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SUMMARY

Whereas periodontal disease is ultimately of bac-

terial etiology, from multispecies biofilms of

gram-negative anaerobic microorganisms, much

of the deleterious effects are caused by the resul-

tant epithelial inflammatory response. Hence,

development of a treatment that combines anti-

biofilm antibiotic activity with anti-inflammatory

activity would be of great utility. Antimicrobial

peptides (AMPs) such as defensins are naturally

occurring peptides that exhibit broad-spectrum

activity as well as a variety of immunomodulatory

activities. Furthermore, bacteria do not readily

develop resistance to these agents. However,

clinical studies have suggested that they do not

represent optimal candidates for exogenous ther-

apeutic agents. Small-molecule mimetics of these

AMPs exhibit similar activities to the parent pep-

tides, in addition to having low toxicity, high sta-

bility and low cost. To determine whether AMP

mimetics have the potential for treatment of peri-

odontal disease, we examined the activity of one

mimetic, mPE, against biofilm cultures of Aggre-

gatibacter actinomycetemcomitans and Porphyro-

monas gingivalis. Metabolic assays as well as

culture and biomass measurement assays dem-

onstrated that mPE exhibits potent activity

against biofilm cultures of both species. Further-

more, as little as 2 lg ml)1 mPE was sufficient to

inhibit interleukin-1b-induced secretion of

interleukin-8 in both gingival epithelial cells and

THP-1 cells. This anti-inflammatory activity is

associated with a reduction in activation of

nuclear factor-jB, suggesting that mPE can act

both as an anti-biofilm agent in an anaerobic

environment and as an anti-inflammatory agent

in infected tissues.

INTRODUCTION

Periodontitis is the most common cause of tooth loss

in adults in the USA (Borrell et al., 2005), occurring

in 15–25% of the US population. Its etiology can be

considered to be the result of bacterial colonization

by a variety of pathogenic microorganisms, including

Porphyromonas gingivalis, which is associated with

chronic periodontitis, and Aggregatibacter actinomy-

cetemcomitans, which is associated with aggressive

periodontitis. This colonization and subsequent inva-

sion into the gingival epithelium leads to an innate

immune response, including the production of such

mediators as interleukin-1 (IL-1) and tumor necrosis

factor-a (TNF-a) (Graves & Cochran, 2003). This

leads to inflammation, which ultimately results in the

bone loss seen in this disease (reviewed in Cochran,

2008). Standard treatment involves the mechanical
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removal of the biofilm but the use of systemic antibi-

otics has also been examined (reviewed in Herrera

et al., 2008), as has the identification of therapeutic

targets in the inflammatory response (reviewed in

Kirkwood et al., 2007). Although the development of

new antibiotics can temporarily address the bacterial

colonization, the increase in antibiotic-resistant organ-

isms makes this approach less effective.

Naturally occurring antimicrobial peptides have

been proposed as a novel alternative to standard

antibiotics because they exhibit broad-spectrum activ-

ity with little development of antibiotic resistance.

However, their development as exogenous antibiotics

has been hampered by a variety of factors, including

the difficulty of their large-scale production, poor tis-

sue distribution and systemic toxicity. The develop-

ment of small molecule antimicrobial peptide

mimetics has provided a novel direction for the devel-

opment of new antibiotics (reviewed in Som et al.,

2008). We recently demonstrated the potent activity

of one such compound, mPE, a mimetic whose

design was based on the amphiphilic structure of the

peptide magainin (Beckloff et al., 2007). This com-

pound was active against numerous oral pathogens,

both gram-positive and gram-negative, including bio-

film cultures of Streptococcus mutans. It also inhib-

ited the lipopolysaccharide (LPS) -mediated induction

of TNF-a from a macrophage cell line, presumably

because of its predicted binding of LPS.

Based on these results, we hypothesized that mPE

could be developed as a treatment for periodontal

disease. To examine this, we tested the ability of

mPE to kill the biofilm cultures of two periodontal

pathogens, A. actinomycetemcomitans and P. gingi-

valis. We also examined further its ability to suppress

the inflammatory response of epithelial and myeloid-

derived cells.

METHODS

Bacterial strains and culture

Aggregatibacter actinomycetemcomitans 1005 (rough

phenotype, serotype f, obtained from Dr Helen

Schreiner, New Jersey Dental School) were cultured

on TSB agar (4% trypticase soy broth, 0.6% yeast

extract, 0.8% dextrose, 0.4% NaHCO3, 75 lg ml)1

bactracin, 5 lg ml)1 vancomycin) at 37�C in 10%

CO2. Single colonies were inoculated to TSB broth

in 75-cm2 tissue culture flasks, and maintained in

culture at 37�C, 10% CO2. Bacteria were harvested

by scraping, and resuspended into 1 ml phosphate-

buffered saline. This suspension was vortexed vigor-

ously for 1 min and allowed to settle for 10 min.

The supernatant was then diluted to 2.5 · 107

before seeding into 96-well plates. These were cul-

tured at 37�C in 10% CO2 until biofilms were

formed.

Porphyromonas gingivalis strain 381 (obtained from

Dr Christopher Cutler, Stony Brook University Dental

School, NY) were cultured on TSB–blood agar (3%

trypticase soy broth, 5% defibrinated sheep blood,

5 lg ml)1 hemin, 0.5 lg ml)1 menadione, 0.2 mg ml)1

KNO3) in an anaerobic chamber (80% N2, 10% H2,

10% CO2) at 37�C. For biofilm formation, single colo-

nies were dispersed in 1 ml brain–heart infusion (BHI)

broth. The suspension was vortexed vigorously for

30 s and allowed to settle for 10 min. The supernatant

was diluted to 2.5 · 107 in BHI medium. The assay

plate (96-well or 12-well tissue culture treated plates;

BD Falcon, Bedford, MA) was pre-coated with pooled

(n = 3), clarified, filtered (0.2 lm) fresh human saliva

for 3 h at 37�C under anaerobic conditions, before

seeding with bacteria.

Antimicrobial assays

Biofilms of A. actinomycetemcomitans were cultured

into 96-well or 12-well plates (tissue culture treated,

Falcon) for 18 h; P. gingivalis biofilms were allowed

to grow for 72 h before the assay. For metabolic

assays, biofilims were grown in 96-well plates, and

serial dilutions of the mimetic compounds were made

in 100 ll RPMI-1640 without Phenol red and added

directly to the wells. Plates were cultured at 37�C in

10% CO2 for 24 h (or for the times indicated). Med-

ium was removed, and cell viability was evaluated by

XTT assay using the In Vitro Toxicology Assay kit

(Sigma, St Louis, MO) according to the manufac-

turer’s protocol. Metabolic activity was measured by

reading in a plate-reader at 450 nm. To determine

cell viability by plating, biofilms were grown in 12-well

plates, and treated with mPE as described above.

The wells were scraped using a sterile rubber scraper

until the wells were visually clear, and the scrapings

were resuspended in growth medium, and plated

onto agar. Colonies were counted after 72 h. All

assays were performed in duplicate.
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Cell culture and stimulation

The oral keratinocyte cell line OKF6/TERT (obtained

from Dr James Rhinewald, Harvard University, Cam-

bridge, MA) was cultured in keratinocyte growth med-

ium (Lonza, Basel, Switzerland) with human

epidermal growth factor and bovine pituitary extract.

Cells were subcultured in six-well dishes 18 h before

stimulation. Cells were treated with 2 lg ml)1,

5 lg ml)1 mPE with and without IL-1b stimulation

(100 ng ml)1, 24 h) for 2, 4 and 18 h. THP-1 cells

were grown in suspension in RPMI-1640 with 10%

fetal bovine serum, and stimulated similarly.

Cytokine and inflammation assays

Growth medium from stimulated cultures was col-

lected either by aspiration (from keratinocytes) or

after centrifugation at 600 g for 15 min (for THP-1

cells). Cell debris was removed by centrifugation at

8000 g for 10 min at 4�C. To quantify IL-8 levels, the

human IL-8 Single Analyte ELISArray kit (SA Bio-

sciences, Frederick, MD) was used according to the

manufacturer’s protocol. The Cellular Activation of

Signaling ELISA kit IjBa (SA Biosciences) was used

to quantify both phosphorylated and whole IjBa
levels in OKF6/TERT cells grown in a 96-well plate.

All assays were performed in duplicate.

Polymerase chain reaction

Total cellular RNA was isolated from cultures using QIA-

shredder and RNeasy Mini Kit (Qiagen, Valencia, CA).

Total RNA was reverse transcribed using a Superscript

II reverse transcriptase kit as described by the manufac-

turer (Invitrogen, CA). Quantitative polymerase chain

reaction (qPCR) was carried out using SYBR Green in

a MyiQ iCycler (Bio-Rad, Hercules, CA). A total of 1 ll

cDNA (described above) was analysed using a final

concentration of 100 nM of primers, 2· SYBR Green

PCR Master Mix (Applied Biosystems, Foster City, CA)

in a volume of 20 ll. Primer sequences were as follows:

hBD-2: forward 5¢-GATGCCTCTTCCAGGTGTTTTTG

G-3¢, reverse 5¢-TTG TTCCAGGACCACAGGTG-3¢; IL-

8: forward 5¢-GCAGCTCTGTGTGAAGGTGCAGTTTT

GC-3¢, reverse 5¢-TTTCTGTGTTGGCGCAGTGTGGT

CC-3¢; b2-microgloublin (control): forward 5¢-CTCCGT

GGCCTTAGCTGTG-3¢, reverse 5¢-TTGGAGTACGCT

GGATAGCCT-3¢.

Amplification was carried out for 50 cycles (95�C,

15 s; 60�C, 60 s). Relative mRNA levels in each sam-

ple were calculated based on its Ct value in compari-

son to the Ct of the housekeeping gene. The data

were presented as 2)DDCt, an arbitrary unit. All ampli-

fied products showed a single peak in the dissociation

curve test. Real-time qPCR was performed in tripli-

cates for each sample. This procedure was conducted

in at least three independent experiments.

RESULTS

To quantify the activity of antimicrobial peptide

mimetics on biofilms, we assayed for activity against

two bacterial species associated with periodontitis,

A. actinomycetemcomitans and P. gingivalis under

conditions that lead to biofilm formation (Kaplan

et al., 2003; Davey, 2006). We have previously pub-

lished the minimum inhibitory concentration of this

compound against these species in planktonic form

(0.4 lg ml)1 for A. actinomycetemcomitans, and

2.5 lg ml)1 for P. gingivalis) (Beckloff et al., 2007).

To assess the activity against A. actinomycetemcomi-

tans biofilms, mPE was added in two-fold dilutions

beginning at 64 lg ml)1, as in a standard minimum

inhibitory concentration assay. After 24 h, the growth

medium was replaced with RPMI (without Phenol

Red) and an XTT assay was carried out to quantify

the metabolic activity. The results in Fig. 1A demon-

strate that mPE exhibits potent antimicrobial activity

against A. actinomycetemcomitans grown in biofilms.

To confirm that a reduction in metabolic activity led to

a reduction in bacterial biofilm and viable bacteria,

we stained the wells from a separate experiment with

Crystal violet and plated the bacteria from a parallel

experiment to that shown in Fig. 1A, and showed that

the reduction in viable colonies paralleled the results

from the XTT assay (Fig. 1B). Similarly, there was a

dose-dependent reduction in Crystal violet staining,

indicating desorption of the bacteria from the biofilm.

Killing of A. actinomycetemcomitans occurs rapidly,

as demonstrated in Fig. 1C, where even a 2-h expo-

sure was sufficient to reduce metabolic activity by

60% at 16 lg ml)1. Exposures up to 6 h produced a

similar result to the 2-h exposure (not shown).

To test the activity against P. gingivalis biofilms,

we used strain 381, grown in 96-well plates under

conditions that favor biofilm formation (Davey, 2006).

The mPE was added in serial dilutions, incubated
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anaerobically for 24 h, and the medium was replaced

with XTT in RPMI-1640. Metabolic activity was quan-

tified as above. To confirm the ability of XTT to mea-

sure activity in the biofilm, the growth medium was

removed, and biomass was quantified by Crystal vio-

let staining, followed by destaining and quantification

of the optical density. The results, shown in Fig. 2,

indicate that there is a decrease in both metabolic

activity (Fig. 2A) and biofilm bacteria (Fig. 2B) to a

baseline at 4–8 lg ml)1 mPE.

To examine the effect of mPE on the inflammatory

response, we treated oral keratinocyte cells (the

OKF6/TERT cell line) and the monocytic cell line,

THP-1 with IL-1b (100 ng ml)1) in the presence of

increasing concentrations of mPE. Secreted levels of

IL-8 were measured by enzyme-linked immunosor-

bent assay (ELISA). The results shown in Fig. 3

demonstrate a dose-dependent inhibition of IL-8

secretion by mPE. This was not a result of cytotoxic-

ity, as cell viability (as measured by XTT assay and

trypan blue exclusion) was no lower than 93–96% at

the highest concentration of mPE. To determine

whether this was because of an effect on IL-8 secre-

tion or on gene regulation, we isolated mRNA from

treated cells and quantified IL-8 mRNA levels by

qPCR. The results in Fig. 4A mirror the reduction of

IL-8 protein and show that the inhibitory effect is at

the level of gene expression. There was a similar

A

B C

Figure 1 Activity of mPE against Aggregatibacter actinomycetemcomitans biofilms. Strain 1005 of A. actinomycetemcomitans was grown in

AAGM in 96-well plates until complete confluence. Two-fold dilutions of mPE were added for 24 h (A) or 5 min to 2 h (C). Medium was

removed and replaced with RPMI-1640 with XTT and grown for a further 3 h. Metabolic activity was quantified by measuring the optical den-

sity (OD) at 450 nm and 600 nm. Results are shown as % reduction in the OD450–OD600 from untreated cultures. The experiment in (A) was

carried out in triplicate, and error bars are ± SD. In (B) parallel wells were stained with Crystal violet, destained and quantified by reading

OD600; bacteria were removed and plated on AAGM agar plates to quantify viable colonies. Results are shown as % reduction from untreated

control.
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inhibitory response in steady-state mRNA levels of

another IL-1b-stimulated host defense gene, hBD-2

(Fig. 4A).

To determine whether this was the result of an

inhibition of nuclear factor-jB activation, gingival epi-

thelial cells were treated with mPE in the presence or

absence of 100 ng ml)1 IL-1b, and IjB phosphoryla-

tion levels were quantified using the CASE assay.

The results shown in Fig. 4B demonstrate a rapid,

dose-dependent reduction in IL-1b-stimulated phos-

phorylated IkB levels by mPE.

DISCUSSION

Periodontal disease is associated with the adherence

and colonization of pathogenic bacteria at the gingival

epithelium, followed by inflammation that occurs in

response to this colonization and invasion. Although

development of new antibiotics can temporarily

address this, the increase in antibiotic-resistant

organisms makes this approach less effective. As

bacteria do not readily develop resistance to antimi-

crobial peptides, their potential as therapies is great.

However, their development as exogenous antibiotics

has been hampered by a variety of factors, including

difficulty in their large-scale production. The develop-

ment of antimicrobial peptide mimetics that exhibit

broad-spectrum antimicrobial activity with low toxicity

(reviewed in Som et al., 2008) has provided a novel

direction for the development of new antibiotics. Our

earlier results demonstrated that an antimicrobial

peptide mimetic exhibited potent activity against oral

pathogens (Beckloff et al., 2007). Our results shown

here demonstrate that this mimetic exhibits potent

A

B

Figure 2 Activity of mPE against biofilms of Porphyromonas gingi-

valis. Biofilms were grown in a 96-well plate for 21 days in an

anaerobic chamber in brain–heart infusion (BHI) medium. (A) The

mPE was added for 24 h, and replaced with XTT in RPMI-1640 as

described in Fig. 1. (B) After XTT measurement, wells were stained

with Crystal violet, and staining was quantified by reading optical

density at 600 nm (OD600). Values are presented as mean ± stan-

dard deviation. The difference in both metabolic activity and OD

between the lowest concentration and 8 lg ml)1 was significant at

P < 0.002 as determined by Student’s t-test.

A

B

Figure 3 Anti-inflammatory activity of mPE. The oral keratinocyte

cell line OKF6/TERT (A) or THP-1 cells (B) were treated with

100 ng ml)1 recombinant human interleukin-1b (IL-1b) in the

presence of 0, 2 or 5 lg ml)1 mPE for 6 h (A) or 2 h (B). The con-

centration of IL-8 secreted into the medium was quantified by

enzyme-linked immunosorbent assay (SA Biosciences). No IL-8

was observed in either case in the absence of IL-1b (not shown).

The experiment was carried out in quadruplicate; error bars repre-

sent + SD. The inhibition by mPE was significant at both concentra-

tions with P < 0.01, as determined by Student’s t-test.
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activity against both A. actinomycetemcomitans and

P. gingivalis biofilms. The rapidity with which the

compound acts supports its further examination as

antibiotic therapy for periodontal disease as well as

other biofilm-related infections.

Most antimicrobial peptides act on bacterial mem-

branes, and many of them bind LPS as well (Beckloff

et al., 2007). Indeed, a computational model of mPE

demonstrates predicted binding to LPS, and incuba-

tion of mPE with macrophage cells inhibited LPS-

mediated TNF-a production, similar to that seen with

the LPS-binding antibiotic Polymyxin B (Beckloff

et al., 2007). It was therefore surprising that mPE

demonstrated similar anti-inflammatory properties

inhibiting the IL-1b-induced inflammatory response in

both epithelial and myeloid cells. This suggested that

the anti-inflammatory property may be the result of

an intracellular mechanism. Our data that mPE inhib-

ited both IL-8 protein secretion and mRNA levels, as

well as hBD-2 expression and IjB-phosphorylation,

suggest that it acts on the NF-jB signal transduction

pathway induced by IL-1b. This suggests that mPE

could also be used as an anti-inflammatory agent in

other disorders.

Anti-inflammatory properties of both synthetic and

naturally occurring antimicrobial peptides have been

observed (Capparelli et al., 2009; Mookherjee et al.,

2009; Nan et al., 2009). Furthermore, whereas some

antibiotic agents used to treat periodontal disease

can induce the production of inflammatory mediators,

at least one (Chlorhexidine) appears to reduce their

levels (Houri-Haddad et al., 2008). However, antimi-

crobial peptide mimetics have numerous advantages

over both peptides and agents such as chlorhexidine.

Specifically, the mimetics are more stable than

peptides, and are protease resistant. They are inex-

pensive to produce, and exhibit low cytotoxicity.

Hence, our demonstration of the activity of this pep-

tide mimetic against biofilms of periodontal pathogens

and its ability to suppress IL-1b-mediated cytokine

production, support its further examination as a

potential therapy for periodontal disease.
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