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Abstract

Background and Objective—An increasing body of evidence suggests that the use of
probiotic bacteria is a promising intervention approach for the treatment of inflammatory diseases
with polymicrobial etiology. The objective of this study was to determine whether Lactobacillus
brevis CD2 could inhibit periodontal inflammation and bone loss in experimental periodontitis.

Materials and Methods—~Periodontitis was induced by placing a silk ligature around the
second maxillary molar of mice treated with L. brevis CD2 (8x10° CFU in 1-mm? lyopatch) or
placebo, which were placed between the gingiva and the buccal mucosa in the vicinity of the
ligated teeth. The mice were euthanized after 5 days and bone loss was measured
morphometrically, gingival expression of proinflammatory cytokines was determined by
quantitative real-time PCR, and CFU counts of periodontitis-associated bacteria were determined
after aerobic and anaerobic culture. To determine the role of arginine deiminase released by L.
brevis CD2, soluble extracts with or without formamidine (arginine deiminase inhibitor) were
tested in in vitro cellular activation assays.

Results—Mice topically treated with L. brevis CD2 displayed significantly decreased bone loss
and lower expression of TNF, IL-1f, IL-6, and IL-17A as compared to placebo-treated mice.
Moreover, L. brevis CD2-treated mice displayed lower counts of anaerobic bacteria but higher
counts of aerobic bacteria than placebo-treated mice. In in vitro assays, the anti-inflammatory
effects of soluble L. brevis CD2 extracts were heavily dependent on the presence of functional
arginine deiminase, an enzyme that can inhibit nitric oxide synthesis.

Conclusion—These data provide proof-of-concept that the probiotic L. brevis CD2 can inhibit

periodontitis through modulatory effects on the host response and the periodontal microbiota.
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Introduction

Periodontitis is a prevalent chronic inflammatory disease that affects the tooth-supporting
tissues and, moreover, can exert an adverse impact on systemic health (1-4). Conventional
periodontal treatment is often not sufficient by itself to control destructive inflammation and
many patients develop recurrent disease (5). This necessitates the development of novel and
effective therapeutic strategies, adjunctive to clinical periodontal treatment. The use of
probiotics is one of several approaches being considered for the treatment of periodontitis

(6).

According to the World Health Organization, probiotic bacteria are live microorganisms that
can confer health benefits to the host when consumed in adequate amounts. Several reports
suggest that lactic acid bacteria (LAB), or their products, have beneficial effects on human
health, as these probiotics can protect against or mitigate gastrointestinal inflammation,
aphthous oral ulceration, and radiation- and chemotherapy-induced mucositis (7-10). The
mechanisms of action of LAB and other probiotics are poorly understood although they
appear to involve host immunomodulation and remodeling of the structure and function of
microbial communities (11,12). On the basis of animal and human studies, the use of
probiotics is emerging as a potential adjunctive therapy in periodontitis although the
underlying mechanisms remain poorly defined (13-18). The probiotic Lactobacillus brevis
CD2 was previously shown to inhibit gingival inflammation in humans (15,16), although
whether it can also inhibit periodontal bone loss is yet to be determined. The CD2 strain of
L. brevis (a Gram-positive rod-shaped species of LAB) produces high levels of arginine
deiminase, an enzyme that inhibits the production of nitric oxide by competing with nitric
oxide synthase for the same substrate, arginine (19). This property of arginine deiminase is
thought to be responsible for the anti-inflammatory effects of L. brevis CD2 (19).

In this study, we investigated whether topical treatment with L. brevis CD2 can inhibit
inflammatory periodontal bone loss, the hallmark of periodontitis that may lead to tooth loss.
For this purpose, we used a very rigorous and highly reproducible model of periodontal bone
loss, the ligature-induced periodontitis model in mice (20,21). This murine model has been
used to identify novel mechanisms and pathways involved in periodontal pathogenesis and
associated systemic diseases (22-24).

Materials and methods

Ligature-induced periodontitis and L. brevis CD2 intervention

All animal procedures described in this study were approved by the Institutional Animal
Care and Use Committee, in compliance with established federal and state policies. Six-
week-old C57BL/6 male mice (The Jackson Laboratory) were treated three times daily with
L. brevisCD2 (8.2 x 10° bacteria in 1 mm? lyopatch) or placebo (control lyopatch without
bacteria), both kindly provided by VSL Pharmaceuticals, Inc. In each mouse, the
experimental or control lyopatch was applied topically between the gingiva and the buccal
mucosa corresponding to the tooth to be ligated for induction of periodontitis. Periodontitis
was induced one day after initiation of the L. brevis CD2 or placebo treatments by tying a
5-0 silk ligature around the maxillary left second molar (20). The contralateral molar tooth
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in each mouse was left unligated to serve as baseline control for bone height measurements.
The ligatures remained in place in all mice throughout the experimental period. The mice
were euthanized 5 days after placement of the ligatures.

Ligature-associated microbiota counts

The sutures were recovered from the mice at day 5 and bacteria were extracted with
phosphate-buffered saline (PBS) (20). Serial dilutions of the suture extracts were plated onto
blood agar plates for aerobic and anaerobic growth and CFU determination. Results were
normalized by dividing CFU by the length (mm) of the corresponding suture (20).

Determination of periodontal bone loss

Periodontal bone heights were measured as the distances from the cementoenamel junction
(CEJ) to the alveolar bone crest (ABC) using a Nikon SMZ800 microscope (Nikon
Instruments) and a 40 x objective. Images of the maxillae were captured using a Nicon
Digital Sight DS-U3 camera controller (Nikon Instruments Inc.) and bone heights were
measured using NIS-Elements software (Nikon Instruments) (20). Bone measurements were
performed on the ligated second molar (3 sites corresponding to mesio-buccal cusp, buccal
groove, and disto-buccal cusp) and the affected adjacent regions (sites corresponding to
disto-buccal groove and distal cusp of the first molar, and buccal cusp of the third molar).
The 6-site total CEJ-ABC distance for the ligated side of each mouse was calculated and
subtracted from the 6-site total CEJ-ABC distance of the contralateral unligated side of the
same mouse. The results were presented in mm and negative values indicated bone loss
relative to unligated sites.

Real-time PCR

Gingival tissue was dissected from around the maxillary molars. Total RNA was extracted
using the PerfectPure RNA cell kit (5 Prime, Fisher) and quantified by spectrometry at 260
and 280 nm. The RNA was reverse-transcribed using the High-Capacity cDNA Archive kit
(Applied Biosystems) and real-time PCR with cDNA was performed using the ABI 7500
Fast System, according to the manufacturer’s protocol (Applied Biosystems). TagMan
probes, sense primers, and antisense primers for detection and quantification of cytokine
genes (and the GAPDH housekeeping gene) by quantitative real-time PCR were purchased

from Applied Biosystems. Data were analyzed using the 272CT method
(2"((—1)*(mean cycle number of target gene — mean cycle number of housekeeping gene)) (25)_

Preparation of L. brevis CD2 extracts

Lyophilized L. brevis CD2 bacteria (108 CFU per gram) were diluted in 10 ml PBS and
sonicated for 30min (10-s sonication period alternating with 10-s pause) using a EpiShear ™
Probe Sonicator (Active Motif). The resulting preparation was centrifuged at 7500 g for 20
min at 4°C and the supernatants (soluble bacterial extracts) were stored at —20°C until used.

Cell activation assays

The human monocytic cell line THP-1 was maintained in 25 mM Hepes-buffered RPMI
1640, supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin, and 100 pg/ml
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streptomycin, hereafter referred to as ‘medium’. All incubations were carried out at 37°C
and 5% CO2 in a humidified atmosphere. To induce their differentiation into macrophage-
like cells, THP-1 cells were incubated in 24-well culture plates (10 cells per well) in
medium supplemented with 10 ng/ml PMA for 48 h (26). Subsequently, the cells were
washed extensively with RPMI 1640 and cultured further in the medium without FCS for 12
h. After the medium was changed to remove cytokines induced by cell adherence, the
differentiated THP-1 cells (hereafter referred to as ‘THP-1 macrophages’) were pretreated or
not for 1h with soluble L. brevis CD2 extracts (20 ug per 10° THP-1 cells) followed by
stimulation for 18h with medium only or with 1 pg/ml Porphyromonas gingivalis LPS, 1
pg/ml Escherichia coli LPS, or 0.1 pg/ml Pam3CSK4, a synthetic lipopeptide that is a TLR2
ligand (both LPS molecules and Pam3CSK4 were purchased from InVivogen). In some
experiments, the cells were pretreated with L. brevis CD2 extracts together with 20 mM
formamidine (Sigma). At the end of the 18-h stimulation period, culture supernatants were
collected for measuring cytokine responses by ELISA (using eBioscience kits) and nitric
oxide production. Nitric oxide production was assessed by measuring the amount of NO,™
(stable oxidative metabolite of nitric oxide) in the stimulated culture supernatants using an
assay kit based on the Griess reaction (Sigma).

Statistical analysis

Data were evaluated by analysis of variance and the Dunnett multiple-comparison test with
the InStat program (GraphPad Software). Where appropriate (comparison of two groups
only), two-tailed t-tests were performed. P values < 0.05 were considered statistically
significant. All experiments were performed at least twice for confirmation.

Results

L. brevis CD2 inhibits ligature-induced periodontitis

Following the placement of ligatures in mice treated with placebo or L. brevisCD2,
periodontal bone loss was induced in both groups at the ligated sites relative to the
corresponding contralateral unligated sites (zero baseline) (Fig. 1). Importantly, mice
topically treated with L. brevis CD2 displayed 60% less bone loss compared with placebo-
treated mice (P < 0.01; Fig. 1A). We also assessed mMRNA expression of proinflammatory
cytokines in gingiva dissected from the two groups of mice. The expression of a number of
cytokines (TNF, IL-1B, IL-6, and IL-17A) that have been implicated in inflammatory
periodontal bone loss (27) was readily induced in the ligated sites of placebo-treated mice
(Fig. 2). On the other hand, L. brevis CD2-treated mice exhibited significantly decreased
expression of all proinflammatory cytokines tested (P < 0.01; Fig. 2). Taken together, these
data show that topical treatment with the probiotic L. brevis CD2 inhibits periodontal
inflammation and bone loss.

L. brevis CD2 causes changes to the ligature-associated periodontal microbiota

The accelerated bone loss seen in ligature-induced periodontitis is thought to result from
massive local bacterial accumulation in the placed sutures; the sutures per se do not cause
bone loss (20,21,28). We reasoned that the protective effects of L. brevis CD2 against
induction of periodontal inflammation and bone loss (Figs. 1 and 2) could be related, at least
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in part, to possible influence on the ligature-associated microbiota. Our microbiological
analysis of recovered sutures revealed that topical treatment with L. brevis CD2 exerted
differential effects on the aerobic and anaerobic microbiotas. Specifically, L. brevis CD2
treatment resulted in significantly higher counts of aerobic bacteria (Fig. 3A) and,
conversely, significantly lower numbers of anaerobic bacteria (Fig. 3B), as compared to the
placebo-treated control group (P < 0.01). Since periodontitis-associated bacteria are
predominantly (if not exclusively) anaerobic (29), this finding suggests that L. brevis CD2
treatment may inhibit periodontitis, at least in part, through modulation of the periodontal
microbiota.

L. brevis CD2 extracts inhibit production of inflammatory mediators in arginine deiminase-
dependent way

Although L. brevis CD2 can modulate the periodontal microbiota in a way that could
potentially inhibit periodontitis, another protective mechanism could involve direct anti-
inflammatory effects. As the anti-inflammatory effects cannot be readily dissociated from
anti-microbial effects in vivo, we determined whether L. brevis CD2 extracts could inhibit
inflammatory responses in THP-1 macrophages stimulated with various inflammatory
stimuli. All stimuli used, bacterial lipopolysaccharide (LPS) from Porphyromonas gingivalis
or Escherichia coli or the Pam3CSK4 lipopeptide, induced the production of nitric oxide, as
shown by the detection of its stable metabolite NO,™ in the culture supernatants (Fig. 4A).
Moreover, all stimuli induced the production of the proinflammatory cytokines TNF, IL-6,
and IL-8 (Fig. 4 B-D). Importantly, the production of all inflammatory mediators in
activated THP-1 macrophages was significantly (P < 0.05) inhibited in the presence of
soluble L. brevis CD2 extracts (Fig. 4). To determine whether arginine deiminase present in
the L. brevis CD2 extracts mediates anti-inflammatory effects, groups of activated cells were
treated with both L. brevis CD2 extracts and formamidine, a specific inhibitor of arginine
deiminase (30). The presence of formamidine caused a complete or near complete reversal
of the anti-inflammatory effects of L. brevis CD2 extracts (Figs. 4 and 5), indicating that
arginine deiminase is the major anti-inflammatory agent in the extracts. The capacity of
nitric oxide to exert pro-inflammatory effects (31) suggests that the L. brevis CD2-mediated
inhibition of proinflammatory cytokine responses could be attributed to the decreased
production of nitric oxide.

Discussion

In the present study, treatment of mice with L. brevis CD2 resulted in inhibition of
periodontal inflammation and bone loss and modulated the oral microbiota in a way that
favored the growth of aerobic bacteria at the expense of anaerobic bacteria that are strongly
associated with periodontitis. Our data suggest that this probiotic preparation could have
therapeutic potential in human periodontitis, possibly through both anti-inflammatory and
antimicrobial effects.

Arginine deiminase metabolizes arginine to citrulline and ammonia and therefore can
compete with inducible nitric oxide synthase (iNOS) for arginine. By this mechanism,
arginine deiminase can inhibit nitric oxide production (19). Studies in human periodontal
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patients and animal models suggest that iNOS-derived nitric oxide plays a role in
periodontal inflammation and bone loss (32-35). In fact, nitric oxide levels are increased in
the saliva of patients with chronic periodontitis and are correlated with elevated periodontal
clinical parameters (36). In addition to inducing inflammatory mediators, inappropriately
high levels of nitric oxide could potentially facilitate the infiltration of inflammatory cells to
the periodontal tissue by inducing pathological vascular permeability. Arginine deiminase
released by L. brevis CD2 in vivo is therefore likely to have contributed to the anti-
inflammatory and anti-bone resorptive effects seen in the periodontal tissue of mice treated
topically with L. brevis CD2. This notion was substantiated in in vitro experiments with
THP-1 macrophages. Indeed, the capacity of soluble L. brevis CD2 extracts to inhibit
inflammatory responses in THP-1 cells activated by TLR2 or TLR4 ligands was heavily
dependent on functional arginine deiminase.

The observed decline in the counts of anaerobic bacteria associated with ligature-induced
periodontitis could, in part, be due to the decreased inflammation caused by L. brevis CD2.
Indeed, many anaerobic bacteria associated with periodontitis utilize tissue breakdown
products (e.g., degraded proteins/peptides and hemin, a source of essential iron) for their
growth (22,37), which could thus be affected under conditions of decreased inflammation.
Additionally, whether L. brevis CD2 extracts have a direct inhibitory effect on periodontal
anaerobic bacteria (and, conversely, a stimulatory effect on aerobic bacteria) cannot be ruled
out. In this regard, LAB isolated from the human oral cavity have been shown to suppress
the in vitro growth of bacteria associated with human periodontitis, specifically P.
gingivalis, Prevotella intermedia, and Aggregatibacter (Actinobacillus)
actinomycetemcomitans (38). P. gingivalis has been characterized as a keystone pathogen
that can promote the virulence of the entire biofilm community (39), P. intermedia strains
have been strongly associated with both chronic and aggressive periodontitis (40), whereas
A. actinomycetemcomitans is the major organism implicated in localized aggressive
periodontitis (41). In another study, oral administration of LAB in human volunteers caused
a significant reduction in the counts of Tannerella forsythia in subgingival plaque, although
reductions in the counts of other periodontitis-associated bacteria, including P. gingivalis
and Treponema denticola, did not reach statistical significance (18). These three bacteria
comprise the red complex of select periopathogens (42), although it is now increasingly
acknowledged that periodontitis is caused synergistically by dysbiotic polymicrobial
communities that include these important bacteria (43). Such dyshiotic polymicrobial
communities also contain pathobionts, that is, commensals that can become pathogenic
when tissue homeostasis is disrupted (44). The placement of ligature around teeth, as also
performed in this study, disrupts host tissue homeostasis and leads to the emergence of
pathobionts that amplify inflammatory bone loss (28).

In contrast to the decline of anaerobic bacterial counts, we observed a rise of aerobic
bacteria in mice treated with L. brevis CD2. As alluded to above, inflammation favors the
growth of anaerobic bacterial species that not only can endure the host inflammatory
response but can also thrive by utilizing tissue-breakdown products as nutrients, whereas
aerobic bacteria are likely outcompeted under these conditions (44). Conversely, therefore,
the inhibition of inflammation by L. brevis CD2 would allow favorable conditions for the
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aerobes to flourish. Certain species have been shown to be associated with human
periodontal health and are considered ‘beneficial’ by exerting anti-inflammatory effects or
stimulating host immunity (45,46). However, the murine oral microbiota has not been
adequately investigated and it is thus uncertain whether the murine aerobic microbiota
contains such beneficial bacteria.

It should be noted that probiotic LAB, including L. brevis CD2, antagonize also bacteria that
are not strictly anaerobic, such as the cariogenic organism Streptococcus mutans, thereby
being useful also for the treatment of dental caries (47-49). Lactobacilli and other probiotics
colonize human mucosal tissues only transiently (50). To maintain a protective effect against
periodontitis or dental caries, frequent administrations (e.g., in the form of daily dietary
supplements) may be necessary. Overall, probiotics have an excellent safety record but they
should be used with caution in oral or other diseases, as they are not without potential risks
in certain patient groups, such as immunocompromised individuals and premature neonates
(50).

In summary, our data are consistent with the notion that LAB are useful probiotics for
promoting oral health (14-18,38) and provide proof-of-concept that L. brevis CD2 can
inhibit inflammatory bone loss. Whether this probiotic preparation can find application as an
adjunctive therapy in human periodontitis is yet to be investigated in future clinical trials.
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FIGURE 1. L. brevis CD2 inhibitsligature-induced periodontal bone loss
Periodontitis was induced by placing a silk ligature around the second maxillary left molar

of mice, which were treated topically with a 1-mm? lyopatch containing L. brevis CD2 (8.2
x 10° CFU) or with control lyopatch (placebo) placed between the gingiva and the buccal
mucosa in the vicinity of the ligated teeth. The contralateral molar teeth were left unligated
to serve as baseline controls. The treatments were applied three times daily for 5 days, at
which time the mice were euthanized for bone loss measurements in defleshed maxillae.
Negative values indicate bone loss in the placebo and L. brevis CD2 groups relative to the
corresponding baselines (A) and representative images of maxillae exhibiting bone loss are
shown (B). Data are means + SD and are pooled from two independent experiments with a
total of 8-10 mice per group (placebo, n = 10; L. brevis CD2, n = 8). *P < 0.01 between the
indicated groups.
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FIGURE 2. L. brevis CD2 inhibits MRNA expression of proinflammatory cytokines
Gingiva were dissected from ligated or unligated sites of mice treated with placebo or L.

brevis CD2 and were processed for quantitative real-time PCR to determine mRNA
expression of the indicated cytokines. Results were normalized against GAPDH mRNA and
expressed as fold change in the transcript levels in the ligated sites relative to those of the
corresponding contralateral unligated sites, which were assigned an average value of 1. Data
are means £ SD and are pooled from two independent experiments with a total of 8-10 mice
per group (placebo, n=10; L. brevisCD2, n = 8). *P < 0.01 between the indicated groups.
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FIGURE 3. L. brevis CD2 causes alterationsto the periodontal microbiota
Bacteria were extracted from sutures recovered 5 days after their placement in placebo- or L.

brevis CD2-treated mice. Serial dilutions of bacterial suspensions were plated onto blood
agar plates for aerobic and anaerobic growth and CFU enumeration. Each symbol represents
an individual mouse and small horizontal lines indicate the means. Data are pooled from two
independent experiments with a total of 8-10 mice per group, as indicated. *P < 0.01.
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FIGURE 4. L. brevis CD2 extractsinhibit production of inflammatory mediatorsin arginine

deiminase-dependent way

THP-1 macrophages were pretreated for 1h with soluble L. brevis CD2 extracts (20 pg per
10° THP-1 cells) with or without formamidine (20 mM), a specific inhibitor of arginine
deiminase, followed by 18-h stimulation with medium only or with P. gingivalis LPS (Pg
LPS; 1 pg/ml), E. coli LPS (Ec LPS; 1 pg/ml), or the TLR2 ligand Pam3CSK4 lipopeptide
(0.1 pg/ml). Subsequently, culture supernatants were collected for measuring the indicated
cytokine responses by ELISA and the production of NO,™ by the Griess method. Data are
means + SD (n = 3 sets of cells). *P < 0.05 and **P < 0.01 compared with no pretreatment
(‘None’).
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