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Abstract

Periodontal disease (PD) is highly prevalent in dogs and is associated with oral biofilms
that promote chronic inflammation and tissue damage. Disrupting biofilms may therefore
support canine oral health. This study evaluated protease (subtilisin) and betaine using com-
plementary in vitro and in vivo approaches. Porphyromonas gingivalis, Porphyromonas gulae,
and Streptococcus mutans were used as model oral pathogens in biofilm inhibition, biofilm
removal, and planktonic growth assays. An 8-day canine pilot study assessed the tolerabil-
ity of a dental chew containing protease and betaine and its effects on the oral microbiome.
In vitro data were analyzed using standard least-squares models, and microbiome re-
sponses using diversity and differential abundance analyses. Protease reduced biofilm
formation by P. gingivalis and S. mutans (p < 0.0001) and removed established biofilms
(p < 0.05), while showing limited effects on planktonic growth. Betaine responses varied
by bacterial strain and assay type and did not significantly interact with protease. The
chew showed good physiological tolerability, although not all dogs consumed it com-
pletely. Microbiome analysis revealed limited treatment effects, with no differences in
alpha diversity between groups. Overall, protease was the main driver of biofilm-related
responses, supporting further investigation in canine oral care products; however, clinical
periodontal outcomes, inflammatory biomarkers, and direct evidence of betaine-mediated
tissue protection were not assessed.
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1. Introduction
Periodontal disease (PD) is the most diagnosed problem in small animal veterinary

medicine [1]. With few to no visible signs, PD often goes untreated until later stages, affecting
approximately 80–100% of dogs over three years of age [2–4]. This disease progresses from
gingivitis to periodontitis and is influenced by the interaction between the host’s defense
mechanism and plaque-building microorganisms. The action of virulent bacteria, when
untreated, can lead to periodontitis [5], which is defined as infection and inflammation of the
gums, bone, and other tissues surrounding and supporting the teeth [6,7].

Although canine dentition provides some natural self-cleaning through the shearing
action of the teeth during mastication, plaque commonly accumulates along the gingival
margin where the tooth meets the gingiva. Consequently, this region remains particu-
larly susceptible to plaque retention, gingival inflammation, and progression of PD [3,5].
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Periodontal disease is fundamentally a biofilm-mediated condition. Once established,
oral biofilm protects resident bacteria from host defenses and environmental stressors,
allowing pathogenic communities to persist and contribute to inflammation and tissue
destruction [7]. Consequently, strategies that disrupt biofilm formation or destabilize es-
tablished biofilm may offer an effective approach for supporting canine oral health [8].
The American Veterinary Medical Association (AVMA) has recommended professional
dental cleaning annually, and daily brushing as the gold standard for maintenance [9,10].
However, maintaining daily brushing routines can be challenging for many pet owners [8].
As a result, passive strategies such as dental chews have been developed to support active
home care. Although dental chews may improve oral health through mechanical abrasion,
delivery of functional ingredients, or a combination of both mechanisms; their efficacy
varies considerably among products [11–13].

Dental chews have emerged as a practical tool, offering a non-invasive method to manage
PD by mechanically disrupting plaque and delivering anti-microbial agents whilst being safe
and appealing to pets [9,13]. Studies have shown that daily feeding of oral chews to dogs
can significantly improve oral health by positively shifting the oral microbiota, reducing the
abundance of potentially pathogenic bacteria such as Porphyromonas, Tannerella, and Treponema,
while increasing beneficial bacteria genera like Neisseria and Actinomyces [14,15]. In dogs,
Porphyromonas species are among the most prevalent bacteria in the oral microbiome and
have been consistently linked to the development and progression of PD [2,4]. Among them,
Porphyromonas gulae is considered a major canine periodontal pathogen and exhibits virulence
characteristics similar to those of Porphyromonas gingivalis, a well-characterized human peri-
odontal pathogen [16]. In addition to these periodontal pathogens, Streptococcus mutans is a
biofilm-forming bacterium frequently used as a model organism to study bacterial adhesion,
extracellular matrix production, and plaque development due to its extensive production of
extracellular polysaccharides [17–20]. As one of the most extensively studied oral bacteria, S.
mutans has served as a key model for understanding the mechanisms underlying biofilm for-
mation, stress adaptation, and microbial interactions within dental plaque [17]. Furthermore,
as a facultative anaerobe, S. mutans can grow under both aerobic and anaerobic conditions
and readily forms biofilms across a range of environmental conditions relevant to the oral
cavity [21]. Therefore, S. mutans was included as a reference organism to evaluate the efficacy
of the protease against a broader range of oral microbes and biofilm phenotypes beyond the
periodontal pathogens P. gingivalis and P. gulae. Together, these organisms represent relevant
models for investigating ingredient effects on oral bacterial growth and biofilm formation.

Subtilisin, a serine protease derived from Bacillus subtilis, has been proposed for man-
aging oral biofilms in dogs due to its capacity to enzymatically disrupt protein-based
matrices within dental plaque. Subtilisin’s ability to target and cleave structural proteins in
the extracellular polymeric substance (EPS) of biofilm [22] weakens the biofilm structural
integrity, making bacteria more susceptible to shear force, antimicrobials, or host immune
response. This enzymatic activity also promotes oral hygiene by hydrolyzing proteins
from food residues. In early stages of biofilm development, subtilisin can disrupt bacterial
adhesion and coaggregation, interfering with plaque establishment, maturation and for-
mation [20,23,24]. Research has shown that proteolytic enzymes, including subtilisin, can
effectively disrupt biofilms and reduce interkingdom biofilm biomass, which contributes to
tartar formation and persistent periodontal inflammation [1,25]. Given that PD is strongly
associated with biofilm accumulation rather than bacterial presence alone, proteases repre-
sent a promising strategy for selectively targeting biofilm architecture while avoiding the
use of conventional antimicrobials.

Betaine (trimethylglycine) is a naturally occurring zwitterionic compound with osmo-
protective and anti-inflammatory properties. By helping to relieve dry mouth, maintain
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cellular hydration, and protein stability during stress, betaine may help support oral tissue
resilience [26–29]. In addition, studies have shown that betaine can modulate inflamma-
tory pathways, including reduction in IL-1β production, a cytokine associated with PD
progression [30,31]. Although direct evidence for betaine in canine PD remains limited,
these properties suggest a potential complementary role in supporting the gum tissues in
the oral environment.

Based on its biofilm disrupting properties, protease was hypothesized to act as the
primary functional ingredient responsible for reducing oral biofilm formation. Betaine was
included as a complementary ingredient due to its osmoprotective and anti-inflammatory
properties, which may support the oral environment and host associated responses. There-
fore, the objective of this study was to characterize the effects of protease and betaine on
bacterial growth and biofilm responses using in vitro oral pathogen models with detectable
microbiome responses in dogs receiving a functional dental chew.

2. Materials and Methods
2.1. In Vitro Biofilm Growth—Biofilm Reactor
2.1.1. Bacteria Strain and Culture Conditions

Streptococcus mutans ATCC 25175 (S. mutans), Porphyromonas gingivalis ATCC 33277
(P. gingivalis), and Porphyromonas gulae ATCC 51700 (P. gulae) were obtained from the
American Type Culture Collection (ATCC, Mamassas, VA, USA). S. mutans was grown on
brain heart infusion agar plates supplemented with hemin, menadione and yeast extract
(BHIS) at 37 ◦C under anerobic conditions (80% N2, 10% CO2, 10% H2) overnight and
cultured in BHIS broth at 37 ◦C under anerobic conditions for 24 h. P. gingivalis and P. gulae
were cultured on CDC blood agar (Anaerobe Systems, Morgan Hill, CA, USA) at 37 ◦C
under anaerobic conditions for 7 days and cultured in yeast casitone fatty acids broth with
carbohydrates (YCFAC; Anaerobe Systems) for 72 h.

2.1.2. Enzyme Extraction

Commercially available protease enzyme (ValoraseTM Pro, IFF, New York, NY, USA)
granules were extracted using 1x PBS (pH = 7.4; Corning). Enzyme granules were mixed
in 1x PBS, shaken at 37 ◦C intermittently at 200 rpm, then centrifuged at 4000× g for
10 min. The supernatant was then aspirated and filtered sterilized using 0.22 µm PES filter
membrane (MilliporeSigma™ Steriflip™, Burlington, MA, USA), and the extracted enzyme
was stored at 4 ◦C until further use.

2.1.3. Biofilm Formulation and Quantification
Culture Conditions

S. mutans were inoculated in BHIS broth for 24 h, while P. gingivalis and P. gulae were
each inoculated in YCFAC broth for 72 h under anaerobic conditions. After incubation,
cultures of each strain were diluted to optical density at 600 nm (OD600) of 0.1 in BHIS broth
supplemented with 1% sucrose (BHIS-S) for S. mutans and YCFAC broth for P. gingivalis
and P. gulae. A total volume of 200 µL was added to each well of a 96-well flat-bottom
non-treated polystyrene plate and incubated anaerobically at 37 ◦C (24 h for S. mutans; 72 h
for P. gingivalis and P. gulae).

Biomass Quantification

Total biomass (culture and biofilm) was quantified immediately after incubation to
evaluate total growth. The plate was removed from the incubator, and the optical density
was measured at 600 nm (OD600) using a Tecan Spark 10M. Biofilm biomass was quantified
using a crystal violet assay. Briefly, the wells were rinsed with 200 µL of 1x PBS three times,
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then stained with 200 µL of 0.1% crystal violet solution (Sigma-Aldrich, St. Louis, MO,
USA) and incubated at room temperature for 5 min. The wells were again rinsed with
200 µL of 1x PBS three times, and the crystal violet stained biofilms were resolubilized with
70% ethanol. The optical density was measured at 590 nm (OD590) using a Tecan Spark
10M to determine biofilm biomass.

2.1.4. Biofilm Inhibition and Removal Assay
Biofilm Inhibition

To evaluate the efficacy of protease to inhibit the growth and biofilm formation of oral
strains, the extracted enzyme was added to the bacterial cultures at the start of incubation.
Each strain was prepared as previously described. Then, protease was added to the well
containing the culture to a final volume of 200 µL. The cultures were incubated for biofilm
formation as described previously. The total biomass of the cultures and biofilm biomass
were quantified as previously described.

Biofilm Removal

To evaluate the efficacy of protease to remove the biofilm of oral pathogens, the ex-
tracted enzyme was added to the biofilms after formation. Briefly, each strain was prepared
for biofilm formation as previously described. After incubation (24 h for S. mutans and
72 h for P. gingivalis and P. gulae), the wells were decanted, and fresh media containing the
protease was added to a final volume of 200 µL. The cultures were incubated anaerobically
at 37 ◦C for 24 h. Afterwards, the wells were washed and quantified using a crystal violet
assay as previously described.

2.1.5. Checkerboard Assay

The effect of combining commercially available betaine (Betafin® Pet, IFF, New York,
NY, USA) and protease was evaluated via checkerboard biofilm assays to determine ad-
ditive or deleterious effects of betaine on the efficacy of protease. A dilution series was
created for protease and betaine across 96-well polystyrene plates using a Biomek i7 Auto-
mated Workstation. The concentrations of protease were 2% (w/v), 1%, and 0.5%, and the
concentrations for betaine were 10% (w/v), 5%. 2%, 1%, and 0.5%. The protease extracted
in 1x PBS was used for this assay, and both protease and betaine were diluted using 1x PBS.
Plates of only protease and plates of only betaine were also evaluated. Total biomass and
biofilm biomass were quantified as previously described.

2.1.6. Data Analysis

The in vitro dataset was analyzed in JMP 18 using standard least-squares models.
Estimated group means were obtained as least-squares means (LS means), and pairwise
comparisons among treatment groups were performed using the Tukey–Kramer adjustment
to control the family-wise Type I error rate for multiple comparisons. The synergy assays
were analyzed using full factorial model effects to determine which factors and interactions
significantly impacted the response. Data were normalized relative to untreated control,
which was set as 0.000 inhibition. Statistical significance was declared at p < 0.05. A positive
least-squares mean correlated to the inhibition or removal ability of protease or betaine,
whereas a negative least-squares mean indicated increased growth or biofilm formation of
the target strain.

2.2. In Vivo Pilot Study in Dogs
2.2.1. Dental Chew Study

The pilot study was conducted at the High Quality Research (HQR) animal facility
study site (Fort Collins, CO, USA). The protocol was approved by the Institutional Animal
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Care and Use Committee (IACUC) of HQR, Fort Collins, CO, USA (protocol number
210.001), following the Welfare Act Regulations (United States Department of Agriculture,
Washington, DC, USA, 2019).

Animal and Housing Conditions

Eighteen adult male Beagle dogs (mean age = 1.17 ± 0.04 yr, mean body weight
[BW] = 9.2 ± 1.2 kg) were included in the study and individually housed in kennels within
a room located at HQR. The room was kept on a 12 h light schedule, with temperatures
between 16.7 and 19 ◦C, and relative humidity ranging from 34% to 43%.

Diet and Treatment Design

All dogs were fed commercially available dry food (Adult Red Flannel, Red Flannel,
PMI Nutrition, Arden Hills, MN, USA), once daily throughout the study. The amount of
food provided was to reach their caloric maintenance requirements and remained consistent
throughout the study. Dogs always had access to fresh water. This experiment followed a
single-blind parallel comparative design.

Two types of pet dental chews were produced by Targeted Pet Treats LLC (Warren,
PA, USA) using an identical base formulation. Both chews were manufactured via injection
molding. The control product contained only the base recipe, while the test product
included the same formulation with the addition of commercially available functional
ingredients for betaine (1%, 0.3 g) and protease (0.1%, 0.03 g). The experimental chew was
formulated with a concentrated, salt-coated protease preparation (80,000 U/g) designed to
enhance enzyme stability and help withstand the high temperatures encountered during
manufacturing. The enzyme was included at a target concentration of 0.1% (w/w) in the
finished product. To compensate for anticipated processing losses and ensure a minimum
final concentration of 0.1%, the protease was added at three times the target dose during
manufacturing. Based on an average chew weight of approximately 30 g, the target activity
was 2400 U per chew. An external laboratory, Eurofins (Des Moines, IA, USA), quantified
protease activity in the finished chews and determined it to be 6000 U per chew, confirming
enzyme activity 2.5-fold above the target specification and demonstrating effective retention
of protease activity throughout processing.

Data Collection

The consumption of dental chews and the fecal conditions were monitored daily
during the study. Physical exams were conducted on Day 0 (pre-chews) and Day 8.

Two oral swabs were collected from teeth and gums on Day 0 (pre-chews), Day 4 and
Day 8 (post-chews). Gum swabs were collected by gently brushing a sterile dry swab over
the upper and lower gums of both sides of the mouth while avoiding teeth. To retain a
representative sample for teeth microbiome, one dry swab per dog was gently brushed on
eight teeth according to the modified Triadan system [32]: Maxillary canine teeth (104/204),
mandibular canine teeth (304/404), maxillary fourth premolars (108/208), and mandibular
first molar teeth (309/409). Fresh feces were collected on Day 0 (pre-chews), Day 4, and
Day 8 post-chews; these were then placed into a labeled whirl pack for each dog at each
collection timepoint.

All the data collection samples were kept at −70 ◦C or colder freezer and shipped to
the microbiology lab at Wilmington, Delaware, upon study completion.

2.2.2. Microbiome Sequencing
16S rRNA Amplicon Sequencing and Profiling

Microbial genomic DNA extraction and 16S rRNA amplicon sequencing were con-
ducted according to the protocols detailed in the section “DNA extraction, 16S rRNA Gene
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amplification from Cecal Swab samples” in study of van der Klein et al. [33]. The amplicon
data generated by the Illumina MiSeq sequencing were then processed by an in-house
pipeline described as following: the raw paired-end Illumina 16S rRNA reads first had
primers trimmed using cutadapt version 5.0 [34], then DADA2 version 1.26.0 [35] was used
to denoise and remove chimeras. The sequences passing the above processing steps were
rarefied to 20,000 sequences per sample. The classification assignments at genus and higher
ranks of the sequences were performed by RDP Classifier [36] against the RDP Classifier
16S training set No. 19 [37].

Microbial Community Composition and Diversity Analysis

Individual variations were included as a blocking factor to reduce noise and increase
the power to detect true treatment effect of this study. The Shannon diversity index was
calculated using the diversity function in R vegan package [38]. Alpha diversity was
determined by the Wilcoxon rank sum test. It was used for significance testing of the
differences in Shannon diversity indices between groups, categorized by sample type (gum,
teeth and feces), treatments (C and T groups), and sampling timepoints (D0, D4, and
D8). Differences in microbial community compositions between groups (beta diversity)
were assessed using multivariate permutational ANOVA tests (PERMANOVA) based on
Bray–Curtis dissimilarity using the adonis2 function from vegan package (R version 4.2.3, R
Foundation for Statistical Computing, Vienna, Austria). The p values were corrected using
Benjamini–Hochberg false discovery correction for multiple comparisons. The microbial
profile abundance matrices were compared and visualized using Principal coordinate
analysis (PCoA) based on the Bray–Curtis dissimilarity matrix.

Differentially Abundant Taxa Analysis

The differential abundant taxa between treatment groups or sampling timepoints were
detected by DESeq2 [39] using the abundance count data. Low-abundant taxa with less
than 10 counts in at least one sample were filtered out prior to running DEseq2. For multiple
comparisons, the p values were adjusted for false discovery rate using Benjamini–Hochberg
correction. Taxa with adjusted p value < 0.05 were considered significant. DESeq2 outputs
the Log2-fold changes in the relative abundance of taxa between groups. A positive value
of Log2FoldChange (L2FC) indicates that the corresponding taxon is more abundant in the
second group than the first group.

3. Results
3.1. In Vitro
3.1.1. Biofilm Inhibition
Inhibition Efficacy of Protease

To evaluate the inhibition efficacy of protease, a dilution series from 5.50% to 0.09%
of the protease in 1x PBS was added to the cultures prior to incubation. As the pro-
tease concentration increased, the biofilm biomass decreased (Figure 1). The overall least-
squares statistical model indicates significance in P. gingivalis (p < 0.0001) and S. mutans
(p < 0.0001). In P. gingivalis, biofilm least-squares means rose from 0.000 at the untreated
control (0% protease) to 0.195 at 0.69% protease, 0.518 at 1.38% protease, 0.708 at 2.75%
protease, and 0.903 at 5.50% protease, indicating a dose-dependent inhibitory response.
Protease concentrations of 1.38%, 2.75%, and 5.50% were significantly different from the
control. S. mutans displayed a similar pattern, with means increasing from 0.000 at the
untreated control to 0.610 at 0.69% protease and reaching 0.907–0.950 at concentrations
of 1.38–5.50%. This trend suggests that higher protease concentrations were associated
with greater inhibition of S. mutans biofilm formation. In P. gulae, the overall model was
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nonsignificant (p = 0.1452) likely due to high variability. However, P. gulae also showed in-
creasing biofilm inhibition with increasing protease concentrations, and the 5.50% protease
concentration was significantly different from the untreated control.

Figure 1. Estimated mean % inhibition ± SE of protease treatment on biofilm response relative to
the untreated control in (A) Porphyromonas gingivalis ATCC 33277, (B) P. gulae ATCC 51700, and
(C) Streptococcus mutans ATCC 25175. A positive least-squares mean correlates to the inhibition ability
of protease, whereas a negative least-squares mean indicates increased biofilm formation of the target
strain. Levels not connected by same letter are significantly different (p < 0.05).

The planktonic growth was elevated compared to the untreated control, increasing
growth proportionally as the protease concentration increased, for all three strains (Figure 2).
The analysis of the data using the overall least-squares statistical model indicates significant
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change for P. gingivalis (p = 0.0088) and S. mutans (p = 0.0302) but again not for P. gulae
(p = 0.1894). For P. gingivalis, the least-squares means declined from 0.000 in the untreated
control (0% protease) to −0.145 and −0.150 at 0.69% and 5.50% protease, respectively.
P. gulae showed a similar trend, increasing as protease concentration increased. S. mutans
displayed a strong downward trend, with least-squares means decreasing from 0.000 at
the untreated control to −0.540 to −0.657 across 0.69% to 5.50% protease, respectively.
The progressively more negative least-squares means trend indicates increased growth at
increasing protease concentrations.

 

Figure 2. Estimated mean % inhibition ± SE of protease treatment on planktonic growth response
relative to the untreated control (A) Porphyromonas gingivalis ATCC 33277, (B) P. gulae ATCC 51700,
and (C) Streptococcus mutans ATCC 25175. A positive least-squares mean correlates to the inhibition
ability of protease, whereas a negative least-squares mean indicates increased growth of the target
strain. Levels not connected by same letter are significantly different (p < 0.05).
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Inhibition Efficacy of Betaine

To determine if betaine had any impact on bacterial growth and biofilm formation, a
dilution series from 0.13% to 5.0% of betaine in 1x PBS was added to the cultures prior to
incubation. In the biofilm assays, the analysis of the data using the overall least-squares
statistical model indicates significance for S. mutans (p = 0.0023) and P. gingivalis (p < 0.0001)
but not for P. gulae (p = 0.5423). In P. gingivalis, a betaine concentration of 5% was the only
positive least-squares mean at 0.370 and significantly different from the untreated control
(0% betaine), indicating that the biofilm was not inhibited until 5% betaine was used. For
S. mutans, betaine produced a progressively more negative least-squares means response
with increasing dose, becoming significantly different from the untreated control with
−0.138 at 2.5% betaine, −0.160 at 4% betaine, and −0.253 at 5% betaine, which indicates
that increasing betaine doses increased biofilm production. In P. gulae, the least-squares
means were numerically negative across the dose range (Supplemental Figure S1) but did
not reach statistical significance.

In the planktonic growth assays, the analysis of the data using the overall least-squares
statistical model indicates significance in P. gingivalis (p < 0.0001) and P. gulae (p = 0.0013)
growth but not S. mutans (p = 0.3261). In P. gingivalis, the least-squares means increased from
0.000 at the untreated control (0% betaine) to 0.194 at 0.13% betaine, 0.286 at 4% betaine,
and 0.446 at 5% betaine, indicating that betaine significantly decreased P. gingivalis growth
at concentrations as low as 0.13%. The 5% betaine was the highest-response group, distinct
from the lower doses and untreated conditions (Supplemental Figure S2). P. gulae also
showed an inhibition response to betaine, with least-squares means increasing from 0.000 at
the untreated control to 0.165 at 0.13% betaine, 0.173 at 4% betaine, and 0.400 at 5% betaine.
As in P. gingivalis, the highest betaine dose (5%) formed the strongest-response group
(Supplemental Figure S2), indicating a strong inhibitory effect at higher concentrations.
Conversely, S. mutans’ growth was not impacted by betaine.

Checkerboard Assay

To assess the potential effects of combining betaine and protease, a checkerboard
strategy was used. The analysis of the data using the overall least-squares statistical model
indicates that all three combinations for biofilm inhibition were significant overall. In
P. gingivalis, the biofilm model was highly significant (p < 0.0001), with significant main
effects of betaine (p < 0.0001) and protease (p < 0.0001), while no significant interaction was
observed (p = 0.3545). Similarly in P. gulae, the overall model was significant (p = 0.0020),
with significant main effects of betaine (p = 0.0029) and protease (p < 0.0001), while no
significant interaction was observed (p = 0.8198). Similarly in S. mutans, the overall model
was significant (p < 0.0001), with significant main effects of betaine (p = 0.0450) and protease
(p < 0.0001), and no interaction (p = 0.9850). Student’s t comparisons showed that treatment
groups with the same protease concentration were generally grouped together regardless
of betaine concentration (Figure 3).

The planktonic growth measurements from the two-factor least-squares design
were significant in all three strains (p < 0.0001). There was significant impact on the
growth of P. gingivalis in the overall statistical model in a concentration-dependent manner
(p < 0.0001). Betaine (p < 0.0001) and protease (p < 0.0001) main effects were significant but
not their interaction (p = 0.5499). Similarly, in P. gulae, the overall model was significant
(p < 0.0001), with main effects of betaine (p < 0.0001) and protease (p < 0.0001), but no
interaction (p = 0.5151). P. gingivalis and P. gulae showed similar growth responses across the
treatment matrix, but these varied across protease and betaine concentration (Figure 4). The
strongest growth responses happened at 10% betaine across all protease doses (Figure 4).
The S. mutans growth model differed in that all three terms were significant: the overall
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model (p < 0.0001), main effects of betaine (p < 0.0001) and protease (p < 0.0001), and their
interaction (p = 0.0001). At 5% betaine, several treatment combinations did not differ from
the untreated control, whereas responses remained positive at 10% betaine. That is, the 5%
betaine combinations did not significantly differ from the untreated control, and all the 10%
betaine combinations remained positive.

Figure 3. Estimated mean % inhibition ± SE of the combined effect of betaine and protease treatment
on biofilm response relative to the untreated control in (A) Porphyromonas gingivalis ATCC 33277,
(B) P. gulae ATCC 51700, and (C) Streptococcus mutans ATCC 25175. A positive least-squares mean
correlates to the inhibition ability of the betaine and protease combination, whereas a negative least-
squares mean indicates increased biofilm formation of the target strain. Levels not connected by same
letter are significantly different (p < 0.05).
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Figure 4. Estimated mean % inhibition ± SE of combined betaine and protease treatment on plank-
tonic growth response relative to the untreated control in (A) Porphyromonas gingivalis ATCC 33277,
(B) P. gulae ATCC 51700, and (C) Streptococcus mutans ATCC 25175. A positive least-squares mean
correlates to the inhibition ability of the betaine and protease combination, whereas a negative least-
squares mean indicates increased growth of the target strain. Levels not connected by same letter are
significantly different (p < 0.05).

3.1.2. Biofilm Removal

To evaluate the biofilm removal capabilities of protease, the protease was applied in a
dilution series to the mature biofilm of P. gingivalis, P. gulae, and S. mutans. The results are
displayed in Figure 5. The analysis of the data using the overall least-squares statistical
model indicates that all three strains were significant. In P. gingivalis, treatment dose sig-
nificantly influenced biofilm removal (p = 0.0002). Least-squares means were 0.000 in the
untreated control (0%), 0.022 at 2.5% protease, 0.064 at 5.0% protease, and 0.653 at 10.0%
protease, indicating an increase in removal with increasing dose and a notable increase
at 10.0% protease. The 10.0% protease group differed significantly from the untreated
control, 2.5% protease, and 5.0% protease groups, whereas the lower concentrations did not
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differ (p > 0.10) from one another. In P. gulae, the overall model was significant (p = 0.0036),
although this significance was driven by a decrease in least-squares means from 0.000 in
the untreated control to –0.555 at 2.5% protease. The 2.5% protease treatment grouped
separately from the untreated control, 5.0% protease, and 10.0% protease groups, demon-
strating increased biofilm production, whereas 5% and 10% protease were not significantly
different from the untreated control. In S. mutans, treatment dose had a significant overall
effect on biofilm removal (p = 0.0350). Least-squares means increased from 0.000 in the
untreated control to 0.068, 0.140, and 0.168 at 2.5%, 5.0%, and 10.0% protease, respectively.
The 5.0% and 10.0% protease groups were significantly different from the untreated control,
which indicates a dose-dependent response for biofilm removal in S. mutans.

Figure 5. Estimated mean % removal ± SE of protease treatment on biofilm removal relative to
the untreated control in (A) Porphyromonas gingivalis ATCC 33277, (B) P. gulae ATCC 51700, and
(C) Streptococcus mutans ATCC 25175. A positive least-squares mean correlates to the removal ability
of protease, whereas a negative least-squares mean indicates increased biofilm formation of the target
strain. Levels not connected by same letter are significantly different (p < 0.05).
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3.2. In Vivo
3.2.1. Acceptability and Tolerability of Dental Chews

The average weight at the beginning of the experiment for C and T were both 9.2 kg
and the average weights at the end of the experiment were 9 kg and 9.2 kg, respectively.
No adverse events such as vomiting or soft stools were recorded during the study.

A total of 72 chews were administered to each group. The proportion of chews fully
consumed by dogs in groups T and C was 79.2% (57/72) and 94.4% (68/72), respectively.
Three dogs in the T group showed limited consumption of the assigned chews throughout
the study. Two of these dogs consumed less than half of the assigned chews and were
excluded from downstream microbiome analysis following Illumina sequencing. Physical
examinations were performed to assess oral health, with particular attention to gingival
inflammation, ulceration, and bleeding. All dogs received normal scores throughout the
study period (D0 to D8), with no signs of oral abnormalities observed.

3.2.2. Microbiome Sequencing

We conducted microbiome analysis by sequencing the amplified 16S genes. The study
generated a total of 162 samples across the three sampling timepoints (D0, D4, and D8) of
both treatments (C and T) for each sample type (gum, teeth and feces). Of the three dogs
that showed limited chew consumption, two consumed less than half of the assigned chews
and were excluded prior to microbiome analysis. The final dataset contained 144 samples,
including 48 gum, 48 teeth, and 48 fecal samples.

Illumina sequencing produced a total of 4,709,298 rRNA amplicon sequences, with an
average of 29,433 sequences per sample after quality filtering. Analyses were conducted
with all samples rarified to a level of 20,000 sequences per sample.

Analysis of alpha diversity revealed significant differences between sample types at
both genus and family levels, with gum and teeth microbiota exhibiting higher Shannon
diversity than fecal microbiota (Wilcoxon test, adjusted p < 0.05; Figure 6). No significant
differences in genus-level alpha diversity were detected between treatment groups at any
sampling timepoint. Significant differences at the family level were detected within gum
samples between D0 and D4 and between D0 and D8 in the treatment group (Wilcoxon
test, adjusted p < 0.05).

Figure 6. Shannon diversity index of fecal, gum, and teeth microbiota at the (A) genus and (B) family
levels for control and treated dogs at D0, D4, and D8.
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Significant differences in microbial community composition between treatment groups
were detected in gum samples at D0 (adjusted p = 0.039) and D8 (adjusted p = 0.020)
(Figure 7A). No significant differences were detected between treatment groups in gum
samples at D4 (adjusted p = 0.260). No significant treatment-associated differences were
detected in teeth or fecal samples (Figure 7B,C).

Figure 7. Principal coordinates analysis (PCoA) based on Bray–Curtis dissimilarity of (A) feces,
(B) gum, and (C) teeth microbiota at D0, D4 and D8 at genus. Colors indicate sample type and
symbols indicate treatment group.

Within gum samples, differential abundance analysis detected multiple taxa that
differed between D0 and D8 (adjusted p < 0.05; Figures S1 and S2).

4. Discussion
To our knowledge, limited information is available regarding the combined use of

proteolytic enzymes and plant-derived betaine as functional ingredients targeted to canine
oral health. While both compounds have been extensively studied in animal nutrition, their
potential in targeting PD-associated bacteria and biofilm have received comparatively little
attention. The present study investigated the complementary effects of these ingredients
using both mechanistic in vitro assay and in vivo canine study. The results demonstrated
distinct responses in planktonic growth and biofilm formation among PD-associated bac-
teria species, with protease mainly influencing the biofilm formation and removal, while
betaine exhibited strain dependent effects on bacterial growth and biofilm responses. To-
gether, these results support further investigation of protease and betaine as functional
ingredients for canine oral health.
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4.1. Protease—Biofilm Disrupting Ingredient

Biofilm is formed by the attachment of microorganisms to surfaces through surface pro-
teins and has an extracellular matrix comprising excreted polysaccharides, lipids, proteins,
and extracellular DNA and RNA [18,19,40]. Previous studies have found that proteases
have reduced biofilm formation [41–43]. In the present study, protease reduced biofilm
formation in P. gingivalis, P. gulae, and S. mutans as concentration increased. P. gingivalis and
P. gulae were included because P. gulae is considered a major canine periodontal pathogen
and shares virulence and immunological characteristics with P. gingivalis [16,44]. In ad-
dition, P. gingivalis has been detected within the canine oral microbiota [45,46]. S. mutans
was included as a reference organism because of its well-characterized ability to form
biofilms and its widespread use as a model for studying bacterial adhesion and plaque
development [17,18,21]. Although S. mutans is not considered representative of the canine
oral microbiota, its inclusion enabled evaluation of protease activity against a distinct
biofilm-forming organism. The strongest biofilm inhibition responses were observed in
P. gingivalis and S. mutans. In contrast, although biofilm formation in P. gulae decreased
numerically with increasing protease concentration, the overall inhibition model was not
significant. This suggests that the response to protease differed among the bacterial species
evaluated, indicating variability in responses across the microorganisms tested.

Treatment with the protease displayed increased planktonic growth but reduced
biofilm biomass in a dose-dependent manner. Proteases break down proteins, releasing
essential amino acids and peptides into the environment, which then promote the growth
of bacteria [47]. However, proteolytic enzymes can degrade extracellular bacterial proteins
and biofilm attachment through targeting surface proteins, thus inhibiting early bacterial
adhesion and interfering with plaque maturation without suppressing growth of the
bacteria [20,22–24]. Importantly, since the protease does not inhibit the planktonic growth
of these bacteria, the protease is not antimicrobial.

While inhibition of biofilm formation is necessary to prevent plaque buildup in the
oral cavity, the ability to remove established biofilm would help support oral health more
by clearing the established matrix structures to which pathogenic bacteria may attach
to [48]. The protease was able to remove the biofilm formed by both P. gingivalis and
S. mutans at 5% protease and 5% and 10% protease, respectively. Biofilm removal is a more
effective mechanism in preventing disease because biofilm acts as a protective barrier for
microorganisms, protecting them from pH changes, antimicrobials, host immune system,
and shearing forces [49–52]. In removing the existing biofilm and preventing new biofilm
attachment, there is greater ability to support oral health against the oral pathogens.

4.2. Understanding Betaine Response; Betaine as Supporting Tissue Ingredient

The in vitro portion examines the direct effect of applying betaine to the culture of
oral pathogens P. gingivalis, P. gulae, and S. mutans. In this study, betaine decreased the
planktonic growth of P. gingivalis and P. gulae with increasing concentrations while increas-
ing their biofilm production. As betaine is an osmoprotectant, it promotes the survival of
microorganisms under osmotic stress [53–55]. For example, in Kapfhammer et al. 2005 [56]
the addition of betaine had been found to increase biofilm formation of Vibrio cholera.
This beneficial effect, however, depends on taxa, as some studies have shown that while
some bacterial groups may increase growth, others may decrease. Such was the case in
Chen et al. [57] after supplementing the diet of specific pathogen-free mice with 0.8 g/kg
betaine per day. While the populations of Bacteroidaceae, Bacteroides, Parabacteroides, and
Prevotella were enriched, the populations of Coriobacteriaceae, Lachnospiraceae, Enterorhabdus,
and Coriobacteriales were depleted. Similarly in Al-khalaifah et al. [58], after feeding lay-
ing hens a diet supplemented with 1.2 g/kg betaine for eight weeks, the abundance of

https://doi.org/10.3390/pets3040049

https://doi.org/10.3390/pets3040049


Pets 2026, 3, 49 16 of 21

Staphylococcus, Escherichia coli, Clostridium, and Pseudomonas significantly decreased when
compared to the control group. However, there have not been studies found directly
assessing the impact of betaine on the growth and biofilm formation of P. gingivalis, P. gulae,
and S. mutans. As such, this study may be the first to analyze their interactions.

After assessing the impacts of betaine and the protease individually on the growth
and biofilm formations of the oral pathogens, a combined assay was implemented to
evaluate the interaction of the two components in one culture. For all three target strains,
there was no interaction between the betaine and the protease. This was expected, as the
purpose of betaine was to primarily support host health in terms of oral hydration and
relieving gum irritation and inflammation [59–61], while the protease was expected to
target oral pathogens.

4.3. In Vivo

Despite clear protease effects on biofilm formation and removal in vitro, the canine
study showed only limited microbiome separation between treatment. Several study
factors may have contributed, including the study length, incomplete chew consumption
by a small number of dogs, and substantial baseline variation among individuals. Two
of the nine dogs did not completely consume the chew during the study period. As
no signs of oral irritation, gastrointestinal discomfort, or other adverse reactions were
observed, the incomplete consumption was considered unlikely to be associated with
product intolerance. Because the study dogs had no previous exposure to chew treats and
the sample size was small, the reasons for incomplete consumption cannot be determined
from the present study. Therefore, these findings should not be interpreted as evidence
of either reduced acceptability or palatability. As a result, ingredient exposure was not
uniform across all dogs in the treatment group. Two of these dogs consumed less than
half of the assigned chews and were subsequently excluded from microbiome analyses.
Similar challenges in translating microbiological responses into measurable oral health
outcomes have been reported in canine dental chew studies, where treatment effects can be
influenced by individual animal variation and pre-existing differences in oral microbial
composition [14,15]. Previous studies evaluating dental chews in dogs have reported shifts
in oral microbial communities together with improvements in oral health parameters such
as plaque, calculus, gingivitis, and halitosis. Oba et al. [14,15] demonstrated reductions in
several taxa associated with periodontal disease, including Porphyromonas and Treponema,
following daily dental chew administration. More recently, studies characterizing the canine
oral microbiome have further demonstrated that microbial composition differs across oral
niches and disease states, supporting the use of microbiome profiling as a complementary
tool for evaluating oral health interventions in dogs [14,15,62]. Furthermore, the experiment
only lasted 8 days, which limited the opportunity and occurrence to sustain microbiome
shifts. The use of a structurally identical chew may have also reduced the ability to detect
ingredient specific effects because mechanical chewing alone has been associated with
improvements in oral health parameters [9,11,13–15]. Together, these factors have likely
reduced the ability to detect treatment-related differences drastically.

Although temporal changes were detected within gum microbial communities, these
findings should be interpreted independently from the between-group comparisons. The
control and treated groups differed in gum microbial composition at D0, indicating pre-
existing baseline heterogeneity. Dogs were enrolled without professional dental cleaning
prior to study initiation, allowing existing plaque and oral microbial communities to re-
main intact. While this non-invasive approach better reflects real-world conditions, it
likely contributed to the baseline variability observed between animals. Consequently, the
difference also detected at D8 cannot be attributed specifically to the functional ingredients
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without demonstrating that the D0-to-D8 change differed between groups. Within the
control group, several genera previously associated with canine periodontal disease, includ-
ing Porphyromonas, Treponema, Tannerella, Fretibacterium, and Filifactor, decreased between
D0 and D8 (Figure S1). These findings are directionally consistent with previous reports
showing that dental chews can positively influence the canine oral microbiota [14,15].
However, because similar changes were observed in dogs receiving the control chew, the
results suggest that chew-associated mechanical effects and natural temporal variation
likely contributed substantially to the observed microbial shifts.

Importantly, the in vivo part was designed primarily to assess the tolerability and
microbiome responses rather than clinical PD outcomes. Measurements of gingival inflam-
mation, index bleeding, wound healing, inflammatory biomarkers, and cytokines responses
were not assessed. As a result, the proposed tissue supporting role of betaine could not
be adequately evaluated in the scope of this study and does not rule out potential benefits
on host tissues. This is relevant because betaine has been reported to function primarily
as an osmoprotectant, helping maintain cellular hydration and cell stability during phys-
iological stress [26,27,59,61]. In addition, betaine has shown to modulate inflammatory
pathways, including reduction in IL-1β production, a cytokine strongly associated with
PD progression [30,31]. Therefore, the contribution of betaine may be more accurately
related to supporting the oral tissue environment rather than directly altering microbial
composition. This is consistent with previous human studies showing betaine reduced
sodium lauryl sulfate induced irritation of the oral mucosa and improved subjective symp-
toms of dry mouth, suggesting that its primary benefits may occurs at the tissue level and
may not necessarily be reflected by measurable shift in microbial community composi-
tion [29,63]. Future studies incorporating clinical PD assessment, inflammatory endpoints,
and longer experimental periods are needed to determine whether these host associated
benefits translate into measurable improvement in canine oral health.

In summary, this study supports a two-level interpretation of the protease–betaine
dental chew concept. Under controlled in vitro conditions, the ingredients showed distinct
and biologically interpretable effects on growth and biofilm-associated responses of peri-
odontal disease–associated bacteria. In dogs, the 8-day pilot study demonstrated acceptable
short-term tolerability but only limited microbiome separation between treatments, likely
reflecting the short study duration, baseline heterogeneity, and the confounding contri-
bution of chew mechanics. These findings support further evaluation in longer-duration
studies with designs better suited to resolving ingredient-specific oral health outcomes.

5. Conclusions
Protease reduced biofilm formation and disrupted established biofilms in vitro with

the strongest and most consistent responses observed in P. gingivalis and S. mutans. Betaine
had variable effects on growth and biofilm responses depending on the strain and did
not affect protease activity when tested in combination. In the 8-day canine pilot study,
the protease and betaine containing dental chew appeared physiologically well tolerated,
with no adverse clinical observations reported. Although incomplete consumption was
observed in a subset of dogs, the reasons for this response could not be determined from
the present study because the dogs had limited prior exposure to chew treats and the
number of affected animals was small. Therefore, additional studies specifically designed
to evaluate voluntary acceptance and palatability are warranted. The chew was associated
with only limited microbiome changes. As clinical periodontal outcomes, inflammatory
biomarkers, and direct evidence of betaine-mediated tissue protection were not evaluated,
the mechanisms underlying potential oral health benefits remain to be established. Longer-
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term studies including clinical oral health assessments are warranted to further evaluate
the effects of protease-containing oral care products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pets3040049/s1. Figure S1: Betaine treatment effects on biofilm
response; Figure S2: Betaine treatment effects on planktonic growth; Table S1: Differentially abundant
genera in control gum samples between D0 and D8; Table S2: Differentially abundant genera in
treated gum samples between D0 and D8.
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