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Bacterial pathogens commonly associated with chronic periodontitis are the spirochete Treponema denticola and the Gram-
negative, proteolytic species Porphyromonas gingivalis and Tannerella forsythia. These species rely on complex anaerobic respi-
ration of amino acids, and the anthelmintic drug oxantel has been shown to inhibit fumarate reductase (Frd) activity in some
pathogenic bacteria and inhibit P. gingivalis homotypic biofilm formation. Here, we demonstrate that oxantel inhibited P. gin-
givalis Frd activity with a 50% inhibitory concentration (IC50) of 2.2 �M and planktonic growth of T. forsythia with a MIC of 295
�M, but it had no effect on the growth of T. denticola. Oxantel treatment caused the downregulation of six P. gingivalis gene
products and the upregulation of 22 gene products. All of these genes are part of a regulon controlled by heme availability. There
was no large-scale change in the expression of genes encoding metabolic enzymes, indicating that P. gingivalis may be unable to
overcome Frd inhibition. Oxantel disrupted the development of polymicrobial biofilms composed of P. gingivalis, T. forsythia,
and T. denticola in a concentration-dependent manner. In these biofilms, all three species were inhibited to a similar degree,
demonstrating the synergistic nature of biofilm formation by these species and the dependence of T. denticola on the other two
species. In a murine alveolar bone loss model of periodontitis oxantel addition to the drinking water of P. gingivalis-infected
mice reduced bone loss to the same level as the uninfected control.

Periodontal diseases range from the relatively mild form, gin-
givitis, to the more aggressive forms, periodontitis, which are

characterized by the destruction of the tooth’s supporting struc-
tures that can lead to tooth loss. The most common form of peri-
odontitis is chronic periodontitis. Chronic periodontitis is a major
public health problem in all societies and is estimated to affect
around 30 to 47% of the adult population, with severe forms af-
fecting 5 to 10% (1, 2).

Over the last decade, there has been a dramatic increase in the
number of studies describing relationships between chronic peri-
odontitis and systemic diseases. Epidemiological surveys have
shown that clinical indicators of periodontal disease such as tooth
loss and bleeding gums are associated with a greater risk of certain
cancers and systemic diseases and disorders such as cardiovascular
disease as well as preterm and underweight birth (3, 4). Clinical
markers of periodontitis have recently been associated with an
increased risk of cancer of the head, neck, and esophagus (5),
tongue (6), pancreas (7–9), and also inflammation in solid organ
transplant recipients (10).

The bacterial etiology of chronic periodontitis is acknowledged
to be polymicrobial in nature, and while the concepts of the roles
of particular oral bacterial species in disease have changed over the
past 2 decades, there is wide consensus that anaerobic, proteolytic,
amino-acid-fermenting species, including Porphyromonas gingi-
valis, Treponema denticola, and Tannerella forsythia, play a crucial
role (11–13). Based on animal model data, P. gingivalis has re-
cently been proposed to be a “keystone pathogen” that manipu-
lates the host response to favor proliferation of other oral bacterial
species, which then results in disease progression (12). This pro-
posal has more recently been modified to emphasize the impor-
tance of synergistic interactions between potentially pathogenic
bacterial species that result in the formation of a pathogenic poly-
microbial plaque that is composed of one or more primary and a
number of accessory bacterial pathogens expressing community

virulence factors that elicit a nonresolving and tissue-destructive
host response (12). We have previously demonstrated in a longi-
tudinal human study that the imminent progression of chronic
periodontitis could be predicted by increases in the relative pro-
portions of P. gingivalis and T. denticola in subgingival plaque
(14), which is consistent with other clinical studies demonstrating
that the proportion of P. gingivalis in the subgingival plaque bac-
terial load is predictive of human disease progression (15, 16).
When coinoculated in small animal models of periodontitis, P.
gingivalis and T. denticola exhibit a synergistic virulence (17–19).
These species also display synergistic biofilm formation (20–22)
and respond to each other’s presence by modulating the abun-
dance of a range of proteins (22).

The surface of the tooth is a unique microbial habitat in the
human body, as it is the only hard, permanent, nonshedding sur-
face of the orogastrointestinal tract. This allows the accretion of a
substantial bacterial biofilm over a lengthy period, as opposed to
mucosal surfaces, where epithelial cell shedding limits develop-
ment of the biofilm. Bacterial biofilms are defined as matrix-en-
closed bacterial populations that are adherent to each other
and/or to surfaces or interfaces (23). Sessile bacterial cells such as
P. gingivalis can release antigens, toxins, endotoxin, and hydro-
lytic enzymes, such as proteinases as well as hemagglutinins—
either directly into the surrounding milieu or associated with
outer membrane vesicles that stimulate an inflammatory immune
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response. However, the host response is not very effective at killing
bacteria within biofilms, and a chronic response can cause damage
to host tissues. The presence of biofilms therefore often compli-
cates treatment of chronic infections, including periodontitis, by
protecting bacteria from the immune system, decreasing antibiot-
ic/antimicrobial efficacy, and by allowing dispersal of planktonic
cells to distant sites spreading the infection (24, 25).

Fumarate respiration is the most widespread type of anaerobic
respiration, and fumarate is the only metabolic intermediate
known to serve as an electron acceptor, yielding �0.5 ATP/elec-
tron to form succinate as the end product (26). The P. gingivalis
fumarate reductase (Frd) is a trimeric enzyme complex that be-
longs to the succinate:quinone oxidoreductase (SQOR) family.

Anthelmintics such as oxantel, pyrantel, thiabendazole, and
morantel have been used effectively since the 1970s to eradicate
intestinal parasites, such as the whipworm, Trichocephalus trichiu-
rus, in animals and humans (27–29). The main target of some of
the anthelmintics appears to be the Frd complex of parasites that
rely on fumarate as the terminal electron acceptor in the regener-
ation of NAD�, although other effects have also been reported
(30–34).

We have previously shown that the anthelmintic oxantel not
only kills P. gingivalis but at sublethal concentrations causes it to
disperse from biofilms (35). To cause disease, P. gingivalis must
grow as part of a polymicrobial subgingival biofilm, so the use of
oxantel to remove or exclude P. gingivalis and other periodontal
pathogens from the biofilm may help to prevent development of
chronic periodontitis. In this study, we determined the effect of
oxantel on other periodontal pathogens, characterized the P. gin-
givalis transcriptome in the presence of oxantel, investigated the
effect of oxantel on polymicrobial biofilm development, and de-
termined its efficacy in an animal model of disease. Collectively,
these data indicate that oxantel may have potential for the treat-
ment of human chronic periodontitis.

MATERIALS AND METHODS
Bacterial strains and growth media. Porphyromonas gingivalis W50,
Treponema denticola ATCC 35405, and Tannerella forsythia ATCC 43037
were obtained from the culture collection of the Oral Health CRC, The
University of Melbourne. The bacteria were maintained in an anaerobic
workstation (MG500; Don Whitley Scientific) at 37°C. Planktonic P. gin-
givalis cultures were routinely grown in brain heart infusion (BHI) me-
dium containing 37 g/liter brain heart infusion (Oxoid), L-cysteine hydro-
chloride (5.0 mg/ml), hemin (5.0 �g/ml), and vitamin K (5.0 �g/ml). T.
forsythia was cultured in Trypticase soy (15 g/liter), BHI (18.5 g/liter)
supplemented with yeast extract (10 g/liter), hemin (5 mg/liter), menadi-
one (0.4 mg/liter), N-acetyl muramic acid (10 mg/liter), cysteine (0.5
g/liter), and fetal bovine serum (5% [vol/vol]). T. denticola was grown in
oral bacterium growth medium (OBGM), a modified and adapted version
of new oral spirochete medium (NOS) containing N-acetyl muramic acid
(10 mg/liter) (36) and GM-1 (17, 19, 37). Growth of bacterial cultures was
monitored by measuring absorbance at a wavelength of 650 nm (AU650),
and cells were harvested by centrifugation. Culture purity was routinely
checked by Gram staining and colony morphology.

Fumarate reductase assay. P. gingivalis W50 crude lysates were pre-
pared by repeated passage through a French pressure cell at 138 MPa, as
previously described (38). Benzyl viologen-linked reductase assays were
carried out with crude cell lysates in a 1-ml assay. The reaction mixture
contained 10 mM Tris-HCl buffer (pH 7.5) and a 0.1 mM concentration
of the electron donor benzyl viologen (Sigma). Following the addition of
bacterial lysate, 20 mM sodium dithionite (Merck) was added to the
cuvette to achieve an absorbance of between 1.0 and 1.1 at 585 nm. The

assay was initiated by the addition of a 5 mM concentration of the electron
acceptor sodium fumarate (Sigma), and the oxidation of benzyl viologen
(extinction coefficient 8.65 cm�1 mM�1) was spectrophotometrically
measured at 585 nm. Oxantel pamoate (Sigma) was added to the assay at
a range of concentrations up to 5 �M. All reagents were maintained
anaerobically. Frd activity was expressed as nmol of reduced benzyl violo-
gen oxidized min�1 mg�1 of protein.

MICs. T. forsythia and T. denticola were resuspended in fresh growth
medium to give a final cell density of 2.5 � 107 cells/ml. Oxantel pamoate
(Sigma) was dissolved in dimethyl sulfoxide (DMSO) to achieve stock
concentrations of up to 250 mM, and the MIC of oxantel was determined
essentially as described previously (35). Cell density was monitored over a
period of 110 h by measuring the absorbance of the culture at 650 nm
(A650) using a UV-visible spectrophotometer (Varian). The MIC was cal-
culated by linear regression of the growth data after 50 h of incubation
with increasing concentrations of the inhibitor (39).

Polymicrobial biofilm assay. Cultures of T. forsythia, T. denticola, and
P. gingivalis W50 were individually grown in OBGM, which was prer-
educed under anaerobic conditions for more than 24 h before use. The
cultures were grown under anaerobic conditions at 37°C until they
reached A650 values of 0.6 for T. forsythia and P. gingivalis and 0.15 for T.
denticola. Under these conditions, their viability was �90%, as deter-
mined by flow cytometry (described below).

For the polymicrobial biofilms, individual T. denticola, T. forsythia,
and P. gingivalis planktonic cultures were diluted with fresh OBGM and
combined in equal volumes to give a total cell density equivalent to an A650

of 0.15. This was immediately used as the inoculum for the polymicrobial
biofilm assay. Two milliliters of each of the combined cultures was ali-
quoted into each well of a 2-cm-diameter 12-well flat-well plate (Nunc). A
stock solution of 250 mM oxantel pamoate dissolved in DMSO or DMSO
alone to a volume of 2 �l was added to achieve final concentrations of 0,
125, and 250 �M oxantel, and the plates were incubated at 37°C anaero-
bically for 48 h. After incubation, the medium in the well was decanted.
Each well was then gently rinsed with 1 ml of OBGM to remove loosely
attached and planktonic cells. The biofilm was then mechanically re-
moved into 1 ml of OBGM, and the bacterial cells were enumerated by
flow cytometry and real-time PCR (described below).

Flow cytometry. Bacterial cells were enumerated, and viability was
determined by flow cytometery on a Cell Lab Quanta (Beckman Coulter)
using the LIVE/DEAD BacLight bacterial viability and counting kit (In-
vitrogen) according to the manufacturer’s instructions. Bacterial cell sus-
pensions were diluted in saline, and 20-�l aliquots were mixed with 180 �l
cytometry medium containing 1 �l/ml Syto9 and 1 �l/ml propidium
iodide in saline and applied to the flow cytometer.

Real-time PCR. DNA from 0.5 ml of each biofilm sample was ex-
tracted using the PowerBiofilm DNA isolation kit (Mo Bio Laboratories)
following the manufacturer’s instructions. Real-time PCR was performed
as previously described by Byrne et al. (14). Briefly, all oligonucleotide
primers targeted the 16S rRNA gene (Table 1). Real-time PCRs, previ-
ously optimized for the Corbett Rotor-Gene (Qiagen), were carried out in
triplicate, in a 25-�l reaction volume consisting of 12.5 �l Platinum SYBR
green quantitative PCR (qPCR) Supermix UDG (Invitrogen), 9.5 �l
DNase-free deionized water, a 200 n� final concentration of forward and
reverse primers, and 2 �l template. Real-time PCR conditions for all
primer pairs consisted of an initial heating step at 50°C for 2 min and
initial denaturation at 95°C for 2 min, followed by 35 cycles of denatur-
ation at 95°C for 15 s, annealing at 58°C for 30 s, and extension at 72°C for
30 s. Fluorescence data were collected immediately following the exten-
sion step of each cycle. Specificity of the primer pairs was confirmed by
melt curve analysis by heating from 72°C to 95°C in 0.2°C increments
according to the manufacturer’s instructions.

Tenfold serial dilutions of DNA of known concentration as deter-
mined using a Nanodrop fluorospectrometer ND 1000 (Thermo Scien-
tific) were used to construct standard curves for quantification of each
species. P. gingivalis has four copies of the 16S rRNA gene per genome,
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while T. denticola and T. forsythia each have two. The total cell number
and percentage of each bacterial species were then calculated for each
biofilm sample.

Continuous culture and oxantel treatment of P. gingivalis. P. gingi-
valis W50 was grown in continuous culture using a Bioflo 110 fermentor/
bioreactor (New Brunswick Scientific) with an 800-ml working volume
essentially as described previously (38). The growth medium was a dilute
modified heart infusion broth (9.25 g/liter heart infusion medium
[Oxoid], supplemented with 0.5 g/liter cysteine hydrochloride, 0.25 mg/
liter vitamin K, 5 g/liter NaCl, 2.5 g/liter Na2HPO4, 1.25 mg/liter hemin,
and 5 mg/liter resazurin). The dilution rate was 0.1 h�1, resulting in a
mean generation time of 6.9 h. The temperature of the vessel was main-
tained at 37°C, and the culture was continuously gassed with 5% CO2 in
95% N2. Cultures reached and maintained a stable cell density of �6 �
108 CFU/ml, as determined by measuring the optical density at a wave-
length of 600 nm. Oxantel treatment consisted of initially removing sam-
ples from the bioreactor for time zero (untreated controls). This was fol-
lowed by the addition of powdered oxantel pamoate directly to the
bioreactor and the medium supply reservoir to a final concentration of
125 �M. After the addition of the oxantel pamoate, cells were still under
conditions of continuous culture. Samples were taken at 30-min intervals
for 2 h. Separate bioreactors were used for individual experiments to give
four biological replicates.

Extraction of RNA for transcriptomic analyses. Extraction of total
RNA was performed as previously described (38).

Microarray hybridization and analyses. P. gingivalis W83 microarray
slides, version 1, were obtained from the Pathogen Functional Genomics
Resource Centre of the J. Craig Venter Institute. P. gingivalis W83 mi-
croarrays have previously been shown to be suitable to determine the
effects of environmental conditions on the P. gingivalis W50 transcrip-
tome due to the nearly identical genome sequences of the two strains (42).
cDNA synthesis, labeling, and microarray hybridization were all per-
formed as previously described, except that 5 �g total RNA was reverse
transcribed instead of 10 �g (38). Paired samples were compared on a
single microarray using a two-color system. Time zero control samples
were paired with each of the 30-, 60-, 90-, and 120-min samples to give a
total of 4 paired microarray hybridizations for each biological replicate
(16 microarrays in total). A balanced dye design was used, with the anal-
ysis for each biological replicate, including two microarrays in which P.

gingivalis W50 control samples were labeled with Cy3 and the paired ox-
antel-treated samples were labeled with Cy5, and two other microarrays
where samples were labeled with the opposite combination of fluoro-
phores. Image analysis was also performed as previously described, except
that print tip loess normalization was used (38).

Therapeutic murine alveolar bone loss model. BALB/c mice were
obtained from the animal facility of the Melbourne Dental School at The
University of Melbourne, and animal experimentation was approved by
the University of Melbourne Animal Ethics Committee. Six groups of 6-
to 8-week-old mice (12 animals per group) were housed in microisolators
and given kanamycin (Sigma-Aldrich) at 0.34 mg/ml in deionized drink-
ing water ad libitum for 7 days to suppress the oral microbiota. After a
3-day wash out period with no kanamycin in the drinking water, three
groups were intraorally inoculated with 1 � 1010 viable cells of P. gingi-
valis in 5% carboxymethyl cellulose (CMC) four times over a 7-day pe-
riod, while the other three groups received CMC alone (19). Three days
after the last inoculation, oxantel pamoate (0.50 mg/ml [830 �M]) or
amoxicillin (0.50 mg/ml) was added to the drinking water of two of the
inoculated groups and two of the uninoculated groups, while the third
group had no additions to the drinking water. A second round of P. gin-
givalis inoculation occurred 2 weeks after the first inoculation. After 6
weeks, the mice were euthanized, the right-half maxillae were defleshed,
and the periodontal bone level was assessed by computer-assisted image
analysis, by determining the mean area in mm2 from the cementoenamel
junction to the alveolar bone crest of the buccal aspect of each molar,
essentially as previously described (43).

RESULTS
Fumarate reductase activity. Cellular extracts of P. gingivalis
oxidized benzyl viologen upon the addition of 5 mM fumarate at a
rate of 398.3 � 94.4 nmol min�1 mg�1 protein. Addition of
oxantel pamoate resulted in a dose-dependent reduction in Frd
activity with an IC50 of 2.2 �M (Table 2).

Effect of oxantel on planktonic growth. Oxantel had negligi-
ble effects on the growth of T. denticola at concentrations of up to
1 mM (Table 3). The MIC of oxantel against T. forsythia was cal-
culated to be 295 �M (R2 	 0.9342). The MIC of oxantel against P.
gingivalis W50 has previously been shown to be 112 �M (35).
Oxantel addition at the sub-MICs of 31.25 and 62.5 �M substan-
tially slowed T. forsythia growth in a similar manner to its effect on
P. gingivalis growth (35). The effect of DMSO at the concentra-TABLE 2 Inhibition of P. gingivalis fumarate reductase by oxantela

Fumarate reductase activity
(nmol/min/mg)b

Oxantel
concn (�M) Inhibition (%)

398.3 � 94.4 0–0.5 0
282.8 � 84.0 1.0 24
185.7 � 139.7 2.5 50
27.6 � 6.5 5.0 100
a P. gingivalis cytoplasmic extracts were incubated with fumarate and a range of oxantel
concentations. Absorbance at 585 nm was monitored, and all assays contained 0.1 mM
benzyl viologen. The negative control was P. gingivalis cytoplasmic extract with no
fumarate or oxantel. The rate obtained with 5 �M oxantel was not significantly
different from the rate obtained without substrate (fumarate) or enzyme. A plot of
inhibition versus log10 oxantel concentration gave an IC50 of 2.2 �M (R 	 0.9925).
b Mean � standard deviation (n 	 3 to 5).

TABLE 3 Effect of oxantel on planktonic growth of T. forsythia and T.
denticola

Species MIC (�M)

Mean generation time (h�1) with:

DMSO
only

Oxantel

31.25 �M 62.5 �M

T. forsythia 295 20 28 35
T. denticola 
1,000a 33 27 28
a The highest concentration tested.

TABLE 1 Sequence of the 16S rRNA oligonucleotide primers used for real-time PCR enumeration of bacteria in the polymicrobial biofilms

Species

Primer
Product
size (bp)

GenBank
accession no. ReferenceForward Reverse

P. gingivalis AGGCAGCTTGCCATACTGCG ACTGTTAGTAACTACCGATGT 404 AB035456 14
T. denticola TAATACCGAATGTGCTCATTTACAT TCAAAGAAGCATTCCCTCTTCTTCTTA 316 AF139203 40
T. forsythia AAAACAGGGGTTCCGCATGG TTCACCGCGGACTTAACAGC 426 AB035460 41
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tions used in this assay on T. forsythia and T. denticola planktonic
growth was negligible.

The effect of oxantel on the P. gingivalis transcriptome. To
determine the effect of sub-MIC oxantel treatment on P. gingivalis
gene expression, the bacterium was grown in continuous culture
in heme excess until steady state was achieved. The expression of
22 genes was significantly upregulated, with a 1.4-fold or higher
change for at least one of the four time points in the 2 h after
addition of 125 �M oxtanel pamoate to P. gingivalis growing in
continuous culture at a cell density of �6 � 108 cells/ml. Sixteen
of these 22 genes were in six predicted operons, and 13 of these
genes are predicted to encode hypothetical proteins with no
known function. The expression of six genes was significantly
downregulated after oxantel treatment using the same criteria
(Table 4). Compared with the heme regulon of P. gingivalis, the 22
genes upregulated after oxantel treatment were found to be largely
a subset of the 152 genes whose expression was upregulated during
heme limitation (38). Only two genes (PG1314 and PG0218) that
were upregulated after oxantel treatment were not detected to be

significantly upregulated during heme limitation. PG1314 is in a
three-gene operon (PG1314 to -6), and PG1315 expression was
significantly upregulated under heme-limited conditions. Simi-
larly, PG0218 is part of a four-gene operon (PG0214 to -8), and
the other three genes in the operon were consistently upregulated
under heme limitation. The expression of both of PG1314 and
PG0218 was higher under heme limitation, but neither met the
cutoff criteria for significance. A comparison of the upregulated
genes indicated a significant correlation between the effect of
oxantel and heme limitation on gene expression, (y 	 0.507x �
0.162; R 	 0.5958, P � 0.05) (Fig. 1).

The effect of oxantel on polymicrobial biofilm formation.
Polymicrobial biofilms composed of P. gingivalis, T. forsythia, and
T. denticola were cultured in a static well assay in OBGM, a growth
medium we have developed for the culture of these three bacterial
species (19, 22). The starting inoculum for each biofilm in the
2-ml well was composed of an average of 6.9 � 106 P. gingivalis
cells, 6.7 � 106 T. forsythia cells, or 8.8 � 106 T. denticola cells, with
a combined viability of 
97%, as determined by flow cytometry.

TABLE 4 Effect of oxantel pamoate treatment on the transcriptome of P. gingivalis growing in continuous culturea

Gene designation
no.b

Log2 fold change at:
Adjusted
P value Gene name Product descriptionc30 min 60 min 90 min 120 min

Upregulated genes
PG0192 0.38 0.40 0.58 0.64 4.44E�12 ompH-1 Cationic outer membrane protein OmpH
PG0193 0.40 0.45 0.68 0.86 1.42E�22 ompH-2 Cationic outer membrane protein OmpH
PG0214 0.36 0.35 0.31 0.63 3.24E�04 RNA polymerase �70 factor, ECF subfamily
PG0215 0.37 0.51 0.52 0.63 9.50E�07 Hypothetical protein
PG0217 0.59 0.66 0.76 0.89 1.51E�09 Hypothetical protein
PG0218 0.79 1.10 1.15 1.22 2.00E�12 Hypothetical protein
PG0419 0.42 0.85 0.98 0.92 1.89E�24 Hypothetical protein
PG0593 0.43 0.69 0.87 0.90 2.84E�18 htrA HtrA protein
PG0613 0.29 0.27 0.57 0.34 1.90E�05 Hypothetical protein
PG0614 0.30 0.55 0.45 0.86 9.37E-08 Hypothetical protein
PG0927 0.23 0.63 0.36 0.54 4.52E�03 Hypothetical protein
PG0985 0.20 0.25 0.36 0.72 9.22E�05 RNA polymerase �70 factor, ECF subfamily
PG0986 0.42 0.51 0.78 0.76 7.86E�16 Hypothetical protein
PG0987 0.48 0.68 1.00 1.22 1.22E�22 Hypothetical protein
PG1314 0.14 0.49 0.63 0.51 9.26E�06 aroC Chorismate synthase (EC 4.2.3.5)

(5-enolpyruvylshikimate-3-phosphate phospholyase)
PG1315 0.39 0.46 0.68 0.81 4.33E�13 slyD Peptidyl-prolyl cis-trans isomerase SlyD, FKBP-type
PG1316 0.38 0.61 0.55 0.63 1.42E�22 Hypothetical protein
PG1579 0.30 0.51 0.58 0.39 1.81E�05 ATPase, MoxR family
PG1584 0.21 0.46 0.83 0.47 7.92E�10 batC BatC protein
PG1625 0.37 0.48 0.68 0.78 3.18E�15 Hypothetical protein
PG1626 0.28 0.46 0.63 0.73 1.02E�18 Hypothetical protein
PG1715 0.27 0.57 0.38 0.46 5.45E�08 Hypothetical protein

Downregulated genes
PG0045 �0.33 �0.48 �0.64 �0.56 1.33E�04 htpG Chaperone protein HtpG (heat shock protein HtpG

[high-temp protein G])
PG0520 �0.23 �0.40 �0.41 �0.60 1.00E�08 groEL 60-kDa chaperonin (protein Cpn60; GroEL protein)
PG0707 �0.38 �0.30 �0.56 �0.33 2.06E�05 Hypothetical TonB-linked outer membrane receptor

PG50 (TonB-dependent receptor, putative)
PG1129 �0.30 �0.60 �0.85 �0.77 1.44E�06 nrd Ribonucleotide reductase
PG1208 �0.33 �0.40 �0.41 �0.57 7.92E�10 dnaK Chaperone protein DnaK (heat shock protein 70; heat

shock 70-kDa protein [HSP70])
PG1844 �0.22 �0.48 �0.38 �0.60 1.58E�05 hagD Hemagglutinin protein HagD

a Gene transcription was considered to be significantly regulated if there was a change of 1.4-fold and a P value of � 0.05.
b Gene designations that are underlined or in boldface represent genes predicted to be part of the same operon.
c ECF, extracytoplasmic function; FKBP, FK506-binding protein.
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The biofilm model was initially used to culture T. denticola, P.
gingivalis W50, and T. forsythia individually as single-species bio-
films (homotypic) in OBGM. Forty-eight hours after inoculation,
there were (1.11 � 0.18) � 107 P. gingivalis cells, (1.40 � 0.51) �
106 T. forsythia cells, and (2.08 � 1.56) � 105 T. denticola cells in
these homotypic biofilms. In the polymicrobial biofilm model
containing all three species, there was a total of (4.87 � 0.51) �
107 cells (Fig. 2), a 4-fold increase compared with the sum of the
bacterial cells in the three individual homotypic biofilms. Treat-
ment of the homotypic biofilms with 125 �M oxantel resulted in
significant decreases in P. gingivalis ([8.64 � 0.85] � 106) and T.
forsythia ([3.21 � 0.62] � 105) cell numbers but had no significant
effect on T. denticola cell numbers ([1.58 � 0.14] � 105).

The polymicrobial biofilms in this static model biofilm system
were dominated by T. denticola, which accounted for 65.7% of the
total bacterial cells in the biofilm, as determined by real-time PCR
analysis. P. gingivalis (17.7%) and T. forsythia (16.6%) were pres-
ent in approximately equal proportions in the biofilm (Fig. 2).
Incorporation of oxantel pamoate into the growth medium at
concentrations of 125 and 250 �M resulted in a significant de-
crease in the numbers of all three species in the biofilm, with total
cell numbers decreasing from 4.87 � 107 to 2.31 � 107 to 0.52 �
107, respectively. The relative proportions of the three species in
the biofilms remained relatively stable with increasing oxantel
concentrations, with T. denticola making up 72.3% and 71.2% of
the total cells at 125 and 250 �M concentrations, respectively.
There was a decrease in the relative proportion of P. gingivalis in
the biofilm, which declined from 17.7% of the total cell number to
9.1% and 9.6% at oxantel concentrations of 125 and 250 �M,
respectively (Fig. 2).

The incorporation of oxantel pamoate into the growth me-
dium did not result in a significant increase in the number of dead
bacterial cells in the polymicrobial biofilms, as determined by flow
cytometric analysis of LIVE/DEAD-stained bacteria (Fig. 3).

Murine periodontitis model. To evaluate the effect of oxantel
on P. gingivalis-induced alveolar bone loss, three groups of
BALB/c mice were orally infected with two rounds of inoculation
of four doses of 1 � 1010 viable P. gingivalis cells 2 weeks apart.
Oxantel pamoate or amoxicillin was incorporated into the drink-
ing water 3 days after the end of the first round of inoculation in
two groups, and a control group had no additions to the drinking
water. The P. gingivalis W50-inoculated control group with no
additions to the drinking water had significantly higher alveolar
bone loss than all of the other groups, including the inoculated
groups treated with oxantel or amoxicillin (Fig. 4). The P. gingi-
valis-inoculated, oxantel-treated group did not have significantly
different bone loss compared with the uninoculated untreated
control and the uninoculated groups that received oxantel or
amoxicillin treatment. A one-way analysis of variance (ANOVA)
with a post hoc Dunnett’s T3 test showed that the oxantel-treated

FIG 1 Correlation of fold changes for the genes upregulated by oxantel treat-
ment and heme limitation. Both heme limitation and oxantel treatment were
achieved by using P. gingivalis cells growing in anaerobic, planktonic contin-
uous culture at identical growth rates. The symbols represent the genes shown
as upregulated in Table 4.

FIG 2 Effect of oxantel on polymicrobial biofilm development. Polymicrobial
biofilms composed of P. gingivalis (gray bars), T. denticola (white bars), and T.
forsythia (black bars) were cultured in OBGM in 12-well flat-well plates for 48
h in the presence or absence of oxantel. The polymicrobial biofilm was re-
moved from the substratum after being washed and resuspended in OBGM
prior to bacterial cell numbers being determined by real-time PCR. The data
points represent the mean and standard deviation of five replicates. A one-way
ANOVA with Dunnett’s test showed that the numbers of bacterial cells for
each species were significantly different (P � 0.05) between the three oxantel
concentrations.

FIG 3 Effect of oxantel on a polymicrobial biofilm composed of P. gingivalis,
T. forsythia, and T. denticola cultured in OBGM in a static assay for 48 h. Total
(dark gray bars), live (light gray bars), and dead (white bars) cells were deter-
mined by flow cytometric analysis of LIVE/DEAD-stained cells. A one-way
ANOVA with Dunnett’s test showed that the numbers of total and live bacte-
rial cells were significantly different (P � 0.05) between the three oxantel
concentrations. There was no significant difference in dead bacterial cell num-
bers for the three oxantel concentrations.
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group had significantly less bone loss than the amoxicillin-treated
group.

DISCUSSION

Fumarate reductase (Frd) has been proposed to play a key role in
the fermentation of amino acids by the oral bacterium P. gingivalis,
as well as other anaerobic bacterial pathogens, such as Helicobacter
pylori and Campylobacter jejuni (38, 45). A search of the sequenced
oral bacterial genomes available from the NCBI genome database
(http://www.ncbi.nih.gov/genome) showed that some species
linked to the initiation and progression of various forms of peri-
odontal disease, including P. gingivalis, T. forsythia, Fusobacterium
nucleatum, and Aggregatibacter actinomycetemcomitans, have
genes predicted to encode the components of the trimeric SQOR
family fumarate reductase (Frd). The ability to selectively inhibit
keystone and accessory pathogens like P. gingivalis, T. forsythia,
and F. nucleatum using an Frd inhibitor could make this approach
more attractive than the use of broad-spectrum antibiotics. The
Frd inhibitor may allow commensal species that do not rely on
fumarate reduction for energy production to establish and
thereby help prevent the reemergence of the pathogenic species
and the development of a dysbiotic polymicrobial biofilm (12).

Anthelmintics that have been used to cure helminthic infec-
tions in animals and humans have bacteriostatic and bactericidal
effects against some bacteria by inhibiting the Frd enzyme com-
plex (44, 46–48). In the present study, we demonstrated that P.
gingivalis Frd was inhibited by oxantel in a dose-dependent man-
ner with an IC50 of 2.2 �M, and at 5 �M, oxantel effectively abol-
ished Frd activity in a cytoplasmic extract (Table 2). This is a much
lower concentration than the previously determined MIC of 125
�M, suggesting that entry into the cell is the limiting factor in
growth inhibition (35). In addition, the P. gingivalis Frd was much
more sensitive to oxantel inhibition than recombinantly ex-
pressed and purified C. jejuni and H. pylori Frd (48). Oxantel also
inhibited the growth of the two other selected oral bacterial patho-
gens that are predicted to rely on Frd for catabolism. The MIC of
oxantel for T. forsythia was 295 �M, which was approximately 2.5

times higher than the P. gingivalis MIC but still substantially lower
than the MICs for H. pylori and C. jejuni (44, 46, 48). Oxantel, as
expected, had no effect on the planktonic growth of T. denticola, as
its genome is not predicted to encode the components of the tri-
meric SQOR family Frd. Similar to the effects seen with P. gingi-
valis, oxantel at sub-MICs lowered the growth rate of T. forsythia
(Table 3) (35).

We hypothesized that inhibition of P. gingivalis Frd activity by
oxantel would cause a shift in its catabolic activity if the bacterium
was able to utilize other catabolic pathways. P. gingivalis grown in
heme excess in continuous culture to a steady-state cell density of
6 � 108 cells/ml was treated with a concentration of oxantel (125
�M) that did not affect cell density (i.e., the sub-MIC). This re-
sulted in significant upregulation of the expression of 22 genes
that were a subset of the 152 genes upregulated during heme-
limited growth of P. gingivalis (Table 4 and Fig. 1) (38). P. gingi-
valis is auxotrophic for protoporphyrin IX, and as such it is unable
to synthesize heme de novo, relying on the uptake of environmen-
tal heme (49, 50). As the Frd enzyme complex contains two heme
cofactors that are essential for activity, Frd inhibition by oxantel to
some extent may mimic the effects of heme limitation. We have
shown using a quantitative differential proteomics approach that
both cytoplasmic fumarate reductase (Frd) subunit proteins de-
creased in abundance in response to growth in continuous culture
under heme limitation (38). In addition, we have shown that the
expression of these genes was downregulated in a P. gingivalis
ferric uptake regulator (Fur) orthologue knockout mutant (un-
published observation). We have also shown that heme-limited P.
gingivalis has reduced biofilm-forming capacity compared with P.
gingivalis grown under excess heme conditions (51). It is therefore
possible that at the sub-MIC used in this study, the oxantel inhi-
bition of Frd activity reduced energy levels in the cell, which then
acted as a weak inducer of a subset of genes of this regulon. There
was no obvious shift in the expression of genes encoding catabolic
pathways, suggesting that P. gingivalis is unable to modulate its
catabolism and avoid the effects of Frd inhibition, unlike some
bacteria, such as Actinomyces spp., which have Frd but have alter-
native catabolic pathways and are able to avoid the growth-limit-
ing consequences of Frd inhibition.

P. gingivalis, T. denticola, and T. forsythia have been strongly
associated with chronic periodontitis and have been found to co-
exist in subgingival plaque in deep periodontal pockets (13–15, 52,
53). Synergistic interactions between these pathogens and other
species have been proposed to be a major contributor toward dys-
biosis and the progression of the disease (12). In vitro, P. gingivalis
and T. denticola display a mutualistic symbiotic relationship in
nutrient utilization and growth promotion (52, 54). P. gingivalis
and T. denticola coaggregation has been demonstrated (54–57),
which would contribute to their colocalization and synergism in
biofilm formation (20, 21, 37). When cultured together as part of
a polymicrobial biofilm, significant changes occur in the abun-
dance of P. gingivalis and T. denticola peptidases and enzymes
involved in glutamate and glycine catabolism, supporting previ-
ous reports of syntrophy, as well as changes in abundance of pro-
teins involved in iron/heme acquisition (22).

In the present study, these three species were used as a model
dysbiotic pathogenic polymicrobial biofilm (12, 22). As oxantel
has no direct effect on T. denticola due to its lack of Frd, there is the
possibility that T. denticola could benefit from the suppression of
T. forsythia and P. gingivalis. We have previously shown that an

FIG 4 Effect of oxantel and amoxicillin treatment on alveolar bone loss in mice
orally infected with P. gingivalis. Three groups of mice were orally infected with
P. gingivalis W50 prior to addition of amoxicillin or oxantel to the drinking
water, while the remaining three groups were sham inoculated. Mice were
killed 29 days after the last oral inoculation and 46 days after the start of
amoxicillin or oxantel treatment. The maxillae were removed and de-
fleshed, and alveolar bone loss was determined in the right-hand maxillae by
computer-assisted image analysis (43). The data are presented as means plus
standard deviations (n 	 12) and were analyzed by one-way ANOVA with
Dunnett’s test. Values that were significantly different (P � 0.05) from the
value for the group inoculated with the P. gingivalis W50 wild-type strain are
indicated by an asterisk.
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oxantel concentration of 125 �M had significant inhibitory effects
on P. gingivalis ATCC 33277 homotypic biofilm formation in a
static biofilm assay (35), and because polymicrobial biofilms may
be more resistant to oxantel, due in part to the higher MIC against
T. forsythia, we tested oxantel at 125 and 250 �M.

In the current static assay, 48 h after inoculation with approx-
imately equal numbers of P. gingivalis, T. denticola, and T. for-
sythia, all three species could be recovered in the biofilm. This
indicates a degree of synergy in biofilm formation, as under plank-
tonic conditions, P. gingivalis and T. forsythia have a much higher
growth rate than T. denticola and could be expected to outgrow
the spirochete. However, 65.7% of cells in the polymicrobial bio-
film were T. denticola, as determined by real-time PCR, which is
similar to results obtained recently in a polymicrobial flow cell
model (22). Addition of oxantel to the growth medium resulted in
a concentration-dependent inhibition of polymicrobial biofilm
development, which affected all species in the biofilm. In addition
to the decrease in the total number of bacterial cells in the biofilm,
T. denticola cell numbers fell by a similar proportion to P. gingi-
valis and T. forsythia cell numbers. This demonstrates the depen-
dence of T. denticola on P. gingivalis and/or T. forsythia for poly-
microbial biofilm formation and suggests that T. denticola may be
unable to proliferate in subgingival plaque if P. gingivalis and T.
forsythia are suppressed (Fig. 2). Oxantel treatment caused a larger
reduction in P. gingivalis numbers in the polymicrobial biofilm
relative to T. forsythia, which is consistent with the higher MIC of
oxantel against T. forsythia. The data obtained from the LIVE/
DEAD staining of bacterial cells from the polymicrobial biofilms
indicated that the majority of cells were still intact, which is con-
sistent with the oxantel inhibitory mechanism not being associ-
ated with cell lysis but energy production (Fig. 3). Frd is an essen-
tial and major energy-transducing enzyme in this bacterium, and
its inhibition will result in a decrease in available energy to the cell.
It is possible that the cellular signaling systems interpret this inhi-
bition as an unfavorable environment to colonize, and so the cell
does not adopt a sessile lifestyle, preferring to remain planktonic
until more favorable environmental conditions are encountered.

To determine the efficacy of oxantel in vivo, a therapeutic mu-
rine alveolar bone loss model, based on a prophylactic model pre-
viously reported, was used (43, 58). In this therapeutic model, the
addition of 0.50 mg/ml of oxantel pamoate to the drinking water
of mice infected with P. gingivalis prevented alveolar bone loss and
was superior to 0.50 mg/ml amoxicillin (Fig. 4). These in vivo
results provide confirmation that oxantel can inhibit pathogen-
associated disease in an animal model.

In conclusion, these combined data indicate that oxantel may
have potential for the treatment of periodontitis in humans.
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