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Periodontal disease (PD) is the most common oral disease that is caused by infection with periodontal-disease-
associated bacteria (PDAB) such as Porphyromonas gulae and Porphyromonas macacae in dogs as well as in
humans. Unlike humans, most dogs do not follow daily oral hygiene routine, and this results in many dogs being
affected by PD. Thus, to prevent PD, it is important to control PDAB. Xylitol is a sugar alcohol that inhibits the
growth of oral bacteria in humans. However, xylitol is poisonous to dogs and can lead to hypoglycemia and
hepatic failure. Herein, we show the inhibitory effect of erythritol, a sugar alcohol that can be used safely in dogs,
on the growth of PDAB isolated from dogs with PD. Oral bacteria were isolated from the oral cavities of dogs with
PD, and the distribution of PDAB was evaluated. Interestingly, Porphyromonas gingivalis, a bacterium typically
responsible for PD in humans, was not isolated from dog samples. The bacteriostatic effect of erythritol supple-
mentation was investigated on isolated PDAB in vitro. Our results show that erythritol exert bacteriostatic effects
on PDAB comparable to xylitol. Thus, application of erythritol can be suggested to control PDAB in dogs in the
future.
1. Introduction

Periodontal disease (PD) is one of the most common oral diseases in
both humans and dogs [1, 2]. PD is characterized by gingivitis, a
reversible condition involving gingival inflammation, and periodontitis,
an irreversible condition resulting in the destruction of periodontal tis-
sues including the cementum, periodontal ligament, and alveolar bone.
Periodontitis is a complex infection as various factors play causative roles
simultaneously [1, 3, 4]. To prevent PD, it is important to practice good
oral hygiene, including brushing teeth daily [5, 6, 7]. Almost all dogs are
affected by PD at some point in their lifetime, as it is difficult to maintain
a daily oral hygiene routine in dogs [8, 9]. As a consequence, dogs with
severe PD require surgical treatment, which is invasive and requires
anesthesia [1, 10]. Therefore, it is critical to develop effective methods to
prevent PD in dogs.

Periodontal-disease-associated bacteria (PDAB) are present in plaque
and tartar on the teeth. These bacteria cause gingivitis, which is followed
by the spread of inflammation to the tissues supporting the teeth,
resulting in periodontitis as PD progresses [1, 4]. Therefore, dental pla-
que is an important target in the prevention of PD. To reduce plaque, it is
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necessary to inhibit the bacteria that form it (11). Pathogenic oral bac-
teria such as Porphyromonas gingivalis and Porphyromonas gulae are the
majorPDAB [11, 12]. Recently, Porphyromonas macacae (also called
Porphyromonas salivosa) was also isolated from the oral cavity of dogs
with PD [13, 14, 15]. It has been proposed that controlling these Por-
phyromonas spp. may inhibit plaque formation and suppress the pro-
gression of PD [15, 16]. Therefore, inhibiting the growth of these
bacteria could be an effective strategy to prevent PD.

Several studies have conclusively established that sugar alcohols,
such as xylitol, inhibit the growth of pathogenic oral bacteria, including
cariogenic microorganisms in humans [17, 18, 19]. Sugar alcohols have
bacteriostatic effects on a variety of bacteria [20, 21], and they are
effectively and widely used in daily oral care in humans [22, 23].
However, in dogs, xylitol cannot be used because it results in
life-threatening hypoglycemia and acute liver failure [24, 25, 26, 27, 28].
Erythritol, a sugar alcohol similar to xylitol, is not metabolized and un-
dergoes efficient renal excretion; therefore, it is unlikely to result in
hypoglycemia [29, 30, 31]. Thus, erythritol has been reported to be safe
for use in dogs [31]. Erythritol may be a candidate agent to prevent PD in
ugust 2022
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dogs; however, there is no evidence that erythritol inhibits the growth of
PDAB [32].

Thus, the objective of this study was to investigate whether erythritol
exerts bacteriostatic effects on PDAB isolated from dogs with PD and can
be used to treat periodontitis in dogs.

2. Methods

2.1. Isolation and cultivation of bacteria from oral swab specimens

Using sterile swabs, dental plaque specimens were collected from the
gingival margin of the right and left fourth maxillary premolar of four
dogs with PD. The number of bacteria in dental plaque has been reported
to increase with the use of the maxillary fourth premolar, and this tooth
was also used in this experiment [7]. The experiment was performed on
dogs that had been diagnosed by a veterinarianwith stage 4 PD according
to American Veterinary Dental College criteria of PD [33]. The experi-
mental procedures were performed according to the guidelines for the
care and use of laboratory animals approved by the Animal Care and Use
Committee of Gifu University (permission numbers: 2020-16, 2021-99).

The samples were cultured anaerobically for 48 h at 37 �C inmodified
Gifu anaerobic medium (GAM) broth (NISSUI, Tokyo, Japan). AneroPack
square jars and AneroPack - Kenki (Mitsubishi Gas Chemical Company,
Inc., Tokyo, Japan) were used for the anaerobic culture. These pre-
isolated cultures represented a mixture of different oral bacteria from
the dog oral cavity and are referred to as mixed cultures in this study.
Subsequently, to isolate black-pigmented anaerobic bacteria as the pri-
mary periopathogen [34, 35], the mixed culture was incubated anaero-
bically for 48 h at 37 �C on anaerobic blood hemin vitamin K (ABHK)
blood agar medium (NISSUI, Tokyo, Japan). Black-pigmented colonies
growing on the ABHK agar medium, suspected to belong to the Por-
phyromonas genus, were collected and cultured anaerobically in modified
GAM broth (Fig. S1A) [34, 35].

2.2. Identification of the bacterial strains

Bacterial DNA was extracted from the isolated black-pigmented col-
onies using an alkaline treatment and heating method. Briefly, 50 μL of
50 mM NaOH was added to the bacterial pellet, and the mixture was
incubated at 95 �C for 30 min. Subsequently, 12.5 μL of 1 M Tris-HCl (pH
7.5) was added, and the solution was mixed well. PCR was performed on
the extracted DNA to identify the periodontopathogens. We designed 16S
rRNA gene-based primers for P. gulae or P. macacae using the nucleotide
sequence of the 16S rRNA gene from P. gulae ATCC 51700 and P. macacae
ATCC 33141. The targeted DNA sequences distinguishable between
P. gulae and P. macacae are shown in Fig. S1B. PCR amplification was
performed using KOD One (Toyobo, Osaka, Japan) under the following
conditions: an initial denaturation at 95 �C for 30 s, followed by 30 cycles
at 98 �C for 10 s, 60 �C for 5 s, and 68 �C for 15 s. The PCR products were
resolved via electrophoresis using a 2.5% agarose gel, and the amplicon
size was determined (Fig. S1C). If no amplicon of appropriate size was
observed with either primer set, PCR was repeated with universal
primers (27F/519R) for bacterial 16S rRNA, and amplicons were sub-
jected to agarose gel electrophoresis [36]. PCR products were extracted
from the agarose gel using the FastGene gel/PCR extraction kit (NIPPON
Table 1. Contents of black-pigmented colonies isolated from the oral cavity of dogs.

Porphyromonas gulae Porphyromonas macacae

Beagle 1 11 4

Beagle 2 8 14

Chihuahua 14 8

Toy Poodle 15 13

Total 48 39

% 50.5 41.1
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Genetics, Tokyo, Japan), according to the manufacturer's instructions.
The extracted PCR products were sequenced, and the results were
analyzed using a BLAST search to identify bacteria with matching se-
quences. The primers used are listed in Table S1.

2.3. Bacterial growth study

Xylitol (Sigma, St. Louis, MO, USA) or erythritol (Sigma, St. Louis,
MO, USA) was added to the modified GAM broth, which was sterilized by
filtration (Sartorius, Gottingen, Germany). The medium contained
0.01%, 0.02%, 0.1%, 1%, 5%, or 10% (w/v) xylitol or erythritol, while
the corresponding control medium excluded both. Clindamycin, a
lincomycin antibiotic, was used as an experimental positive control at
concentrations of 1.5 � 10, 1.5 � 102, or 1.5 � 103 μg/mL. Each strain
was cultured anaerobically in an appropriate basic medium at 37 �C. To
verify the bacteriostatic effect of erythritol, bacterial proliferation was
evaluated in modified GAM broth supplemented with sugar alcohols.
Four mixed cultures and eight isolated samples (four samples each of
P. gulae and P. macacae) were used in this study. The isolated samples
were identified via sequence analysis. Each strain was inoculated (100
CFU/mL) in modified GAM broth supplemented with sugar alcohol at
various concentrations or control medium. The culture was carried out in
96-well flat-bottomed microplates, and bacterial proliferation was eval-
uated indirectly by measuring the optical density (OD) of the medium.
The anaerobic culture was incubated for 24 h at 37 �C, and the OD of each
well was measured every 4 h at 620 nm using Multiskan FC (Thermo
Fisher Science, Waltham, MA, USA). The OD of the negative control was
subtracted from each value to correct for the background effect of the
broth.

2.4. Effect of glucose on the bacteriostatic effect of erythritol

Appropriate concentrations of erythritol (Sigma, St. Louis, MO, USA)
and glucose (Kanto Chemical, Nihonbashi, Tokyo, Japan) were added to
heart infusion broth containing hemin (10 mg/L) and menadione (5 mg/
L) and sterilized by filtration (Saltorius, Gottingen, Germany). In addition
to 1% erythritol, the medium was prepared with 0.005%, 0.01%,
0.025%, 0.05%, or 0.1% glucose and without glucose (control). Four
mixed cultures and eight isolated samples (four samples each of P. gulae
and P. macacae) were used in this study. Each strain was inoculated (100
CFU/mL) in the medium containing hemin, menadione, and erythritol at
constant concentrations and glucose at variable concentrations. The
culture was carried out in 96-well flat-bottomed microplates, and the
proliferation of bacteria was evaluated indirectly by measuring the OD of
the medium. The anaerobic culture was incubated for 24 h at 37 �C, and
the OD of each well was measured every 4 h in the same way as for the
bacterial growth experiment.

2.5. Statistical analysis

Power analysis and sample size estimation were performed using the
G* power software (version 3.1.9.2) (Effect size: 0.25, α error: 0.05,
power: 0.9). Statistical analyses were performed using the R software
(version 3.6.3). Tukey's test (p < 0.05) was performed when a significant
difference was found using one-way ANOVA test (p < 0.05).
Bacteroides denticanum Bacteroides heparinolyticus Unknown

1 0 4

1 0 0

0 1 1

0 0 0

2 1 5

2.1 1.0 5.3
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3. Results

3.1. Isolation of P. gulae and P. macacae from dogs with PD

We cultured oral swab specimens collected from the gingival margin
of the right fourth maxillary premolar. Black-pigmented anaerobic bac-
teria were isolated from blood agar cultures (Fig. S1). To identify the
bacterial strains, PCR was performed using genomic DNA extracted from
the isolated clones. Among the 103 isolated black-pigmented colonies, 48
(50.5%) were determined to be P. gulae, and 39 (41.1%) were deter-
mined to be P. macacae (Table 1). More than 90% of black-pigmented
anaerobic bacteria were either P. gulae or P. macacae, which are com-
mon PDAB in dogs. The other isolated bacteria were unidentified bacteria
or an unidentified Bacteroides genus. P. gingivalis, which has been re-
ported as a PDAB in humans, was not detected in the dogs used in this
study. Thus, we successfully isolated PDAB from dogs with PD.

3.2. PDAB growth inhibition at different erythritol concentrations

To evaluate the bacteriostatic effect of erythritol on oral bacteria, the
growth of the isolated PDAB was investigated at various erythritol con-
centrations. Xylitol was used at the same concentrations for comparison.
Figure 1. Bacteriostatic effect of erythritol, xylitol, and clindamycin on the pathog
mented with erythritol (A), xylitol (B), and clindamycin (C). The optical density (OD
the standard medium. The OD values were calculated as the means � S.D. of at least th
< 0.01 between the indicated concentration and control at 24 h, one-way analysis o
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The growth of pre-isolatedmixed cultures was inhibited by erythritol and
xylitol, indicating that erythritol is effective in inhibiting the growth of
different oral bacteria (Figure 1). In pre-isolated mixed cultures, there
were significant differences at erythritol concentrations of 0.1% (p <

0.05) and over 1% (p < 0.01) compared with the control and there were
also significant differences at xylitol concentrations over 1% (p < 0.01)
compared with the control. After 24 h of incubation, 5% and 10%
erythritol inhibited P. gulae growth by 30% and 41%, respectively.
Similarly, after 24 h of incubation, 5% and 10% xylitol resulted in 23%
and 32% growth inhibition, respectively (Figure 1). In P. gulae, there
were significant differences at erythritol concentrations over 0.1% (p <

0.01) compared with the control, and there were also significant differ-
ences at xylitol concentrations of 0.1% (p< 0.05) and over 1% (p< 0.01)
compared with the control. After 24 h of incubation, 5% and 10%
erythritol inhibited P. macacae growth by 23% and 38%, respectively.
Similarly, 5% and 10% xylitol resulted in 23% and 33% growth inhibi-
tion, respectively, after 24 h of incubation (Figure 1). The minimum
concentration of erythritol at which growth inhibition was observed in
both P. gulae and P. macacae was 1%. In P. macacae, there were signifi-
cant differences at erythritol and xylitol concentrations over 1% (p <

0.01) compared with the control. Neither xylitol nor erythritol could
inhibit the growth of the bacteria as completely as the antibiotic
enic oral bacteria isolated from dogs. Growth of oral bacteria in media supple-
) of each tube was measured throughout the bacterial culture, at 620 nm against
ree measurements (n ¼ 4 clones). CLDM represents clindamycin. (*p < 0.05, **p
f variance [ANOVA] with Tukey's post hoc test).



Figure 2. Bacteriostatic effects of erythritol on
periodontal-disease-associated bacteria in the pres-
ence of glucose. Effects of erythritol on mixed cul-
tures, and Porphyromonas gulae and Porphyromonas
macacae growth in heart infusion medium supple-
mented with 1% erythritol and various glucose con-
centrations. The OD values were calculated as the
means � S.D. of at least three measurements (n ¼ 4
clones). (*p < 0.05, **p < 0.01 between the indicated
concentration and control at 24 h, one-way analysis of
variance [ANOVA] with Tukey's post hoc test).
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clindamycin. Notably, following the 24 h incubation with erythritol, the
bacterial concentration decreased in a concentration-dependent manner.
These results indicate that erythritol, as well as xylitol, inhibit the growth
of P. gulae and P. macacae isolated from the oral cavity of dogs with PD.

3.3. Glucose supplementation inhibits bacteriostatic effects of erythritol on
PDAB growth

To evaluate the inhibitory effect of erythritol on PDAB in the presence
of glucose, bacterial growth was evaluated following incubation with 1%
erythritol supplemented with glucose at various concentrations. Because
the glucose-rich modified GAM medium was not suitable for this exper-
iment, heart infusion medium with menadion and hemin was used. The
bacteriostatic effect of erythritol was inhibited in the presence of glucose
in all groups (Figure 2), and the bacteriostatic effect of erythritol was
abrogated in the presence of 0.05% glucose. These data indicate that
glucose interferes with the bacteriostatic effect of erythritol on PDAB.

4. Discussion

Erythritol may be used to prevent PD if its effectiveness against PDAB
is clarified. To this end, we cultured P. gulae and P. macacae anaerobically
with different dilutions of erythritol in liquid medium to confirm its ef-
fect on PDAB in dogs. In this study, P. gingivalis, which is typically
detected in humans with periodontitis, was not detected (Table 1). This is
consistent with previous report that P. gulae and P. macacae are more
prevalent than P. gingivalis in the periodontal tissues of dogs affected by
PD [14, 34]. This indicates that although erythritol inhibits the growth of
P. gingivalis [37], the inhibition of P. gulae and P. macacae may be more
effective to prevent PD in dogs.

Our results showed that erythritol markedly inhibited the growth of
pathogenic oral bacteria isolated from dogs with PD in a concentration-
dependent manner. The degree of growth inhibition exhibited by
xylitol and erythritol was comparable, indicating that like xylitol,
erythritol inhibits the growth of both P. gulae and P. macacae. P. gulae,
detected in the oral cavity of humans with gingivitis or chronic peri-
odontitis, and several other species may be transmitted during close daily
contact with dogs [38, 39]. Erythritol is effective in inhibiting the growth
of P. gulae and P. macacae, PDAB of dogs isolated in this study.

The effect of glucose on the inhibitory effect of erythritol on bacterial
growth was determined with 1% erythritol in the medium (minimum
concentration at which inhibition was observed in the two isolated bac-
teria). The inhibitory effect of erythritol was counteracted by the addition
of glucose. Glucose is reported to repress the transport and catabolic ac-
tivities of sugar alcohols such as xylitol [18]. This explains the outcome of
our study, and thus, the mode of erythritol-mediated inhibition of P. gulae
and P. macacae is similar and resembles that of xylitol [18]. Our results
provide evidence that the bacteriostatic effect of erythritol may be
diminished in an oral environment with high glucose levels.

Our results show that the growth of P. gulae and P. macacae, which are
the typical PDAB found in dogs, was inhibited by erythritol in a
concentration-dependent manner, suggesting that the use of erythritol is
useful for reducing these bacteria. To use erythritol in dogs for treatment of
4

periodontitis in the future, it is necessary to establish amethod of providing
erythritol todogs toprevent PDanddemonstrate its effects in vivo. There are
several possible ways to administer erythritol to dogs. One is to apply a
toothpaste or gel containing erythritol to plaque-covered tooth surface. This
method would ensure complete contact between the plaque and erythritol.
It may also be effective to include erythritol in the composition of dental
gum. Another method is to dilute erythritol in water and give it to the dog.
This is an easy method to implement, but it is necessary to verify that
erythritol is effective in contacting the plaque. In this case, even if erythritol
is administered at 1–10% concentration, the range in which bacterial
growth is inhibited, there is no toxicity to dogs [31]. There are some limi-
tations to this study. In this study, the growth inhibitory effect of erythritol
was confirmed for two bacterial species, P. gulae and P. macacae, isolated
from dogs with PD, but not for other PDAB. In addition, the model was a
simple one in which erythritol was diluted in the culture medium. Further
investigation of the effect of erythritol in a complex model using dental
plaque or in actual dogs is needed. Nevertheless, the results of the current
study clearly show that erythritol inhibits the growth of P. gulae, the main
causative agent of PD in dogs. In the future, erythritol could be used effec-
tively in daily oral care for the management of PD in dogs.
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