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Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia are periodontal pathogens associated
with the etiology of adult periodontitis as polymicrobial infections. Recent studies demonstrated that oral
infection with P. gingivalis induces both periodontal disease and atherosclerosis in hyperlipidemic and
proatherogenic ApoEⴚ/ⴚ mice. In this study, we explored the expression of microRNAs (miRNAs) in maxillas
(periodontium) and spleens isolated from ApoEⴚ/ⴚ mice infected with P. gingivalis, T. denticola, and T. forsythia
as a polymicrobial infection. miRNA expression levels, including miRNA miR-146a, and associated mRNA
expression levels of the inflammatory cytokines tumor necrosis factor alpha (TNF-␣) and interleukin-1␤
(IL-1␤) were measured in the maxillas and spleens from mice infected with periodontal pathogens and
compared to those in the maxillas and spleens from sham-infected controls. Furthermore, in response to these
periodontal pathogens (as mono- and polymicrobial heat-killed and live bacteria), human THP-1 monocytes
demonstrated similar miRNA expression patterns, including that of miR-146a, in vitro. Strikingly, miR-146a
had a negative correlation with TNF-␣ secretion in vitro, reducing levels of the adaptor kinases IL-1 receptorassociated kinase 1 (IRAK-1) and TNF receptor-associated factor 6 (TRAF6). Thus, our studies revealed a
persistent association of miR-146a expression with these periodontal pathogens, suggesting that miR-146a may
directly or indirectly modulate or alter the chronic periodontal pathology induced by these microorganisms.
reservoirs for the systemic spread of bacterial antigens, bacteria, cytokines, and proinflammatory mediators. Several previously reported observational studies investigated the associations between periodontal disease and cardiovascular disease
in human populations (30, 37, 42). Recently, many studies
demonstrated the presence of genomic DNAs from several
periodontal bacteria, including P. gingivalis, T. forsythia, and T.
denticola, in atherosclerotic lesions (16, 21, 36). Among periodontal pathogens, P. gingivalis genomic DNA is the most
frequently detected, followed by T. denticola and T. forsythia.
Furthermore, these pathogens elaborate an array of potential virulence determinants such as potent extracellular proteinases and other enzymes, including P. gingivalis RgpA and
RgpB and Kgp gingipain cysteine proteinases; T. denticola
chymotrypsin-like protease, phospholipase C, oligopeptidase,
and endopeptidase; and T. forsythia cysteine protease, BspA,
and sialidase, which contribute to their colonization in diseased sites and induce periodontal soft and hard tissue destruction consistent with periodontitis (10, 17, 39). We have recently
demonstrated that these three pathogens with and without
Fusobacterium nucleatum not only exist as a pathogenic complex that is associated with chronic periodontitis in humans but
also induce synergistic virulence, which is characteristic of
polymicrobial periodontitis (19).
MicroRNAs (miRNAs) were first described for Caenorhabditis elegans (23, 50). Subsequent work demonstrated that these
molecules are noncoding double-stranded RNAs consisting of
RNase III-processed ⬃23-nucleotide sequences that mediate
gene silencing via the RNA interference mechanism (2).
miRNAs have since been identified in vertebrates and have
been suggested to regulate a significant fraction of cellular

Periodontitis is an oral disease driven by bacterial pathogens, with an associated aggressive immune and inflammatory
activation affecting the connective tissue surrounding the teeth,
leading to tooth loss, and is a globally distributed chronic
disease in humans. Periodontal diseases affect up to 20% of the
population worldwide, and no single bacterial species has been
identified as an initiating factor in either the destruction of
the periodontium or the associated destructive immune and
inflammatory responses. However, periodontal diseases are
polymicrobial in nature, with more than 450 species colonizing
diseased subgingival cavities (1, 38). Socransky and colleagues
(45) have reported seminal data on the complexity of the oral
subgingival plaque and suggested five major bacterial complexes and several microbial species. One complex, consisting
of Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola as specific bacterial components, was more
frequently identified, and these species were found in higher
numbers in cases of adult periodontitis. This bacterial complex
was also positively correlated with gingival pocket depth and
bleeding upon probing, which are measures of periodontal
tissue destruction (34, 44, 45). Several previously reported
studies suggested that periodontal-disease-associated bacteria
can penetrate gingival tissues, enter the bloodstream, and potentially induce transient bacteremia (11, 20). In addition, periodontal lesions are recognized as being continually renewing
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mRNAs. Recently, miRNAs have been shown to regulate a
diverse set of biological functions, including diverse actions
such as the regulation of developmental timing, differentiation
of cells, and development of cancers (2). Recent studies suggested that bacterial, parasite, and viral infections of mammalian cells and plant cells can modulate miRNA expression (9,
24). Importantly, miRNA miR-146a was demonstrated to play
an important role in innate immunity by regulating cytokine
production in response to microbial ligands by various mechanisms, such as endotoxin tolerance (32) as well as crosstolerance (33). Cremer et al. (7) previously demonstrated that
infection with the less virulent organism Francisella novicida in
mice strongly induces miR-155 expression in lung, liver, and
spleen in a Toll-like receptor (TLR)-dependent manner, while
the virulent organism Francisella tularensis does not. This indicates that miR-155 is a component of the host defense
against Francisella species, and the differences in the miR-155
responses to these two subspecies may help explain the success
of F. tularensis as an infectious agent in humans (7). Another
study investigated the differential regulation of miR-155 by the
bacterium Helicobacter pylori, which induces ulcers and cancers, mainly in T cells in a cyclic AMP (cAMP)-forkhead box
P3 (Foxp3)-dependent manner. These are underlying bacterial
and host mechanisms associated with their regulation during
the course of an infection in vitro (8). Most recent studies
demonstrated that tooth development is tightly controlled by
discrete sets of miRNAs and that specific miRNAs regulate
tooth epithelial stem cell differentiation (6). Despite several
reports of the role of miRNAs in the regulation of innate and
adaptive immune responses, nothing is known about the
miRNA-mediated regulation of oral infection with periodontal
pathogens during experimental periodontal disease.
The polymicrobial periodontal disease model has been developed with P. gingivalis, T. denticola, and T. forsythia to provide a model for clinical disease outcomes in the context of
specific microbial complex colonization, synergism for colonization, and progression to periodontal disease (19) and also to
examine the potential of P. gingivalis for bacterial dissemination, the upregulation of the inflammatory response, and/or
the exacerbation of atherosclerosis (22, 37). Recent studies
have summarized the role of miRNAs in arterial remodeling
and atherosclerosis and putative roles of miRNAs in vascular
inflammation (47) through the regulation of the differentiation
and functions of immune cell subsets (49). This report examines miRNA (miR-146a, miR-132, and miR-155) expression
induced by infection with the polymicrobial periodontal pathogens P. gingivalis, T. denticola, and T. forsythia in the mouse
periodontium and spleen. Our findings suggest that miR-146a
is upregulated in localized as well as systemic manners during
periodontal pathogen infections, where miR-146a may contribute to the control of the resulting periodontal inflammation.
MATERIALS AND METHODS
Bacterial strains and microbial inocula. P. gingivalis FDC 381, T. denticola
ATCC 35404, and T. forsythia ATCC 43037 were used in this study and were
cultured anaerobically at 37°C as well as maintained for mouse infection as
described previously (19). The concentration of each bacterium was determined
quantitatively, and the organism was resuspended in reduced transport fluid at
1 ⫻ 1010 bacteria per ml (19). For oral polymicrobial infection, P. gingivalis was
gently mixed with an equal volume of T. denticola and allowed to interact for 5
min; subsequently, T. forsythia was added to the tubes containing P. gingivalis and
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T. denticola, and the bacteria were mixed gently for 1 min and allowed to interact
for an additional 5 min. Bacteria were then mixed with an equal volume of sterile
4% (wt/vol) low-viscosity carboxymethylcellulose (CMC; Sigma-Aldrich, St.
Louis, MO) in phosphate-buffered saline (PBS) and were used for oral infection
(5 ⫻ 109 cells per ml) in 2% CMC as described previously (19).
ApoEⴚ/ⴚ mouse infection and sampling. ApoE⫺/⫺ mice are used as the model
for atherosclerosis, and recently, several studies used ApoE⫺/⫺ mice to investigate the role of P. gingivalis in the induction of atherosclerosis (14, 22). Eightweek-old male ApoE⫺/⫺ B6,129P2-Apoetm1Unc/J mice (Jackson Laboratories,
Bar Harbor, ME) were maintained in groups and housed in microisolator cages.
Mice were fed standard chow and water ad libitum and were kept at 25°C with
alternating 12-h periods of light and dark. All mouse procedures were performed
in accordance with the approved protocol (protocol number F173) guidelines set
forth by the Institutional Animal Care and Use Committee of the University of
Florida. In addition, adequate measures were taken to minimize pain or discomfort to mice during oral infection and sampling. Mice were administered sulfamethoxazole (0.87 mg/ml) and trimethoprim (0.17 mg/ml) daily for 10 days in the
drinking water (22), and the oral cavity was swabbed with 0.12% chlorhexidine
gluconate (Peridex 3 M; ESPE Dental Products, St. Paul, MN) mouth rinse (19,
41) to inhibit the endogenous organisms and to promote subsequent colonization
with P. gingivalis, T. denticola, and T. forsythia (19). After a 3-day antibiotic
washout period, mice were randomized into two groups, followed by oral infection. The polymicrobial inocula (5 ⫻ 109 cells per ml; 1 ⫻ 109 cells in 0.2 ml per
mouse; 3.3 ⫻ 108 P. gingivalis, 3.3 ⫻ 108 T. denticola, and 3.3 ⫻ 108 T. forsythia
bacteria) were administered orally to mice (n ⫽ 15) for 4 consecutive days per
week on 8 alternate weeks for a total of 32 inoculations during 16 weeks of the
experimental polymicrobial infection period. Sham-infected control mice (n ⫽
10) received vehicle (sterile 2% CMC) only. Oral microbial samples from isoflurane-anesthetized mice were collected at postinfection time points as described previously (19). Following 16 weeks of bacterial infection, ApoE⫺/⫺ mice
were killed, blood was collected, and spleens and right maxillas (periodontium)
with three molars were used for this miRNA expression study.
Cell culture and bacterial stimulation. Human THP-1 cells, an undifferentiated promonocytic cell line, were obtained from the American Type Culture
Collection (ATCC) (Manassas, VA). Cells were maintained by twice-weekly
passage in RPMI 1640 medium containing 25 mM HEPES and L-glutamine
(BioWhittaker, Walkersville, MD), 10% fetal bovine serum (Mediatech, Manassas, VA), and 100 units/ml penicillin-streptomycin (Mediatech) at 37°C with 5%
CO2. Log-phase cells were used for all experiments and were cultured at a
density of 5 ⫻ 105 cells per ml. In all experiments, trypan blue exclusion was
performed to demonstrate cell viability where cells that were ⬎95% viable were
considered for infection studies. For examining bacterium-induced miRNA and
cytokine production, P. gingivalis, T. denticola, and T. forsythia were grown until
mid-log phase and then harvested and placed into sterile saline, followed by
killing at 65°C for 30 min as described previously (31). Heat-killed (HK) bacteria
were then washed three times with sterile saline and used at an MOI (multiplicity
of infection) of 10. THP-1 monocytes were suspended in complete RPMI 1640
culture medium and seeded at 5 ⫻ 105 cells per ml in a 24-well plate. Cells were
then stimulated with HK and infected with live P. gingivalis, T. denticola, and T.
forsythia (as mono- and polymicrobial infections) at an MOI of 10. THP-1 cells
were harvested at various time points over 72 h, and culture supernatants were
collected and stored at ⫺80°C until assayed for cytokines levels. The cell pellet
was washed in sterile PBS and stored in RNAlater (Ambion, Austin, TX) at 4°C
or frozen at ⫺80°C for total RNA isolation for subsequent analyses.
Quantification of miRNA and mRNA expression levels by qRT-PCR. An
aliquot of spleen (⬃50 mg from each mouse) and entire maxilla was homogenized by using 1.0-mm silicon carbide beads (BioSpec Products Inc., Bartlesville,
OK). Total RNA from the homogenized samples was prepared by using the
mirVana miRNA isolation kit (Ambion, Austin, TX) according to the manufacturer’s protocol. Similarly, total RNA from bacterium-treated and untreated
THP-1 cells was prepared by using the mirVana miRNA isolation kit. The RNA
yield and purity were determined by using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technology Inc., Wilmington, DE), and equal amounts of
each RNA (A260/A280 ⫽ ⬃2.0; 6.7 ng for miRNA) were used for quantitative
stem-loop reverse transcription and quantitative real-time PCR (qRT-PCR)
analysis. Quantification of mature miRNA expression was performed by using
the TaqMan microRNA reverse transcription kit, TaqMan Universal PCR master mix, and TaqMan microRNA assay primers of interest for human miRNAs
(Applied Biosystems, Foster City, CA). For mRNA analysis, a high-capacity
cDNA RT kit (Applied Biosystems, Foster City, CA) and TaqMan mRNA assay
primers (Applied Biosystems, Foster City, CA) for tumor necrosis factor alpha
(TNF-␣), interleukin-1␤ (IL-1␤), IL-6, IRAK-1 (IL-1 receptor-associated kinase
1), and TRAF6 (TNF receptor-associated factor 6) were used with 33 ng of total
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FIG. 1. Polymicrobial infection with the periodontal pathogens P. gingivalis, T. denticola, and T. forsythia elicits miRNA in spleen and maxilla
following 16 weeks of periodontal disease in ApoE⫺/⫺ mice. Total RNAs from spleen and maxilla were isolated as described in Materials and
Methods and were analyzed by qRT-PCR for the expression of miR-146a (A and B), miR-132 (C and D), and miR-155 (E and F). Data points
and error bars represent means ⫾ SD for infected (n ⫽ 15) and sham-infected control (n ⫽ 10) mice.

RNA per reaction. The cycle threshold (CT) values, corresponding to the PCR
cycle number at which fluorescence emission reaches a threshold above baseline
emission, were determined, and miRNA expression values were calculated using
abundant RNU44 (human monocytes) or snoRNU202 (mouse) as an endogenous control (Applied Biosystems) according to the 2⫺⌬⌬CT method (28). mRNA
for gene expression values was quantified in the same way after normalization to
mammalian 18S rRNA. The fold changes in miRNA expression were calculated
by comparing the value of treated THP-1 monocytes to that of untreated samples
cultured in parallel or by comparing the values of infected versus control tissues.
Cytokine assays. Following HK and/or live bacterium induction of THP-1
monocytes, the kinetics of cytokine secretion were examined. Log-phase THP-1
monocytes were stimulated or infected with P. gingivalis, T. denticola, and T.
forsythia either as a mono- or polymicrobial infection at an MOI of 10 and
harvested at different time points from 4 to 72 h postinfection to assess cytokine
expression. Secreted TNF-␣, interleukin-8 (IL-8), or IL-1␤ proteins in the supernatants were measured by an enzyme-linked immunosorbent assay (ELISA)
using an Opt EIA kit as recommended by the manufacturer (BD Biosciences,
San Diego, CA). The absorbance was measured at 405 nm using a microplate
reader (model 680; Bio-Rad). The optical density at 405 nm (OD405) was converted into concentrations using standard curves of the respective recombinant
cytokines.
Western blot analysis. THP-1 cells (5 ⫻105 cells per condition) were treated
with or without HK bacteria (MOI of 10), incubated for 2 h and 4 h in a CO2
incubator at 37°C followed by centrifugation (1,000 ⫻ g for 10 min), and lysed on
ice for 10 min in 0.2 ml of lysis buffer (50 mM HEPES [pH 7.6], 150 mM NaCl,
1 mM EDTA, 1% Nonidet P-40, 20 mM ␤-glycerophosphate, 1 mM Na3VO4, 1
mM NaF, 1 mM benzamidine, 5 mM para-nitrophenyl phosphate, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and Complete protease inhibitor
mixture [Roche Diagnostic, Indianapolis, IN]) (32). Supernatants were collected
after centrifugation at 12,000 ⫻ g for 20 min at 4°C. Soluble lysates were
quantitated for protein concentrations by using a Bio-Rad protein assay kit
(Bio-Rad, Hercules, CA), separated by SDS-PAGE (10% acrylamide) along with
Precision Plus protein standards (Bio-Rad), and electrotransferred onto a polyvinylidene difluoride membrane (Bio-Rad). The membranes were then blocked
for 1 h at room temperature or overnight at 4°C with 5% nonfat milk in PBS–
0.05% Tween 20 (PBS-T) and were probed with primary rabbit anti-IRAK-1 or
anti-TRAF6 antibody at a concentration of 1:200 (Santa Cruz Biotechnology,
Santa Cruz, CA). The membranes were washed three times with PBS-T and
incubated for 1 h with goat anti-rabbit IgG-horseradish peroxidase at a concentration of 1:5,000 (Southern Biotechnology, Birmingham, AL). After washing

with PBS-T, reactive protein bands were visualized with Super Signal Pico chemiluminescent reagent (Pierce, Rockford, IL). As a loading control, tubulin was
blotted with mouse anti-tubulin (1:5,000; Sigma-Aldrich, St. Louis, MO).
Statistical analysis. Data are presented in figures as means ⫾ standard deviations (SD). For multiple-group comparisons, a one-way analysis of variance
(P ⬍ 0.05) was performed, followed by the two-sided, unpaired Student t test as
described previously by Shaffer (43). The unpaired, two-tailed Student t test was
used to compare two independent groups. For all statistical analyses, Prism for
Windows, version 5.0 (GraphPad Software, San Diego, CA), was used, and a P
value of ⬍0.05 was considered statistically significant.

RESULTS
miR-146a expression in maxilla and spleen. Previously,
miRNA expression kinetics were observed in vitro in a cellbased model in response to Gram-positive and Gram-negative
bacterial components (32, 46). This is the first report of
miRNA expression observed for the maxilla and spleen from
ApoE⫺/⫺ mice infected with P. gingivalis, T. denticola, and T.
forsythia by qRT-PCR analysis and is consistent with in vitro
findings. As shown in Fig. 1, the fold changes in miRNA expression were calculated by comparing the value of the infected mouse group (n ⫽ 15) to that of the sham-infected
control group (n ⫽ 10) after normalization to snoRNA202.
Interestingly, miR-146a showed a significant increase (P ⬍
0.001) in levels in spleens of mice infected with periodontal
pathogens compared to the sham-infected control spleens (Fig.
1A). Similarly, Fig. 1B shows significant changes (P ⬍ 0.001) in
miR-146a expression in the maxilla from mice exposed to P.
gingivalis, T. denticola, and T. forsythia. On the other hand,
levels of miR-132 and miR-155 did not change significantly in
either the spleen or maxilla (Fig. 1C to F), but a few animals
expressed over a 5-fold increase in levels of miR-132 and
miR-155 in the maxilla. Notably, during this polymicrobial
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FIG. 2. Polymicrobial infection with P. gingivalis, T. denticola, and T. forsythia induces proinflammatory cytokine responses in spleen and maxilla
in ApoE⫺/⫺ mice. Total RNAs from spleen and maxilla were analyzed by qRT-PCR for the expression of TNF-␣ (A and B), IL-1␤ (C and D),
and IL-6 (E and F). The data are shown as means ⫾ SD for infected (n ⫽ 15) and sham-infected control (n ⫽ 10) mice.

exposure, only miR-146a had persistent expression both locally
in the maxilla and systemically in the spleen.
Cytokine mRNA expression in maxilla and spleen. In periodontal inflammation, cytokines (IL-1␤, TNF-␣, and IL-6) are
expressed by infiltrating cells such as neutrophils, monocytes/
macrophages, dendritic cells, T cells, and plasma cells. The
expressions of many cytokines, including TNF-␣, as well as a
few miRNAs, including miR-146a, are known to be NF-B
dependent. Following miR-146a expression in the periodontium and spleen, the expressions of the cytokines TNF-␣, IL1␤, and IL-6 were examined in the same RNA samples, as
shown in Fig. 2. The fold changes in mRNA expression were
calculated by comparing the value for infected mice to that for
sham-infected mice after normalization to 18S rRNA. As
shown in Fig. 2A, the TNF-␣ mRNA expression level was
significantly increased (P ⬍ 0.01) in the spleens isolated from
infected mice compared to uninfected controls, whereas no
significant changes were observed for maxilla samples (Fig.
2B). The level of the proinflammatory cytokine IL-1␤ showed
a significant increase in both spleen (P ⬍ 0.01) and maxilla
(P ⬍ 0.05) isolated from mice infected with P. gingivalis, T.
denticola, and T. forsythia compared to the sham-infected controls (Fig. 2C and D), whereas the bone-resorbing cytokine
IL-6 was minimally expressed in spleen and maxilla (Fig. 2E
and F). Strikingly, the level of TNF-␣ was not significantly
different in maxillas of mice infected with P. gingivalis, T. denticola, and T. forsythia, possibly due to higher levels of miR146a expression found in the maxilla, as shown in Fig. 1B.
IRAK-1 and TRAF6 mRNA expressions in maxilla and
spleen. IRAK-1 and TRAF6 are considered to be important
adaptor kinases expressed during signal transduction following
bacterial ligand stimulation. These adaptor molecules are targeted by miR-146a, as predicted by TargetScan algorithms
(www.targetscan.org) (12) and as experimentally documented
by Taganov et al. (46). As shown in Fig. 3, the expressions of
these molecules in the maxilla and spleen isolated during periodontal disease in mice were analyzed by qRT-PCR. The fold

changes in mRNA expression were calculated by comparing
the value for infected mice to that for sham-infected mice after
normalization to 18S rRNA. Neither the IRAK-1 nor the
TRAF6 adaptor kinase showed significant changes in spleen or
maxilla of mice infected with P. gingivalis, T. denticola, and T.
forsythia in comparison to the sham-infected controls, which
indicates that miR-146a may have an effect at the posttranscriptional level.
Cytokine expression in THP-1 monocytes stimulated by HK
and live bacteria. Bacteria or cellular components are potent
stimulators of monocytes and macrophages. Bacteria and bac-

FIG. 3. Expression of IRAK-1 and TRAF6 in response to polymicrobial (P. gingivalis, T. denticola, and T. forsythia) infection in spleen
and maxilla following 16 weeks of periodontal disease in ApoE⫺/⫺
mice. Total RNAs from spleen and maxilla were analyzed by qRTPCR for the expression of IRAK-1 (A and C) and TRAF6 (B and D).
The data are shown as means ⫾ SD for infected (n ⫽ 15) and shaminfected control (n ⫽ 10) mice.
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FIG. 4. Monomicrobial (P. gingivalis [Pg], T. denticola [Td], or T.
forsythia [Tf]) and polymicrobial (P. gingivalis, T. denticola, and T.
forsythia) stimulation and infection of THP-1 monocytes and induction
of proinflammatory cytokines or chemokines. THP-1 cells were stimulated with HK and live bacteria (MOI of 10) as mono- and polymicrobial infections for up to 72 h. (A and C to F) Supernatants were
collected from THP-1 cells treated with HK and live bacteria at the
indicated time points, and concentrations of TNF-␣ (A and E), IL-8 (C
and F), and IL-1␤ (D) were measured by ELISA (A, C, and D).
(B) Total RNAs from cell pellets of untreated and treated THP-1
monocytes were analyzed by qRT-PCR for TNF-␣ mRNA. All results
are expressed as means ⫾ SD from three independent experiments. *,
P ⬍ 0.05; **, P ⬍ 0.01 (compared with untreated THP-1 cells).

terial components have been shown to induce a diverse array
of inflammatory mediators, including TNF-␣, in vitro as well as
under in vivo or ex vivo conditions (13, 15, 29). Innate immune
cells such as activated tissue macrophages are closely associated with acute inflammation and also arterial atherosclerosis
development and progression to unstable thrombotic plaque.
Human THP-1 monocytes have been well described in studies
of TLR signaling and were used in this study for the analysis of
potential effects of polymicrobial periodontal pathogen infections in vitro. Thus, the ability of HK (Fig. 4A to D) and live
(Fig. 4E and F) P. gingivalis, T. denticola, and T. forsythia
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periodontal pathogens (mono- or polymicrobial) to induce
THP-1 cells to secrete proinflammatory cytokine was evaluated. As shown in Fig. 4, for treatment with both HK and live
bacteria, TNF-␣ expression appeared within 4 h and reached
maximal levels by 8 h of stimulation, followed by a gradual
decline starting at 12 h (Fig. 4A). Among the HK periodontal
pathogens, P. gingivalis was the most potent in stimulating
TNF-␣ secretion, with up to 7,000 pg per ml detected. This
level was almost identical to the level of polymicrobial stimulation-induced secretion observed at the 4-h time point (Fig.
4A). In contrast, T. denticola was less potent for inducing
TNF-␣ secretion but still induced up to 2,500 pg TNF-␣ per ml
by 4 h. The progressive change in TNF-␣ levels was validated
at the mRNA level by qRT-PCR analysis (Fig. 4B) performed
on RNA samples collected from the same cells, as illustrated in
Fig. 4A. The kinetics of TNF-␣ mRNA expression had a similar progression compared with those of the secreted TNF-␣
protein except that the peak level of TNF-␣ mRNA was seen
at 4 h (versus the peak level of the TNF-␣ protein observed at
8 h). Interestingly, a significant increase in the level of IL-8
secretion was detected at all time points following stimulation
with all three HK bacterial species whether alone or in combination (Fig. 4C). Figure 4D shows data for IL-1␤ secretion
by these THP-1 monocytes. Among the three HK pathogens,
T. forsythia was the most potent inducer of IL-1␤ (2,500 pg per
ml) by 12 h, whereas T. denticola only moderately induced
IL-1␤ (1,300 pg per ml) after 72 h. In contrast, polymicrobialinfection-induced IL-1␤ levels were similar to T. forsythia levels. In comparison to HK bacterial stimulation, for infection of
THP-1 cells with live bacteria, T. forsythia was the most potent
at inducing TNF-␣, and T. denticola was the least potent infecting bacterium (Fig. 4E). However, the kinetics of TNF-␣
progression by live monoinfection and P. gingivalis, T. denticola, and T. forsythia polymicrobial infection were lower than
those with HK bacterial stimulation (Fig. 4A). Similarly to HK
bacteria, significant increases in levels of IL-8 were observed
with infection by all three live bacteria whether alone or in
combination (Fig. 4F).
Kinetics of miRNA expression in THP-1 monocytes stimulated by HK and live bacteria. In addition to cytokine analyses,
THP-1 monocytes are frequently used to examine innate immune ligand-induced miRNA expression. Previously, with
THP-1 monocytes, miRNA expression was observed in response to bacterial ligands such as lipopolysaccharide (LPS)
from Salmonella enterica serotype Minnesota (32). Thus,
THP-1 monocytes were used to examine the kinetics of miR146a, miR-132, and miR-155 expression following HK bacterial stimulation and live periodontal pathogen infection (Fig.
5). For both mono- and polymicrobial HK bacterial stimulation, the same RNA samples analyzed in Fig. 4B were analyzed
for miR-146a expression, showing a significant increase of
7-fold after 8 h and gradually increasing up to 22-fold at 72 h
compared to controls (Fig. 5A). Remarkably, there was a minimal difference in miR-146a expression levels between monoand polymicrobial HK bacterial stimulations at each of the
time points analyzed. Similarly, both mono- and polymicrobial
infections induced significant (10- to 40-fold change) levels of
miR-146a expression in THP-1 cells compared to controls. T.
denticola infection induced lower (10-fold change) levels of
miR-146a expression than did other infections (Fig. 5D). In

1602

NAHID ET AL.

INFECT. IMMUN.

FIG. 5. Elevated levels of expression of miR-146a and miR-132, but not miR-155, demonstrated in response to monomicrobial (P. gingivalis,
T. denticola, or T. forsythia) and polymicrobial (P. gingivalis, T. denticola, and T. forsythia) stimulations (HK bacteria) and infection with live bacteria
in THP-1 monocytes in vitro. The same RNA samples as those used for Fig. 4 were analyzed for miR-146a (A and D), miR-132 (B and E), and
miR-155 (C and F) expressions by qRT-PCR as described in Materials and Methods. Data are expressed as means ⫾ SD from three independent
experiments. *, P ⬍ 0.05; **, P ⬍ 0.01 (compared with untreated cells).

general, the level of miR-146a expression was higher for live
infections than for HK bacterial stimulation (Fig. 5A). miR132 levels were the highest (17- to 18-fold) when induced by P.
gingivalis, T. forsythia, or the polybacterial stimulation at the 8to 12-h time points, and expression then declined gradually
(Fig. 5B). Similarly, miR-132 showed the highest expression
level with live T. forsythia infection at 8 and 12 h and with
polymicrobial infection at 12 h (Fig. 5E). T. denticola did not
cause significant changes in miR-132 expression, whereas polymicrobial infection induced similar or higher levels of expression than did infection with individual species. In addition, the
miR-132 expression level was lower for live infection (Fig. 5E)
than for HK bacterial stimulation (Fig. 5B). However, no significant changes in expression levels were observed for miR155 with either HK or live bacterial infection (Fig. 5C and F).
Kinetics of adaptor kinase expression in THP-1 monocytes
stimulated by HK bacteria. The adaptor kinases IRAK-1 and
TRAF6 are involved in transcriptional factor activation and
are regulated by miR-146a (32, 46). Thus, Fig. 6A and B
demonstrate the respective increases in IRAK-1 and TRAF6
mRNA expression levels for both mono- and polymicrobial
stimulations at 4 h and decreases by 8 h or subsequent time
points, in line with the elevated expression level of miR-146a
starting at 8 h, as shown in Fig. 4A. IRAK-1 and TRAF6 were
affected not only at the mRNA level but also at the posttranscriptional level, as demonstrated by Western blot analysis

(Fig. 6C). The IRAK-1 and TRAF6 proteins are more sensitive
to degradation during bacterial ligand stimulation, and thus, a
moderate reduction in levels of the IRAK-1 and TRAF6 proteins was observed at 2 h and subsequent time points in response to the HK bacterial treatment compared to that of the
unstimulated control. Taken together, these data suggest that
periodontal pathogens induce miR-146a expression, which affects cytokine expression kinetics and in turn may interfere
with pathogen-induced periodontitis.
DISCUSSION
MicroRNAs are a new class of regulatory RNAs which have
significant roles in many physiological and pathological processes in human diseases, including cardiac arrhythmias, ischemic heart disease, cardiac hypertrophy, viral hepatitis, and
diabetes (25). miRNAs such as miR-146a are implicated in
inflammatory diseases and cancer and during viral infection (3,
5, 18). Notably, miRNAs negatively regulate the dynamic
changes in proinflammatory gene expression during the activation of the innate immune response, particularly in the regulation of TLR4 signaling (25, 51). Furthermore, miR-146a is
critical for in vitro monocytic cell-based endotoxin tolerance
(32). Bacterial and protozoan pathogens also induce miR-155
and regulate proinflammatory cytokine responses, suggesting a
specific role for miRNA in the host response to infection. In

VOL. 79, 2011

FIG. 6. Expression of IRAK-1 and TRAF6 in response to monomicrobial (P. gingivalis, T. denticola, or T. forsythia) and polymicrobial
(P. gingivalis, T. denticola, and T. forsythia) HK bacterial stimulation in
THP-1 monocytes in vitro. (A and B) The same RNA samples as those
used for Fig. 4 were analyzed by qRT-PCR for IRAK-1 and TRAF6
mRNAs. All results are expressed as means ⫾ SD from three independent experiments. *, P ⬍ 0.05 compared with the control. (C) Protein levels of IRAK-1 and TRAF6 in HK bacterium-stimulated and
unstimulated THP-1 cells were analyzed by Western blotting, with
tubulin expression shown as a loading control.

addition, previously reported studies indicated that specific
miRNAs, such as miR-155, miR-21, and miR-126, contribute
to vascular disease progression and inflammation (47). Bacterial components and, as determined more recently, whole bacteria such as H. pylori induce miR-146a expression in various
cell lines (27). However, miR-146a expression and its potential
link to periodontal bacterial infection have not been examined,
and thus, our in vivo and in vitro finding of miR-146a expression associated with infection with P. gingivalis, T. denticola,
and T. forsythia is novel.
P. gingivalis, T. denticola, and T. forsythia are frequently
detected in periodontal sites during chronic infection (34, 45).
In this report, mice chronically infected with major periodontal
pathogens demonstrated consistent miR-146a expression both
locally in the maxilla and systemically in the spleen. These
localized and systemic expressions suggest that miR-146a ex-
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pression might be due to a bacterial presence and/or inflammation in periodontium and spleen, also based upon the finding that genomic DNA from P. gingivalis, T. denticola, or T.
forsythia was detected in oral plaque samples, liver, aorta,
heart, and spleen (data not shown). We have also shown that
miR-132 and miR-155 expression levels were not statistically
significant but that some infected mice had higher levels detected. Thus, miR-146a is highly induced by Gram-negative
anaerobic periodontal pathogens (P. gingivalis, T. denticola,
and T. forsythia) during polymicrobial periodontal disease.
These three major periodontal pathogens possess a broad
array of virulence factors, and additionally, their cell wall components, such as peptidoglycan and LPS, trigger periodontal
inflammation, and the host immune/inflammatory responses
lead to gingival connective tissue and alveolar bone losses. The
incidence and rate of progression of periodontitis involve synergistic interactions among periodontopathic bacteria and/or
between periodontopathic bacteria and host cells such as gingival fibroblasts, periodontal ligament cells, neutrophils, monocytes/macrophages, dendritic cells, T cells, and B cells. Interactions of bacteria and host cells lead to the host cell secretion
of various cytokines and chemokines, including IL-1␤, IL-1␣,
TNF-␣, IL-6, IL-10, and IL-8, as well as prostaglandin E2
(PGE2) and matrix metalloproteinases (MMPs), which have
been identified in periodontitis lesions from patients with adult
periodontitis at higher levels than at healthy sites (26). However, the inflammatory response is tightly controlled by various
innate immune regulators, including miRNA. Thus, to gain
insight into the biological significance of miR-146a expression
associated with periodontal pathogens, cytokine expression
levels were also determined in this study. The level of TNF-␣
in spleens of mice infected with P. gingivalis, T. denticola, and
T. forsythia was more significantly increased than that in the
periodontium. The increase in TNF-␣ secretion may be due to
the lower levels of miR-146a in spleens than in the periodontium. However, additional studies are required to clarify the
mechanism of miR-146a expression during infection. Measurements of IL-1␤ mRNA demonstrated significant increases in
levels in both the periodontium and spleen. The expression of
IL-1␤ did not show a negative correlation with miR-146a,
suggesting that more miR-146a expression might be required.
The results can be due to low levels of miR-146a causing a
negative impact on IL-1␤ expression or the involvement of
unknown factors.
Several previously reported in vitro studies have shown that
P. gingivalis, T. denticola, or T. forsythia stimulates cytokine
expression in gingival epithelial cells. Thus, to validate our in
vivo findings, a detailed time course analysis was performed for
the expression of cytokines in human monocytes (THP-1 cells)
after HK bacterial stimulation with P. gingivalis, T. denticola,
and T. forsythia. HK bacterium-stimulated THP-1 cells showed
an increase in the level of TNF-␣ expression in a time-dependent manner but also had a gradual decrease over extended
time points. In contrast, IL-8 and IL-1␤ did not show expression kinetics similar to those of TNF-␣. Interestingly, the proinflammatory cytokine IL-8 was present at similar levels for all
three HK bacterial stimulations and remained at higher levels
for several hours. The potency of all three HK bacterial species
alone or in combination with respect to cytokine excretion is
consistent with data from previously reported studies (4, 40,
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52). Sometimes, the nature of cytokine secretion varies in
monocytes, as shown previously by Zaric et al. (52). In their
study, Escherichia coli LPS-tolerized THP-1 monocytes had
reduced levels of IL-8 excretion with repeated LPS challenges,
whereas P. gingivalis-tolerized monocytes did not. More importantly, IL-1␤, IL-6, and IL-8 are present in diseased periodontal tissues, and their induction appears to play a role in periodontal inflammation. Markedly, the stimulation of IL-1␤
secretion by P. gingivalis, T. denticola, and T. forsythia may be
an important mechanism that amplifies the inflammatory response, the induction of connective tissue-degrading enzymes,
and osteoclastic alveolar bone resorption (26). Furthermore,
IL-8 as well as RANTES aid neutrophil, monocyte, and TH1
cell recruitment to the site of infection (35, 52). Previously,
cytokine expression was observed for infection with HK P.
gingivalis, T. denticola, and T. forsythia, but there has been no
report on the effect of live bacterial infection on undifferentiated THP-1 monocytes (4, 40). Thus, to mimic active infection
(which can also be considered a critical control in this study),
undifferentiated THP-1 monocytes were infected with live P.
gingivalis, T. denticola, and T. forsythia bacteria. The TNF-␣
and IL-8 production kinetics observed with the live bacterial
infection(s) were not similar to those of HK bacterial stimulation. LPS from these bacteria is thus a strong inflammatory
inducer. However, Sahingur et al. (40) showed previously that
THP-1 monocytes induce IL-1␤, IL-6, TNF-␣, and IL-8 in
response to DNA (TLR9 ligand) from P. gingivalis and T.
forsythia by binding with TLR9 through NF-B. Accordingly, in
our study HK bacteria showed a strong inflammatory response
in THP-1 monocytes, possibly through various ligand-TLR interactions. The differences in TNF-␣ expression levels between
live and HK bacteria may be due to antigenic alterations resulting in differential interactions with THP-1 cells.
Recently, miR-146a expression in LPS (Salmonella enterica
serotype Minnesota)-induced THP-1 monocytes was demonstrated to be negatively correlated with cytokine stimulation,
including TNF-␣ (32). A similar negative correlation was observed in response to LPS from P. gingivalis (data not shown),
indicating that LPS is the most potent stimulator of miR-146a
induction. However, the cell response to membrane-bound
LPS can differ from that to soluble LPS due to the fact that
lipid A is exposed to immune cells in the extracted form, as
shown previously by Van Amersfoort et al. (48). Consistent
with the LPS-induced miRNA response, a negative correlation
of TNF-␣ secretion and miR-146a expression was observed for
the HK periodontal pathogens after monocyte stimulation.
However, in comparison to HK bacteria, live infection caused
higher miR-146a expression levels after 24 h and reduced
TNF-␣ expression levels. This difference may be due to the
increased numbers of bacteria at the latter time points,
whereas the level of HK bacteria remained unchanged. Interestingly, IL-8 remained at a higher level throughout the bacterial infection or stimulation and was not negatively correlated with miR-146a expression, as IL-8 is a vital chemotactic
factor. miR-155 was shown previously to be induced by the
gastric pathogen H. pylori (8) but not by either HK or live
periodontal pathogens, indicating that the expressions of these
miRNAs might be bacterium specific as well as cell specific.
Thus, miR-155 could be considered a control miRNA that is
regulated independently from bacterial stimulation. The miR-
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132 level was increased in vitro, and significant increases were
not demonstrated for the infected mice, suggesting that the
level of miR-132 might have increased at the beginning of the
infection with P. gingivalis, T. denticola, and T. forsythia and
then diminished during subsequent infections. Thus, the expression of miR-146a both in vivo and in vitro is thought to be
a component of the host defense against periodontal pathogens, and further studies are needed to understand this mechanism.
Previously, LPS priming or miR-146a-mimicked transfection
in monocytes was found to maintain higher levels of miR-146a
expression and to lead to endotoxin tolerance by negatively
affecting the IRAK-1 and TRAF6 adaptor kinases (miR-146a
targets) at the posttranscriptional level (32). Furthermore, it
was also demonstrated that following the withdrawal of LPS,
the miR-146a expression level gradually diminished and was
correlated with recovery from endotoxin tolerance. This finding suggests the importance of the presence of higher levels of
miR-146a in maintaining tolerance. In this study, miR-146a
showed higher levels of expression in both the periodontium
and spleen, whereas the IRAK-1 and TRAF6 adaptor kinase
mRNA levels did not change. However, THP-1 monocytes
stimulated in vitro by these bacteria had reduced levels of
adaptor kinases at the protein level, again negatively correlating with miR-146a expression. Due to multiple polymicrobial
infections (similar to LPS priming), miR-146a was maintained
at a higher level in the spleen and periodontium. Thus, miR146a may play a role in regulating cytokine secretion in experimental mice, possibly by a tolerance mechanism.
In summary, our findings reveal that P. gingivalis, T. denticola, and T. forsythia upregulate miR-146a expression, which
affects cytokine excretion by targeting IRAK-1 and TRAF6
during polymicrobial-infection-induced periodontal disease.
Since miRNAs exert profound effects during the development
of disease, it is likely that miR-146a may constitute a possible
target for therapeutic interventions in periodontal disease.
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