nolic compounds abundant in plants,

including vegetables. Flavonoids are

known for a variety of biological

activities, and some flavonoids have

been reported to have anti-inflamma-

tory properties (3,4).

Lipopolysaccharide (LPS) is an

outer membrane constituent of gram-

negative bacteria, including P. inter-

media. It stimulates the production of

inflammatory cytokines, such as tumor

necrosis factor-a (TNF-a), interleukin-
1b (IL-1b) and IL-6 in a number of

host cells (5). In addition, LPS is a

potent inducer of nitric oxide (NO) in a

variety of cell types, including macro-

phages (6,7).

LPSs derived from oral black-

pigmented bacteria, including Por-

phyromonas gingivalis and Prevotella

intermedia, possess chemical and

immunobiological properties quite dif-

ferent from those of the classical LPSs

from the family Enterobacteriaceae,

such as Escherichia coli and Salmonella

species (8). Kirikae et al. (9) indicated

that the active molecule(s) and mode of

action of LPS from P. gingivalis and

P. intermedia are quite different from

those of LPS from Salmonella. It was

reported that P. intermedia and P. gin-

givalisLPSactivate the lymphocytesand

macrophages of classical LPS-nonre-

sponsive C3H/HeJ mice (9). Poly-

myxin B destroys the biological activity

of LPS and lipid A isolated from

Enterobacteriaceae. In contrast, LPS

preparations fromoralblack-pigmented

bacteria were comparatively resistant to

polymyxin B treatment (9). Hashimoto

et al. (10) demonstrated the structure of

lipid AfromP. intermediaATCC25611

LPS to be composed of a diglucosamine

backbone with a phosphate at the 4-po-

sition of the nonreducing side sugar, as

well as five fatty acids containing bran-

ched long chains.

P. intermedia is a pathogen that is

prevalent in chronic periodontitis

(11,12).P. intermedia sensu latohas also

been implicated in the etiology of nec-

rotizing ulcerative gingivitis (13). Gur-

soy et al. (14) suggested that among the

P. intermedia group bacteria, P. inter-

media andP. nigrescens type strains can

adhere to and invade epithelial cells, the

capability of P. intermedia ATCC

25611 being highest in this context.

Studies have shown that LPSs

derived from periodontal pathogens

can activate immune cells to induce

production of molecules that act as

proinflammatory mediators, such as

NO and specific cytokines, and thereby

initiate the host inflammatory response

associated with periodontal disease

(15–18). Therefore, host modulatory

agents targeting the components

involved in LPS mechanisms of action

appear to be helpful in attenuating

periodontal disease.

We have previously shown that the

flavonoid luteolin strongly suppresses

the production of inflammatory medi-

ators in P. intermedia LPS-activated

macrophages (19). The present study is

a continuation of our ongoing work to

identify flavonoids that may be bene-

ficial to individuals with periodontal

disease. Isoflavones, a class of phyto-

estrogens, are flavonoid compounds

that have been shown to have benefits

in the prevention of various chronic

diseases, such as atherosclerosis, neu-

rodegenerative diseases and osteopo-

rosis (20–22).

Daidzein is an isoflavone found at

high concentrations in soybeans,

kudzu root and red clover (23). A large

body of evidence supports therapeutic

properties of daidzein. As far as we

know, however, there is no report

presenting the potential of daidzein

as a therapeutic agent for treating

periodontal disease. These findings

prompted us to investigate the effects

of daidzein on the production of

inflammatory mediators by macro-

phages stimulated with LPS from

P. intermedia, a pathogen implicated in

inflammatory periodontal disease, and

to determine the underlying mecha-

nisms of action.

Material and methods

Reagents

Daidzein, DNase, RNase and protein-

ase K were obtained from Sigma-Al-

drich (St.Louis, MO, USA). Antibodies

against inducible nitric oxide synthase

(iNOS), c-JunN-terminalkinase (JNK),

phospho-JNK, p38, phospho-p38, in-

hibitory jB-a (IjB-a), signal transducer
and activator of transcription 1

(STAT1) and phospho-STAT1 were

obtained from Cell Signaling Technol-

ogy (Beverly, MA, USA), while anti-

bodies against nuclear factor-jB (NF-

jB) p65, NF-jB p50, b-actin and poly

(ADP-ribose) polymerase-1 (PARP-1)

were purchased from Santa Cruz Bio-

technology (Santa Cruz, CA, USA).

Bacteria, culture conditions and
isolation of LPS

P. intermedia ATCC 25611 was used in

this study. It was grown in an anaerobic

chamber on the surface of enriched

Trypticase soy agar containing 5% (v/v)

sheep blood, or in general anaerobic

medium broth (Nissui, Tokyo, Japan)

supplementedwith 1 lg/mLmenadione

and 5 lg/mL hemin as previously de-

scribed (24).Culture puritywas assessed

by Gram staining and plating on solid

medium. LPS from this periodonto-

pathogen was prepared by the standard

hot phenol–water method as described

in our previous work (24). Nucleic

acids were removed by treating the LPS

suspension with DNase and RNase.

Any contaminating protein was then

hydrolyzed with proteinase K.

Cell culture and cytotoxicity assay

RAW264.7 murine macrophages obtained

from American Type Culture Collec-

tion (Rockville, MD, USA) were cul-

tured in Dulbecco�s modified Eagle�s
medium supplemented with 10% (v/v)

heat-inactivated fetal bovine serum

and antibiotics (100 U/mL of penicillin

and 100 lg/mL of streptomycin) at
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37�C in a humidified incubator with

5% CO2/95% air. The cellular toxicity

of daidzein was determined by the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT) assay as

described previously (24).

Measurement of NO and IL-6
production

RAW264.7 cells were seeded into

24-well culture plates at a density of

5 · 105 cells per well and incubated for

at least 12 h to allow them to adhere to

the plates. Cells were then treated with

various concentrations of P. interme-

dia LPS and daidzein for 24 h, after

which culture supernatants were har-

vested. The amounts of NO and IL-6

secreted into the culture medium were

determined as we have reported (24).

Briefly, the amount of NO was assayed

by measuring the accumulation of the

stable oxidative metabolite, nitrite

(NO2
)) (25). IL-6 production was

determined by ELISA using a com-

mercially available kit (OptEIA; BD

Pharmingen, San Diego, CA, USA),

following the manufacturer�s instruc-

tions.

Extraction of RNA and real-time PCR
for iNOS and IL-6 mRNA

The experiment was conducted as

described in our previous work (24). In

brief, cells were plated in 100 mm tissue

culture dishes at a density of

1 · 107 cells per dish and treated with

various concentrations of P. intermedia

LPS and daidzein for 24 h. Total RNA

was isolated with an RNeasy Mini Kit

(Qiagen, Valencia, CA, USA). Com-

plementary DNA was prepared from

1 lg of the total RNA using iScript

cDNA Synthesis Kit (Bio-Rad, Hercu-

les, CA, USA). A real-time PCR was

performed using the CFX96 real-time

PCR detection system (Bio-Rad) with

specific primers for mouse iNOS and

IL-6 as described previously (24).

Preparation of cell extracts and
immunoblotting analysis

Cells were plated in 60 mm tissue cul-

ture dishes, at a density of 4 · 106 cells

per dish, and treated with various

concentrations of P. intermedia LPS

and daidzein for the indicated periods

of time. Whole-cell lysates and nuclear

fractions were prepared and analyzed

according to our previous paper (24).

Briefly, the cell lysates were prepared

using lysis buffer containing 50 mM

Tris–Cl, 150 mM NaCl, 0.002%

sodium azide, 0.1% sodium dodecyl

sulfate (SDS), 1% Nonidet P-40 and

protease inhibitor cocktail. The nucle-

ar fraction was prepared from cells

using the nuclear extract kit (Active

Motif, Carlsbad, CA, USA). The same

amount of protein (30 lg) was then

subjected to SDS–polyacrylamide gel

electrophoresis (SDS–PAGE) accord-

ing to standard protocols. The resolved

proteins were electrotransferred to a

nitrocellulose membrane, followed by

incubation with specific primary

antibodies. They were then incubated

with horseradish peroxidase-conju-

gated secondary antibodies and visu-

alized by enhanced chemiluminescence

(Cell Signaling Technology).

Determination of NF-jB DNA-binding
activity

Cells were plated in 60 mm tissue cul-

ture dishes, at a density of 4 · 106 cells

per dish, and incubated with daidzein

(200 lM) in the absence or presence of

P. intermedia LPS (10 lg/mL) for the

indicated periods of time. After pre-

paring the nuclear protein as described

above, the DNA-binding activity of

A

B

Fig. 1. Effects of daidzein on Prevotella intermedia lipopolysaccharide (LPS)-induced pro-

duction of nitric oxide (NO; A) and interleukin-6 (IL-6; B) in RAW264.7 cells. Cells were

incubated with different doses of daidzein (0, 10, 25, 50, 100 and 200 lM) in the absence or

presence of P. intermedia LPS (10 lg/mL). Supernatants were removed after 24 h and as-

sayed for NO and IL-6. The results are shown as means ± SD of three independent

experiments. *p < 0.05, **p < 0.01 vs. P. intermedia LPS alone.
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NF-jB was measured using a Trans-

AM NF-jB p65/NF-jB p50 tran-

scription factor assay kits (Active

Motif) as previously described (24).

Statistical analysis

Data are expressed as means ± SD,

and statistical analysis was performed

using Student�s t-test, with p < 0.05

considered statistically significant.

Results

Daidzein downregulates
P. intermedia LPS-induced
production of NO and IL-6

To evaluate the effects of daidzein on

P. intermedia LPS-induced release of

proinflammatory mediators, we treated

RAW264.7 cells with different doses of

daidzein in the absence or presence of

P. intermedia LPS (10 lg/mL) for

24 h, and the levels of NO and IL-6

secreted into the culture medium were

assayed. The results showed that LPS

stimulation of the cells induced signif-

icant increases of NO and IL-6 com-

pared with the control cultures

(Fig. 1). Incubation of cells with the

indicated concentrations of daidzein

attenuated NO and IL-6 release

induced by P. intermedia LPS treat-

ment in a concentration-dependent

manner (Fig. 1). At the highest

concentration tested (200 lM), daidz-

ein suppressed NO and IL-6 generation

by 76 and 87%, respectively. In addi-

tion, daidzein did not influence cell

viability as evaluated by MTT assay

(data not shown), indicating that its

inhibitory effects were unrelated to a

direct cytotoxicity.

Immunoblot analysis was performed

to determine whether the inhibition of

NO by daidzein was related to changes

in iNOS protein expression. As shown

in Fig. 2, daidzein reduced P. inter-

media LPS-induced iNOS expression

in a dose-dependent manner, and

complete abolition of expression was

observed at 200 lM. Real-time PCR

analysis showed that daidzein also

inhibited P. intermedia LPS-induced

iNOS and IL-6 mRNA expression in

a concentration-dependent manner

(Fig. 3).

JNK and p38 pathways are not
involved in the regulation of
P. intermedia LPS-induced NO and
IL-6 release by daidzein

Our previous study (24) showed that

the JNK, p38, NF-jB and JAK2/

STAT1 pathways are involved in NO

and IL-6 release induced by P. inter-

media LPS (Fig. S1). We first tested

whether the JNK and p38 pathways

lead to the effects of daidzein on reg-

ulating P. intermedia LPS-induced NO

Fig. 2. Effects of daidzein on P. intermedia LPS-induced expression of inducible nitric oxide

synthase (iNOS) protein in RAW264.7 cells. Cells were incubated with different doses of

daidzein (0, 10, 25, 50, 100 and 200 lM) in the absence or presence of P. intermedia LPS

(10 lg/mL) for 24 h. The iNOS protein synthesis was measured by immunoblot analysis of

cell lysates using iNOS-specific antibody. A representative immunoblot from two separate

experiments with similar results is shown.

A

B

Fig. 3. Effects of daidzein on P. intermedia LPS-induced iNOS (A) and IL-6 mRNA

expression (B) in RAW264.7 cells. Cells were incubated with different doses of daidzein (0,

10, 25, 50, 100 and 200 lM) in the absence or presence of P. intermedia LPS (10 lg/mL) for

24 h. Real-time PCR was performed with EvaGreen Supermix, with b-actin as an endoge-

nous control. Data are presented as percentages of the value for P. intermedia LPS alone.

The results are shown as means ± SD of three independent experiments. **p < 0.01 vs.

P. intermedia LPS alone.
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and IL-6 release. Stimulation with

P. intermedia LPS resulted in the

phosphorylation of JNK and p38

(Fig. 4). However, daidzein failed to

prevent LPS from activating either

JNK or p38 (Fig. 4).

Daidzein inhibits P. intermedia LPS-
induced degradation of IjB-a

Next, we examined the effects of

daidzein on the NF-jB signaling

pathway, which mediates P. intermedia

LPS-induced NO and IL-6 production.

To test whether daidzein affects the

P. intermedia LPS-induced degrada-

tion of IjB-a, the upstream signaling

pathway of NF-jB, the cytoplasmic

levels of IjB-a protein were deter-

mined by immunoblot analysis. The

30 min treatment with LPS was deter-

mined to be optimal in a preliminary

study that examined IjB-a degrada-

tion (data not shown). As expected,

treatment with P. intermedia LPS

resulted in marked degradation of

IjB-a (Fig. 5). Daidzein inhibited the

degradation of IjB-a induced by

P. intermedia LPS (Fig. 5).

Daidzein inhibits nuclear
translocation and DNA-binding
activity of NF-jB p50 subunit

NF-jB translocates from the cytosol to

the nucleus when it is activated. We

next investigated the nuclear translo-

cation of the subunits of NF-jB, i.e.
p65 and p50, which is immediately

occurred downstream of IjB-a degra-

dation. Nuclear fractions were pre-

pared and immunoblotted with

antibodies against NF-jB p65 and p50.

PARP-1 was used as an internal con-

trol. P. intermedia LPS significantly

induced the nuclear translocation of

NF-jB subunits (Fig. 6A). The maxi-

mal effects were found 30 min (for NF-

jB p65) or 8 h (for NF-jB p50) after

LPS addition (data not shown), and

those time points were chosen for

subsequent studies. While p50 nuclear

translocation induced by LPS was

attenuated by treatment with daidzein

in a dose-dependent manner, daidzein

did not affect nuclear translocation of

p65 subunit (Fig. 6A). Finally, we

examined the DNA-binding activity of

NF-jB in nuclear extract by using the

ELISA-based NF-jB p65/NF-jB p50

transcription factor assay kits (Active

Motif). The maximal DNA-binding

activities were found 30 min (for NF-

jB p65) or 8 h (for NF-jB p50) after

LPS addition (data not shown). Stim-

ulation with P. intermedia LPS

strongly induced DNA binding of NF-

jB p65 and p50, whereas only the

DNA-binding activity of NF-jB p50

was significantly attenuated by treat-

ment with daidzein (Fig. 6B).

Daidzein inhibits STAT1
phosphorylation

As the JAK2/STAT1 pathway is

involved in P. intermedia LPS-medi-

ated NO and IL-6 production, we next

examined whether daidzein exerts its

effects on P. intermedia LPS-induced

NO and IL-6 production via regulation

of this signaling pathway. Cell lysates

were prepared and immunoblotted with

antibodies against STAT1 and phos-

pho-STAT1. Daidzein significantly

inhibited STAT1 phosphorylation

induced by P. intermedia LPS (Fig. 7).

Discussion

Periodontal disease is a chronic

inflammatory process that leads to the

destruction of gingival connective tis-

sue and alveolar bone, and eventually

causes loss of teeth (26). Although

periodontal disease is a local disorder,

its chronic inflammatory changes could

have the potential to affect organs

distant from the periodontium. There

is evidence indicating that periodontal

Fig. 4. Effects of daidzein on P. intermedia LPS-induced phosphrylation of c-Jun N-terminal

kinase (JNK) and p38 in RAW264.7 cells. Cells were incubated with different doses of

daidzein (0, 10, 25, 50, 100 and 200 lM) in the absence or presence of P. intermedia LPS

(10 lg/mL) for 30 min (for JNK) or 15 min (for p38). Cells lysates were subjected to

immunoblot analysis using specific antibodies. A representative immunoblot from two sep-

arate experiments with similar results is shown.

Fig. 5. Effects of daidzein on P. intermedia LPS-induced degradation of the inhibitory jB-a
(IjB-a) in RAW264.7 cells. Cells were incubated with different doses of daidzein (0, 10, 25,

50, 100 and 200 lM) in the absence or presence of P. intermedia LPS (10 lg/mL). After

30 min of incubation, IjB-a degradation was determined by immunoblot analysis of cell

lysates using antibody against IjB-a. A representative immunoblot from two separate

experiments with similar results is shown.
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disease may represent a significant

risk factor for diverse systemic condi-

tions, including cardiovascular disease,

diabetes, stroke and preterm low-birth-

weight infants (27–29); therefore, the

control of periodontal disease is

essential in the prevention and man-

agement of these systemic diseases.

Our findings clearly indicate that

daidzein significantly inhibits the pro-

duction of NO and IL-6, as well as

their mRNA expressions, in LPS-trea-

ted RAW264.7 cells, suggesting that it

downregulated these proinflammatory

mediators at both protein and gene

transcription levels. NO and IL-6 are

thought to have an important role in

the pathogenesis of inflammatory

periodontal disease (30–36). In addi-

tion, IL-6 is a potent bone resorptive

agent and induces osteoclastogenesis;

hence, it plays important roles in

alveolar bone resorption in periodontal

disease (37,38). Blockade of these two

proinflammatory mediators, therefore,

could be a plausible therapeutic strat-

egy for inflammatory periodontal

disease.

It has been reported that daidzein

inhibits production of TNF-a, as well

as NO and IL-6, in macrophages acti-

vated by classical enterobacterial LPS

(39–42). In our study, daidzein did not

suppress the P. intermedia LPS-in-

duced production of TNF-a (data not

shown). These results indicate that,

unlike enteric LPS, TNF-a induction

by P. intermedia LPS is mainly via

signaling pathways not affected by

daidzein. P. intermedia LPS has been

shown to differ from LPS derived from

Enterobacteriaceae in structure and

function (9,10); therefore, the Toll-like

receptors and the inflammatory signal-

ing pathways are different accordingly.

The effects of daidzein are also thought

to be dose dependent, because in some

cases very low doses of daidzein up-

regulated enteric LPS-induced NO

production and iNOS activation (43).

MAPK and NF-jB signal trans-

duction pathways play critical roles in

LPS-induced activation of macro-

phages and the resultant production of

proinflammatory mediators. However,

daidzein did not affect either JNK or

p38, suggesting that MAPK pathways

are not involved in the inhibition of

P. intermedia LPS-induced NO and

IL-6 production by daidzein. NF-jB is

one of the most important transcrip-

tion factors that controls a number of

inflammation-related genes (44–46). In

unstimulated conditions, NF-jB is

maintained in the cytoplasm in a latent

form bound to IjB proteins. The IjB

A

B

Fig. 6. Effects of daidzein on nuclear translocation (A) and DNA-binding activity (B) of

nuclear factor-jB (NF-jB) subunits induced with P. intermedia LPS in RAW264.7 cells. (A)

Cells were incubated with different doses of daidzein (0, 10, 25, 50, 100 and 200 lM) in the

absence or presence of P. intermedia LPS (10 lg/mL). After 30 min (for NF-jB p65) or 8 h

(for NF-jB p50) of incubation, the nuclear fraction was isolated from cells. Nuclear trans-

location of NF-jB subunits was assessed by immunoblot analysis using antibodies against

NF-jB p65 and p50. Poly (ADP-ribose) polymerase-1 (PARP-1) was used as an internal

control. A representative immunoblot from two separate experiments with similar results is

shown. (B) Cells were incubated with different doses of daidzein (0 and 200 lM) in the

absence or presence of P. intermedia LPS (10 lg/mL). After 30 min (for NF-jB p65) or 8 h

(for NF-jB p50) of incubation, the DNA-binding activity of NF-jB in nuclear extracts was

assessed by using the ELISA-based NF-jB p65/NF-jB p50 transcription factor assay kits.

The results are shown as means ± SD of two independent experiments. *p < 0.05 vs.

P. intermedia LPS alone.

Fig. 7. Effects of daidzein on P. intermedia LPS-induced phosphorylation of signal trans-

ducer and activator of transcription 1 (STAT1) in RAW264.7 cells. Cells were incubated with

different doses of daidzein (0, 10, 25, 50, 100 and 200 lM) in the absence or presence of

P. intermedia LPS (10 lg/mL) for 4 h. Expression of phospho-STAT1 was measured by

immunoblot analysis of cell lysates. Total STAT1 was used as an internal control. A rep-

resentative immunoblot from two separate experiments with similar results is shown.
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becomes phosphorylated and degraded

in response to a broad range of stimuli,

including LPS. The free NF-jB is then

translocated into the nucleus, where it

activates the transcription of various

proinflammatory enzymes, such as

iNOS and cyclooxygenase-2, and

cytokines (47,48). In this study, daidz-

ein inhibited NF-jB transcriptional

activity at the level of IjB-a degrada-

tion. In addition, daidzein suppressed

NF-jB transcriptional activity via

regulation of the nuclear translocation

and DNA-binding activity of NF-jB
p50 subunit. In contrast, previous re-

search by Hämäläinen et al. (41) has

shown that daidzein effectively inhibits

nuclear translocation of p65 subunit

along with its inhibitory effect on iNOS

expression and NO production in

murine J774 macrophages activated by

enterobacterial LPS. The reason for

the discrepancy between our finding

and that of Hämäläinen et al. (41) is

not clear. The difference in the cell line

used is perhaps a factor.

Upon stimulation by LPS, both NF-

jB p65 and p50 translocate into the

nucleus, where they bind to specific

regulated sequences in the DNA to

induce transcription. NF-jB p65 has a

transcriptional activation domain and

directly promotes gene transcription,

whereas p50 lacks such a domain and

does not directly stimulate gene tran-

scription (49); therefore, p50 usually

forms a heterodimer with other NF-jB
subunits to become transcriptionally

active (48,50). NF-jB has been con-

sidered as a potential target molecule

for the treatment of inflammatory dis-

eases, and its inhibition by daidzein

would be beneficial in the treatment of

periodontal disease.

Another transcription factor

involved in the regulation of inflamma-

tory responses is the STAT (51). The

STAT family of transcription factors

are activated through the Janus kinases

(JAKs) (52,53). STAT1, downstream of

JAK2, is an essential activator of LPS-

mediated gene transcription in macro-

phages (54). In this study, daidzein ex-

erted its effects on P. intermedia LPS-

induced NO and IL-6 production

through inhibition of the STAT1 path-

way. Thus, the STAT1 signaling path-

way is also considered a good potential

molecular target for the therapy of

inflammatory periodontal disease.

Daidzein also inhibited STAT1 activa-

tion, along with its inhibitory effect on

iNOS expression and NO production in

macrophages activated by enterobacte-

rial LPS (41).

In summary, we clearly demon-

strated, to our knowledge for the first

time, that daidzein could significantly

downregulate P. intermedia LPS-in-

duced NO and IL-6 production, as well

as their mRNA expression. We also

provided evidence that the mechanism

of the inhibitory effect of daidzein is

mediated by NF-jB and STAT1

pathways. Although additional studies

to dissect the molecular mechanism of

action are required, our results suggest

that daidzein could be a promising

agent for treating inflammatory peri-

odontal disease. Further research in

animal models of periodontitis is nec-

essary to better evaluate the potential

of daidzein as a novel therapeutic

agent to treat periodontal disease.

References

1. Preshaw PM. Host response modulation

in periodontics. Periodontol 2000 2008;48:

92–110.

2. Reddy MS, Geurs NC, Gunsolley JC.

Periodontal host modulation with anti-

proteinase, anti-inflammatory, and bone-

sparing agents. A systematic review. Ann

Periodontol 2003;8:12–37.

3. Fotsis T, Pepper MS, Akatas E et al.

Flavonoids, dietary derived inhibitors of

cell proliferation and in vitro angiogenesis.

Cancer Res 1997;57:2916–2921.

4. Middleton E Jr, Kandaswami C, Theo-

harides TC. The effects of plant flavonoids

on mammalian cells: implications for

inflammation, heart disease, and cancer.

Pharmacol Rev 2000;52:673–751.

5. Morrison DC, Ryan JL. Endotoxins and

disease mechanisms. Annu Rev Med 1987;

38:417–432.

6. Geller DA, Nussler AK, Di Silvio M

et al. Cytokines, endotoxin, and gluco-

corticoids regulate the expression of

inducible nitric oxide synthase in he-

patocytes. Proc Natl Acad Sci USA

1993;90:522–526.

7. Nathan C, Xie QW. Regulation of bio-

synthesis of nitric oxide. J Biol Chem

1994;269:13725–13728.

8. Hamada S, Takada H, Ogawa T, Fujiwara

T, Mihara J. Lipopolysaccharides of oral

anaerobes associated with chronic

inflammation: chemical and immuno-

modulating properties. Int Rev Immunol

1990;6:247–261.

9. Kirikae T, Nitta T, Kirikae F et al.

Lipopolysaccharides (LPS) of oral black-

pigmented bacteria induce tumor necrosis

factor production by LPS-refractory C3H/

HeJ macrophages in a way different from

that of Salmonella LPS. Infect Immun

1999;67:1736–1742.

10. Hashimoto M, Asai Y, Tamai R, Jinno T,

Umatani K, Ogawa T. Chemical structure

and immunobiological activity of lipid A

from Prevotella intermedia ATCC 25611

lipopolysaccharide. FEBS Lett 2003;543:

98–102.

11. Estrela CR, Pimenta FC, Alencar AH,

Ruiz LF, Estrela C. Detection of selected

bacterial species in intraoral sites of

patients with chronic periodontitis using

multiplex polymerase chain reaction.

J Appl Oral Sci 2010;18:426–431.

12. Braga RR, Carvalho MA, Bruña-Romero

O et al. Quantification of five putative

periodontal pathogens in female patients

with and without chronic periodontitis by

real-time polymerase chain reaction.

Anaerobe 2010;16:234–239.

13. Chung CP, Nisengard RJ, Slots J, Genco

RJ. Bacterial IgG and IgM antibody titers

in acute necrotizing ulcerative gingivitis.

J Periodontol 1983;54:557–562.

14. Gursoy UK, Könönen E, Uitto VJ.

Prevotella intermedia ATCC 25611 targets

host cell lamellipodia in epithelial cell

adhesion and invasion. Oral Microbiol

Immunol 2009;24:304–309.

15. Sosroseno W, Barid I, Herminajeng E,

Susilowati H. Nitric oxide production by a

murine macrophage cell line (RAW264.7)

stimulated with lipopolysaccharide from

Actinobacillus actinomycetemcomitans.

Oral Microbiol Immunol 2002;17:72–78.

16. KimSJ,HaMS,Choi EY,Choi JI, Choi IS.

Prevotella intermedia lipopolysaccharide

stimulates releaseofnitricoxideby inducing

expression of inducible nitric oxide syn-

thase. J Periodontal Res 2004;39:424–431.

17. KimSJ,HaMS,Choi EY,Choi JI, Choi IS.

Nitric oxide production and inducible nitric

oxide synthase expression induced by

Prevotella nigrescens lipopolysaccharide.

FEMS Immunol Med Microbiol 2005;

43:51–58.

18. Kim SJ, Choi EY, Kim EG et al. Prevo-

tella intermedia lipopolysaccharide stimu-

lates release of tumor necrosis factor-

alpha through mitogen-activated protein

kinase signaling pathways in monocyte-

derived macrophages. FEMS Immunol

Med Microbiol 2007;51:407–413.

19. Choi EY, Jin JY, Choi JI, Choi IS, Kim

SJ. Effects of luteolin on the release of

nitric oxide and interleukin-6 by macro-

phages stimulated with lipopolysaccharide

from Prevotella intermedia. J Periodontol

2011;82:1509–1517.

210 Choi et al.



20. Nagarajan S. Mechanisms of anti-athero-

sclerotic functions of soy-based diets.

J Nutr Biochem 2010;21:255–260.

21. Lee YB, Lee HJ, Sohn HS. Soy isoflav-

ones and cognitive function. J Nutr Bio-

chem 2005;16:641–649.

22. Usui T. Pharmaceutical prospects of

phytoestrogens. Endocr J 2006;53:7–20.

23. Delmonte P, Rader JI. Analysis of iso-

flavones in foods and dietary supplements.

J AOAC Int 2006;89:1138–1146.

24. Choi EY, Jin JY, Lee JY, Choi JI, Choi

IS, Kim SJ. Melatonin inhibits Prevotella

intermedia lipopolysaccharide-induced

production of nitric oxide and interleukin-

6 in murine macrophages by suppressing

NF-jB and STAT1 activity. J Pineal Res

2011;50:197–206.

25. Green LC, Wagner DA, Glogowski J,

Skipper PL, Wishnok JS, Tannenbaum

SR. Analysis of nitrate, nitrite, and

[15N]nitrate in biological fluids. Anal

Biochem 1982;126:131–138.

26. Williams RC. Periodontal disease. N Engl

J Med 1990;322:373–381.

27. Pihlstrom BL, Michalowicz BS, Johnson

NW. Periodontal diseases. Lancet

2005;366:1809–1820.

28. Teng YT, Taylor GW, Scannapieco F

et al. Periodontal health and systemic dis-

orders. J Can Dent Assoc 2002;68:188–192.

29. Seymour GJ, Ford PJ, Cullinan MP,

Leishman S, Yamazaki K. Relationship

between periodontal infections and sys-

temic disease. Clin Microbiol Infect

2007;13:3–10.

30. Matejka M, Partyka L, Ulm C, Solar P,

Sinzinger H. Nitric oxide synthesis is

increased in periodontal disease. J Peri-

odontal Res 1998;33:517–518.

31. Batista AC, Silva TA, Chun JH, Lara VS.

Nitric oxide synthesis and severity of

human periodontal disease. Oral Dis 2002;

8:254–260.

32. Hirose M, Ishihara K, Saito A, Nakagawa

T, Yamada S, Okuda K. Expression of

cytokines and inducible nitric oxide syn-

thase in inflamed gingival tissue. J Peri-

odontol 2001;72:590–597.

33. Kendall HK, Haase HR, Li H, Xiao Y,

Bartold PM. Nitric oxide synthase type-II

is synthesized by human gingival tissue

and cultured human gingival fibroblasts.

J Periodontal Res 2000;35:194–200.

34. Lappin DF, Kjeldsen M, Sander L,

Kinane DF. Inducible nitric oxide syn-

thase expression in periodontitis. J Peri-

odontal Res 2000;35:369–373.

35. Geivelis M, Turner DW, Pederson ED,

Lamberts BL. Measurements of interleu-

kin-6 in gingival crevicular fluid from

adults with destructive periodontal dis-

ease. J Periodontol 1993;64:980–983.

36. Mogi M, Otogoto J, Ota N, Inagaki H,

Minami M, Kojima K. Interleukin 1b,
interleukin 6, b2-microglobulin, and

transforming growth factor-a in gingival

crevicular fluid from human periodontal

disease. Arch Oral Biol 1999;44:535–539.

37. Tamura T, Udagawa N, Takahashi N

et al. Soluble interleukin-6 receptor trig-

gers osteoclast formation by interleukin 6.

Proc Natl Acad Sci USA 1993;90:11924–

11928.

38. Liu XH, Kirschenbaum A, Yao S, Levine

AC. Cross-talk between the interleukin-6

and prostaglandin E2 signaling systems

results in enhancement of osteoclastogen-

esis through effects on the osteoproteger-

in/receptor activator of nuclear factor-jB
(RANK) ligand/RANK system. Endocri-

nology 2005;146:1991–1998.

39. Wang J, Mazza G. Inhibitory effects of

anthocyanins and other phenolic

compounds on nitric oxide production in

LPS/IFN-c-activated RAW 264.7 macro-

phages. J Agric Food Chem 2002;50:850–

857.

40. Jun M, Hong J, Jeong WS, Ho CT.

Suppression of arachidonic acid metabo-

lism and nitric oxide formation by

kudzu isoflavones in murine macro-

phages. Mol Nutr Food Res 2005;49:1154–

1159.
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