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Editorial on the Research Topic

The Pivotal Role of Oral Microbiota Dysbiosis and Microbiota-Host Interactions in Diseases

The oral microbiome is an important constituent of human microbiome, playing a pivotal role in
human health. Oral microbial dysbiosis is the major causative factor of oral diseases such as dental
caries and periodontal diseases, and it is also closely associated with systemic diseases such as
cardiovascular diseases, diabetes, and gastrointestinal diseases, etc (Hajishengallis, 2015;
Hajishengallis and Chavakis, 2021). The last two decades have witnessed tremendous progress in
the field of oral microbiota and its related human diseases, largely due to the advancement in high
throughput “-omics” techniques such as metagenomics and metatranscriptomics. In addition, the
development of non-invasive detection methods such as Raman Spectroscopy also makes the
dynamic detection of microbial metabolic activity possible (Su et al., 2020). Oral microbiota can be
recognized as the “fingerprint” of human health, and tools and models developed based on metadata
and comprehensive bioinformatics can be utilized to robustly predict the occurrence and prognosis
of oral diseases as well as the related systemic diseases (Xu et al., 2017). In addition, identification of
Porphyromonas gingivalis as the keystone pathogen of periodontitis has greatly advanced the
knowledge on the pathogenesis of this disease (Hajishengallis et al., 2012). Novel approaches that
can specifically target key pathogens are promising for the ecological management of oral diseases.
In this Research Topic, we have included eight original research articles as well as six comprehensive
reviews, covering the novel findings in oral microbiota dysbiosis and microbiota-host interactions,
and new compounds or novel approaches in the diagnosis and treatment of diseases associated with
oral microbial dysbiosis.

The relationship between oral cancer and microbiome has been suggested, but with controversial
conclusions (Kamarajan et al., 2020; Sepich-Poore et al., 2021). Chen et al. investigated the salivary
microbiome in the cohorts of orally healthy, non-recurrent oral verrucous hyperplasia, and oral
verrucous hyperplasia–associated oral cancer at taxonomic and function levels. They demonstrated
that predicted functional profiles were more related to the alterations of oral health status as
compared to taxonomic data. In addition to oral cancer, increasing evidence has suggested the
association of HIV infection and oral microbiota (Annavajhala et al., 2020; Fulcher, 2020). However,
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the impact of antiretroviral therapy (ART) on oral microbiome
of HIV-infected patients has yet to be investigated. Li et al
performed a longitudinal comparative study, and investigated
the oral microbial alterations in the men who have sex with men
with acute/chronic HIV infections. They found that microbial
diversity was significantly decreased in patients with acute and
chronic HIV infections compared with those HIV-free
individuals before and after ART. Specific genera with altered
abundance were also identified to be associated with HIV
infection and ART administration. In addition to bacterial
dysbiosis, HIV-infected individuals are more susceptible to
fungal infections (Patil et al., 2018). The longitudinal study by
Chang et al. identified an increased diversity and richness of
salivary mycobiome in HIV-infected individuals as compared to
the HIV-free controls. After ART, the diversity and richness of
salivary mycobiome in HIV-infected patients were reduced
significantly. These findings suggest that both HIV infection
and ART administration have significantly impact on salivary
mycobiome, which might mirror the immune state of the body.
In addition to viral infection that can alter oral microbiome,
translocation of specific pathogens also contributes to the
microbial alterations in the oral cavity. A cross-sectional study
on reflux esophagitis patients by Liang et al. demonstrated that
reflux esophagitis significantly disturbed oral microbiome with
an increased beta diversity, and Helicobacter pylori infection
could inhibit this disorderly trend.

As the occurrence, progression and prognosis of oral diseases
are accompanied with compositional and metabolic alterations
of oral microbiota, development of non-invasive, high
throughput detection tools with single-cell resolutions are
promising in the diagnosis, treatment planning and outcome
evaluation of oral diseases. Raman spectroscopy detects
molecular vibration information by collecting inelastic
scattering light, which provides rapid, sensitive, accurate, and
minimally invasive detection (Xu et al., 2017). Zhang et al.
reviewed the application of Raman spectroscopy in the early
diagnosis, treatment and prognosis evaluation of oral diseases
including dental caries, periodontal diseases and oral cancer.
Although Raman spectroscopy is promising, the authors
suggested that future efforts to increase signal-to-noise ratios
and develop robust tools for data analysis are still needed.

Bacterial protein phosphorylation systems have been
suggested to be involved in microbial dysbiosis and microbes-
host interaction (Lamont et al., 2018). Ren et al. discussed the
roles of tyrosine and serine/threonine phosphorylation systems
in keystone species P. gingivalis, with a particular focus on their
involvement in bacterial metabolism and virulence, community
development, and bacteria-host interactions. In addition to its
association with periodontitis, P. gingivalis can increase the risk
of systemic diseases such as type 2 diabetes mellitus (T2DM),
cardiovascular diseases, nonalcoholic fatty liver disease
(NAFLD), rheumatoid arthritis, and gut inflammation
(Hajishengallis, 2015; Kitamoto et al., 2020; Hajishengallis and
Chavakis, 2021). Previous study by Xu’ group demonstrated that
P. gingivalis was able to induce insulin resistance by increasing
the serum level of branched-chain amino acid (BCAA) in high
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 26
fat diet (HFD)-fed mice (Tian et al., 2020). Work by Wu et al.
further demonstrated that P. gingivalis elevated serum level of
BCAA and exacerbated liver injury in HFD-fed mice, and this
effect was dependent on the bacterial BCAA transport system
genes livh/livk.

Streptococcus mutans is the main aciduric and acidogenic
species in the oral cavity, and its persistence within the
multispecies oral biofilms may antagonize commensal bacteria
and drive compositional shift of oral microbiota towards a more
cariogenic community that favors the development of dental
caries (Lamont et al., 2018; Du et al., 2021). Fluoride is an
effective anti-caries agent. However, widespread application of
fluoride may induce fluoride-resistance in S. mutans (Li et al.,
2021). Zhang et al. established an antagonistic dual-species
biofilm consisting of S. mutans and Streptococcus sanguinis,
and demonstrated that fluoride-resistant strain of S. mutans
gained a survival advantage over S. sanguinis with an excessive
production of extracellular polysaccharides after fluoride
exposure, challenging the control of dental plaque biofilm.
Dental caries is a multifactorial disease, and its progression is
closely associated with ecological shift of oral microbiota towards
a more cariogenic community that favors the demineralization of
tooth hard tissue (Lamont et al., 2018). Wu et al. created a
multifactorial machine learning model using oral microbiome of
mother-child dyads in combination with demographic-
environmental factors and relevant fungal information. By
using this model, they identified specific caries-associated oral
bacteria, Candida, and other multi-source factors for preschool
children and their mothers.

The interactions between host and microbes play pivotal role
in the development of oral diseases. Osteomicrobiology is a novel
terminology that refers to the role of microbiota in bone
homeostasis. Recent studies have shown the roles of oral
microbiota in modulating host defense systems and alveolar
bone homeostasis. Cheng et al. proposed the terminology “oral
osteomicrobiology” and discussed the regulation of alveolar bone
development and bone loss by oral microbiota under
physiological and pathological conditions. Signaling pathways
involved in oral osteomicrobiology and critical techniques for
related investigations were also introduced. The recognition of
pathogen-associated molecular patterns (PAMP) or damage-
associated molecular patterns (DAMP) by the pattern-
recognition receptors (PRRs) such as Toll-like receptors
(TLRs) and nucleotide-binding oligomerization domain-like
receptors (NLRs) has been well documented as the main
molecular mechanisms for the host-microbial interactions
(Akira et al., 2006; Kanneganti et al., 2007). Recent studies
have identified a wide expression of extra-gustatory taste
receptors in tissues/organs including airways, nasopharyngeal
cavities, gastrointestinal tract and gingivae, and demonstrated
their pivotal role in host immune responses and infectious
diseases (O'Leary et al., 2019; Schneider et al., 2019; Ting and
Von Moltke, 2019; Zheng et al., 2019). A review article from
Dong et al discussed how taste receptors, particularly bitter and
sweet taste receptors, mediated the oral microbiota-host
interaction and the development of oral diseases. The taste
June 2022 | Volume 12 | Article 947638
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receptor-mediated signaling and host immune responses may
provide novel treatment targets for the management of oral
infectious diseases such as periodontal diseases.

Since frequent use of wide-spectrum antimicrobials may
cause microbial dysbiosis and drug resistance, novel
approaches that can restore microecology without necessarily
killing the bacteria are promising (Kuang et al., 2018). Zhang et
al. reviewed the application of probiotics in the management of
periodontal diseases. Probiotic bacteria derived from the genera
Lactobacillus, Bifidobacterium, Streptococcus, and Weissella have
shown effectiveness in the prevention and treatment of
periodontal diseases. Competition for adhesion sites,
antagonism against growth, biofilm formation and virulence
expression of periodontopathogens, and regulation on host
immune responses are the most recognized mechanisms.
Nevertheless, more well-controlled clinical trials are still
needed to provide solid evidence for their clinical usage. Small
molecules which can either selectively inhibit keystone microbes
or suppress the key virulence of the microbial community, are
promising for the ecological management of oral diseases.
Yang et al. discussed the research progress in the development
of antimicrobial small molecules and delivery systems, with a
particular focus on their antimicrobial activity against typical
species such as S. mutans, P. gingivalis and Candida albicans.
Although future work is still needed to delineate its molecular
mechanisms and the exact drug targets, the authors believed that
small molecules with potent antimicrobial activity, high
selectivity, and low toxicity are promising for the ecological
management of oral diseases. In addition to probiotics and
small molecules, poly(amidoamine) dendrimers with amino
terminal groups (PAMAM-NH2) have been identified as
promising antimicrobial agents (Mintzer et al., 2012).
Secondary caries caused by microbial leakage and hybrid layer
degradation is one of the major causes of treatment failure of
dental caries. Gou et al. developed a novel dentin cavity cleanser
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 37
that contains PAMAM-NH2. Although the exact molecular
mechanisms are still unclear, the PAMAM-NH2 showed long-
term antimicrobial and anti-proteolytic activities, which are
crucial for the maintenance of resin-dentin bond durability
and thus promote the prevention of secondary caries.

A recurring theme in the current topic is the microbial
diversity of oral microbiota and its association with oral and
systemic health status. Although we have seen several
submissions with longitudinal studies that showed dynamic
microbial alterations during the treatment process, the key
factors and underlying mechanisms that drive the microbial
shift have yet to be investigated. In addition, although
functional profiles have been suggested to be more related to
diseases as compared to taxonomic alterations, current
submissions mainly include data obtained from 16S and 18S
rRNA amplicon sequencing. Future studies with metagenomic,
meta-transcriptomic and meta-metabolomic approaches are still
needed to better delineate the robust interactions between host
and microbiota, and thus provide molecular basis for the
development of new diagnostics and treatment modalities that
target keystone pathogens in oral diseases.
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Despite the antiretroviral therapy (ART), human immunodeficiency virus (HIV)-related oral
disease remains a common problem for people living with HIV (PLWH). Evidence suggests
that impairment of immune function in HIV infection might lead to the conversion of
commensal bacteria to microorganisms with increased pathogenicity. However, limited
information is available about alteration in oral microbiome in PLWH on ART. We
performed a longitudinal comparative study on men who have sex with men (MSM)
with acute HIV infection (n=15), MSM with chronic HIV infection (n=15), and HIV-
uninfected MSM controls (n=15). Throat swabs were collected when these subjects
were recruited (W0) and 12 weeks after ART treatment (W12) from the patients. Genomic
DNAs were extracted and 16S rRNA gene sequencing was performed. Microbiome
diversity was significantly decreased in patients with acute and chronic HIV infections
compared with those in controls at the sampling time of W0 and the significant difference
remained at W12. An increased abundance of unidentified Prevotellaceae was found in
patients with acute and chronic HIV infections. Moreover, increased abundances of
Prevotella in subjects with acute HIV infection and Streptococcus in subjects with chronic
HIV infection were observed. In contrast, greater abundance in Lactobacillus, Rothia,
Lautropia, and Bacteroides was found in controls. After effective ART, Bradyrhizobium
was enriched in both acute and chronic HIV infections, whereas in controls, Lactobacillus,
Rothia, Clostridia, Actinobacteria, and Ruminococcaceae were enriched. In addition, we
found that lower CD4+ T-cell counts (<200 cells/mm3) were associated with lower relative
abundances of Haemophilus, Actinomyces, unidentified Ruminococcaceae, and Rothia.
This study has shown alteration in oral microbiome resulting from HIV infection and ART.
The results obtained warrant further studies in a large number of subjects with different
ethnics. It might contribute to improved oral health in HIV-infected individuals.

Keywords: human immunodeficiency virus, oral microbiome, 16S rRNA sequencing, antiretroviral therapy, menwho
have sex with men
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INTRODUCTION

Human immunodeficiency virus (HIV) infection is characterized
by rapid and substantial loss of CD4+ T cells that impairs host
defense and increases the risk of opportunistic microbial
infections. Worldwide, there are approximately 38 million
people living with HIV infection (PLWH), with about 25.4
million receiving antiretroviral therapy (ART). Although
PLWH with ART might achieve a stable virus suppression,
several oral diseases, such as oropharyngeal candidiasis (OPC),
oral hairy leukoplakia, periodontitis, oral warts, ulcers, herpes,
and Kaposi’s sarcoma, are frequently reported (Goldberg et al.,
2015; Heron and Elahi, 2017; El Howati and Tappuni, 2018).

It has been shown that impairment of immune function in HIV
infection might lead to the conversion of commensal bacteria to
microorganisms with increased pathogenicity and contributes to
opportunistic infections (Saxena et al., 2016; Griffen et al., 2019).
Several studies reported the changes of gut microbiota composition
observed in HIV infection (Sun et al., 2016; Zhou et al., 2018;
Rocafort et al., 2019), including the increase in Prevotella and
decrease in Bacteroides (Dillon et al., 2014; Mutlu et al., 2014).
Alterations in the gut microbiota will eventually lead to an
imbalance between microbes and their metabolites and could
result in HIV-associated immune activation and inflammation
(Dinh et al., 2015; Zevin et al., 2016). In addition, various studies
have demonstrated that microbial translocation is a cause of HIV-
associated immune activation and inflammation (Brenchley et al.,
2006; Marchetti et al., 2013; Koay et al., 2018). Early in HIV
infection, the observed loss of Th17 cells results in impaired
integrity of the mucosal epithelial barriers, leading to microbial
translocation from the gut lumen into the systemic circulation
(Brenchley et al., 2006; Mudd and Brenchley, 2016). Although a
great number of studies have focused on the contribution of gut
microbiota to HIV infection, a handful of studies have also
characterized the oral microbiome in HIV-infected individuals
(Fulcher, 2020). Li et al reported that in comparison to the HIV-
negative individuals, PLWH had higher levels of total cultivable
microbes in saliva, including oral streptococci, Streptococcus mutans,
lactobacilli, andCandida (Li et al., 2014). Recently Annavajhala et al.
have shown that oral microbiome communities likely contribute to
systemic inflammation and immune activation in PLWH
(Annavajhala et al., 2020). However, data are still limited about
alterations in oral microbiome in HIV infection on ART.

Previous studies have also demonstrated that the abundance
and diversity of oral microbiomes in PLWH were significantly
different from those observed in healthy controls. Indeed after
ART, the oral microbiome composition was not completely
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 210
recovered, although it turned to be similar to that observed in
healthy controls (Presti et al., 2018; Li et al., 2020). It is known
that the composition and homeostasis of oral microbiome are
affected by multiple factors, such as diet, medication, and host
responses (Samaranayake and Matsubara, 2017). It has been
shown that Prevotella-rich microbiomes in the gut are associated
with MSM and with HIV infection status (Noguera-Julian et al.,
2016; Armstrong et al., 2018). Therefore, HIV-uninfected MSM
could serve as useful controls when the effect of HIV infection
itself on the oral microbiomes is studied. Further, to explore the
impact of ART treatment on oral microbiomes, longitudinal
studies and serial samples are needed. In this longitudinal study,
we aimed to compare and identify changes in the oral
microbiome in MSM with acute and chronic HIV infection
before and after ART. Paired throat swab samples were
collected within an interval of 12 weeks.
MATERIALS AND METHODS

Study Subjects and Sample Collection
Participants with acute HIV infection or chronic HIV infection
(both were from MSM population) were recruited from Beijing
Youan Hospital, Beijing, China fromMay to November 2019. All
acute HIV-infected individuals (referred as A0, n=15) and
chronic HIV-infected individuals (B0, n=15) had not initiated
ART. Fifteen HIV-uninfected MSM (D, n=15) were selected and
included as controls. Throat swabs were collected from controls
and all HIV-infected ART-naive individuals at the time of
recruitment. Thereafter, all acute HIV-infected individuals
(A12, n=15) and chronic HIV-infected individuals (B12, n=15)
received ART, and throat swabs were collected at 12 weeks of
ART. Acute HIV infection was defined as a positive HIV RNA
but with negative or indeterminate HIV antibody results.
Participants who have used antibiotics, probiotics, and
prebiotics within the previous 4 weeks were excluded. In
addition, the patients accompanied by active opportunistic
infection and HBV/HCV were also excluded. The demographic
and clinical characteristics of the study subjects are shown in
Table 1. This study received approval from the ethics committee
of the Beijing Youan Hospital ([2018]025), and all participants
provided written informed consents.

16S rRNA Gene Sequence Analysis
Altogether 73 throat swabs from PLWH (except two patients at
12 weeks of ART were lost to follow-up), and controls were
collected. The clean throat swabs were used by the clinical nurses
TABLE 1 | Demographic and clinical characteristics of the study subjects.

1 Acute HIV infection (n = 15) Chronic HIV infection (n = 15) Controls (n = 15)

Age (years, IQR) 29.4 (19–50) 37.3 (23–55) 40.1 (26–55)
Nadir CD4+ T-cell count (cells/mm3, IQR) 387 (293.8–531) 376.2 (303.8–532) —

CD4+ T-cell count (cells/mm3, IQR) 397.4 (259–562.7) 486.5 (402–543) —

Viral load (copies/ml) 56407 (7,156–97,871) 36592 (6,112–39,112) —
July 2021 | Volume 1
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to collect oral samples from the posterior throat and tonsil areas.
The swabs were used to repeatedly wipe the sampling site two
times and quickly transported and stored at −20°C in the
laboratory before polymerase chain reaction (PCR). Genomic
DNAs were extracted from swabs using the QIAamp Fast DNA
Stool Mini Kit (50) and amplified by PCR for the sequencing of
16S rRNA V4-V5 region. Sequencing libraries were generated
using Illumina TruSeq DNA PCR-Free Library Preparation Kit
(Illumina, USA). The library quality was assessed on the Qubit@
2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer
2100 system. At last, the library was sequenced on an Illumina
NovaSeq platform and 250 bp paired-end reads were generated.

Paired-end reads were assigned to samples based on the
unique barcodes and merged by using FLASH (V1.2.7). The
raw tags were obtained, and the quality filtering was performed
under specific filtering conditions to obtain the high-quality
clean tags according to the QIIME (V1.9.1, http://qiime.org/
scripts/split_libraries_fastq.html) quality control process. Then
the tags were compared with the reference database (Silva
database, https://www.arb-silva.de/) using UCHIME algorithm
(UCHIME algorithm, http://www.drive5.com/usearch/manual/
uchime_algo.html) to detect chimera sequences. The chimera
sequences were removed, and the effective tags were finally
obtained. Operational taxonomic units (OTUs) were clustered
by Uparse software (Uparse v7.0.1001), and representative
sequence for each OTU was screened for further annotation.
For each representative sequence, the Silva Database was used
based on Mothur algorithm to annotate taxonomic information.
Alpha diversity is applied in analyzing complexity of species
diversity for a sample, including Observed-species, Chao1,
Shannon, Simpson, ACE, Good-coverage, and PD whole tree.
All these indices in our samples were calculated with QIIME
(Version 1.7.0) and displayed with R software (Version 2.15.3).
Beta diversity analysis was used to evaluate differences of samples
in species complexity. Beta diversity on both weighted and
unweighted unifrac was calculated by QIIME software
(Version 1.9.1). Principal Coordinate Analysis (PCoA) analysis
was displayed by WGCNA package, stat packages, and ggplot2
package in R software (Version 2.15.3).

Statistical Analysis
Alpha diversity and beta diversity in oral microbiome among
groups were tested by the Wilcoxon rank-sum test. To assess the
differences in the microbial abundance between samples,
significance test was conducted with some statistical
analysis methods, including t-test and LEfSe. Mann-Whitney
test and Kruskal Wallis test were used for comparing
continuous variables. Two sides of p < 0.05 were considered
statistically significant.
RESULTS

Study Population
Samples were collected from 15 patients with acute HIV
infection, 15 patients with chronic HIV infection, and 15
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 311
healthy controls. All participants (≥18 years old) were MSM,
and all PLWH with acute and chronic HIV infection had not
initiated ART. Throat swabs were collected from controls and
HIV-infected patients at baseline and 12 weeks of ART. The
baseline CD4+ T-cell count was 387 cells/mm3 in acute HIV
infection and 376.2 cells/mm3 in chronic HIV infection. After
ART for 12 weeks, all patients had increased CD4+ T-cell counts,
with 397.4 cells/mm3 in acute HIV infection and 486.5 cells/mm3

in chronic HIV infection (Table 1).

Oral Microbiome Diversity in
Study Subjects
Sequencing resulted in an average of 59,794 high-quality
sequences after quality checks. Rarefaction curves and rank
abundance showed a great sequencing depth and an even
spec ies d i s t r ibut ion of the samples in our s tudy
(Supplementary Figures S1A, B). By clustering the sequences
into OTUs with 97% similarity, an average of 683 OTUs were
identified in controls. The corresponding numbers were 298 and
276 OTUs in the A0 and B0 groups, respectively. Following 12
weeks of ART, the corresponding numbers were 299 and 300
OTUs in the A12 and B12 groups. The following dominant phyla
were observed in the oral microbiome: Proteobacteria,
Firmicutes, Bacteroidetes, Fusobacteria, Actinobacteria, and
Spirochaetes, etc (Figure 1A). These six dominant bacterial
phyla accounted for more than 98% of the total oral
microbiome. The most abundantly detected bacterial genus in
the oral microbiome were Streptococcus, Neisseria, unidentified
Prevotellaceae, with lower relative abundance of Veillonella,
Haemophilus, Actinobacillus, Alloprevotella, and Fusobacterium
in controls and the HIV-infected patients prior to ART. In
addition, the abundance of Bradyrhizobium in both acute and
chronic HIV infection groups was increased following 12 weeks
of ART (Figure 1B).

We next used richness estimators (Chao) and diversity index
(Shannon index) to compare microbial alpha diversity among
different groups of samples. Compared with the control group D,
the Chao1 index and Shannon index of oral microbiomes in both
A0 group and B0 group were significantly decreased
(Figures 1C, D) (all p<0.001). Although after 12 weeks of
ART, the Chao1 index and Shannon index were still
significantly lower in acute and chronic HIV-treated groups
when compared with healthy controls (Figures 1C, D)
(Supplementary Table S1) (all p<0.001). However, the Chao1
index of oral microbiomes in B12 group was significantly
increased compared to B0 group (Figure 1C) (p<0.001). In
addition, the Chao1 index in B0 group was significant
decreased compared to A0 group (p<0.01), whereas the
differences was not significant between the A12 and B12
(Figure 1C) (p=0.75). To identify the differences in microbial
community composition of participants in these groups, the
Principal Co-ordinates Analysis (PCoA) was used for beta
diversity analysis. A conspicuous separation between HIV
infection groups and control group was observed, beta
diversity of oral microbiomes was significantly different
between HIV-infected individuals and controls (Figures 1E, F)
July 2021 | Volume 11 | Article 695515
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(p<0.001). There was no significant difference in beta diversity
represented by PcoA of weighted UniFrac distances when
comparing A0 group and B0 group (p=0.58), but there was a
significant difference between groups A12 and B12 (p<0.001)
(Figure 1F). Likewise, no significant difference in beta diversity
of weighted UniFrac distances was observed between A0 and
A12 groups (p=0.32), but there was a significant difference
between groups B0 and B12 (Figure 1F) (p<0.001).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 412
Oral Microbiome Dysbiosis in
People Living With Acute and Chronic
HIV Infection
Differences in the composition of oral microbiome between
controls and PLWH were analyzed. At the genus level, we
observed the increased abundance of unident ified
Prevotellaceae in both A0 and B0 groups. The abundances of
Prevotella in the A0 group and Streptococcus in the B0 group
A B

D

E F

C

FIGURE 1 | The composition, relative abundance, and diversity of oral microbiota in HIV-infected groups and controls (A) at the phylum level; (B) at the genus level;
(C) Alpha diversity exemplified by the Chao1 index; (D) Alpha diversity exemplified by the Shannon index; (E) Beta diversity represented by Principal coordinate
analysis (PcoA) of unweighted UniFrac distances; (F) Beta diversity represented by Principal coordinate analysis (PcoA) of weighted UniFrac distances. A0, people
living with acute HIV infection at baseline; B0, people living with chronic HIV infection at baseline; D, HIV-uninfected controls; A12, people living with acute HIV
infection after 12 weeks of ART; B12, people living with chronic HIV infection after 12 weeks of ART. *p < 0.05; **p < 0.01; ***p < 0.001.
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were significantly increased. In contrast, several groups of
bacteria, such as Lactobacillus, Rothia, Lautropia, and
Bacteroides were found in greater abundance in D group
(Figures 2A, B).

Effects of ART on the Oral Microbiome
All of the PLWH included in this study received ART after the
swab samples at baseline were taken. The second swabs were taken
after 12 weeks of ART. LEfSe analyses showed that Bradyrhizobium
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 513
was enriched in both A12 and B12 groups, whereas Clostridia,
Actinobacteria, Lactobacillus, Ruminococcaceae, Rothia were
enriched in the D group (Figures 3A–D).

Moreover, Prevotella histicola, Prevotella melaninogenica,
Bacteroidales, and unidentified Prevotellaceae were enriched in
the A0 group, while Bradyrhizobium were enriched in the A12
group (Figures 4A, B). In the chronic HIV-infected patients,
Prevotella histicola, Prevotella melaninogenica, Veillonellaceae,
and unidentified Prevotellaceae were enriched in the B0 group,
A

B

FIGURE 2 | Comparisons of the relative abundance in oral microbiota at the genus level (A) Between A0 and D groups; (B) Between B0 and D groups. A0, people
living with acute HIV infection at baseline; B0, people living with chronic HIV infection at baseline; D, HIV-uninfected controls; A12, people living with acute HIV
infection after 12 weeks of ART; B12, people living with chronic HIV infection after 12 weeks of ART.
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whereas the relative abundance of Bradyrhizobium in the B12
group was significantly higher (Figures 4C, D).

Additionally, we also compared the composition of oral
microbiome in people living with acute HIV infection and
chronic HIV infection. Compared with A0 group, we noticed
lower abundances of Oribacterium in the B0 group (Figure 4E).
However, after 12 weeks of ART, we found that the abundance of
Campylobacter in the B12 group was significantly higher than
those in the A12 group (Figure 4F).

Association of the Oral Microbiome With
CD4+ T-Cell Count
To study whether there is relationship between the alteration
observed in oral microbiome and CD4+ T-cell count of patients,
we performed analyses of these parameters. We found that the
abundance of Haemophilus in patients with CD4<200 cells/mm3

was significantly decreased when comparing with HIV-
uninfected controls and patients with CD4>200 cells/mm3.
However, there was no significant difference between controls
and patients with CD4>200 cells/mm3. In addition, the
abundances of Actinomyces, unidentified Ruminococcaceae, and
Rothia collected from both subjects with CD4 <200 cells/mm3

and subjects with CD4>200 cells/mm3 were significantly lower
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 614
than those in HIV-uninfected subjects. Furthermore, lower
CD4+ T-cell counts (<200 cells/mm3) were associated with
lower relative abundances of Haemophilus, Actinomyces,
unidentified Ruminococcaceae, and Rothia (Figures 5A–D).

Differences in Microbiota Metabolic
Pathways Between HIV Infections
and Healthy Controls
According to the functional annotation, we used PICRUSt
metagenome prediction to estimate the functional role of oral
microbiome in PLWH and healthy controls. Compared with the
D group, we noticed that pathways involved in cell growth and
death, glycan biosynthesis, and metabolism increased in HIV-
infected patients prior to ART (p<0.05). Moreover, replication
and repair of DNA, genetic information processing, and
translation-related pathways also increased in both A0 and B0
groups (p<0.05). In contrast, pathways related to xenobiotics
biodegradation and metabolism, signal transduction, and cell
motility (p<0.05) were decreased in both A0 and B0 groups
(Figure 6 and Supplementary Figures S2A, B).

After 12 weeks of ART, comparison of pathways between
HIV-infected groups and healthy controls showed that ART
could partly reverse the changes of pathways in the acute and
A B

DC

FIGURE 3 | Linear discriminative analysis (LDA) effect size (LefSe) at the genus level. (A, B) shown between A12 and D groups and (C, D) between B12 and D
groups. In (A, B), LDA scores for the significant taxa in D group are represented on the positive scale (green), and LDA-negative scores represent enriched taxa in
A12 group (red); and in (C, D), LDA scores for the significant taxa in D group are represented on the positive scale (green), and LDA-negative scores represent
enriched taxa in B12 group (red). A12, people living with acute HIV infection after 12 weeks of ART; B12, people living with chronic HIV infection after 12 weeks of
ART; D, HIV-uninfected controls.
July 2021 | Volume 11 | Article 695515

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Li et al. Oral Microbiome in HIV Infection
chronic HIV infection, but pathways related to metabolism, cell
growth and death were still significantly increased (p<0.05),
whereas transcription was significantly decreased in both A12
and B12 groups (p<0.05) (Figure 6 and Supplementary Figures
S2C, D).
DISCUSSION

Our present study clearly showed that the OTUs identified in
oral microbiome in people living with acute or chronic HIV
infection were significantly lower compared with those in
controls, and the number of OTUs in patients did not return
to normal level even after 12 weeks of ART. Moreover, the alpha
diversity of oral microbiomes in the patients was decreased
significantly. In addition, beta diversity was also found to be
different between patients and controls. Our results were in line
with an earlier finding in which a decrease in microbial diversity
in HIV-infected individuals was observed (Li et al., 2014). The
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 715
decreased alpha diversity may be attributed to the increased
proportions of opportunistic microbes as a result of
immunocompromised state of patients (Li et al., 2014).
Recently, Jiménez-Hernández et al. reported an increase of
diversity parameters in salivary microbiota in HIV-infected
individuals, mainly in those viremic ART-naive patients
(Jimenez-Hernandez et al., 2019). It is conceivable that the
impaired immune function resulting from HIV infection can
disrupt the normally constituted commensal oral bacterial
colonization, and the elevated viremia in untreated PLWH is
associated with significantly higher proportions of potentially
pathogenic Veillonella , Prevotella , Megasphaera , and
Campylobacter species than in healthy controls (Dang
et al., 2012).

In this study, the Chao1 index and Shannon index of oral
microbiomes in both A0 group and B0 group were significantly
decreased when compared with HIV-uninfected controls, and
the significant difference remained after 12 weeks of ART. We
also found that before the ART, the Chao1 index in chronic HIV-
A B

D

E F

C

FIGURE 4 | Linear discriminative analysis (LDA) effect size (LefSe) at the genus level. (A, B) shown between A0 and A12 groups and (C, D) between B0 and B12
groups. In (A, B), LDA scores for the significant taxa in A12 group are represented on the positive scale (green), and LDA-negative scores represent enriched taxa in
A0 group (red); and in (C, D), LDA scores for the significant taxa in B12 group are represented on the positive scale (green), and LDA-negative scores represent
enriched taxa in B0 group (red). Comparisons of the relative abundance in oral microbiota at the genus level (E) Between A0 and B0 groups; (F) Between A12 and
B12 groups. A0, people living with acute HIV infection at baseline; B0, people living with chronic HIV infection at baseline; D, HIV-uninfected controls; A12, people
living with acute HIV infection after 12 weeks of ART; B12, people living with chronic HIV infection after 12 weeks of ART.
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infected patients B0 group was significantly lower than that in
the acute HIV-infected individuals A0 group, whereas after
12 weeks of the ART, the differences was not significant.
Further, after 12 weeks of ART, the Chao1 index in B12 group
significantly increased compared with the B0 group. These
results suggested that the richness and diversity of oral
microbiomes decreased with the progression of HIV infection.
Although such reduction can be improved by ART, the oral
microbiota dysbiosis cannot be fully restored after the 12-week
ART in PLWH (Saxena et al., 2016; Presti et al., 2018). Moreover,
there was no significant difference observed in beta diversity
when comparing A0 group with B0 group, but a significant
difference was noticed between groups A12 and B12. Likewise,
no significant difference in beta diversity was found between A0
and A12 groups, whereas there was a significant difference
between groups B0 and B12. These results further indicated
that the dysbiosis in oral microbiome in people living with acute
HIV infection could be partially restored if the ART is early
initiated. Recent studies have also revealed that ART initiated in
acute HIV infection can limit reservoir size and mitigate systemic
chronic immune activation (Cheret et al., 2015; Hey-
Cunningham et al., 2015). Altogether, these findings suggested
that ART initiated during acute HIV infection might play an
A B

DC

FIGURE 5 | Comparison of relative abundances of Haemophilus (A), Actinomyces (B), unidentified Ruminococcaceae (C), and Rothia (D) collected from subjects
whose CD4+ T cells were defined < and CD4>200 cells/mm3 and HIV-uninfected MSM controls. *p < 0.05; **p < 0.01; ****p < 0.0001.
FIGURE 6 | Heatmap and hierarchical clustering of pathways in A0, B0, D,
A12 and B12 groups. A0, people living with acute HIV infection at baseline; B0,
people living with chronic HIV infection at baseline; D, HIV-uninfected controls;
A12, people living with acute HIV infection after 12 weeks of ART; B12, people
living with chronic HIV infection after 12 weeks of ART.
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important role in protecting commensal bacterial colonization
and preventing the occurrence of HIV-related oral diseases.

Alterations in oral microbiota have been noted in individuals
with HIV. However, the mechanisms remain unclear and the
compromised mucosal immunity might contribute to the
dysbiosis of the oral microbiota in PLWH (Heron and Elahi,
2017). It is well documented that Th17 cells are depleted in HIV
infection (Cote et al., 2019), however, other studies have shown
that oral-resident Th17 cells can play an important role in
controlling oral fungal colonization (Conti et al., 2014;
Kirchner and LeibundGut-Landmann, 2021). Additionally,
salivary components, such as salivary IgA, lactoferrin,
defensins, and epithelial cell-mediated cytokines, are altered in
PLWH, resulting in the occurrence of frequent oral infections
(Muller et al., 1992). A recent study reported that the changes of
salivary microbiome in HIV infection and found that
Streptococcus was enriched in HIV-infected individuals,
whereas the richness of Neisseria was high in healthy controls
(Li et al., 2020). In present study, we observed that the abundance
of unidentified Prevotellaceae in both groups of patients with
acute and chronic HIV infection was increased as well as the
abundances of Prevotella in acute HIV individuals and
Streptococcus in chronic HIV individuals.

Interestingly, the changes observed in the oral microbiomes
were similar to those in the gut microbiomes in HIV-infected
patients. One possible explanation is that oral microbiome could
indirectly impact gut bacteria by eating and dispersing (Schmidt
et al., 2019). The gut microbes might also in turn affect the oral
microbiome through microbial translocation or systemic immune
regulation. In addition, it has been shown that Prevotella exhibit
an increased ability to induce inflammatory mediators, such as
IL-6, IL-8, and tumor necrosis factor-a (TNF-a), when compared
with strict commensal oral bacteria (Larsen, 2017). The Prevotella
can also promote periodontitis by driving the recruitment of
neutrophil via Th17 immune responses (Uriarte et al., 2016).
Another study also found that Streptococcus was enriched in AIDS
patients with periodontitis (Zhang et al., 2015). Moreover, a recent
study revealed a significant enrichment of Streptococcus in the
saliva of HIV-infected individuals with high sCD14 levels,
which might contribute to HIV-associated immune activation
(Annavajhala et al., 2020). In contrast, several groups of
bacteria, such as Lactobacillus, Rothia, Lautropia, and
Bacteroides, were found in greater abundance in healthy
controls. It has been demonstrated that Lactobacillus species can
produce various antimicrobial factors including hydrogen
peroxide, acetic acid, lactic acid, and bacteriocins (Spinler et al.,
2008). Salari et al. also demonstrated in an in vitro study that the
lactobacilli have antifungal effects on different oralCandida species
isolated from HIV/AIDS patients (Salari and Ghasemi Nejad
Almani, 2020). It therefore seems that HIV-induced oral
microbiota dysbiosis might be characterized by an increased
abundance of bacteria that are potentially inflammatory or
pathogenic and a decreased abundance of bacteria that are anti-
inflammatory or protective.

Although the similar oral microbiome composition has been
reported between the HIV-infected individuals undergoing ART
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 917
and healthy controls, there are significant differences (Li et al.,
2020). In the longitudinal study, we collected samples from acute
and chronic HIV-infected MSM at baseline and 12 weeks of
ART. We found that Bradyrhizobium was enriched in both
acute and chronic HIV-infected individuals after 12 weeks
of ART, whereas Clostridia, Actinobacteria, Lactobacillus,
Ruminococcaceae, and Rothia were enriched in controls. Yang
et al. reported that Bradyrhizobium was enriched in the proximal
gut of PLWH (Yang et al., 2016). They also found that
Lactobacillus species might have a co-avoidant relationship
with Bradyrhizobium pachyrhizi in the duodenum. However,
little is known about the mechanisms of Bradyrhizobium
colonization in PLWH, and the exact effects of ART on Brady
rhizobium colonization remain to be shown. Furthermore,
we found that the abundances of potentially pathogenic
bacteria, such as Prevotella histicola, Prevotella melaninogenica,
and Veillonellaceae, were decreased when comparing samples
collected at baseline with those collected following 12 weeks of
ART in PLWH. Our data indicated that ART can partially reverse
the effects of HIV on the oral bacteriome, whereas the commensal
bacteria with “protective capacity in the oral cavity have been not
fully recovered (Moyes et al., 2016).

After 12 weeks of ART, comparing the composition of oral
microbiome in people living with acute HIV infection with that
of chronic HIV infection, we found that the abundance of
Campylobacter in the chronic HIV-infected individuals was
significantly higher than those in acute HIV-infected
individuals. Campylobacter spp are gram-negative bacteria with
predominant enteric pathogenicity (Manfredi et al., 2002).
Molina et al. showed that Campylobacter can cause acute
diarrhea in PLWH (Molina et al., 1995). In untreated PLWH,
Campylobacter species in the lingual microbiome was associated
with high-level viremia (Dang et al., 2012). However, another
study showed that ART increased the risk for recovering
Campylobacter species in saliva of HIV-positive women
(Navazesh et al., 2005).

Of note, we also observed that alterations in the oral
microbiome are associated with CD4+ T-cell count in patients.
The abundances of Haemophilus, Actinomyces, unidentified
Ruminococcaceae, and Rothia were significantly decreased in
subjects with lower CD4+ T-cell counts (<200 cells/mm3) when
comparing with subjects with CD4>200 cells/mm3. It is
known that Haemophilus bacteria can implicate in various
opportunistic infections. A previous study reported that
Haemophilus parainfluenzae was significantly associated with
HIV-positive individuals, and it was positively correlated with
CD4+ T cell counts within the HIV-positive group (Kistler
et al., 2015). However, a recent study found that the genus
Haemophilus was correlated negatively with CD4+ T cell count
(Li et al., 2020). The possible reasons for the different results
might include the different study subjects, samples, the small
sample sizes, and other possible factors not involved in
the analysis.

One of the limitations of this study was the small sample size.
Clearly, studies with large sample size are required. Other factors,
such as age, might also affect the results of our study. In addition,
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previous studies have indicated that oral fungal colonization is
altered in HIV-infected individuals (Mukherjee et al., 2014;
Hager and Ghannoum, 2018). Although the occurrence of
OPC in HIV infection has significantly declined since the
introduction of ART, it remains a common opportunistic
infection in AIDS diseases (Thompson et al., 2010; Patil et al.,
2018). The present study was focused on the oral bacterial
community in HIV infection, future studies should also
address how the oral mycobiome shifts in the setting of HIV
infection and ART initiation.

In conclusion, this longitudinal study has shown important
alterations in oral microbiome resulting from HIV infection as
well as amongMSMwith acute and chronic HIV infection before
and after ART. The findings might contribute to improved oral
health in HIV-infected individuals and provide some clues to
exploring the association of the oral and the intestinal
microbiome during the disease courses.
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Untreated tooth decays affect nearly one third of the world and is the most prevalent
disease burden among children. The disease progression of tooth decay is multifactorial
and involves a prolonged decrease in pH, resulting in the demineralization of tooth
surfaces. Bacterial species that are capable of fermenting carbohydrates contribute to
the demineralization process by the production of organic acids. The combined use of
machine learning and 16s rRNA sequencing offers the potential to predict tooth decay by
identifying the bacterial community that is present in an individual’s oral cavity. A few
recent studies have demonstrated machine learning predictive modeling using 16s rRNA
sequencing of oral samples, but they lack consideration of the multifactorial nature of tooth
decay, as well as the role of fungal species within their models. Here, the oral microbiome
of mother–child dyads (both healthy and caries-active) was used in combination with
demographic–environmental factors and relevant fungal information to create a
multifactorial machine learning model based on the LASSO-penalized logistic
regression. For the children, not only were several bacterial species found to be caries-
associated (Prevotella histicola, Streptococcus mutans, and Rothia muciloginosa) but also
Candida detection and lower toothbrushing frequency were also caries-associated.
Mothers enrolled in this study had a higher detection of S. mutans and Candida and a
higher plaque index. This proof-of-concept study demonstrates the significant impact
machine learning could have in prevention and diagnostic advancements for tooth decay,
as well as the importance of considering fungal and demographic–environmental factors.

Keywords: machine learning, statistical approaches, dental caries, multiplatform analysis, candida,
oral microbiome
INTRODUCTION

Poor maternal and child oral health is a public health crisis with potential intergenerational health
impacts. With oral disease affecting 50% of the global population (3.9 billion) and untreated tooth
decay (dental caries) impacting almost half of the world’s population (44%), oral disease has become
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the most prevalent of all the 291 conditions included in the
Global Burden of Disease Study (FDI World Dental Federation.
https://www.fdiworlddental.org/oral-health/ask-the-dentist/
facts-figures-and-stats. Accessed September 5, 2020).
Significantly, children younger than 5 years and their mothers,
who together comprise 22% of the whole population, are
profoundly affected by dental caries. Unmet oral health needs
worsen among minority women and children who are from low-
income families (Marchi et al., 2010; Thompson et al., 2013;
Singhal et al., 2014).

Dental caries is multifactorial infectious disease, initiated
from the virulent dental biofilms/plaque formed on tooth
surfaces (Tanzer, 1995). Within dental biofilms/plaque, oral
cariogenic bacteria metabolize dietary carbohydrates resulting
in acid production and initiating demineralization of tooth
enamel (Bowen, 2016). Remineralization, or restoration of
mineral ions, is mediated through salivary calcium, phosphate,
and fluoride ions. In a healthy (caries-free) mouth, the
remineralization and demineralization rates are at equilibrium;
when the demineralization rate exceeds the remineralization
rate, tooth decay occurs (Takahashi and Nyvad, 2011; Abou
Neel et al., 2016). Often, this shift from equilibrium is caused by a
disruption in the ecology of the oral microbiome from a largely
commensal community to a community dominated by
cariogenic bacteria.

Recognizing the essential contribution of oral microorganisms
to dental caries, the development of effective predictive models
that utilize sensitive microbial markers would offer substantial
opportunities to predict and prevent caries. However, because of
the multifactorial etiology of dental caries, developing effective
predictive models is also challenging. The current dental caries
prediction model falls into two categories: 1) one utilizing classical
statistical models that assess the contribution of demographic and
environmental factors, either without consideration of microbial
factors or only including a limited number of traditional caries risk
markers, e.g., Streptococcus mutans and Lactobacillus (Caufield
et al., 1993; Klein et al., 2004; Li et al., 2005; Kanasi et al., 2010;
Slayton, 2011; Zhan et al., 2012; Klinke et al., 2014); 2) the other
utilizing statistical/machine learning models that identify caries-
related taxa and its differential abundance based on caries status,
with limited adjusting of demographic, environmental, and other
contributing factors (Teng et al., 2015; Grier et al., 2020). The
approaches mentioned above do not take caries multifactorial
etiology into account. Furthermore, in the past decade, studies
have also indicated the potential cariogenic role of Candida
albicans in children, together with S. mutans (Hossain et al.,
2003; de Carvalho et al., 2006; Rozkiewicz et al., 2006; Raja
et al., 2010; Srivastava et al., 2012; Yang et al., 2012; Klinke
et al., 2014; Qiu et al., 2015; Alkhars et al., 2021). However, the
existing caries prediction models have not assessed the
contribution of Candida. Therefore, developing a statistical/
machine learning model that assesses all caries-related risk
factors, including bacteria, Candida, and demographic-
environmental factors, is urgently needed.

To address this research gap, as a proof-of-concept study, we
developed statistical/machine learning (ML) models to identify
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 221
caries-related oral microbes in cross-sectional mother-child
dyads from a low-income underserved background.
MATERIALS AND METHODS

Study Population, Sample Collection, and
16S Ribosomal RNA Sequencing Data
A cohort of mother-child dyads with a balanced distribution of
children with or without early childhood caries (ECC) was
enrolled at the Eastman Institute for Oral Health, University of
Rochester, detailed previously (Xiao et al., 2018a). Ethical
approval of the study was obtained from the University of
Rochester Research Subject Review Board (RSRB00056870).
Children were younger than 6 years. Subjects who had severe
systematic diseases or antibiotic treatment within the previous 3
months were excluded. Non-stimulated whole saliva was
collected from subjects through a saliva jet connected to a
suction pump at least 2 h after any tooth brushing, eating, or
drinking. Supragingival dental plaque was collected from the
whole dentition with a standard dental scaler. Previous
established methods were used to isolate and identify Candida
species (Xiao et al., 2016), and to perform oral microbiome
sequencing and related bioinformatics analysis (Merkley et al.,
2015; Grier et al., 2017). The results of the 16S ribosomal RNA
(16s rRNA) sequencing data were detailed previously (Xiao et al.,
2018a). Sequencing data that passed quality controls were
included in this study to develop caries predictive model and
were assigned to operational taxonomic units (OTUs) using the
2014 release of the closed reference OSU CORE database (Griffen
et al., 2011). DESeq2-negative binomial Wald test was used to
compare the microbial differential abundance at species level
between caries and caries-free groups among the children and
their mothers.

Variables
The primary outcome is caries status (Y/N). The independent
variables were as follows: (1) race (Black/African American or
other), (2) years of age (ordinal), (3) ethnicity (Hispanic or
non-Hispanic), (4) tooth brushing frequency (0, not every
day; 1, once per day; 2, two times per day), (5) daycare
attendance (Y/N), (6) inhaler use (for children only), (7)
Plaque index (ordinal), (8) oral Candida status (Y/N), (9)
relative abundance of taxa. Demographic-socioeconomic
and oral hygiene behavior characteristics were collected
through questionnaires.

Transformation of Relative Abundance
The centered log-ratio (CLR) transformation was applied to the
relative abundance of taxa, where for each subject, the sample
vector undergoes a transformation based on the logarithm of the
ratio between the individual elements and the geometric mean of
the vector. CLR removes the value-range restriction of
percentages (relative abundance is a percentage) but keeps the
sum constraint of compositional data.
August 2021 | Volume 11 | Article 727630
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LASSO-Penalized Logistic Regression
Our goal is to build a model that could explain and predict the
probability of having caries based on a small set of factors.
Therefore, logistic regression model was fitted for the response
variable whether the subject has caries or not, on a large pool of
candidate input variables, including demographic and clinical
factors and CLR-transformed relative abundance of taxa.
Because the number of candidate variables (~360) far exceeds
the number of subjects (~40 in each model), regularization is
needed to avoid overfitting and to identify a small set of relevant
variables. Variable selection technique, specifically LASSO
penalty, was applied. K-fold cross-validation (K=4) was used to
determine the optimal value of the tuning parameters for the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 322
LASSO penalty, i.e., the strength of the selection. Using this
tuning parameter, the model was fitted and the solution path was
calculated to show the order of variables entering the model.
RESULTS

Caries Prediction Models for Children
For the children’s model, species-level sequencing data of 37 salivary
samples and 36 plaque samples were used. The salivary and plaque
microbial profiling is shown in Figure 1. Veillonella
atypica_dispar_parvula and Streptococcus ET_G_4D04 are the
A

B

FIGURE 1 | Early childhood caries-associated and caries-free–associated oral microbiome in children. Based on relative abundance, the salivary (A) and plaque (B)
microorganisms were clustered into ECC-associated and caries-free–associated groups, as shown by the dendrogram on the left. Relative abundance is indicated
by a gradient of shades from pink to green. Black spots indicate no detection of the species.
August 2021 | Volume 11 | Article 727630
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most abundant species in children’s saliva and plaque. Not
surprisingly, S. mutans is more abundant and with a higher
detection among children with ECC.

Saliva Model
Using 37 children’s saliva taxa data (relative species abundance),
we ran a LASSO-penalized logistic regression model on having
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 423
caries (1) or not (0) on a pool of candidate variables including
353 species in the microbiome data, four demographic variables
(age, gender, race, ethnicity), four medical–dental–behavior
characteristics (frequency of toothbrushing per day, attending
daycare, inhaler use, and plaque index), and one fungal-related
parameter (Candida detection status). Seven variables were
identified to be associated with caries. The LASSO solution
FIGURE 2 | Identified factors associated with child’s caries risk using machine Learning model. LASSO-penalized logistic regression modeling was used for caries
predictor selection for children’s saliva and plaque samples. Specifically, seven variables for models using salivary microorganisms (A) and eight variables for models
using plaque microorganisms (B) were identified as predictive factors for dental caries in preschool children. The LASSO solution path above shows how the model
is built sequentially by adding one variable at a time to the active set.
August 2021 | Volume 11 | Article 727630
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path (Figure 2A) shows how the model is built sequentially by
adding one variable at a time to the active set (i.e., set of variables
with non-zero coefficients).

In a sequential order, Prevotella histicola (1.7% in ECC
children and 0.12% in caries-free children) was the first
variable that enters the saliva model, indicating that if a model
with only one variable is desired, P. histcola would be the one to
be used. As lambda decreases, Lautropia mirabilis entered the
model as the second variable. Then plaques index and Candida
were selected into the model, followed by an unclassified
Bacteroidales oral taxon 274, Rothia dentocariosa, and
toothbrushing frequency.

Moreover, P. histicola, plaque index, Candida , and
Bacteriodales Oral Taxon 274 were predicted to be
associated with an increased risk for caries; whereas, L.
mirabi l is , toothbrushing, and R. dentocariosa were
associated with a decreased risk for caries in children. When
lambda reached an extremely small number (e.g., 10-7 in the
far left of the solution path), the coefficient estimates are
approximately the same as those in the unpenalized logistic
regression model. The predictive model using childrens’ saliva
samples is given by:

logit(p) = Xb = 0:641 + 0:174Candida − 0:170toothbrush+

0:072plaque − 0:048Rothia dentocariosa + 0:062Prevotella 

histicola + 0:094Bacteroidales oral taxon 274 − 0:069

Lautropia mirabilis,

where the probability of having caries can be estimated by

p(caries) =
exp (Xb)

1 + exp (Xb)

Using the variable “toothbrush” as an example, the
interpretation of the coefficient is that for individuals who
brush their teeth for one or more times per day, the odds of
having caries will be exp(−0.170)=0.84 times the odds for those
who do not, which will result in an approximately 16%
reduction. Similarly, individuals who brush their teeth twice
per day will have an odds of 30% lower than those who do not
brush teeth every day.

Furthermore, the differential abundance of three selected
species (L. mirabillis, R. dentocariosa, P. histicola) was
statistically significant (p<0.05) (see Figure 3A).

Plaque Model
In the plaque model (Figure 2B), eight variables were selected,
with five of them being the relative abundance of bacterial taxa,
one fungal-related (Candida status), one oral hygiene index,
and one behavior parameter. In sequential order, S. mutans
entered the model as the first variable with an increased risk for
caries (11.14% in ECC and 0.47% in caries-free children).
Tannerella BU063 entered the model as the second variable
with a reduced caries risk, more abundant in caries-free
children (0.18%), and less abundant in ECC children (0.04%).
Candida (increased caries risk) was the third variable selected,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 524
followed by Granulicatella elegans (increased caries risk),
plaque index, Cardiobacterium hominis (reduced caries risk),
Rothia mucilaginosa (increased caries risk), and daycare
attendance (reduced caries risk). The differential abundance
of four selected species (T. BU063, R. mucilaginosa, C. hominis,
and G. elegans) was statistically significant (p<0.05)
(see Figure 3B).

The predictive model that used children’s plaque samples is
the follows:

logit(p) = Xb

= 0:459 + 0:098Candida − 0:231daycare attendance + 0:125plaqu

+0:020Rothia mucilaginosa − 0:110Tanneralla BU063

+0:024Granulicatella elegans + 0:039Streptococcus mutans

−0:063Cardiobacterium hominis

Caries Prediction Model for Mothers
For the mothers’ model, species-level sequencing data of 32
plaque samples were used. The plaque microbial profiling of each
sample is shown in Figure 4. For the mothers, the LASSO
solution path that demonstrates how the model is built
sequentially is shown in Figure 5. Nine taxa, one fungal
parameter (Candida status) and oral hygiene index were
selected into the model. Streptococcus intermedius_constellatus
(increased caries risk) and Neisseria AP085 (decreased caries
risk) entered the model closely as the top 2 variables. Plaque
index (increased risk) was selected as the third variable in the
model. The remaining variables were selected in an order as
follows: Peptococcus OT 075 (increased risk), Streptococcus
GU045364 (increased risk), Anaeroglobus BS073_CS025
(increased risk), Catonella GQ106843 (decreased risk),
Candida (increased risk), Corynebacterium durum (decreased
risk), Streptococcus cristatus (increased risk), and Tanneralla
forsythia (decreased risk).

The predictive model that used mothers’ plaque samples is
the following:

logit(p) = Xb

= 0:459 + 0:006Candida + 0:012plaque

−0:022Corynebacterium durum − 0:002Tannerel forsythia

+0:018Streptococcus GU045364 + 0:003Streptococcus cristatus

+0:033Streptococcus intermedius _ constellatus

−0:023Catonella GQ106843 + 0:052Peptococcus oral taxon 075

+0:014Anaeroglobus BS073 _CS025 − 0:009Neisseria AP085

Performance of Caries Prediction Model
The caries prediction models achieved desirable performance that
was assessed by area under the ROC curve (AUC), see Figure 6. The
average AUC over 20 random four-fold cross-validation was 0.82
for the child’s saliva model, 0.78 for the child’s plaque model, and
0.73 for the mother’s plaque model.
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FIGURE 3 | Differential abundance of taxa in children’s saliva and plaque. Relative fold change in abundance of species in saliva (A) and plaque (B) from children
with ECC vs. caries-free. All species plotted with a p value <0.05.
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DISCUSSION

MLmodeling of the oral microbiome has the potential to identify
microbial biomarkers and aid in the prediction of dental caries.
This proof-of-concept study is the first study to our knowledge
that used an enhanced ML approach to incorporate multi-source
variables with microbial data for dental caries prediction. The
developed models have the following features:

1. The models considered the multifactorial etiology of dental
caries by incorporating demographic-medical-dental
characteristics, oral hygiene practice, daycare attendance,
together with 16s relative species abundance, and oral
Candida status. A meta-analysis indicates that children with
oral C. albicans have (>5 times) higher odds of having ECC
compared with those without C. albicans (Xiao et al., 2018b) and
children with early-life oral Candida colonization are at higher
risk for S. mutans emergence in the mouth by 1 year of age
(Alkhars et al., 2021). However, no caries risk models have
reflected the potential contribution from Candida. Our study
demonstrated the consistent contribution from Candida in both
child’s and mother’s prediction model.

2. The sequential order of the variables that entered themodel reflects
the contribution of the variables to predicting dental caries.

3. Intercept of the variables in the model would enable
quantification of caries risk assessment, which has
important clinical use implication.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 726
Teng et al. (2015) used temporal patterns of the salivary and plaque
microbiome to predict onset of ECC among children followed up from
4 to 6 years of age. The most discriminate species in Teng’s predictive
model included S. mutans and P. histicola. Our model also included
P. histicola as a discriminate species with an increased abundance in
caries-active children, this is supported by previous findings of the
association of P. histicola and caries (Hurley et al., 2019). Although
P. histicola has been identified in several studies as being associatedwith
caries and lower pH values, its direct function and role in the oral
microbiome has not been elucidated. Additionally, Grier et al. (2020)
developed a ML model to identify species in saliva that is associated
with the onset of ECC among 56 preschool children. R. mucilaginosa,
Streptococcus sp. andVeillonella parvulawere selected as discriminatory
markers for ECC onset. Both Streptococcus sp. and Veillonella parvula
were highly abundant in the plaque and saliva samples of children with
caries in our study. The early colonizer R. mucilaginosa was not a
discriminatory microbe in our salivary model; this may be reflective of
the age of our cohort and demonstrates a need for studies at earlier
timepoints (and longitudinally).

Despite having a smaller sample size in our model, the
performance of our ML was comparable or better than models of
these studies. Potentially, this could be because of the advantages of
our multifactorial approach. This is exemplified by Candida
presence (increased risk) and toothbrushing frequency (decreased
risk) as strong discriminatory factors in our model, which would
have been otherwise missed if our ML relied solely on 16s rRNA
data. In addition, our model was able to utilize both cariogenic and
FIGURE 4 | Caries-associated and health-associated plaque microbiome in mothers. Based on their relative abundance, the supragingival plaque microorganisms
were clustered into caries associated and caries-free–associated groups, as shown by the dendrogram on the left. Relative abundance is indicated by a gradient of
shades from pink to green. Black spots indicate no detection of the species.
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protective bacteria as discriminatory markers. Lautropia mirabilis
and Rothia dentocariosa were found to be protective markers in the
salivary microbiome of the children in this study. In a comparison
of caries-free and caries-active children of 6 to 9 years old, L.
mirabilis was found to have a significantly higher abundance in the
caries-free children (Qudeimat et al., 2021). Future in vitro assays
would be helpful to determine whether L. mirabilis functions to
create a healthier (neutral pH) oral environment, or if a higher
abundance of L. mirabilis implies an indirect consequence of an
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 827
already neutral pH. Additionally, a higher abundance of R.
dentocariosa has been found in children with caries in some
studies (Jiang et al., 2016; Inquimbert et al., 2019), which is
contrary to our results.

Using the proposed ML models, we identified specific caries-
related oral bacteria, Candida, together with other multi-source
factors for preschool children and their mothers. Prediction
models for both children and their mothers achieved desirable
performance. Fine-tuning and further validation are needed
FIGURE 5 | Identified factors associated with mother’s caries risk using machine Learning model. LASSO-penalized logistic regression modeling was used for caries
predictor selection for children’s saliva and plaque samples. Eleven variables for models using plaque microorganisms were identified as predictive factors for dental
caries in mothers. The LASSO solution path above shows how the model is built sequentially by adding one variable at a time to the active set.
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using larger and longitudinal caries onset sample set. Future
models will consider incorporating more diverse biological and
environmental variables, including children’s diet, parent’s
education, oral hygiene, health, and oral microbiome.
Experimental and clinical confirmation of the predicted
microbial signatures for caries risk prediction and the
translation into clinically measurable parameters of antigen and
bacterial abundance will enhance our ability to identify at-risk
children and promote the development of preventative therapeutics.

The following limitations need to be considered when
interpreting the study results: (1) limited sample size;
(2) conducted in one US city. Thus, generalization to other
populations is unreliable because of the small convenient sample
size; (3) with the data set being cross-sectional data set, the
models are built upon the existing caries status, not through the
longitudinal onset of caries. Future validations of our models are
warranted using longitudinal data set.
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The human oral microbiota plays a vital role in maintaining metabolic homeostasis. To
explore the relationship between Helicobacter pylori (Hp) and reflux esophagitis, we
collected 86 saliva samples from reflux esophagitis patients (RE group) and 106 saliva
samples from healthy people (C group) for a high-throughput sequencing comparison. No
difference in alpha diversity was detected between the RE and the C groups, but beta
diversity of the RE group was higher than the C group. Bacteroidetes was more abundant
in the RE group, whereas Firmicutes was more abundant in the C group. The linear
discriminant analysis effect size analysis demonstrated that the biomarkers of the RE
group were Prevotella, Veillonella, Leptotrichia, and Actinomyces, and the biomarkers of
the C group were Lautropia, Gemella, Rothia, and Streptococcus. The oral microbial
network structure of the C group wasmore complex than that of the RE group. Second, to
explore the effect of Hp on the oral microbiota of RE patients, we performed the 14C-urea
breath test on 45 of the 86 RE patients. We compared the oral microbiota of 33 Hp-
infected reflux esophagitis patients (REHpp group) and 12 non-Hp-infected reflux
esophagitis patients (REHpn group). No difference in alpha diversity was observed
between the REHpn and REHpp groups, and beta diversity of the REHpp group was
significantly lower than that of the REHpn group. The biomarkers in the REHpp group
were Veillonella, Haemophilus, Selenomonas, Megasphaera, Oribacterium, Butyrivibrio,
and Campylobacter; and the biomarker in the REHpn group was Stomatobaculum.
Megasphaera was positively correlated with Veillonella in the microbial network of the
REHpp group. The main finding of this study is that RE disturbs the human oral
microbiota, such as increased beta diversity. Hp infection may inhibit this disorderly trend.

Keywords: Reflux esophagitis, oral microbiota, Helicobacter pylori3, alpha diversity, beta diversity
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INTRODUCTION

The oral microbiota is closely related to the esophageal
microbiota, and the esophageal microbiota is largely affected by
the oral microbiota (Lv et al., 2019). Reflux esophagitis (RE) can
cause disorder of the host oral microbiota (Wang et al., 2020).
Disturbances in the oral microbiota are influential in inducing
diseases of the upper and lower gastrointestinal tract (Schmidt
et al., 2019). The esophagus and oral mucosa are damaged during
acid reflux, and the oral microbiota of RE patients differs from
that of healthy people (Wang et al., 2020). In addition, oral
bacteria may migrate to the esophagus, thereby indirectly
affecting the esophageal microorganisms and promoting the
occurrence and development of esophageal diseases (Gao et al.,
2018). Human oral microbiota disorders can induce chronic
inflammation through immune pathways, leading to the
occurrence of RE, Barrett’s esophagus, and esophageal
adenocarcinoma (Snider et al., 2016).

Helicobacter pylori (Hp) is one of the most important causes
of chronic gastritis, gastric atrophy, and gastric cancer (Ding,
2020). Previous studies have reported that Hp infection can
induce disorders of the oral and stomach microbiota in
humans (Zhao et al., 2019). However, Hp infection has a
protective effect on patients with esophageal diseases
(Sugimoto et al., 2020). The oral and esophageal mucosa and
microbiota of RE patients are damaged by acid reflux. Gastric
atrophy occurs when the body is infected with Hp, which, in
turn, decreases gastric acid, thereby indirectly protecting the oral
mucosa (Ding, 2020). The incidence of esophageal disease may
increase after eradicating Hp. Serum ghrelin levels increase
during Hp eradication, affecting gastric emptying, and
ultimately leading to an increased risk of esophageal reflux
disease. Other studies have found that Hp infection is
negatively correlated with the incidence of esophageal diseases,
such as Barrett’s esophagus and esophageal adenocarcinoma
(Anderson et al., 2008).

Only a few studies have assessed the effect of Hp infection on
the oral microbiota of patients with RE, so we carried out this
study. The purpose of this study is to reveal the effect of Hp
infection on the oral microbiota of patients with RE and to lay
the foundation for investigating the interaction mechanism
between Hp and RE.
MATERIALS AND METHODS

Sample Collection
We recruited 86 RE patients and 106 healthy volunteers at
Xizang Minzu University Affiliated Hospital from May 2018 to
July 2019. All participants were diagnosed by endoscopy using
the Los Angeles classification method. All RE patients had typical
symptoms of heartburn and reflux. The inclusion criteria were
no treatment with glucocorticoids, antibiotics, proton pump
inhibitors, or other drugs within 3 months; no gastrointestinal
diseases or cancer; no gastrointestinal surgery; no oral diseases,
and no pregnancy. The 14C-urea breath test was used to identify
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 231
whether patients with RE were infected with Hp. We collected 10
mL of saliva from volunteers in a 50 mL sterile tube and stored it
at −80°C until further use. We also collected information on
gender, age, height, weight, body mass index (BMI), and eating
habits. All participants signed informed consent and the purpose
of the study was understood by all. This study was reviewed and
approved by the Ethics Committee of Xizang Minzu University
before the participants were recruited (ID: 201702). The
experiments followed the standard biosecurity and safety
procedures of Xizang Minzu University.

DNA Extraction and High-Throughput
Sequencing
The TIANamp Swab DNA Kit (Shanghai, China) was used to
extract total microbial DNA. The V3-V4 region of the 16S rRNA
gene was amplified with universal 341F and 805R primers.
Polymerase chain reaction amplification, purification, and
quantification were performed as described previously (Liu F.
et al., 2021). The DNA library was merged into equimolar
concentrations and sequenced using an Illumina MiSeq
platform with a 2 × 250 paired-end protocol. The raw sequence
data were deposited at the Genome Sequence Archive at the Data
Center, Beijing Institute of Genomics, Chinese Academy of
Sciences, under Accession number CRA: CRA004395, which is
publicly accessible at https://ngdc.cncb.ac.cn/gsa.

Bioinformatics and Statistical Analysis
Raw FASTQ files were demultiplexed, quality-filtered using
Trimmomatic v0.39 (Bolger et al., 2014), and merged with
FLASH v1.2.11 (Magoc and Salzberg, 2011) as described
previously (Liu F. et al., 2021). Operational taxonomic units
(OTUs) were defined at 97% similarity by UPARSE v7.1
(Edgar, 2013), and chimeric sequences were detected and
removed with UCHIME v4.1 (Edgar et al., 2011). Taxonomy
was assigned by the RDP Classifier algorithm v2.2 against the
Silva (SSU123) 16S rRNA database using a confidence threshold
of 80%. Species accumulation curves were constructed with the
‘vegan’ package (Oksanen et al., 2013). Alpha diversity was
calculated using the Chao 1 and Shannon indices (Schloss et al.,
2009). Principal coordinate analysis (PCoA) and permutational
multivariate analysis of variance were performed to determine
beta diversity (Bray-Curtis distance) (Lozupone and Knight,
2005; Kelly et al., 2015). A linear discriminant effect size
analysis (LEfSe software v1.0, Segata et al., 2011) was used to
discover biomarkers between different groups (LDA score > 2.0).
The demographic information of the different groups was
compared with Student’s t-test. The chi-square test was used to
verify the difference in eating habits between the groups. The
relative abundance of bacterial phyla and genera between the
different groups was compared using theWilcoxon rank-sum test.
The false discovery rate (FDR) was used to correct the P-values,
and P-FDR < 0.05 was considered significant. SparCC and 100
bootstraps were used to calculate the correlation of each oral
bacteria genus in the co-occurrence network between different
groups (correlation value > 0.4, P value < 0.05). Centrality of the
co-occurrence network was calculated using closeness and
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eigenvector of the node (Friedman and Alm, 2012; Wang et al.,
2018). Gephi software was used to visualize the oral microbiota
co-occurrence networks (Wang et al., 2018).
RESULTS

A total of 192 participants were recruited between May 2018 and
July 2019, including 86 RE patients and 106 healthy subjects, and
a total of 192 saliva samples were collected. No significant
differences in height, weight, or BMI were observed between
the RE and C groups (P > 0.05). The dietary habits of the groups
were similar, but the RE group consumed less fiber and had a
higher smoking rate (P < 0.05), as shown in Table 1.

Comparison of Community Composition of
the Oral Microbiota Between the RE and
C Groups
A total of 4,785,985 sequences were obtained after quality
control, and the average reads per sample were 71,432 (range
43,299-98,661 reads per sample), and 71,261 OTUs were
obtained. The rarefaction curve showed that sequencing depth
captured most of the bacterial species in the oral microbiota
sample (Supplementary Figure 1). The human oral microbiota
was dominated by Firmicutes (36.01%), Bacteroidetes (23.66%),
Proteobacteria (19.80%), Actinobacteria (9.59%), Fusobacteria
(7.40%), and Spirochaetes (1.31%) (Figure 1A).

At the genus level, the oral microbiota was composed
primarily of Streptococcus (19.15%), Prevotella (11.71%),
Neisseria (10.16%), Porphyromonas (6.15%), Rothia (6.12%),
Haemophilus (5.48%), Veillonella (4.60%), Fusobacterium
(4.49%), Alloprevotella (4.05%), Leptotrichia (2.78%),
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Granulicatella (2.18%), Actinomyces (2.08%), and Gemella
(2.03%) (Figure 1B).

Diversity of the Oral Microbiota in the RE
and C Groups
All 86 RE patients were compared to the 106 controls to test the
potential effect of RE on the oral microbiota. No significant
difference in alpha diversity was observed between the RE and
C groups (P = 0.61, Figures 1C, D). However, the beta diversity
of the C group was significantly lower than that of the RE group
(P = 0.0015, R2 = 0.041, Figure 1E). The PCoA plots revealed
significantly different community structures between the RE and
C groups (Figure 1F).

Comparison of Oral Bacterial Abundance
Between the RE and C Groups
Bacteroidetes were more abundant in the RE group, whereas
Firmicutes were more abundant in the C group (Figures 2A, B).
Supplementary Figure 2A indicates no significant differences at
the genus level between the RE and C groups. The LEfSe analysis
screened out biomarkers with significant abundance between the
RE and C groups. The abundance rates of Prevotella, Veillonella,
Leptotrichia, and Actinomyces were higher in the RE group; and
those of Lautropia, Gemella, Rothia, and Streptococcus were
higher in the C group (LDA > 2, P < 0.05, Figure 2C).

Comparison of the Oral Microbial Network
Between the RE and C Groups
We compared the oral microbial network of the RE and C groups to
explore the effect of RE on the oral microbial network (Figure 3). As
results, the microbial network of the RE group (40 nodes, 38 edges)
had more edges than the microbial network of the C group (38
TABLE 1 | Basic information of Reflux Esophagitis (RE) patients and healthy controls.

Characteristics Healthy controls RE patients c2 P value

Gender
Male 49 50 1.09 P > 0.05
Female 57 36 1.09 P > 0.05
Height 165.38 ± 7.38 164.9 ± 7.13 P > 0.05
Weighten 63.96 ± 10.2 63.76 ± 10.83 P > 0.05
Body mass index (BMI) 23.3 ± 2.66 23.35 ± 2.9 P > 0.05
Age 50.81 ± 13.9 56.27 ± 13.6 P > 0.05
Smoking
None or occasionally 90 50 7.79 P < 0.05
sometimes or frequently 16 36 7.79 P < 0.05
Alcohol drinking
None or occasionally 85 58 1.5 P > 0.05
sometimes or frequently 21 28 1.5 P > 0.05
Fiber intake
Low fiber intake 47 64 7.05 P < 0.05
High fiber intake 59 22 7.05 P < 0.05
Salt intake
Low salt intake 104 81 1.76 P > 0.05
High salt intake 2 5 1.76 P > 0.05
Fat and meat intake
Low fat intake 94 70 1.1 P > 0.05
High fat intake 12 16 1.1 P > 0.05
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nodes, 71 edges). Prevotella was positively correlated with
Veillonella, while Neisseria was negatively correlated with
Atopobium in the RE group. Streptococcus was negatively
correlated with Selenomonas and Campylobacter in the C group
(Figure 3). These results suggest that the microbial network of the
human oral microbiota was affected by reflux esophagitis.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 433
Diversity of the Oral Microbiota in the
REHpp and REHpn Groups
We further explored the effect of Hp infection on the oral
microbiota of RE patients and compared 33 RE patients with
Hp infection (REHpp) and 12 RE patients without Hp infection
(REHpn). As a result, no significant difference in alpha diversity
A B

D

E
F

C

FIGURE 1 | The effect of reflux esophagitis on the human oral microbiota. The oral bacterial community composition in reflux esophagitis patients (RE group) and
healthy people (C group) at the phylum level (A), and the genus level (B). The alpha diversity of the RE group tended to be lower than that of the C group, but it was
not significantly different, P > 0.05 (C, D). The beta diversity of RE group was significantly higher than that of the C group, R2 = 0.009, P = 0.0001 (E, F).
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A B

C

FIGURE 2 | Comparison of bacterial abundance between the reflux esophagitis and the healthy groups. The abundance of Bacteroidetes in the RE group was
higher, while the abundance of Firmicutes in the C group was higher, **P < 0.01 (A, B). LEfSe analysis results of the RE and C groups (C).
A B

FIGURE 3 | Co-occurrence networks of the reflux esophagitis and healthy groups (A, B). The co-occurrence network was inferred by the pairwise correlation of the
relative abundances of all genera. Each node in the network represents a bacterial genus. The node size represents the mean relative abundance of a genus in the
oral microbiota. Red line: positive correlation; green line: negative correlation. Relative thickness of the lines represents the degree of the correlation (greater thickness
of the edges means a stronger correlation).
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was observed between the REHpn and REHpp groups (P = 0.5,
Figures 4A, B and Supplementary Figures 2B, C). However, the
beta diversity of the REHpp group was significantly lower than
that of the REHpn group (P = 0.006, R2 = 0.053, Figure 4C). The
PCoA plots revealed separation of the samples in the REHpp and
REHpn groups (Figure 4D).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 635
Comparison of Oral Bacterial Abundance
Between the REHpp and REHpn Groups
No significant differences in bacteria phyla were observed
between the REHpp and REHpn groups (Supplementary
Figure 2D). At the genus level, the relative abundance rates of
Veillonella and Selenomonas were higher in the REHpp group
A B

D

E F

C

FIGURE 4 | The influence of Hp infection on the oral microbiota of reflux esophagitis patients. The alpha diversity of the REHpp group tended to be higher than that
of the REHpn group, but it was not significant, P > 0.05 (A, B), and the beta diversity was significantly lower than that of the REHpn group, R2 = 0.053, P = 0.0066
(C, D). Comparison of bacterial abundance between the REHpn and REHpp groups at the genus level (E, F), the abundances of Veillonella and Selenomonas in the
REHpp group were significantly higher than those in the REHpn group, ***P < 0.005.
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(P < 0.05, Figures 4E, F). We performed LEfSe analysis to further
confirm the differentially abundant taxa in the REHpn and
REHpp groups. At the genus level, the biomarker in the
REHpn group was Stomatobaculum, while those in the REHpp
group were Veillonella,Haemophilus, Selenomonas,Megasphaera,
Oribacterium, Butyrivibrio, and Campylobacter (Figure 5).

Comparison of the Oral Microbial Network
Between the REHpp and REHpn Groups
We compared the oral microbial network of the REHpn and
REHpp groups to explore the effect of Hp infection on the oral
microbial network of RE patients. The microbial network
structure of the REHpp group (9 nodes, 5 sides) was similar to
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 736
the REHpn group (7 nodes, 5 sides).Megasphaera was positively
correlated with Veillonella in the microbial network of the
REHpp group. Solobacterium was positively correlated with
Peptostreptococcus in the microbial network of the REHpn
group (Figure 6). Overall, these results indicate that the
microbial network of the oral microbiota of RE patients was
affected by Hp infection.
DISCUSSION

The oral microbiota plays a fundamental role in maintaining
normal physiology (Gao et al., 2018). Disorders of the oral
FIGURE 5 | LEfSe analysis shows that the relative abundance rates of Veillonella, Haemophilus, Selenomonas, Megasphaera, Oribacterium, Butyrivibrio, and
Campylobacter were higher in the REHpp group, while the abundance of Stomatobaculum was higher in the REHpn group.
A B

FIGURE 6 | Co-occurrence networks of the REHpn and REHpp groups (A, B). Each node in the network represents a bacterial genus. The node size represents
the mean relative abundance of a genus in the oral microbiota. Red line: positive correlation; green line: negative correlation. Relative thickness of the lines represents
the degree of correlation (greater thickness of the edges means a stronger correlation).
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microbiota may be essential for inducing digestive tract diseases,
such as RE, chronic gastritis, and indigestion (Coker et al., 2018;
Wang et al., 2020). Wang et al. (2020) reported that oral
microbiota disorders are closely related to RE. Many studies
have shown a negative association between Hp infection and the
incidence of RE (Lv et al., 2019; Sugimoto et al., 2020). Recent
research suggests that Hp is negatively correlated with the
incidence of esophageal disease (Anderson et al., 2008). Some
scholars hold the view thatHp is protective against RE (Nie et al.,
2014; Neto et al., 2016). In addition, Hp eradication treatment
may worsen RE, and promote the occurrence and development
of esophageal diseases, such as Barrett’s esophagus (Zhou et al.,
2020). In this study, we report a comprehensive characterization
of the microbial characteristics that distinguished RE patients
from healthy people and emphasize the effect of Hp infection on
the oral microbiota of RE patients. The results of our study show
that RE increases oral microbiota disorders and that Hp may
inhibit these disorders.

Effect of Reflux Esophagitis on Alpha
Diversity of the Oral Microbiota
The alpha diversity of the oral microbiota of RE patients was
similar to that of the healthy control group. Following the present
results, previous studies have demonstrated no significant
difference between alpha diversity of the oral microbiota of
patients with upper gastrointestinal diseases and that of healthy
people (Wang et al., 2020). No differences in alpha diversity of the
esophageal microbiota are observed between healthy people,
Barrett’s esophagus patients, and esophageal adenocarcinoma
patients (Lopetuso et al., 2020). Snider’s studies also reported
that the alpha diversity of oral microbes in patients with Barrett’s
esophagus is not significantly different from that of healthy people
(Snider et al., 2018). Hence, we hypothesized that RE may not
affect the alpha diversity of the human oral microbiota.

According to these data, we infer that a Hp infection slightly
increases the alpha diversity of the oral microbiota of RE
patients. Current research suggests that the alpha diversity of
human oral microbiota may not be affected by Hp infection
(Chua et al., 2019). Gudra’s research revealed no significant
difference in the alpha diversity of the oral and gut microbiota
between RE patients and healthy control subjects (Gudra et al.,
2020). The alpha diversity of the human intestinal microbiota
does not seem to be affected by Hp eradication treatment
(Gudra et al., 2020). Therefore, Hp infection may not be a
crucial factor affecting the alpha diversity of oral microbial
communities. We suggest that Hp infection does not affect the
alpha diversity of the oral microbiota in RE patients.

Our results show that the alpha diversity of the oral
microbiota in RE patients was slightly lower than that of
healthy people. We also observed that the alpha diversity of
the REHpp group increased slightly compared with the REHpn
group. Hp infection may be a protective factor for RE patients,
which is consistent with an earlier study (Anderson et al., 2008).
Taken together, we speculate that RE may lead to a slight
decrease in the alpha diversity of the human oral microbiota,
but Hp infection may inhibit this decrease. Hp infection slightly
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increased the alpha diversity of the oral microbiota of RE
patients, which may stabilize the bacterial community structure.

Effect of Reflux Esophagitis on Beta
Diversity of the Oral Microbiota
This study demonstrated that the beta diversity of RE patients
was significantly higher than that of healthy people. Previous
studies have reported that RE is a key factor affecting the beta
diversity of the human oral microbiota (Wang et al., 2020).
Zhou’s study clarified that the oral microbiota community
structure of patients with Barrett’s esophagitis is significantly
different from that of healthy people, which is consistent with our
research results (Zhou et al., 2020). Thus, we consider that the
beta diversity of human oral microbiota is affected by RE.

The beta diversity of the REHpp group was significantly
lower than that of the REHpn group. Hp infection may affect
oral microbial community structure, as the beta diversity of the
oral microbiota of Hp infected patients is significantly different
from that of healthy people (Chua et al., 2019; Ji et al., 2020).
Beta diversity of the intestinal microbiota changes significantly
in humans after Hp eradication treatment (Gudra et al., 2020).
UniFrac distance is significantly different between patients who
have not undergone Hp eradication and those who have
undergone Hp eradication treatment (Gudra et al., 2020). Hp
causes chronic gastritis to deteriorate into gastric atrophy,
intestinal metaplasia, and gastric cancer (Gantuya et al.,
2020). The community structure of the gastric microbiota in
patients with gastric atrophy, intestinal metaplasia, or gastric
cancer is significantly different from that of healthy people
(Gantuya et al., 2020). Our results show that the beta diversity
of the oral microbiota of RE patients was significantly higher
than that of healthy people. However, the beta diversity of oral
microbiota of the REHpp group was significantly lower than
that of the REHpn group due to Hp infection. We speculate that
this may have been due to the Hp infection, which led to a
decrease in beta diversity of the oral microbiota of patients
with RE.

Effect of Reflux Esophagitis on the
Abundance of Oral Bacterial Phyla
Our results show that the abundance of Bacteroidetes was higher
in the RE group, while the abundance of Firmicutes was higher in
the C group. The abundance of Bacteroidetes is lower in the oral
and esophageal microbiota of healthy people (Gantuya et al.,
2020). Previous studies reported that the abundance of
Bacteroides is higher, while the abundance of Firmicutes is
lower in the oral and esophageal microbiota of RE and
Barrett’s esophagus patients (Gantuya et al., 2020; Lopetuso
e t a l . , 2 020 ) . Zhou e t a l . ( 2020 ) r epo r t ed tha t
Bacteroidetes may promote the deterioration of RE into
esophageal adenocarcinoma.

The abundance of Firmicutes in the esophagus of healthy
people is significantly higher than that in RE patients (Liu et al.,
2013). According to one recent report, the abundance of
Firmicutes decreases with the severity of esophageal disease
(Liu et al., 2013). Compared with patients with high-grade
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dysplasia of Barrett’s esophagus, the abundance of Firmicutes in
patients with Barrett’s esophagus increases significantly in those
with non-dysplasia and low-grade dysplasia (Park and Lee,
2020). Liu J. et al. (2021) confirmed that the abundance of
Firmicutes is negatively correlated with RORgt, but positively
correlated with FoxP3. RORgt and FoxP3 are important
transcription factors for Th17 and Treg cells, respectively
(Liu J. et al., 2021). An increase in the number of Th17 cells
and a decrease in Treg cells are also observed in patients with RE
(Liu J. et al., 2021).

Yang’s research suggests that the human esophageal
microbiota can be divided into type I and type II (Yang et al.,
2009). The healthy people’s esophagus is the type I microbiota,
mainly Firmicutes and Gram-negative anaerobes. In contrast, the
RE patient’s esophagus is a type II microbiome, and Bacteroides
and Gram-negative anaerobes account for high (Yang et al.,
2009; Lv et al., 2019). Most of the bacteria from Firmicutes
belong to Gram-positive bacteria, and bacteria from Bacteroides
belong to Gram-negative bacteria. The abundance of Gram-
positive bacteria is higher in Hp-infected patients, whereas the
abundance of Gram-negative bacteria is higher in non-infected-
Hp patients (Park and Lee, 2020). The current study argues that
the human disease state may promote a change in the body’s
microbial community from Gram-positive bacteria to Gram-
negative bacteria (Yang et al., 2009). Healthy people have a
higher abundance of Gram-positive bacteria in the oral cavity
(Okereke et al., 2019). RE causes the numbers of Gram-positive
and Gram-negative bacteria in the human oral microbiota to
decrease and increase, respectively (Deshpande et al., 2018). The
DNA and RNA of Gram-negative bacteria and their metabolite
lipopolysaccharide stimulate upregulation of TLR4 expression
(Deshpande et al., 2018). TLR4 plays a vital role in the
pathogenesis of esophageal diseases (Deshpande et al., 2018).
Activation of TLR4 triggers the nuclear factor kappa-B pathway,
which leads to inflammation. Moreover, the toxins produced by
Gram-negative bacteria can damage the stability of the genome
and cause DNA damage and inflammation (Deshpande et al.,
2018). We speculate that this may due to RE-induced chronic
inflammation, resulting in a decrease in the abundance of
Firmicutes and an increase in the abundance of Bacteroidetes.

Effect of Reflux Esophagitis on the
Abundance of Oral Bacterial Genera
Our study shows that the biomarkers in the RE group were
Prevotella, Veillonella, Leptotrichia, and Actinomyces. It has been
assumed that the abundance of Veillonella is negatively
correlated with the degree of exacerbation of esophageal
disease (Snider et al., 2018). Compared with non-dysplastic
Barrett’s esophagus patients, patients with high-grade dysplasia
Barrett’s esophagus have a lower abundance of Veillonella in the
oral microbiota (Lopetuso et al., 2020). The abundance of
Prevotella, Veillonella, and Leptotrichia in the esophagus of
esophageal adenocarcinoma patients increases significantly
(Lopetuso et al., 2020). There is some evidence to suggest that
Prevotella, Veillonella, and Leptotrichia can interact to induce
cancer (Lopetuso et al., 2020). Leptotrichia is an opportunistic
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pathogen associated with many cancers, such as colon cancer,
stomach cancer, and pancreatic tumors (Fan et al., 2018; Kim
et al., 2018). Leptotrichia stimulates immune response and
indirectly promotes esophageal tumors (Lopetuso et al., 2020).
Bronswijk et al. (2019) suggested that Actinomyces is a key genus
that induces RE.

Our research found that the biomarkers of the C group were
Lautropia, Gemella, Rothia, and Streptococcus. Lautropia is a key
bacterial genus in the oral microbiota that plays an anti-
inflammatory effect, and its reduced abundance may lead to
the proliferation of other pro-inflammatory bacteria (Vincent
et al., 2013; Desai et al., 2016). The abundance of Lautropia in the
oral cavity of healthy people increases significantly compared to
patients with head and neck squamous cell carcinoma
(Guerrero-Preston et al., 2016). The abundance of Lautropia,
Gemella, Rothia, and Streptococcus in the oral microbiota of
healthy people is higher compared with patients with RE (Wang
et al., 2020). A high abundance of Gram-negative bacteria may
promote biofi lm formation (Blackett et a l . , 2013).
A high-abundance of Gram-negative bacteria produce
lipopolysaccharides and activate the natural immune response,
which subsequently stimulates the expression of nuclear factor
kappa-B to promote the release of interleukin-1b, -6, -8, and
tumor necrosis factor-a (Yang et al., 2012; Kåhrström et al.,
2016). Lipopolysaccharides produced by microorganisms enter
the blood circulation through the digestive tract mucosa, thereby
inducing local and systemic inflammatory reactions, particularly
in patients with digestive tract diseases (Zhao et al., 2019).

Our study showed that the biomarker of the oral microbiota
in the REHpn group was Stomatobaculum; and those in the
REHpp group were Veillonella, Haemophilus, Selenomonas,
Megasphaera, Oribacterium, Butyrivibrio, and Campylobacter.
Hp infection reduces gastric acid secretion, thereby increasing
the abundance of Gram-negative bacteria, such as Veillonella and
Haemophilus (Miyata et al., 2019). Haemophilus and Veillonella
produce more lipopolysaccharides than Hp (Sharma and Rao,
2012). Lipopolysaccharides activate TLR4 and promote the
nuclear translocation of nuclear factor kappa-B, leading to
increased IL-8 gene expression (Smith et al., 2003; Yang et al.,
2012). The abundance of other bacterial genera in the bacterial
community is affected by the presence of Hp (Peng et al., 2017).
The abundance of Veillonella in the human stomach increases
afterHp infection (Peng et al., 2017). Other studies have reported
that the abundance of Veillonella decreases significantly after Hp
eradication (Tanaka et al., 2005). Haemophilus has a function
similar to that of Hp and is a potentially pathogenic bacterium of
non-Hp infection gastritis (Gantuya et al., 2019). Haemophilus is
also the dominant bacteria in the gastric microbiota of gastric
cancer patients (Gantuya et al., 2019). Importantly, Haemophilus
causes the accumulation of nitrite, which promotes the
production of carcinogens (Gantuya et al., 2019). Selenomonas
has been detected on the tongue coating of gastric cancer patients
and has been considered a potential biomarker (Rodriguez et al.,
2020). The abundance of Oribacterium in the human oral cavity
increases significantly after Hp infection (Ji et al., 2020). The
relative abundance of Stomatobaculum in the oral microbiota of
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RE patients is significantly higher (Wang et al., 2020). As a result,
we speculate that the abundance of bacterial genera in RE
patients is affected by Hp.

Influence of Hp Infection on the Oral
Microbial Network of Reflux
Esophagitis Patients
In our study, Prevotella was positively correlated with
Veillonella in the RE group. Streptococcus was negatively
correlated with Selenomonas and Campylobacter in the C
group. Smoking is a risk factor leading to RE (Wang K.
et al., 2019), and the proportion of smokers in the RE group
was significantly higher than that in the C group. Smoking
increases nitrate intake, and Veillonella converts nitrate into
carcinogenic nitrosamines and pro-inflammatory nitric oxide
(Jia et al., 2021). Vanhatalo’s studies reported that Prevotella
and Veillonella are positively correlated and are essential
markers of early inflammation, leading to an increase in the
number of lymphocytes and centrioles (Hérivaux et al., 2021;
Vanhatalo et al., 2021). Several recent studies have shown that
lactic acid and glucose are metabolized into short-chain fatty
acids by Veillonella, which promotes mucin synthesis (Chen
et al., 2020). Prevotella is one of the main bacterial genera that
decompose mucin (Ilhan et al., 2020). The findings reported
here suggest that Veillonella and Prevotella may be positively
correlated through metabolites.

The relationship between Streptococcus, Selenomonas, and
Campylobacter may partly be explained by the fact that
Streptococcus plays a positive role in reducing the production
of peroxides, acids, and lipopolysaccharides in the body (Zhou
et al., 2020). Streptococcus salivarius inhibits the release of
inflammatory factors and exerts an anti-inflammatory effect
(Di Giacinto et al., 2005; Laws et al., 2021). Selenomonas and
Campylobacter are potential pathogenic bacteria, which promote
the release of IL-6, IL-17, and IL-33 and induce the inflammatory
response (Di Pilato et al., 2016; Volgenant et al., 2017; Li et al.,
2019). Streptococcus competitively inhibits the growth of other
bacterial genera in the same community through the metabolite
H2O2 (Zhou et al., 2017; Zhou et al., 2020). Therefore, it is likely
that connections exist between Streptococcus, Selenomonas, and
Campylobacter in the microbial network of the C group.

Another important finding is that Solobacterium was positively
correlated with Peptostreptococcus in the microbial network of the
REHpn group. Megasphaera was positively correlated with
Veillonella in the microbial network of the REHpp group.
Solobacterium degrades cysteine to produce methyl mercaptan
using b-galactosidase and protease (Tanabe and Grenier, 2012;
Suzuki et al., 2019). Methyl mercaptan is transported and utilized
by Peptostreptococcus (Tang-Larsen et al., 1995). Peptostreptococcus
and Solobacterium produce various acids, which lower the pH of the
environment, induce local inflammation, and induce digestive tract
cancer (Senneby et al., 2017). Current studies suggest that the high
abundance of Peptostreptococcusmay increase the risk of esophageal
squamous cell carcinoma (Sung et al., 2020). Thus, Solobacterium
and Peptostreptococcus are positively correlated in the microbial
network of the REHpn group.
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The lactic acid content and the abundance of lactic acid-
producing bacteria are both higher in the esophagus of
esophageal cancer patients (Lertpiriyapong et al., 2014; Vinasco
et al., 2019; Zhou et al., 2020). Disorders of lactate metabolism
can aggravate esophagitis to become esophageal cancer (Lin
et al., 2020). Several reports have shown that the abundances
of Megasphaera and Veillonella increase in the oral and stomach
microbiota of healthy people after Hp infection (Castaño-
Rodrıǵuez et al., 2017; Miyata et al., 2019; Wu et al., 2020).
Excess acetic acid is converted into acetate and propionate by
Megasphaera and Veillonella via the acrylate pathway and the
methylmalonyl-CoA pathway, respectively (Canfora et al., 2019;
Scheiman et al., 2019). A strong interaction exists between Hp
and Veillonella, and this may be related to gastric lesions or
cancer (Guo et al., 2020). We speculate that the abundances of
Megasphaera and Veillonella in the REHpp group were positively
correlated, which may be affected by the Hp infection.
CONCLUSION

Taken together, our research reveals a trend that RE leads to an
increase in the beta diversity of the human oral microbiota, an
increase in the abundance of Gram-negative bacteria, and a decrease
in the abundance of Gram-positive bacteria. However, Hp infection
inhibits the change in diversity, and the oral microbiota tends to be
normal. However, our study had some limitations. We did not
compare the oral microbes before and after Hp infection in patients
with RE, which may only reflect part of the picture. Future research
should focus on the use of transcriptomic, proteomic, metabolomic,
and other multi-omics approaches to explore the relationship
between the oral microbiota, reflux esophagitis, and Hp. It is
extremely important to explore the role of the oral microbiota in
the occurrence and development of RE.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://ngdc.cncb.ac.
cn/gsa, accession number: CRA (CRA004395).
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Xizang Minzu University. The
patients/participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

LK: attributed to the study design. TL, FL, ZZ, LL, WD, SB, and
LM: performed the sample collection and experimental work. TL:
September 2021 | Volume 11 | Article 732613

https://ngdc.cncb.ac.cn/gsa
https://ngdc.cncb.ac.cn/gsa
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Liang et al. Reflux Esophagitis and Helicobacter pylori
finished the date analyses and drafted the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This research was supported by National Natural Science
Foundation of China (31660307), Science and Technology
Department Pro jec t of Tibet Autonomous Region
(No. XZ201801-GB-03).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1140
ACKNOWLEDGMENTS

We sincerely thank the Editor and reviewers for their
contributions and suggestions.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.
732613/full#supplementary-material
REFERENCES
Anderson, L. A., Murphy, S. J., Johnston, B. T., Watson, R. G., Ferguson, H. R.,

Bamford, K. B., et al. (2008). Relationship Between Helicobacter Pylori Infection
and Gastric Atrophy and the Stages of the Oesophageal Inflammation,
Metaplasia, Adenocarcinoma Sequence: Results From the FINBAR Case-
Control Study. Gut 57 (6), 734–739. doi: 10.1136/gut.2007.132662

Blackett, K. L., Siddhi, S. S., Cleary, S., Steed, H., Miller, M. H., Macfarlane, S., et al.
(2013). Oesophageal Bacterial Biofilm Changes in Gastro-Oesophageal Reflux
Disease, Barrett’s and Oesophageal Carcinoma: Association or Causality?
Aliment. Pharmacol. Ther. 37 (11), 1084–1092. doi: 10.1111/apt.12317

Blaser, M. J., and Falkow, S. (2009). What are the Consequences of the
Disappearing Human Microbiota? Nat. Rev. Microbiol. 7, 887–894.
doi: 10.1038/nrmicro2245

Bolger, A. M., Lohse, M., and Usadel, B.. (2014). Trimmomatic: A Flexible
Trimmer for Illumina Sequence Data. Bioinformatics (Oxford, England) 30
(15), 2114–2120. doi: 10.1093/bioinformatics/btu170

Bronswijk, M., Victoor, J., and Cuyle, P. J. (2019). Deep Ulcerative Esophagitis: A
Rare Presentation of Gastrointestinal Actinomycosis. Dig. Liver. Dis. 51 (6),
907. doi: 10.1016/j.dld.2019.01.026

Canfora, E. E., Meex, R., Venema, K., and Blaak, E. E. (2019). Gut Microbial
Metabolites in Obesity, NAFLD and T2DM. Nat. Rev. Endocrinol. 15 (5), 261–
273. doi: 10.1038/s41574-019-0156-z
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Exploring microbial community compositions in humans with healthy versus diseased
states is crucial to understand the microbe-host interplay associated with the disease
progression. Although the relationship between oral cancer and microbiome was
previously established, it remained controversial, and yet the ecological characteristics
and their responses to oral carcinogenesis have not been well studied. Here, using the
bacterial 16S rRNA gene amplicon sequencing along with the in silico function analysis by
PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States 2), we systematically characterized the compositions and the ecological drivers of
saliva microbiome in the cohorts of orally healthy, non-recurrent oral verrucous
hyperplasia (a pre-cancer lesion), and oral verrucous hyperplasia–associated oral
cancer at taxonomic and function levels, and compared them with the re-analysis of
publicly available datasets. Diversity analyses showed that microbiome dysbiosis in saliva
was significantly linked to oral health status. As oral health deteriorated, the number of
core species declined, and metabolic pathways predicted by PICRUSt2 were
dysregulated. Partitioned beta-diversity revealed an extremely high species turnover but
low function turnover. Functional beta-diversity in saliva microbiome shifted from turnover
to nestedness during oral carcinogenesis, which was not observed at taxonomic levels.
Correspondingly, the quantitative analysis of stochasticity ratios showed that drivers of
microbial composition and functional gene content of saliva microbiomes were primarily
governed by the stochastic processes, yet the driver of functional gene content shifted
toward deterministic processes as oral cancer developed. Re-analysis of publicly
accessible datasets supported not only the distinctive family taxa of Veillonellaceae and
Actinomycetaceae present in normal cohorts but also that Flavobacteriaceae and
Peptostreptococcaceae as well as the dysregulated metabolic pathways of
nucleotides, amino acids, fatty acids, and cell structure were related to oral cancer.
Using predicted functional profiles to elucidate the correlations to the oral health status
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https://www.frontiersin.org/articles/10.3389/fcimb.2021.663068/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.663068/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.663068/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.663068/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:enewujh@ncku.edu.tw
mailto:liwhawu@mail.ncku.edu.tw
https://doi.org/10.3389/fcimb.2021.663068
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2021.663068
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2021.663068&domain=pdf&date_stamp=2021-09-16


Chen et al. Oral Microbiome in Malignant Transformation of OVH

Frontiers in Cellular and Infection Microbiolo
shows superior performance than using taxonomic data among different studies. These
findings advance our understanding of the oral ecosystem in relation to oral
carcinogenesis and provide a new direction to the development of microbiome-based
tools to study the interplay of the oral microbiome, metabolites, and host health.
Keywords: oral cancer, microbiome dysbiosis, machine learning, oral verrucous hyperplasia, saliva
1 INTRODUCTION

Oral cavity is a dynamic and complex ecosystem, harboring more
than 1,000 species of microorganisms (Lamont et al., 2018). The
ecological balance of the host-microbiome symbiosis benefits
human health by supporting the host immune system,
maintaining physiological functions, and providing additional
metabolic potentials (Kilian et al., 2016) to inhibit the growth of
exogenous/opportunistic pathogens (Kreth et al., 2005;
Wescombe et al., 2009) and regulate the host-microbe
homeostasis such as systemic nitrate metabolism that is linked
to cardiovascular diseases (Govoni et al., 2008; Farah et al., 2018).
Recent studies have shown that the oral microbiome plays an
essential role in the etiology of oral and systemic diseases, such as
caries, periodontitis, and oral cancer (Socransky and Haffajee,
2005; Costalonga and Herzberg, 2014; Gao et al., 2018). Among
these diseases, oral cancer is of particular concern because it
causes approximately 180,000 deaths a year worldwide (Ferlay
et al., 2019). Oral bacteria, along with other known risk factors
(smoking, alcohol, and betel quid chewing), have been reported
to be associated with oral cancers (Katz et al., 2011; Lin et al.,
2011; Zhao et al., 2017). Oral carcinogenesis has been considered
a pivotal factor to alter the oral microbiome, while the
microbiome dysbiosis may exacerbate the disease progression
in the host. For example, using the gnotobiotic mouse model of
oral cancer, research demonstrated that the oral microbiome
regulated a specific signaling pathway to promote tumorigenesis
in oral cancer (Stashenko et al., 2019). A recent study further
provides causal evidence in promoting oral tumorigenesis via
crosstalk between signaling pathways by periodontal pathogens
(Kamarajan et al., 2020). Although the relationship between
microbiome and cancer is still controversial and complicated
(Sepich-Poore et al., 2021), these studies have pointed out the
complex mutual interplay between the oral microbiome and
oral carcinogenesis.

Oral potentially malignant disorders (OPMDs) describe a
diverse group of lesions or conditions, including leukoplakia,
erythroplakia, oral submucous fibrosis, and oral verrucous
hyperplasia (OVH), that may precede the development of oral
squamous cell carcinoma (OSCC), accounting for more than
90% of oral cancers (Markopoulos, 2012; Warnakulasuriya,
2020). Though oral cavity can be easily accessed for oral
cancer screening, more than 60% of patients were detected at a
late stage of OSCC partly due to the unawareness of patients and
healthcare practitioners for the asymptomatic lesions (Mashberg,
2000; Mager et al., 2005; Lingen et al., 2008; Kaur et al., 2018).
Conventional oral examination (COE) followed by confirmatory
tissue biopsy is the gold standard for oral cancer diagnosis
gy | www.frontiersin.org 244
(Lingen et al., 2008). However, COE may not be able to
identify all OPMD lesions or lesions that are prone to progress
to OSCC (Lingen et al., 2008). Besides, the tissue biopsy is
invasive, painful, and time-consuming (Kaur et al., 2018).
Although other clinical diagnostic tools were available for oral
cancer detection (Mashberg, 1983; Eisen, 2002), patients are still
diagnosed in the late stages of OSCC (Kaur et al., 2018).
Therefore, early detection and diagnosis technology for OPMD
and oral cancer are necessary, and saliva serves as an ideal
reservoir for non-invasive biomarker exploration.

Studies have suggested that the oral microbiome changed
during the progression of OSCC (Zhao et al., 2017; Hashimoto
et al., 2019; Chen et al., 2020). These studies mainly focused on
two cohorts (healthy control/OSCC or OPMD/OSCC) instead of
three (healthy control/OPMD/OSCC) without a follow-up.

However, the progress of OPMD malignancy usually takes
years to more than decades, with malignant transformation rates
ranging from less than 1% to over 30% (Chiang et al., 2020;
Warnakulasuriya, 2020). Although a few oral microbiome
studies did include OPMD samples (Hernandez et al., 2017;
Lee et al., 2017), the inclusion of a wide variety of OPMDs may
confound the results. Among OPMDs, OVH is commonly
detected in the oral cavity of betel quid chewers and has high
transformation rates of up to 21.3% (Chiang et al., 2020;
Warnakulasuriya, 2020). So far, the interaction between the
oral microbiome and OVH carcinogenesis has not yet
been reported.

The microbial community structure of the oral cavity remains
compositionally stable to ecological determinants (e.g., pH,
redox, and nutrients) due to its capability of resistance and
resilience (Richards et al., 2017; Marsh, 2018). The stability
may be substantially perturbed by stressors, driving the
microbial communities into distinct patterns in taxonomical
and functional components (Zaneveld et al., 2017), and this
concept was captured in several hypotheses regarding the
microbial ecology and oral diseases. For example, the
ecological plaque hypothesis postulated that caries and
periodontal diseases are a consequence of a taxonomic profile
change of plaque microbiota driven by an altered environment
(Marsh, 2003). For the host-microbiome ecosystem of OSCC, the
oral microbiome may initially comprise species with competitive
advantage via host selection, followed by a functional dysbiosis
and enhancement of OSCC development as virulence factors of
selected microbes are expressed (Al-Hebshi et al., 2019). To
decipher how microbiomes respond to stressors, the patterns of
microbial composition and the underlying ecological drivers
were usually studied using taxonomic data. A recent systemic
review of studies on the microbiome of OSCC patients reported
September 2021 | Volume 11 | Article 663068
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that the tumor-associated microbiome presented similar
functional potentials regardless of variations in taxonomic
profiles (Al-Hebshi et al., 2019). Thus, taxonomic information
in conjugation with functional profiles may shed some light on
the variation of the oral microbiome.

The between-sample diversity (beta diversity) is often used to
measure the differences between samples and can be
disentangled into nestedness and turnover components: the
former is a non-random process of species loss or gain, while
the latter is the replacement of some species by others (Baselga,
2010). These patterns are microbial responses to deterministic
processes, stochastic processes, or combinations of the two
(Chase and Myers, 2011; Stegen et al., 2013; Zhou and Ning,
2017). As such, the quantitative determination of the ecological
drivers influencing community composition in an ecosystem is
important for explicitly elucidating the community dynamics. By
quantifying the stochasticity ratio using the pattern-oriented null
model (Ning et al., 2019), our previous study showed the
dominance of stochastic perturbations in shaping the oral
microbiomes of oral submucous fibrosis (one of the OPMDs)
and OSCC cohorts (Chen et al., 2020). The influence of
stochastic perturbations might also be crucial in the healthy
group, given that the oral microbiome was highly personalized
and time-varied (Mukherjee et al., 2018). Since highly diverse
microorganisms would survive in similar ecosystems (i.e., oral
cavity of healthy individuals, OPMD, and OSCC cohorts), we,
therefore, were interested in exploring whether the disease
stressor can shape the functional gene content of oral
microbiome and the functional dysbiosis would occur in
response to the development of oral carcinogenesis.

In the present study, we hypothesized that the alteration of oral
microbiomes of orally healthy (normal), OPMD (specifically
OVH), and OSCC cohorts were associated with oral health
status. To investigate the role of ecological patterns in healthy
and diseased oral microbiomes, both taxonomic profiles and
functional potentials were studied in terms of the dichotomy of
beta diversity (nestedness and turnover), along with the
stochasticity ratio. To our knowledge, this is the first report to
disentangle the contribution of the turnover and nestedness of
both taxonomic and functional compositions in three different
states of the oral cavity ecosystem (orally healthy, OPMD, and
OSCC). We further validated our results with publicly available
data using the same pipeline and the machine learning prediction.
2 MATERIALS AND METHODS

2.1 Study Participants and Sample
Collection
All participants were recruited from Chi Mei Medical Center
(CMMC), Liouying, Taiwan, with the approval of the
Institutional Review Board of CMMC (IRB No.: 10612-L02).
Participants were interviewed to ensure no antibiotics or surgical
treatments for at least one month to enrollment and instructed to
refrain from eating, drinking, or using oral hygiene products for
at least one hour prior to saliva collection and to rinse their
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 345
mouth with drinking water. Five minutes after oral rinsing,
participants were instructed to spit into a 50 mL centrifuge
tube, which was kept on ice, and were cautioned not to cough up
sputum. A total of 5 mL of saliva was collected from each
participant within a 30-minute time frame. Saliva samples were
then centrifuged at 2,600 × g at 4°C for 15 min. One milliliter of
the supernatant was transferred to a new centrifuge tube for
other research, and the rest of the saliva supernatant was treated
with RNase Inhibitor (Ambion, Austin, TX, USA) and stored at
−80°C for further analysis. The samples were processed and
frozen within 30 minutes after collection.

2.2 DNA Extraction, PCR, and 16S rRNA
Gene Sequencing
Bacterial genomic DNA was extracted from saliva samples using
a QIAamp DNA Mini Kit (Qiagen, Germany) according to the
manufacturer’s spin column protocol. The extracted DNA was
amplified using a barcoded Bacteria-specific primer set (341F/
806R) that targets the V3–V4 hypervariable region of the 16S
rRNA gene. The PCR amplicons were sequenced on a MiSeq
platform (Illumina, USA) using v3 Chemistry Kits (2 × 300 bp).
The detailed sequencing protocol has been described previously
(Chen et al., 2017).

2.3 Bioinformatics Analyses
2.3.1 16S rRNA Sequence Processing
High-throughput amplicon sequencing data were analyzed on
the QIIME 2 platform (v2019.4) (Bolyen et al., 2019). After the
primers at both ends were trimmed, raw sequences were quality
filtered, denoised, merged, and chimera filtered using DADA2 to
produce ASVs (Callahan et al., 2016), which provides a finer
resolution of sequence variants down to single nucleotide
differences compared to traditional 97% similarity of
operational taxonomic units. The maximum number of
expected errors was set at 3. The denoised ASVs with lengths
outside the interval between 400 and 450 nt were excluded from
the subsequent analysis. To obtain taxonomy at the species level
with a focus on bacteria present in oral cavity, taxonomic
annotation of ASVs was performed by a customized naïve
Bayes classifier trained on the expanded Human Oral
Microbiome Database (version 15.1) (Escapa et al., 2018) using
the q2-feature-classifier plugin (Bokulich et al., 2018b) with
default settings. “Unclassified” was appended to the lowest
available taxonomic level for ASVs that were not resolved to
the species level.

2.3.2 Diversity Analysis
Alpha and beta diversity indices were calculated at a rarefaction
depth of 43,313 reads per sample using the QIIME2 plugin q2-
diversity. A phylogenetic tree was constructed using the QIIME2
plugin q2-fragment-insertion (Matsen et al., 2010; Eddy, 2011;
Matsen et al., 2012; Janssen et al., 2018) for phylogenetic alpha
(Faith’s phylogenetic diversity) and beta diversity (UniFrac)
measurements. Kruskal–Wallis rank-sum test was used to
compare the differences between the alpha diversity indices
among cohorts. The contribution of participant age, oral health
September 2021 | Volume 11 | Article 663068
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status (healthy, OVH, and OSCC), and lifestyle factors (alcohol,
betel nut, or cigarette consumption) were analyzed using Adonis
with 9999 permutations. Distance-based permutational
multivariate analysis of variance (PERMANOVA) was used to
test the significant difference levels of the centroid of beta
diversity metrics among cohorts in the ordination space of
PCoA. For the observed significant PERMANOVA results,
PERMDISP was then performed with 9999 permutations to
determine the within-group homogeneity of dispersion. The
Benjamini-Hochberg procedure was applied to control the
FDR for multiple testing by statsmodels (0.10.2) (Seabold and
Perktold, 2010). To evaluate the respective contribution of
turnover and nestedness components to beta‐diversity as a
whole, we calculated the multiple-site dissimilarity (Sørensen-
based, bSØR), and the partitioning dissimilarities that accounted
only for turnover (Simpson-based, bSIM) and for nestedness
(bNES) components, respectively (Baselga, 2010).

2.3.3 Core Microbiome Analysis
Core microbiome analysis was performed using a customized
Python script and visualized using matplotlib-venn (0.11.5). The
feature table was first converted to incidence data (presence/
absence), and the prevalence of each taxon in each cohort was
calculated. If the prevalence of a given taxon was greater than
75%, it was considered a core species in a cohort (Takeshita et al.,
2016; Willis et al., 2018). A Venn diagram was used to illustrate
the distinct and shared core species between cohorts.

2.3.4 In Silico Metagenome Prediction
The metagenomic content was developed in silico from the
denoised 16S rRNA genes using PICRUSt2 (Douglas et al.,
2020). HMMER (www.hmmer.org), EPA-NG, and GAPPA
were performed to place ASVs into reference phylogeny
(Barbera et al., 2018; Czech and Stamatakis, 2019). The
functional profiles of oral microbiome were predicted in
accordance with the community-wide abundance method. The
castor R package was subsequently used for hidden state
prediction to infer gene family copy numbers (Louca and
Doebeli, 2017). Finally, the EC number abundances were
predicted based on the adjusted gene family abundances. To
infer pathway abundances, MinPath was applied to identify a set
of minimum pathways based on the predicted gene families (Ye
and Doak, 2009). Default settings were used to regroup EC
numbers to MetaCyc reactions and further inferred to MetaCyc
pathway abundances (Caspi et al., 2020).

2.3.5 Statistical Testing of Differential Abundance
LEfSe was applied to identify differentially abundant species and
metabolic pathways among cohorts (Segata et al., 2011). The
input of the frequency matrix was rarefied to the same depth and
then transformed into a relative abundance matrix. The
significance level was 0.05 for the Kruskal–Wallis test, and the
cutoff of the logarithmic LDA scores was 3.

2.3.6 Stochasticity Ratio Estimation
To evaluate the drivers of the community composition and
functional profile, the null-model-based approach was used to
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calculate the normalized ratio of the difference between the
actual and expected similarity, referring to as a selection
strength (SS), to assess the strength of determinism acting
against the stochastic forces (Ning et al., 2019). In this method,
the actual Bray-Curtis similarity of any two samples in the
metacommmunity of a cohort was first calculated based on
taxonomic and pathway data and compared with the mean of
null expected similarity that was obtained by averaging the
similarity of 1,000 times of randomization of the two samples
in the metacommunity. The stochasticity ratio was calculated as
(1 - SS). The ratio ranges from 0 to 100%, with 0 for the
community composition/functional profile solely shaped by
deterministic processes, and 100% for the community
composition/functional profile purely influenced by the
stochastic forces. For the null model algorithm, proportional
taxa/pathway occurrence frequency and richness were applied to
generate random microbial/functional communities (Gotelli,
2000). Samples in each cohort shared the sample regional taxa/
pathway pool in the null model algorithm.

2.4 Public Data Acquisition, Processing,
and Re-Analysis
Academic search systems, including Google Scholar and PubMed,
were used to find studies published in the last five years (2015–
2020) with the search terms “oral microbiome”, “saliva
microbiome”, and “OSCC”. We included 16S rRNA amplicon-
based studies with publicly available sequences and metadata
indicating OSCC or control for each sample. To compare the
results, we only included studies with samples collected by non-
invasive collection methods (oral swab, oral rinse, or saliva
samples), while excluding the studies of using tissue biopsies
and those without sample metadata. Studies with the OSCC
cohort consisting of both the oral cavity and oropharynx types
were also included. The raw sequence processing, diversity
analysis, and core species/metabolic pathway analysis were
performed as described in previous sections.

2.5 Prediction Using Machine Learning
Analysis
The QIIME2 q2-sample-classifier plugin (Bokulich et al., 2018a)
was used to predict sample health statuses based on taxonomic
and functional profiles generated from this study, and the
publicly available dataset was re-analyzed. Input data were
randomly split into 80% for training and 20% for testing. The
Random Forest classifier was applied for supervised machine
learning. Cross-validated recursive feature elimination was
applied for feature selection, with 5% of features eliminated at
each iteration. Hyperparameters were automatically tuned using
a random grid search with 5-fold cross-validation. Based on
taxonomic and functional profiles, respectively, we performed
the analysis procedure 100 times with different random seeds
and recorded the testing accuracy ratio for each iteration. The
resulting accuracy ratio data was tested using an independent
t-test to determine the statistical significance of the machine
learning prediction results. AUROC metrics were calculated
using the scikit-learn package (Pedregosa et al., 2011). For
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multi-class classification, micro-average was used. The data in
each study were trained and validated separately to minimize the
experimental batch effects.
3 RESULTS

3.1 Cohort Descriptions and Sequencing
Quality
Saliva samples collected from 75 male participants, including
healthy controls (normal, n = 27), non-recurrent OVH patients
with > 8-year follow-up (2011 December–2019 November)
(OVH, n = 21), and patients having primary OVH followed by
OSCC development within eight years follow-up (OSCC, n = 27),
were included in this study (Table S1). Statistical analysis of the
participants’ metadata (age and lifestyle factors) showed that the
differences in the studied cohorts were significant for age
between normal and OSCC cohorts, and for betel nut chewing
habits between OVH and OSCC cohorts (Table S2). Illumina
high-throughput sequencing generated a total of 14,261,633 raw
sequences targeting the V3–V4 region of the 16S rRNA gene.
After sequence denoising, 8,522,211 denoised reads were
retained from 75 samples, with an average of 113,629 ± 33,379
high-quality sequences per library. The plateau rarefaction
curves indicated that the sequencing depth was sufficient for
downstream analysis (Figure S1).

3.2 Phylogenetic Diversity Was Slightly
Reduced in the Microbiomes of
Diseased Cohorts
In the assessment of ASVs detected within samples, the results
revealed that the four alpha diversity indices were not
significantly different between the studied cohorts (q > 0.05
after false discovery rate (FDR) adjustment, Table S3). To
evaluate the effects of risk factors, including participant age,
oral health status, and lifestyle, on the changes of the oral
microbial community, UniFrac distance-based Adonis analysis
was performed with the host health status as the last variables
(Alcohol+BetelNut+Cigarette+Age+HealthStatus). As shown in
Figures 1A, B, oral health status was detected as the strongest
explanatory power (Adonis R2 = 0.037 for unweighted UniFrac
and 0.057 for weighted UniFrac) to significantly differentiate the
cohorts (FDR-adjusted p< 0.05). Although age and betel nut
chewing habit exhibited significant distinction between some
cohorts (Table S2), the variable, betel nut chewing, was not
significantly associated with changes in oral microbial
communities. However, age as a variable may confound the
change of oral microbiome with the unweighted UniFrac
distance (Adonis R2 = 0.021, FDR-adjusted p< 0.05). The
UniFrac-based beta diversity distribution of salivary
microbiomes from the cohorts was visualized using a principal
co-ordinate analysis (PCoA) plot (Figures 1C, D), and showed
random distribution on the ordination space. Pairwise
permutation analyses of multivariate dispersions (PERMDISP)
analysis further confirmed that the dispersion effect was not
found among cohorts based on the unweighted UniFrac metric
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(pPERMDISP = 0.1669); however, this effect was observed between
normal and diseased (OVH/OSCC) cohorts. In particular, the
dispersion effect reached a significant level between the normal
and OVH cohorts (FDR-adjusted pPERMDISP = 0.0362) in the
weighted UniFrac distance measurement, suggesting
heterogeneous dispersion of abundant taxa in salivary
microbiota in correspondence with the oral health status.

3.3 Oral Carcinogenesis Altered Core
Microbiomes
To further compare the differences in salivary microbiomes
among cohorts, we investigated the “core” species, defined as
the taxa commonly present in the saliva of each cohort with a
prevalence > 75% (Takeshita et al., 2016; Willis et al., 2018). The
number of core species was 55 (67.14 ± 11.06% of total
abundance), 39 (47.24 ± 14.96% of total abundance), and 30
(44.52 ± 12.81% of total abundance) in normal, OVH, and OSCC
cohorts, respectively, and 24 species taxa were universal in the
saliva samples from all cohorts, even when the oral health status
altered (Figure 2A). Five species (Anaeroglobus geminatus,
Porphyromonas gingivalis, Prevotella oulorum, Saccharibacteria
(TM7) [G5] bacterium HMT-356, and Tannerella forsythia)
were specific to the OVH cohort. In comparison, two species
(Capnocytophaga sputigena and Catonella morbi) were specific to
the OSCC cohort. One species (Dialister invisus) was specific to
the OVH and OSCC cohort. Interestingly, a decreased trend in
overall core species richness (gamma diversity) was clearly
observed with deteriorating oral health status (Figure 2B)
from 12.53% in the normal cohort to 6.34% in the OSCC cohort.

The linear discriminant analysis effect size (LEfSe) analysis
revealed the core species with significant abundance in each
group (p < 0.05, LDA score > 103) (Figure 2C). A total of 15
species taxa were enriched in the normal cohort compared to 2-4
species in the two diseased cohorts. In the normal cohort, they
included two unclassified taxa related to Prevotella and
Selenomonas genera, three uncultured species (Saccharibacteria
(TM7) [G-1] bacterium HMT-352, Leptotrichia sp. HMT-417,
and Actinomyces sp. HMT-180), and 10 known species within 7
genera: Prevotella (Prevotella melaninogenica, Prevotella salivae,
and Prevotella pallens), Veillonella (Veillonella atypica, and
Veillonella dispar), Streptococcus salivarius, Haemophilus
parainfluenzae, Megasphaera micronuciformis, Campylobacter
concisus, and Rothia mucilaginosa. For the OVH cohort, only
Veillonella parvula and Rothia dentocariosa were significantly
abundant (p < 0.05, LDA score > 103), while four species,
Capnocytophaga sputigena, Prevotella oris, Peptostreptococcus
stomatis, and Parvimonas micra were specifically abundant in
the OSCC cohort (abundance see Table S4). Furthermore, LEfSe
conducted with higher rank data showed that the species
variation converges at specific family-level taxa in different
cohorts. When prevalence taken into account, the enriched
family taxa in the normal cohort were Actinomycetaceae
(mean ± SD; 1.55% ± 1.16%), Veillonellaceae (12.50% ±
7.41%), and Prevotellaceae (20.60% ± 10.00%). Leptotrichiaceae
(3.05% ± 3.92%) was the only family specifically enriched in the
OVH cohort. The saliva microbiome, however, shifted to
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Flavobacteriaceae (8.61% ± 11.36%), Peptostreptococcaceae
(2.37% ± 1.61%), Mycoplasmataceae (1.46% ± 2.36%),
Carnobacteriaceae (1.65% ± 2.12%), Lachnospiraceae (2.19% ±
1.83%), and Peptoniphilaceae (0.53% ± 0.51%) as abundant taxa
specific to the OSCC cohort (Figure 2D and Figure S2).

3.4 Distinct Metabolic Pathways Were
Dysregulated Among Three Cohorts
We applied PICRUSt2, an updated version of a widely used
metagenomic prediction tool (Langille et al., 2013), to infer the
functional profiles of the microbial communities using denoised
ASVs. The nearest-sequenced taxon index (NSTI) of 81.68% of
reads was less than 0.15 (Figure S3A), suggesting the high-
quality metagenome predicted (Langille et al., 2013). LEfSe
analysis identified 26, 7, and 24 inferred pathways that were
significantly abundant specific to normal, OVH, and OSCC
cohorts, respectively (Figure S3B). By categorizing these
pathways to higher classes, we found that most of them belong
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to amino acid biosynthesis (10 pathways), and cofactor,
prosthetic group, electron carrier, and vitamin biosynthesis (8
pathways) for the normal cohort. The pathways for cell structure
biosynthesis (5 pathways), fatty acid and lipid biosynthesis (4
pathways), and nucleoside and nucleotide metabolism (3 for
biosynthesis; 2 for degradation) were abundant in the OSCC
cohort (Figure 3). Only three pathways belonging to TCA cycles
and nucleic acid processing were found to be significantly higher
in abundance in specific relation to the OVH cohort.

3.5 Though a High Taxonomic Turnover,
Functional Nestedness Evolved During
Oral Carcinogenesis
To determine the differentiation of beta diversity in the saliva
microbiome, we compared the dissimilarities of the salivary
microbiomes quantitatively based on taxonomic and functional
profiles. For community composition data, the species
nestedness was 0.042, 0.058, and 0.043 (sustainably lower than
A B

DC

FIGURE 1 | Differences in oral microbiomes among normal, OVH, and OSCC cohorts. (A, B) Adonis analysis based on (A) unweighted and (B) weighted UniFrac
distance metrics shows the effect (R2) of factors with the oral microbiome. * indicates FDR-adjusted p < 0.05 and ** indicates FDR-adjusted p < 0.01. (C, D) Principal
coordinate analysis (PCoA) plots of taxonomic profiles based on (C) unweighted and (D) weighted UniFrac distance metrics. Marginal kernel densities visualize the
distribution of microbial diversity along both axes. The pairwise PERMDISP reveals the dispersion effect (FDR-adjusted p < 0.05) between normal and OVH cohorts.
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the turnover: 0.822, 0.802, and 0.841) for the normal, OVH, and
OSCC cohorts, respectively (Figure 4), showing that the
differentiation of salivary microbiomes was predominantly
influenced by the species turnover. The high taxonomic
turnover rate (low prevalence (< 33%) and high variation of
species) among closely related species within these distinct
family taxa could be visualized via a taxonomic tree
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 749
(Figure S4). By contrast, the functional profiles of the salivary
microbiomes were relatively stable: the mean multi-site Sørensen
dissimilarity related to pathways (0.456 ± 0.044) was lower than
that related to species taxa (0.869 ± 0.013) by approximately 50%.
Notably, the numerical distributions of function nestedness
(0.180, 0.187, and 0.295) and function turnover (0.291, 0.209,
and 0.204) were relatively similar in each of the three cohorts
A B

D

C

FIGURE 2 | Core microbiome analysis. (A) Venn diagram of core microbiomes among cohorts. The core is defined as the species taxa present in saliva with ≥ 75%
prevalence. (B) The fraction of core species number to overall species richness in each cohort. (C) LEfSe reveals the distribution of core species displaying the
abundance significantly higher (LDA > log103) among cohorts. The asterisk (*) indicates a taxon that was annotated only to the genus level. (D) Same as (C) but at
the family level.
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(normal, OVH, and OSCC, respectively), as compared to species-
based Sørensen dissimilarity (Figure 4). Conspicuously, the ratio
of the function nestedness to turnover increased from 0.620 for
normal or 0.896 for OVH, to 1.449 for OSCC, suggesting that
nestedness emerges with the functional differentiation of salivary
microbiomes during the process of oral carcinogenesis.
Regardless of the observed high species turnover of the salivary
ecosystem, the dominance of functional nestedness in the OSCC
cohort suggests that a set of distinct microbial functions, which
may be associated with oral carcinogenesis, evolved accordingly
in the oral cavity.
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3.6 Deterministic Processes Influence
Functional Profiles but Not Taxonomic
Variations
To better understand the driving forces in shaping the salivary
microbiomes, a null model-based quantitative analysis of
stochasticity with taxonomic and functional profiles was
performed (Ning et al., 2019), respectively. The resulting
stochasticity ratio serves as an index to assess the partition and
contribution of the deterministic and stochastic processes in
shaping the microbiome structure. In the quantitative assessment
of the relative importance of the two ecological drivers, the
FIGURE 3 | Distribution of signature pathways. The signature pathways, which abundances are significantly higher concerning each studied cohort, are detected
using LEfSe. The inferred pathways are collapsed to each category based on Metacyc’s pathway ontology. Colored boxes indicate a higher rank of the categories.
FIGURE 4 | Multiple-site beta diversity (Sørensen dissimilarity) and corresponding nestedness and turnover components. The dissimilarities were analyzed in terms
of species and metabolic pathway profiles in each cohort.
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deterministic and stochastic influence is summed to a total of
100%. Thus, the higher the stochasticity ratio, the stronger
influence of stochastic processes or the less influence of
deterministic forces. Figure 5 shows that the stochastic process
dominated the drivers of the bacterial community composition
and functional gene content in saliva, with a stochastic ratio of
inferred pathways (85.97 ± 16.73% to 93.04 ± 4.02%) higher than
that of species taxa (61.88 ± 13.75 to 64.44 ± 13.11%). This
finding suggests that the stochastic process played a more critical
role in structuring the saliva microbiome at the functional level
than the taxonomic level. Remarkably, the distribution patterns
of taxa-based stochastic ratio among cohorts were relatively
similar, showing stable stochastic and deterministic influences
on taxonomic variations in the microbiomes of these three
cohorts. By contrast, far broader distribution spectra for the
function-based stochastic ratios were displayed in the strong
association with the progression of oral carcinogenesis.
Corresponding to the results of partitioning turnover and
nestedness (Figure 4), this finding differentiates the stochastic
influences from deterministic ones on shaping the saliva
microbiome of different cohorts. It also supports a shift of the
underlying driving force of the functional alternation towards
the deterministic process corresponding to changes in oral health
status from healthy through OPMD to OSCC.

3.7 Meta-Analysis Validates the Relation of
Dysregulation Consistently to Several Taxa
and Pathways
To test our findings’ generalizability, we compared the
taxonomic and functional data of this study with two previous
studies [(Wolf et al., 2017; Zhao et al., 2017); see justifications in
Table S5]. Because all the previous studies focused on the
analysis of 16S rRNA sequences with a 97% similarity
threshold using a clustering approach to resolve the signature
taxa at the genus level, we re-analyzed the sequences with our
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 951
analytical pipeline to achieve phylogenetic resolution down to
the species level. Although the signature species with specific
abundances related to the study cohorts were found in each
study, none was shared across all three studies for the normal
and OSCC cohorts (Figures 6A, B), suggesting inconsistency
among different studies. LEfSe was then conducted with family
taxa. Similar to our data, re-analyzing Zhao’s data at the family
level revealed that Actinomycetaceae (1.82% ± 1.79%) and
Veillonellaceae (8.09% ± 6.89%) were enriched in the normal
control, whereas Flavobacteriaceae (7.06% ± 7.01%),
Peptostreptococcaceae (2.04% ± 1.80%), and Peptoniphilaceae
(0.06% ± 0.95%) were abundant in the OSCC group.
Prevotellaceae (28.39% ± 15.67%) and Carnobacteriaceae
(1.29% ± 1.62%) were also enriched in their OSCC. The
differential abundance of either family in normal versus OSCC
cohorts between ours and Zhao’s data suggests that microbial
turnover in saliva, albeit moderate, can still be detected even at
the family level. For the re-work of Wolf’s data, the abundance of
Pasteurellaceae and Bifidobacteriaceae was specific to normal and
OSCC cohorts, respectively. The discrepancy between Wolf’s
data and the other two studies (Zhao’s data and ours) could likely
attribute to a low sample number and different cancer types (11
samples; oropharynx = 7, oral cavity = 4) studied.

Nevertheless, we found a comparatively high number of
pathways between studies when comparing functional profiles.
For the normal cohort, no common pathway across studies was
detected (Figure 6C). For the OSCC cohort, four pathways
involved in nucleotide biosynthesis (UMP biosynthesis I) and
cell structure biosynthesis (UDP-N-acetylmuramoyl-
pentapeptide biosynthesis I and II, and peptidoglycan
biosynthesis I) were prevalent across the studies (Figure 6D).
Importantly, we obtained consistent results in a functional meta-
analysis (Figure S5). In Zhao’s and our datasets, amino
biosynthesis pathways (arginine, ornithine, or histidine) were
more abundant in normal control and pre-cancer groups,
FIGURE 5 | Boxplots illustrate the null-model-based stochastic ratio of microbial taxonomic composition and functional profile based on Bray–Curtis dissimilarities.
The simulated procedure was repeated 999 times with proportional occurrence frequency and richness.
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whereas the potentials of arginine and/or histidine degradation
pathways were predicted higher in the OSCC cohort. In addition,
two unsaturated fatty acid biosynthesis pathways (cis-vaccenate
and gondoate) were abundant in the OSCC group, whereas no
common pathway enriched in the cofactor or vitamin
biosynthesis category was found. The meta-analysis results
generalized our findings that microbiome dysbiosis in OSCC
patients was dysregulated by the aforementioned distinctive
functions. Because the PICRUSt2 predicted the functionality
based on the abundance of the detected taxa, the functionality
consequences are thus associated with the collective abundance
of the contributing taxa. The family taxa, Veillonellaceae and
Actinomycetaceae for the healthy cohort, and Flavobacteriaceae
and Peptostreptococcaceae for the cancer cohort (Figure S2)
might contribute to functional variations such as cofactor,
prosthetic group, electron carrier, and vitamin biosynthesis,
nucleoside and nucleotide biosynthesis, and cell structure
biosynthesis (Table S6).

3.8 Using Functional Profiles
Complements Using Taxonomic Data for
Microbiome Analysis Among Different
Studies
To compare the performance of using taxonomic and functional
profiles for predicting the occurrence of oral cancer, we trained
random forest models with the profiles separately. The datasets
from each study were independently processed in accordance
with the analytical process illustrated in Figure S6. The mean
accuracy ratio (the mean of the ratios of predicted accuracy to the
accuracy of random guess, 100 iterations) was higher when using
the functional profile than using the taxonomic profile
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1052
(Figure 7A and Figure S7), although statistical significance
was only detected in Wolf et al. (2017) (t-test, p = 0.043) and
Zhao et al. (2017) (t-test, p = 0.001). Besides, we bootstrapped the
receiver-operating characteristic (ROC) analysis 100 times. The
area under the receiver operating characteristic curve (AUROC)
was higher with functional profiles to distinguish OSCC samples
from healthy controls, compared with that using taxonomic
profiles (Figures 7B, C), suggesting the potential of using the
(predicted) functional profiles can complement the use of
taxonomic data in detecting the associations of the oral
microbiome and health status.
4 DISCUSSION

Previous studies have reported that the change of oral
microbiome was associated with the influences mixed with oral
diseases and risk factors (betel nut chewing, cigarette smoking,
and alcohol consumption) (Sampaio-Maia et al., 2016; Wu et al.,
2016; Hernandez et al., 2017; Fan et al., 2018; Debelius et al.,
2020). In this study, however, by analyzing the saliva from 8-year
follow-up cohorts, we found that the OVH carcinogenesis was
identified as the main contributor to the altered oral microbiome.
The age may be confounding, in particular for the changes in
minor taxa in accordance with the significant level achieved by
the Adonis analysis with unweighted UniFrac distance. Several
studies have reported the association between age and salivary
microbiome (Xu et al., 2015; Takeshita et al., 2016; Lira-Junior
et al., 2018). This can partly be attributed to the functional
decline of the immune system due to natural aging (Feres et al.,
2016), and different levels of daily activities and metabolism
A B

DC

FIGURE 6 | Comparison of diversity and core analysis between taxonomic and functional profiles from this study and previous studies (Wolf et al., 2017; Zhao et al.,
2017). (A–D) Venn diagrams reveal common core species/pathways (prevalence > 75%) in normal and OSCC cohorts, respectively. (Taxonomic profiles of normal
(A) and OSCC (B) cohorts; metabolic pathway profiles of normal (C) and OSCC (D) cohorts).
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between younger and elder people (Liu et al., 2020). Although the
within-group diversity was not significantly different among
cohorts, a decreased trend of core microbiome from healthy or
OVH to OSCC was observed when the total diversity of each
cohort (gamma diversity) was considered. Consistent with the
previous studies that the richness of core species among healthy
individuals was 9.6-13.1% (Takeshita et al., 2016; Willis et al.,
2018) and it decreased to 5.96% in the OSCC patients with oral
submucous fibrosis (Chen et al., 2020), our study also showed the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1153
decrease of richness from 12.53% in the normal cohort to 6.34%
in the OSCC cohort. Together, the gamma diversity as an
indication reflecting dysbiosis of the core salivary microbiome
is effectually linked to the progression of oral cancer.

The altered oral microbiomes might be in part attributed
to the host inflammation and immune responses to OPMD
and OSCC. In periodontitis, the inflammatory environment
was considered to be a source of host-derived nutrients for
the microbes and thus altered the microbial community
A

B

C

FIGURE 7 | Evaluating functional profile as an alternative signature for OSCC detection using machine learning with the datasets of this study and previous studies
(Wolf et al., 2017; Zhao et al., 2017). (A) The mean accuracy ratios of 100 iterations of the randomly split dataset (80% training and 20% testing) were based on
taxonomic and functional profiles. The accuracy ratio is defined as the predicted accuracy to the accuracy of a random guess. Vertical bars indicate 95% confidence
intervals. (B, C) The 2D-density plots of ROC curves from 100 iterations demonstrate a higher mean AUROC using (B) functional profiles to distinguish OSCC from
normal cohorts compared to that using (C) taxonomic profiles.
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(Abusleme et al., 2013; Gaffen and Moutsopoulos, 2020). The
change of micron-scale habitats in the oral cavity may
subsequently alter the microbial composition and its related
functional potentials. Common clinical features of OSCC
including roughness and hardening of soft tissue, irregular
ulcers, and exophytic tumors in the oral cavity (Bagan et al.,
2010). The OVH was reported to form slightly elevated plaque-
like lesions or protruding masses with the verrucous or papillary
surface (Wang et al., 2009). The difference of the “landscape” in
the oral cavity influences temperature, moisture, pH, oxygen,
and nutrients availability and thus shapes the resident
microbiota and, in turn, the neighboring microbes (Mark
Welch et al., 2020; Wilbert et al., 2020).

Though we identified several enriched species that were
associated with the health status of the oral cavity, the
generalizability of these taxa as universal signatures for OSCC
was suboptimal (Figures 6A, B). The signature taxa specifically
related to the health status found in one study were not reported
or even exhibited contradictory results to those in another study.
For example, P. melaninogenica , S. sal ivarius , and
R.mucilaginosa were highly abundant in patients with OPMD
or OSCC (Mager et al., 2005; Pushalkar et al., 2012; Amer et al.,
2020), but were identified as signatures for the healthy cohort in
our dataset. Perera et al. reported that, at the species level,
Campylobacter concisus, Prevotella salivae, Prevotella loeschii,
and Fusobacterium oral taxon 204 were enriched in OSCC
(Perera et al., 2018); however, the first two species were
associated with healthy individuals in the present study. The
genus Actinomyces was linked to tumor development in one
study (Mukherjee et al., 2017), but the opposite microbial pattern
was identified in another study (Zhao et al., 2017). The lack of
consistency between studies could be attributed to the
experimental design [e.g., sample types or hypervariable
regions of the 16S rRNA gene (Tremblay et al., 2015)], the
bioinformatics analysis pipeline [e.g., sequence denoising
approaches (Nearing et al., 2018) and reference databases
(Knight et al., 2018)], the genetics of studied cohorts [e.g.,
racial factors (Yang et al., 2019), and the complexity of oral
carcinogenesis (Tanaka and Ishigamori, 2011)]. Alternatively,
our results suggest that the inconsistencies may be due to the
extremely high species turnover, which may be a consequence of
the stochastic process (contributing to about 60%; Figure 5) in
primarily shaping microbial communities in saliva (Figure 4 and
Figure 5). In addition to the host selection effect (contributing to
about 40%; Figure 5), the high microbial species variation can be
attributed to diet, lifestyles, hygiene habits, salivary dysfunction,
frequent exposure to exogenous bacteria, and rapid changes in
environmental factors (Marsh, 2003; Wade, 2013; Grassl et al.,
2016; Lamont et al., 2018), eventually leading to high turnover
rates of salivary microbiota, regardless of oral health status.
Although the identified signature species were consistently
related to several distinct family taxa, such as Veillonellaceae
and Actinomycetaceae, in the healthy cohort; Flavobacteriaceae,
Peptostreptococcaceae, and Lachnospiraceae in the OSCC cohort,
the differential abundance of some signatures (e.g., Prevotellaceae
and Carnobacteriaceae) showed opposite patterns in diseased
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versus normal cohorts when compared the previous studies with
the meta-analysis in the present study (Zhang et al., 2020; Zhong
et al., 2021). Taken together, microbes in saliva are subject to a
high population dynamic at the taxonomic level, representing an
extraordinarily dynamic ecosystem. Thus, it would be a
challenging task to identify universal taxa signatures for OSCC.

The function profiles of saliva microbiomes remained
distinguishable, despite the high taxonomic variation and
abundance fluctuation in the saliva microbiome. This stable
function profile but highly varied species composition in the
salivary ecosystem may be likely due to functional redundancy,
which has been proposed for other microbial ecosystems like soil
and the human gut (Mendes et al., 2015; Vieira-Silva et al., 2016).
Unlike the microbial composition, the functional profile is
sensitive to the host oral carcinogenesis, as the proportion of
driving forces shifted toward the deterministic process
(Figure 5). This shift of drivers for the functional gene content
may also reciprocally affect the primary contribution to the
differences in functional profiles (Figure 4). Since nestedness
reflects the effect of environmental filtering (Chase and Myers,
2011; Daniel et al., 2019), a possible explanation is that the
diseased status of the oral cavity (OVH and OSCC) was a more
influential environmental filtering factor than the healthy one,
leading to the loss/gain of specific metabolic niches and an
increase in nestedness components during the shift from
healthy to diseased states. As a whole, oral carcinogenesis of
OVH does not seem to impact the taxonomic composition but
tilts the balance of functional gene content toward the
deterministic process, making the functional profiles mirror
oral cancer development more meritoriously than the
taxonomic composition.

Through the re-analysis of publicly accessible OSCC-associated
oral microbiomes datasets, we obtained more consistent results
from the functional analysis. Although different hypervariable
regions among studies may impact the analysis results to some
extent, the advance in novel bioinformatics tool enables meta-
analysis among multiple hypervariable regions (Callahan et al.,
2017). The consistency can be explained by previous
metabolomics studies (Lohavanichbutr et al., 2018; Song et al.,
2020), which show dysregulated metabolite profiles in saliva
between healthy and OSCC cohorts. Song et al. directly
characterized the saliva metabolic profiles of healthy,
precancerous, and OSCC cohorts, showing the specific down-
regulated metabolites, including spermine, arginine, ornithine,
and histidine, and the up-regulated metabolites, including
putrescine, cadaverine, thymidine, adenosine, and 5-
aminopentoate, in the OSCC cohort (Song et al., 2020). Several
amino acid biosynthesis pathways (isoleucine, tryptophan,
arginine, ornithine, valine, and methionine) were enriched in the
normal group, particularly in Zhao’s and our datasets (Figure S5),
suggesting potential up-regulation of those amino acids in the
healthy cohort (and correspondingly down-regulation in the
OSCC cohort), which is consistent with previous studies (Yang
et al., 2018). Several previous studies also suggested the
dysregulation of ornithine, arginine, and polyamine synthesis in
the salivary microbiome during oral carcinogenesis from the
September 2021 | Volume 11 | Article 663068
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healthy or precancerous stage (Chen et al., 2020; Sharma et al.,
2020). In addition, Zhao’s and our study showed that the
biosynthesis of lipids and fatty acids, especially cis-vaccenate and
gondoate are enriched in the OSCC cohort (Figure 3). In the same
line of the observations, the increase of cis-vaccenate would
decrease the production of anti-inflammatory palmitoleic acid
(Schirmer et al., 2016), leading to the increase of inflammatory
cytokines like TNF-alpha required for the oral cancer stemness
and aggressiveness (Lee et al., 2012; Krishnan et al., 2014).
Although gondoate is often found in plants, it can also be
anaerobically produced by microbes. Whether gondoate and the
microbes responsible for the biosynthesis play any role in oral
carcinogenesis remains characterized. The dysregulated
metabolisms of amino acids, polyamines, long-chain fatty acids,
and corresponding derivatives potentially underline the interplay
among host oral carcinogenesis and oral microbiota and their
metabolites. However, because the microbiome functions were
analyzed with DNA samples through the PICRUSt2 prediction in
this study, it is necessary to validate whether the corresponding
pathways are expressed differentially in the salivary environments
in accordance with the health status using paired DNA and RNA
samples. Future studies would be warranted to address the
dynamic interactions of the host, oral microbiome and
metabolome, and how the microbial-host co-modulation of gene
expressions and metabolites relate to the OSCC development.

In several previous studies, machine learning-aided models were
trained for disease prediction using taxonomic profiles derived from
16S rRNA genes (Teng et al., 2015; Tremblay et al., 2015; Ai et al.,
2017; Xu et al., 2018). Since the saliva microbiome was characterized
as a highly dissimilar, high species-turnover, and stochasticity-
dominated entity in this study, using taxonomic data as input
features for classification and prediction tasks can be suboptimal
and study-dependent. The predicted functional profiles from
OSCC-associated individuals were reported similar despite the
variation of the taxonomic profiles (Al-Hebshi et al., 2019). This
study and a recent shotgun metagenomic study (Baker et al., 2021)
suggest a high predictive accuracy for the health status using the
functional profiles. These results suggest that the use of functional
profiles may complement the use of taxa data to study the interplay
of oral microbiome and OSCC. One limitation of using predicted
functional profiles is the loss of function data attributed to a fraction
of microbes without genomic information. This can be improved in
the future by incorporating both metagenomics and culturomics to
expand the microbiome database (Bilen et al., 2018). Raw sequence
sharing, along with completely publicly available metadata, will also
enable us to reproduce, compare, and validate results across studies
throughmeta-analysis. This is especially crucial to untangle the roles
of microbiomes in the progression from the healthy oral cavity
through OPMD to OSCC.

Overall, this study has revealed the altered bacterial community
composition with the specific functional dysregulation in saliva
during OVH carcinogenesis. From the perspective of microbial
ecology, any attempt to discover oral microbial consortia as
biomarkers for oral cancer would be a daunting task due to the
high taxonomic turnover (i.e., high variance and fluctuation) of
the oral ecosystems. Functional gene content is relatively stable but
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1355
susceptible to oral carcinogenesis, thus making functional profiles,
although obtained by a prediction analysis in this study, a
complement to taxa data in reflecting the oral cancer
development. The dysregulated pathways identified in this study
provided clues to study the interplay of the oral microbiome,
metabolites, and oral cancer in the future.
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Osteomicrobiology is a new research field in which the aim is to explore the role of
microbiota in bone homeostasis. The alveolar bone is that part of the maxilla and mandible
that supports the teeth. It is now evident that naturally occurring alveolar bone loss is
considerably stunted in germ-free mice compared with specific-pathogen-free mice.
Recently, the roles of oral microbiota in modulating host defense systems and alveolar
bone homeostasis have attracted increasing attention. Moreover, the mechanistic
understanding of oral microbiota in mediating alveolar bone remodeling processes is
undergoing rapid progress due to the advancement in technology. In this review, to
provide insight into the role of oral microbiota in alveolar bone homeostasis, we introduced
the term “oral osteomicrobiology.”We discussed regulation of alveolar bone development
and bone loss by oral microbiota under physiological and pathological conditions. We also
focused on the signaling pathways involved in oral osteomicrobiology and discussed the
bridging role of osteoimmunity and influencing factors in this process. Finally, the critical
techniques for osteomicrobiological investigations were introduced.

Keywords: oral microbiota, alveolar bone, osteomicrobiology, osteoimmunology, RANKL signaling, Notch
signaling, Wnt signaling, synthetic microbial community
1 INTRODUCTION

Humans are inhabited by a diverse milieu of microorganisms, referred to as the commensal
microbiota. They mostly reside in five body regions: the gut, oral cavity, skin, nose, and vagina, and
are essential for human development, nutrition, and immune status. Accumulating evidence has
indicated a close connection between the commensal microbiota and bone health. In 2012, Sjögren
et al. demonstrated an increased bone mass in germ-free (GF) mice compared to controls raised in
conventional conditions. This phenotype was reversed by colonization with gut flora from
conventionally raised mice, providing evidence that the results were not due to innate
abnormalities of the GF mice (Sjögren et al., 2012). That was the first report to suggest that the
gut microbiota is a critical regulator of bone mass. Two years later, Ohlsson and Sjögren introduced
Abbreviations: CD, cluster of differentiation; DM, diabetes mellitus; GF, germ-free; IL, interleukin; LPS, lipopolysaccharide;
NF-kB, nuclear factor kappa B; NLRP3, nucleotide oligomerization domain-like receptor family pyrin domain-containing 3;
OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor kappa B ligand; SCC, solitary chemosensory cell; SPF,
specific pathogen-free; TNF-a, tumor necrosis factor-a; Wnt, Wingless-integrated.
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a new term, “osteomicrobiology”, to refer to the study of the role
of microbiota in health and disease, and the mechanisms by
which microbiota regulate post-natal skeletal maturation, bone
aging, and pathological bone loss (Ohlsson and Sjögren, 2015).

Recently, numerous links have been suggested between the
gut microbiota and bone remodeling (Ohlsson and Sjögren,
2018; Yan et al., 2018). In general, the effect of the gut
microbiota on bone depends on various factors, such as the
composition of the microbiome, human diet, and age (Yan et al.,
2018). However, the mechanisms by which the gut microbiota
participate in bone regulation require further investigation. The
oral cavity houses the second largest and second-most diverse
microbiota after the gut in the body, with over 700 species of
bacteria, fungi, viruses, archaea, and protozoa currently known
(Paster et al., 2006). The alveolar bone is that part of the maxilla
and mandible that supports the teeth, and the association of the
oral microbiota with alveolar bone homeostasis has also received
considerable attention (Costalonga and Herzberg, 2014;
Hathaway-Schrader and Novince, 2021). In 1969, Brown et al.
first reported that alveolar bone loss is statistically significantly
stunted in GF mice compared with specific-pathogen-free (SPF)
mice (Brown et al., 1969). More recently, Hajishengallis et al.
validated those results (Hajishengallis et al., 2011). Moreover, an
interplay between the oral microbiota and immune and bone
cells was demonstrated by Horton et al. in 1972. Specifically,
human peripheral blood leukocytes stimulated by dental plaque
derived from patients with periodontitis produced osteoclast-
activating factors (calcium-45) and increased the number of
active osteoclasts (Horton et al., 1972). Collectively, these
studies indicate that there is a complex, reciprocal relationship
between the oral microbiota and alveolar bone homeostasis.
Depending on the conditions, oral microbiota may have either
a protective or a pathological effect on alveolar bone. However,
the available data suggest that such interaction is limited, and the
mechanism underlying alveolar bone regulation by the oral
microbiota remains to be elucidated. Thus, we propose the
term “oral osteomicrobiology” to denote the rapidly emerging
field of study of the role of oral microbes in alveolar bone health
and disease, aiming to bridge the gaps in the interplay between
oral microbiology, immunology, and the alveolar bone.

Patients with severe periodontitis are estimated to swallow
1012–1013 bacteria in their saliva daily (Sender et al., 2016).
Swallowed indigenous oral bacteria can change the composition
of the gut microbiota and induce gut dysbiosis (Kitamoto et al.,
2020; Kobayashi et al . , 2020). Moreover, intestinal
microorganisms can indirectly affect the structure of the oral
microbiome. Inflammatory bowel disease is an inflammatory
response caused by intestinal flora disorders. Inflammatory
bowel disease is often accompanied by changes in the
composition of the salivary microbiota and corresponding oral
symptoms, suggesting that the intestinal microbiota in the
pathological state may directly or indirectly affect the
composition of the oral microbiome (Said et al., 2014).
Probiotics can also alter the composition and/or metabolic
activity of gut microbiota, which can result in modulatory
effects on the host immune response as well as oral microbiota
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(Abboud and Papandreou, 2019; Mishra et al., 2020). Therefore,
oral and gut osteomicrobiota seemingly interact with each other.
For example, mice with gut dysbiosis induced by orally
administered Porphyromonas gingivalis have an increased
immune response, worse arthritis, and substantially lower bone
mineral density than do controls (Arimatsu et al., 2014; Sato
et al., 2017). Trinitrobenzene sulphonic acid and dextran sodium
sulphate treatment in mice elicited gut dysbiosis and caused
alveolar bone loss in both maxillae and mandibles, worsening
over time (Oz and Ebersole, 2010). Berberine ameliorates
periodontal bone loss in rats by regulating the gut microbiota
(Jia et al., 2019). Although there are similarities in the
mechanisms involved in alveolar bone loss mediated by the
oral and gut microbiota, there are also unique characteristics.
Both the oral and gut microbiota regulate bone homeostasis by
inducing the host immune response and sustained changes in
receptor activator of nuclear factor kappa B (NF-kB) ligand
(RANKL)-mediated osteoclastogenesis (Hsu and Pacifici, 2018).
The gut microbiota can alter the production of insulin-like
growth factor 1, and regulate nutrient absorption and
metabolism, affecting the hormone production critical for bone
health such as sex steroids, vitamin D, and serotonin (Markle
et al., 2013; Hsu and Pacifici, 2018). The oral microbiota causes
alveolar bone resorption when the ecological equilibrium is
disturbed. During the pathological process, virulence factors of
pathobionts play important roles (Costalonga and Herzberg,
2014). However, the direct linkages and differences between
oral and gut osteomicrobiology have not been elucidated.

In the present article, to contribute to the understanding of
oral osteomicrobiology, we review the roles of the oral
microbiota in alveolar bone formation and loss, discuss the
role of osteo-immunomodulatory effects as a bridge between
the oral microbiota and the alveolar bone, and inspect the
mechanisms by which the oral microbiota modulate alveolar
bone. We focused on RANKL, Notch, and Wingless-integrated
(Wnt) signaling, as well as the nucleotide oligomerization
domain-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome. We also summarize the factors that
influence the interaction between the oral microbiota and
alveolar bone loss, as well as techniques that are critical for
oral osteomicrobiology research.
2 ORAL MICROBIOTA IN ALVEOLAR
BONE FORMATION AND BONE LOSS

2.1 Oral Microbiota in Post-Natal Jawbone
Development
The gut commensal microbiota have been demonstrated to affect
bone remodeling. For instance, GF mice have a general growth
defect reflected by a slower gain in body weight as well as
decreased longitudinal and radial bone growth compared to
conventionally raised mice. This is due to growth hormone
resistance and a reduced concentration of insulin-like growth
factor 1 concentrations, both associated with the gut microbiota;
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their phenotype can be normalized by treatment with a specific
Lactobacillus plantarum strain (Schwarzer et al., 2016). As for the
oral microbiota, several lines of evidence have suggested that they
participate in regulating post-natal jawbone development. SPF
mice reportedly have a larger body size with a lower alveolar
bone mineral density and alveolar bone volume fraction
compared with GF mice (Uchida et al., 2018). Further analysis
suggested that the oral commensal microbiota prevent excessive
mineralization by enhancing the expression of osteocalcin, an
inhibitor of bone mineralization, in osteoblasts, and directs the
activity of osteoblasts and osteoclasts by regulating specific
transcription factors (Uchida et al., 2018). For example, the
expression of androgen receptor and alkaline phosphatase was
activated in SPF mice, which increased long bone growth and
size, and enhanced differentiation of osteoblasts, respectively
(Huang et al., 2007; Manolagas et al., 2013). Existing data
indicate that the commensal microbiota is responsible for both
anabolic and catabolic activities in alveolar bone formation and
physiological skeletal growth (Sjögren et al., 2012; Novince et al.,
2017; Irie et al., 2018). Further investigations are required to
clarify the regulation of post-natal jawbone development by the
oral microbiota.

2.2 Oral Microbiota in Physiological
Alveolar Bone Loss
The alveolar bone “lives and dies” with the teeth, as it forms
during teeth development and eruption but is resorbed after
tooth loss. In the physiological state, the alveolar bone is renewed
through a succession of apposition-resorption cycles, with
osteoclasts responsible for tissue resorption and osteoblasts for
matrix deposition (Preshaw et al., 2007). The balance between
those two opposite functions results in a dynamic equilibrium of
constantly remodeled healthy bone. Disturbance of this delicate
balance leads to excess bone loss (Harris and Heaney, 1969).

Aging is a process of physiological involution. Although
alveolar bone loss is not a natural consequence of aging, both
clinical and animal studies have indicated a positive correlation
between alveolar bone loss and aging in physiological conditions.
For example, Hajishengallis et al. revealed that aged, healthy GF
mice (18-month-old) showed increased alveolar bone loss and
concentrations of inflammatory mediators compared with young
GF mice (5-week-old) (Hajishengallis et al., 2011). They also
demonstrated that the commensal microbiota was necessary for
and directly contributed to the non-pathological bone loss
observed in their model. In agreement, Liang et al. reported
that old mice displayed a statistically significant increase in
alveolar bone destruction, accompanied by an elevated
expression of proinflammatory cytokines, in comparison with
young mice, suggesting that alveolar bone is resorbed to a greater
extent with age (Liang et al., 2010). A more recent study of the
effects of aging on periodontal tissues revealed that SPF but not
GF mice exhibited an age-related increase in alveolar bone loss
(Irie et al., 2018). In healthy humans, a modest but not critical
loss of periodontal support has been discovered with age
(Huttner et al., 2009). This “natural” bone loss is associated
with an increase in periodontal cell response to the oral
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microbiota, alterations in differentiation and proliferation of
the osteoblasts and osteoclasts, and endocrine alterations
(Nishimura et al., 1997; Abiko et al., 1998; Okamura et al.,
1999; Huttner et al., 2009). The specific mechanisms of
physiological alveolar bone loss remain unknown. Gut
microbiota have an anti-anabolic effect by inhibiting
osteoblastogenesis and a pro-catabolic effect by stimulating
osteoclastogenesis, ultimately driving bone loss (Novince et al.,
2017); oral commensal microbiota may have the same effects on
physiological alveolar bone loss. Natural bone loss seems to be a
manifestation of the homeostatic relationship between the host
and its oral microbial community. Moreover, further study is
required to determine whether the oral commensal microbiota
directly affects physiological alveolar bone loss, and which
features of the oral microbiome predispose individuals to bone
loss. The techniques needed to study these issues will be
introduced in section 5.

2.3 Oral Microbiota as Regulator of
Pathological Alveolar Bone Loss
The dysbiosis of the oral microbiota results in an increase in
pathogenic microorganisms or in the pathogenicity of the
microbiota. The oral microbiota has a catabolic effect,
impacting osteoclast-osteoblast-mediated alveolar bone
remodeling, leading to pathological bone loss. Most cases of
pathological alveolar bone loss are associated with oral infectious
diseases (e.g., periodontitis, apical periodontitis, and peri-
implantitis) driven by the oral microbiota. The results of
relevant studies have been summarized in Table 1.

2.3.1 Periodontitis
Periodontitis is a chronic inflammatory disease affecting tooth-
supporting tissues. It is initiated by microbial communities but
requires disruption of the normal host immune-inflammatory
state (Curtis et al., 2020). Moreover, periodontitis is a dysbiosis
disease, reliant upon an entirely dysfunctional oral microbiome,
not a conventional infectious disease caused by select periodontal
pathogens (Hajishengallis et al., 2011; Hajishengallis and
Lamont, 2021). Polymicrobial communities induced a
dysregulated host response and resulted in periodontal tissue
destruction (Lamont et al., 2018). GF mice administered with P.
gingivalis did not develop any detectable pathogenic changes,
while P. gingivalis induced bone loss and substantial changes in
the oral commensal microbial community in SPF mice,
indicating that an oral microbial shift is critical for P.
gingivalis-induced alveolar bone loss (Hajishengallis et al.,
2011; Sato et al., 2018). Consistent with that result, Darveau
et al. discovered that P. gingivalis could modulate the
complement function, facilitating a marked change in both the
quantity and composition of the commensal oral microbiota,
ultimately contributing to pathological bone loss in mice
(Darveau et al., 2012). Interestingly, the ability of P. gingivalis
to cause oral microbiota-mediated alveolar bone loss is strain-
dependent. For instance, P. gingivalisW83 can reportedly initiate
periodontitis, while P. gingivalis TDC60-treated mice experience
only moderate lesions. P. gingivalisW83-treated mice reportedly
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exhibit a substantial reduction, imbalance, and shift in the
proportions of microbial taxa compared to healthy mice
(Boyer et al., 2020).

In the disrupted periodontal microenvironment, Gram-
negative bacteria dominate. This dysbiosis induces inflammation
and a loss of the periodontal tissues. A cross-sectional
periodontal study indicated that the concentrations of
antibodies to P. gingivalis W83 and/or 381, Eikenella corrodens,
and P. gingivalis 33277 were all positively correlated with alveolar
bone loss, while the number of enteric bacteria and
concentrations of antibodies to Fusobacterium nucleatum and
Prevotella intermedia were all negatively correlated with alveolar
bone height (Wheeler et al., 1994). The concentrations of
microbial species considered etiologically related to
periodontitis, such as P. gingivalis and Treponema denticola,
were statistically significantly associated with the degree of
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alveolar bone loss (Pradhan-Palikhe et al., 2013). In a
longitudinal study, it was demonstrated that a test for
Aggregatibacter actinomycetemcomitans was positive in 91.7%
of participants presenting with vertical periodontal bone loss,
highlighting the destructive pathological impact of that
microorganism on the tooth-alveolar bone complex (Fine et al.,
2013). Higher concentrations of Streptococcus and Actinomyces
species were discovered in A. actinomycetemcomitans-positive
participants who remained healthy, while higher concentrations
of A. actinomycetemcomitans, Filifactor alocis, Parvimonas
micra, and Peptostreptococcus sp. human oral taxon 113 were
discovered in those with bone loss (Fine et al., 2013). At
vulnerable sites, A. actinomycetemcomitans, Streptococcus
parasanguinis, and F. alocis concentrations were elevated prior
to bone loss. Taken together, data from that study reinforced the
importance of A. actinomycetemcomitans in localized aggressive
TABLE 1 | Summary of the dysbiosis of oral microbiota associated with pathological alveolar bone loss.

Diseases
associated
with alveolar
bone loss

Principle findings of pathogens associated with alveolar bone loss Animal
model or
clinical
study

References

Periodontitis P. gingivalis colonization facilitated a change in quantity and composition of the commensal oral microbiota. Mouse
models

Hajishengallis et al.,
2011; Sato et al.,
2018; Darveau et al.,
2012

Oral microbiota in P. gingivalis-treated mice exhibited lower concentrations and an imbalance, with decreased
proportions of taxa associated with good oral health.

Mouse
model

Boyer et al., 2020

Concentrations of antibodies against P. gingivalis W83 and/or 381, E. corrodens, and P. gingivalis 33277 were
positively correlated with alveolar bone loss, while the number of enteric bacteria and concentrations of antibodies
against F. nucleatum and P. intermedia were negatively correlation with alveolar bone height.

Clinical
study

Wheeler et al., 1994

P. gingivalis and T. denticola concentrations were associated with the degree of alveolar bone loss. Clinical
study

Pradhan-Palikhe
et al., 2013

Healthy participants had higher concentrations of Streptococcus and Actinomyces sp., while participants with bone
loss had higher concentrations of A. actinomycetemcomitans, S. parasanguinis, F. alocis, P. micra, and
Peptostreptococcus sp. human oral taxon 113.

Clinical
study

Fine et al., 2013

Apical
periodontitis

A spectrum of 300 species colonizing the healthy human mouth have been consistently isolated from infected root
canals of teeth with periapical destruction.

Clinical
study

Nair, 1997

The prominent isolates in apical periodontitis included Enterococcus, Eubacterium, Fusobacterium, Campylobacter,
Porphyromonas, Prevotella, Peptostreptococcus, Propionibacterium, and Streptococcus strains.

Clinical
studies

Farber and Seltzer,
1988; Sundqvist
et al., 1989

The root canal microbiome is dominated by aerobic and facultative anaerobic bacteria during the early course of
pulpal infection; thereafter, obligate anaerobes become more abundant.

Clinical
studies

Tani-Ishii et al., 1994;
Stashenko et al.,
1994

Proper endodontic treatment resulted in substantial or complete radiographic regression of apical periodontitis,
whereas persisting symptoms were associated with either incomplete closure of the root canal chamber or
improper disinfection.

Clinical
studies

Orstavik, 1996;
Sundqvist, 1994

Peri-
implantitis

The most commonly reported bacteria associated with peri-implantitis were obligate anaerobe Gram-negative
bacteria, asaccharolytic anaerobic Gram-positive rods, and other Gram-positive species.

Clinical
study

Kensara et al., 2021

The peri-implantitis microbiome is commensal-microbe-depleted and pathogen-enriched, with increased
concentrations of Porphyromonas and Treponema sp.

Clinical
study

Sanz-Martin et al.,
2017

The core peri-implantitis-related species were Fusobacterium, Parvimonas, and Campylobacter sp., as well as
organisms often associated with periodontitis (T. denticola, P. gingivalis, F. alocis, F. fastidiosum, and T.
maltophilum).

Clinical
study

Sanz-Martin et al.,
2017

S. moorei and P. denticola were core taxa specific to peri-implantitis. Clinical
study

Komatsu et al., 2020

Implants caused bone loss at remote periodontal sites due to microbial dysbiosis induced by the implants. Clinical
study

Heyman et al., 2020

Firmicutes decreased and Bacteroides increased in the peri-implantitis group at the phylum level, and
Peptostreptococcus decreased and Porphyromonas increased at the genus level.

Canine
model

Qiao et al., 2020
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periodontitis and indicated a potential synergistic partnership of
that microorganism with F. alocis and S. parasanguinis in non-
junctophilin-2-related disease, as that consortium was strongly
associated with alveolar bone loss (Fine et al., 2013).
Fascinatingly, some human skulls, more than one thousand
years of age, had pathogenic alveolar bone lesions in the tooth
areas, characteristic of periodontitis (Philips et al., 2020).
Microbiome analysis derived from the periodontitis sites
indicated that the same pathogenic species were responsible for
the development of periodontitis in those samples as are today
(Philips et al., 2020). Taken together, there is strong evidence that
the oral microbiota is closely associated with periodontitis-
related alveolar bone loss. In particular, the shift of the oral
flora to a predominance of gram-negative anaerobic bacteria
plays a pivotal role in this process.

2.3.2 Apical Periodontitis
Apical periodontitis is a prevalent infectious and inflammatory
disorder that involves inflammation of periapical tissues and
bone resorption surrounding the root apex (Wei et al., 2021).
Ample clinical and experimental evidence indicates that apical
periodontitis is initiated primarily by the mixed microflora of
infected root canals (Márton and Kiss, 2000). A spectrum of 300
species colonizing the healthy human mouth have been
consistently isolated from infected root canals of teeth
with periapical destruction (Nair, 1997). The prominent
isolates include Enterococcus, Eubacterium, Fusobacterium,
Campylobacter, Porphyromonas, Prevotella, Peptostreptococcus,
Propionibacterium, and Streptococcus strains (Farber and Seltzer,
1988; Sundqvist et al., 1989). The root canal microbiome is
mainly dominated by aerobic and facultative anaerobic bacteria
during the early course of pulpal infection, with obligate
anaerobes increasing as a result of local consumption of
oxygen (Stashenko et al., 1994; Tani-Ishii et al., 1994).
Accumulating clinical follow-up studies have disclosed that
proper endodontic treatment resulted in substantial or
complete radiographic regression in 85% to 90% of apical
periodontitis cases, whereas persisting symptoms were
associated most frequently either with incomplete closure of
the root canal chamber or improper disinfection, indicating the
pathogenic role of the mixed bacterial flora of the pulp chamber
in periapical infection (Sundqvist, 1994; Orstavik, 1996).

2.3.3 Peri-implantitis
Peri-Implantitis is an infection of the tissue around an implant,
resulting in the loss of supporting bone. A history of
periodontitis, dental plaque, poor oral hygiene, smoking,
diabetes, and alcohol consumption are risk factors for peri-
implantitis (Nguyen-Hieu et al., 2012). Microbial involvement
is one of the most important proposed etiological factors for
bone loss around an implant (Bousdras et al., 2006). Mechanical
treatment combined with antiseptics or antibiotics reportedly
yields clinical attachment and bone reconstruction (Bousdras
et al., 2006).

Microbial diversity and richness vary during peri-implantitis.
The microbes most associated with peri-implantitis are obligate
anaerobe Gram-negative bacteria, asaccharolytic anaerobic
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 563
Gram-positive rods, and other Gram-positive species (Kensara
et al., 2021). The peri-implantitis microbiome is commensal-
depleted and pathogen-enriched, with an abundance of
Porphyromonas and Treponema (Sanz-Martin et al., 2017) sp.
The core peri-implantitis-related microbes were Fusobacterium,
Parvimonas, and Campylobacter sp., as well as microbes often
associated with periodontitis (T. denticola, P. gingivalis, F. alocis,
Fretibacterium fastidiosum, and Treponema maltophilum)
(Sanz-Martin et al., 2017). Komatsu et al. also deemed
Solobacterium moorei and Prevotella denticola core taxa
specific to peri-implantitis (Komatsu et al., 2020).

The immune response is triggered by the dysbiosis of the oral
microbiota. The most frequently reported pro-inflammatory
mediators associated with peri-implantitis are interleukin (IL)-
1b, IL-6, IL-17, and tumor necrosis factor‐a (TNF-a). Osteolytic
mediators such as receptor of NF-kB, RANKL, and Wnt5a, as
well as proteinases such as matrix metalloproteinase-2, matrix
metalloproteinase-9, and cathepsin-K are also reportedly
upregulated in peri-implantitis sites compared to controls
(Kensara et al., 2021). It is worth noting that implants have an
impact on remote periodontal sites, as elevated inflammation
and accelerated bone loss have been detected in intact, distant
teeth (Heyman et al., 2020). That impact was due to microbial
dysbiosis induced by the implants, since antibiotic treatment was
demonstrated to prevent periapical bone loss. However,
antibiotic treatment does not prevent the loss of implant-
supporting bone, highlighting the distinct mechanisms
mediating bone loss at each site (Heyman et al., 2020).

In experimental studies, placement of ligatures together with
plaque formation causes resorption of supporting tissues and
considerable inflammatory cell infiltration around implants and
teeth (Berglundh et al., 2011). Using a canine peri-implantitis
model, researchers observed that Firmicutes decreased and
Bacteroides increased over time at the phylum level, and
Peptostreptococcus decreased and Porphyromonas increased at
the genus level (Qiao et al., 2020). They also identified several
potential keystone species during peri-implantitis development
using species-level and co-occurrence network analyses (Qiao
et al., 2020). In summary, peri-implantitis is associated with a
complex and distinct microbial community that includes
bacteria, archaea, fungi, and viruses (Belibasakis and Manoil,
2021). The ecosystem shift from healthy to diseased includes an
increase in microbial diversity and a gradual depletion of
commensal microbes, along with an enrichment of classical
and emerging periodontal pathogens. This change in the
microbiota could provoke an inflammatory response and
osteolytic activity, contributing to the physiopathology of
peri-implantitis.
3 OSTEOMICROBIAL MECHANISMS OF
ALVEOLAR BONE LOSS

Pathological alveolar bone loss is net bone loss caused by increased
osteoclastogenesis-mediated bone resorption and decreased
osteoblastogenesis-mediated bone formation, a process that is
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mediated dynamically by both osteoclasts and osteoblasts. Under
pathological conditions, oral pathogenic microbes or microbial
dysbiosis induce catabolic disruption of osteoclast-osteoblast-
mediated bone remodeling, which leads to alveolar bone loss.
According to clinical, animal, and in vitro studies, microbial
virulence factors and toxic derivatives could interfere with
humoral or cellular anti-bacterial defense mechanisms, eliciting
alveolar bone resorption (Márton and Kiss, 2000; Wei et al., 2021).
As summarized in Table 2, the most typical such factor is
lipopolysaccharide (LPS). It has been reported that 10-3 g/L LPS
can directly stimulate bone loss, while a tiny concentration of LPS
(10-9 g/L) can indirectly promote bone loss by activating the
production of bone resorptive cytokines and prostaglandins
(Beuscher et al., 1987; Paula-Silva et al., 2020). Interestingly, the
indirect involvement of endotoxins in the process of alveolar bone
loss is a million times more likely than a direct pathogenic role for
this bacterial cell wall component (Beuscher et al., 1987; Tatakis
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 664
et al., 1988). In particular, LPS could inhibit the differentiation
and proliferation while promoting the apoptosis of osteoblasts
via the following mechanisms: (1) inhibiting the expression of
bone differentiation markers in osteoblast cells, including
alkaline phosphatase, bone sialoprotein, and osteocalcin
(Tachikake-Kuramoto et al., 2014); (2) substantially stunting
synthesis of DNA and collagen (Wilson et al., 1988;
Meghji et al., 1992); (3) elevating pro-inflammatory cytokine
production of osteoblasts (Albus et al., 2016); and (4) inducing
production of nitric oxide (Sosroseno et al., 2009). Moreover, a
high concentration of P. gingivalis LPS could also reduce
mesenchymal stem cell proliferation and osteogenic
differentiation, and inhibit activated T cells (Tang et al., 2015).
In addition, the capsular-like polysaccharide antigen from
serotype c of A. actinomycetemcomitans inhibited osteoblast cell
line proliferation through a pro-apoptotic mechanism
(Yamamoto et al., 1999). It is more complex to determine how
TABLE 2 | Summary of microbial virulence factors involved in alveolar bone loss.

Microbial
virulence
factors

Principle findings References

LPS 10-3 g/L of LPS could directly stimulate bone loss, while a tiny concentration of LPS (10-9 g/L)
could indirectly promote bone loss by activating the production of bone resorptive cytokines
and prostaglandins.

Paula-Silva et al., 2020; Beuscher et al., 1987; Tatakis
et al., 1988

LPS could inhibit differentiation and proliferation while promoting apoptosis of osteoblasts via
various mechanisms.

Wilson et al., 1988; Meghji et al., 1992; Tachikake-
Kuramoto et al., 2014; Albus et al., 2016; Sosroseno
et al., 2009

High concentrations of P. gingivalis LPS could reduce mesenchymal stem cell proliferation and
osteogenic differentiation, and have the capacity to inhibit activated T cells.

Tang et al., 2015

P. gingivalis LPS increased the expression of RANKL via TLR2 in osteoblasts. Kassem et al., 2015
LPS of oral bacteria could stimulate Notch signaling, thus inducing IL-6 expression in
macrophages. Macrophages stimulated by LPS in vitro showed increased expression of JAG1,
implying that LPS and Notch signaling are involved in bone loss.

Wongchana and Palaga, 2012; Skokos and
Nussenzweig, 2007; Tsao et al., 2011

P. gingivalis LPS could modulate the expression of Wnt signaling, regulating alveolar
bone health.

Nanbara et al., 2012; Maekawa et al., 2017; Tang et al.,
2014

CPA CPA from serotype c (CPA-c) of A. actinomycetemcomitans inhibited osteoblast cell line
proliferation through a pro-apoptotic mechanism.

Yamamoto et al., 1999

Protease Red complex pathobionts damage the epithelial tissue through the production of high protease
activity which allows for the translocation of immunostimulatory molecules into tissues.

Bamford et al., 2007; Saito et al., 1997

Gingipains Gingipains of P. gingivalis cleaved and degraded OPG and increased the RANKL/OPG ratio,
contributing to bone loss by inducing osteoclast formation.

Tsukasaki and Takayanagi, 2019; Yasuhara et al., 2009;
Akiyama et al., 2014

RagA
RagB

The expression of RagA and RagB of P. gingivalis was increased after exposure to smoking,
which could facilitate the invasion of P. gingivalis to the periodontium.

Bagaitkar et al., 2009

OMP29 Surface RANKL on T cells primed with A. actinomycetemcomitans-derived OMP29 was
essential for osteoclastogenesis.

Lin et al., 2011

Td92 Td92, the surface protein of T. denticola, activates NLRP3 in macrophages and induces
caspase-1-dependent cell death

Jun et al., 2012

Td92 induces osteoclastogenesis via prostaglandin E(2)-mediated RANKL/osteoprotegerin
regulation

Kim et al., 2010

Dentilisin T. denticola dentilisin stimulates tissue-destructive cellular processes in a TLR2/MyD88/Sp1-
dependent fashion

Ganther et al., 2021

FimA The upregulation of FimA suppressed the host response to P. gingivalis by abrogating the
proinflammatory response to subsequent TLR2 stimulation, and, therefore, increasing
bacterial survival.

Bagaitkar et al., 2010

CDT Stimulation of CDT of A. actinomycetemcomitans caused upregulation of RANKL. Belibasakis et al., 2005
LTA LTA of E. faecalis could increase the levels of NLRP3, caspase-1, and IL-1b, which resulted in

bone loss.
Yin et al., 2020
LPS, lipopolysaccharide; P. gingivalis, Porphyromonas gingivalis; RANKL, receptor of nuclear factor kappa B ligand; TLR, toll-like receptor; IL, interleukin; JAG1, Jagged 1; Wnt, Wingless-
integrated; CPA, capsular-like polysaccharide antigen; A. actinomycetemcomitans, Aggregatibacter actinomycetemcomitans; OPG, osteoprotegerin; Rag, Ras-related GTP-binding
protein; OMP, outer membrane protein; T. denticola, Treponema denticola; NLRP3, nucleotide oligomerization domain-like receptor family pyrin domain-containing 3; FimA, fimbrilin; CDT,
cytolethal distending toxin; LTA, lipoteichoic acid; E. faecalis, enterococcus faecalis; NF-kB, nuclear factor kappa B; ROS, reactive oxygen species.
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such factors and metabolites cause alveolar bone loss by regulating
host signal transduction. Based on current evidence, RANKL,
Notch, and Wnt signaling, as well as the NLRP3 inflammasome
are major pathways involved in alveolar bone loss mediated by the
oral microbiota (Figure 1). Osteoimmunity is the bridge that
spans the gap between the microbiota and the bone.
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3.1 Signaling Pathways Related to Oral
Microbiota-Mediated Alveolar Bone
Remodeling
3.1.1 RANKL Signaling
RANKL is the master regulator of osteoclast differentiation and
function. It binds to its cognate receptor on osteoclast precursors,
FIGURE 1 | The oral microbiota and its components can invade the gingival epithelium through the production of proteases, thus activating receptor activator of
nuclear factor kappa B (NF-kB) ligand (RANKL) signaling directly or indirectly by inducing the secretion of inflammatory cytokines (interleukin [IL]-1, IL-6, tumor
necrosis factor [TNF]-a, macrophage inflammatory protein [MIP]-1, and monocyte chemoattractant protein [MCP-1]) by neutrophils, macrophages, and dendritic
cells, increasing the RANKL/osteoprotegerin (OPG) ratio and contributing to alveolar bone loss by inducing osteoclast formation. Pathogenic TH17 cells stimulated by
bacterial invasion evokes periodontal immune responses against these microorganisms or their metabolites while also inducing bone damage. Some pathogens (e.g.,
Porphyromonas gingivalis) and their lipopolysaccharides (LPSs) can also directly induce the activation of matrix metalloproteinases (MMPs), which mediate the
degradation of the extracellular matrix. Oral pathogen-associated molecular patterns (PAMPs) such as LPS, lipoteichoic acid, and double-stranded RNA can activate
the innate immune system through pattern recognition receptors, including toll-like receptors (TLRs), IL-1 receptor (IL-1R), and TNF receptor (TNFR), causing the
release of NF-kB into the nucleus to initiate the expression of the nucleotide oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3)
inflammasome. Activated NLRP3 cleaves pro-caspase-1 into caspase-1. Caspase-1 promotes the maturation and release of pro-IL-1b and pro-IL-18 to induce
secretion of RANKL and activate osteoclasts. NLRP3 and activated caspase-1 can also promote osteoblast apoptosis. In addition, the oral microbiota and/or
microbial virulence factors can inhibit the differentiation and proliferation while promoting the apoptosis of osteoblasts via various mechanisms.
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inducing osteoclast differentiation and activation of bone
resorption (Khosla, 2001). Osteoblasts, as well as osteocytes,
also produce osteoprotegerin (OPG), a decoy receptor for
RANKL, to block RANKL signaling, inhibiting osteoclast
differentiation and bone resorption by mature osteoclasts
(Khosla, 2001; Koide et al., 2013; Tsukasaki et al., 2020). An
imbalance in the RANKL/OPG ratio is thought to deregulate
bone remodeling, driving bone loss when the ratio exceeds that
of normal physiology (Boyce and Xing, 2008).

Accumulating evidence has shown that RANKL signaling
plays a critical role in alveolar bone loss in periodontitis
(Belibasakis and Bostanci, 2012; Tsukasaki, 2021). Periodontal
ligament cells, gingival epithelial cells, osteoblasts, osteocytes,
and activated T and B cells are the major sources of RANKL in
periodontal tissues (Kanzaki et al., 2002; Kawai et al., 2006;
Nakashima et al., 2011; Usui et al., 2016). Patients with
periodontitis have been shown to have an upregulated
expression of RANKL in periodontal tissue, and the level of
RANKL was highly correlated with the severity of periodontitis
(Nagasawa et al., 2007); moreover, periodontitis-induced
alveolar bone loss and osteoclast differentiation were markedly
suppressed in RANKL-deficient mice (Tsukasaki et al., 2018).
RANKL is also reportedly upregulated in periapical lesions and
peri-implantitis sites (Duka et al., 2019; Kensara et al., 2021). It is
also worth noting that OPG-knockout mice spontaneously
developed severe alveolar bone loss, suggesting that not only
the upregulation of RANKL, but also the downregulation and/or
degradation of OPG is involved in periodontal bone loss (Koide
et al., 2013). The RANKL/OPG ratio is associated with the degree
of bone destruction in periodontitis (Bostanci et al., 2007), and
an increased RANKL/OPG ratio may serve as a biomarker for
the occurrence of periodontitis (Belibasakis and Bostanci, 2012;
Tsukasaki, 2021).

Previous studies have indicated that RANKL could be activated
directly by oral bacteria and their virulence factors (Belibasakis
et al., 2005; Lin et al., 2011; Kassem et al., 2015). In osteoblasts,
LPS of P. gingivalis increased the expression of RANKL via toll-
like receptor 2 (TLR2) (Kassem et al., 2015). Td92 of T. denticola
induced RANKL expression and promoted osteoclast formation
via prostaglandin E(2)-dependent mechanism (Kim et al., 2010).
Stimulation of gingival fibroblasts and periodontal ligament cells
with cytolethal distending toxin from A. actinomycetemcomitans
caused upregulation of RANKL (Belibasakis et al., 2005).
Additionally, surface RANKL on T cells primed with A.
actinomycetemcomitans-derived outer membrane protein 29 was
essential for osteoclastogenesis (Lin et al., 2011). RANKL could
also be regulated indirectly by the oral microbiota via an induced
immune response. To summarize, the oral microbiota and its
metabolites induce the production of inflammatory cytokines
(e.g., IL-1, IL-6, and TNF-a), macrophage inflammatory
protein-1, and macrophage chemoattractant protein by different
immune cells, including neutrophils, monocytes, macrophages,
dendritic cells, T cells, and B cells, leading to the increased
expression of RANKL (Brunetti et al., 2005; Rogers et al., 2007;
Hung et al., 2014; Tompkins, 2016). An animal study
demonstrated that activation of T cells by oral bacteria caused
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RANKL-induced bone loss (Mahamed et al., 2005). Moreover,
certain proteases derived from oral bacteria (e.g., gingipains of P.
gingivalis) cleave and degrade OPG, thereby increasing the
RANKL/OPG ratio and contributing to bone loss by inducing
osteoclast formation (Yasuhara et al., 2009; Akiyama et al., 2014;
Tsukasaki and Takayanagi, 2019). It is worth noting that
osteoclast formation can also be induced by inflammatory
chemokines and cytokines independent of RANKL (Hotokezaka
et al., 2007; Valerio et al., 2015).

3.1.2 Notch Signaling
The Notch signaling pathway is considered a double-edged
sword in osteoclastogenesis depending on the status of the
osteoclasts and the expression of certain receptors and ligands
(Pakvasa et al., 2020). However, in the context of oral
microbiota-mediated alveolar bone remodeling, Notch
signaling is mainly involved in alveolar bone resorption. A
series of studies demonstrated that the Notch signaling
pathway is in a complex relationship with proinflammatory
cytokines and bone resorption regulators. Alveolar bone
resorption in periodontitis and apical periodontitis is mediated
through an increase in Notch receptors on the immune cell
surface and stimulation of Notch-receptor intracellular domain
translocation into the nucleus (Jakovljevic et al., 2019; Djinic
Krasavcevic et al., 2021). Furthermore, LPS of oral bacteria can
stimulate Notch signaling, thus inducing IL-6 expression in
macrophages (Wongchana and Palaga, 2012). Jagged 1 is a cell
surface ligand that interacts with receptors in the Notch signaling
pathway. Macrophages stimulated by LPS in vitro exhibited
increased expression of Jagged 1 (Skokos and Nussenzweig,
2007; Tsao et al., 2011). These studies provided evidence that
LPS in conjunction with Notch signaling can activate cells that
are involved in osteoimmunology-mediated bone loss. It will be
of interest to study lineage-specific genes in the Notch-signaling-
pathway knockout model to identify the role of this pathway in
alveolar bone loss mediated by the oral microbiota.

3.1.3 Wnt Signaling
Mounting evidence indicates that Wnt signaling is essential for
the control of bone mass by regulating the activity of both
osteoblasts and osteoclasts. As noted above, the ratio of
RANKL/OPG is key for bone resorption. Interestingly, the
Wnt pathway can increase the production of OPG, decreasing
the RANKL/OPG ratio and blocking RANKL-induced
osteoclastogenesis (Zhong et al., 2014). The Wnt signaling
pathway is involved in periodontitis, apical periodontitis, and
peri-implantitis (Napimoga et al., 2014). Wnt5a is an activating
ligand of non-canonical Wnt signaling pathways and plays
important roles in the inflammatory response and bone
development/remodeling (Zhong et al., 2014). It has been
shown to enhance RANK expression in osteoclast precursors
by engaging receptor tyrosine kinase-like orphan receptor 2 to
activate Jun N-terminal kinase and recruiting c-Jun to the RANK
gene promoter, thereby enhancing RANKL-induced
osteoclastogenesis (Maeda et al., 2012). In a clinical study, the
mRNA expression of Wnt5a was higher in gingival tissues from
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individuals with periodontitis and peri-implantitis compared to
that from healthy controls (Nanbara et al., 2012; Zhang et al.,
2020). Further evidence has been derived from in vitro and
animal studies. Wnt5a was upregulated in macrophages and
monocytic cell line THP-1 following stimulation with P.
gingivalis and LPS, respectively (Nanbara et al., 2012; Maekawa
et al., 2017; Zhang et al., 2020). In macrophages, the induction of
Wnt5a was dependent on lectin-type oxidized low density
lipoprotein receptor-1 and TLR4. Wnt5a knockdown
significantly impaired the production of IL-1b, macrophage
chemoattractant protein 1, and matrix metalloproteinase-2
upon induction by P. gingivalis (Zhang et al., 2020). In THP-1
cells, this process is dependent upon NF-kB signaling (Nanbara
et al., 2012; Maekawa et al., 2017). In a study using a rat model of
apical periodontitis, inhibition of the Wnt/b-catenin signaling by
Dickkopf-1 attenuated alveolar bone loss via regulation of bone
coupling in vivo (Tan et al., 2018). Conversely, in rat bone
marrow mesenchymal cells, Wnt/b-catenin signaling was
inhibited by LPS of P. gingivalis and the cells exhibited
decreased osteogenic potential (Tang et al., 2014). Thus, more
research is required, especially in the form of in vivo studies, to
clarify the role of Wnt signaling and related pathways in alveolar
bone loss.

3.1.4 NLRP3 Inflammasome
The NLRP3 inflammasome is an essential component of the
natural immune system (Lamkanfi and Dixit, 2014) and a critical
mediator of alveolar bone loss. The reported intensity of NLRP3
expression was statistically significantly higher in tissues from
patients with periodontitis than that from healthy controls
(Huang et al., 2015; Xue et al., 2015). In experimental mice
models, alveolar bone loss was correlated with caspase-1
activation by macrophages and elevated concentrations of IL-
1b, which is mainly regulated by the NLRP3 inflammasome
(Zang et al., 2020; Chen et al., 2021). NLRP3 knockout mice
exhibited a higher bone mass and reduced osteoclast precursors
and differentiation compared with wild-type mice. More
importantly, an NLRP3 inflammasome inhibitor statistically
significantly improved alveolar bone mass with reduced
proinflammatory cytokine production and increased osteogenic
gene expression in mice with periodontitis (Zang et al., 2020;
Chen et al., 2021).

Many studies have been conducted to determine whether the
NLRP3 inflammasome can be regulated by the oral microbiota.
The NLRP3 inflammasome can recognize oral pathogen-
associated molecular patterns and host-derived danger-signaling
molecules, and activate the pro-inflammatory protease, caspase-1
(Yu et al., 2021). These pathogen-associated molecular patterns
include LPS, peptidoglycan, and viral double-stranded RNA
(Brown et al., 2011; Amari and Niehl, 2020). After activation,
caspase-1 cleaves the precursors of IL-1b and IL-18 to produce
mature cytokines (Menu and Vince, 2011). IL-1b further induces
secretion of RANKL and activates osteoclasts, which can cause a
series of inflammatory responses (Nakashima et al., 2000).
Activated caspase-1 specifically recognizes and cleaves
gasdermin D to mediate cell pyroptosis (Wang K. et al., 2020).
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Pathogens of periapical periodontitis and periodontitis can
activate NLRP3 in vitro. For instance, lipoteichoic acid from
Enterococcus faecalis, the most common pathogen in periapical
periodontitis, can induce the expression of NLRP3 and increase
the levels of caspase-1 and IL-1b, thus resulting in bone loss (Yin
et al., 2020). It is worth mentioning that inhibition of the NLRP3
inflammasome can effectively alleviate those effects (Yin et al.,
2020). Td92, the surface protein of T. denticola, activates NLRP3
in macrophages and induces caspase-1-dependent cell death
(Jun et al., 2012). A. actinomycetemcomitans can also activate
NLRP3 (Zhao et al., 2014). In one study, heat-killed A.
actinomycetemcomitans injected into the gum tissues of caspase-
1-knockout mice statistically significantly decreased alveolar bone
resorption in comparison with wild-type mice (Rocha et al., 2020).
Furthermore, knockdown of NLRP3 using small interfering RNA
in A. actinomycetemcomitans-infected osteoblasts attenuated
apoptosis, which suggests that A. actinomycetemcomitans
invasion of the alveolar bone surface may directly promote
osteoblast apoptosis through the NLRP3 inflammasome (Zhao
et al., 2014). There is also indirect evidence that differentiation of
THP-1 cells into macrophage-like cells, induced by P. gingivalis
and F. nucleatum, is NLRP3- and caspase-1-dependent (Kawahara
et al., 2020). In MC3T3-E1 cells, stimulation with P. gingivalis
resulted in the protein kinase R-mediated increase in NLRP3
expression via activation of NF-kB (Yoshida et al., 2017).

3.1.5 Gingival Solitary Chemosensory Cells
Solitary chemosensory cells (SCCs) are epithelial sentinels that
utilize bitter taste receptors and coupled taste signaling elements
to detect pathogen metabolites, stimulating host defenses to
control the infection (O'Leary et al., 2019). Previously, our
research team discovered that SCCs were present in mouse
gingival junctional epithelium where they expressed several
bitter taste receptors and the taste signaling elements, a-
gustducin, transient receptor potential cation channel
subfamily M member 5, and phospholipase C b2 (Zheng et al.,
2019). The commensal oral microbiome was altered and natural
alveolar bone loss was accelerated in a-gustducin knockout mice.
In a model of ligature-induced periodontitis, knockout of taste
signaling molecules or the genetic absence of gingival SCCs
increased the bacterial load, reduced bacterial diversity, and
caused a pathogenic shift in the microbiota, leading to greater
alveolar bone loss. Topical treatment with bitter denatonium to
activate gingival SCCs upregulated the expression of
antimicrobial peptides and ameliorated ligature-induced
periodontitis in wild-type but not in a-gustducin−/− mice
(Zheng et al., 2019). These results demonstrated that gingival
SCCs may provide a promising target for treating periodontitis
by harnessing the innate immunity to regulate the
oral microbiome.

3.2 Osteoimmunity in Alveolar Bone Loss
Mediated by Oral Microbiota
Osteoimmunology has developed because of the close interplay
between the immune system and bone metabolism (Rho et al.,
2004). Mediation of the immune response by the oral microbiota,
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especially pathogens, is critical for bone homeostasis. Dysbiosis
in the oral microbial community influences the host immune
response, and the immunoinflammatory reaction may shape the
composition of the oral microbiota and contribute to the
homeostatic relationship between microbiota and host
(Hajishengallis, 2014). Oral microbiota-triggered innate and
acquired immune responses are considered to be a double-
edged sword in alveolar bone loss. The complement system,
phagocytosis, the inducible nitric oxide synthase-mediated
immune responses, and the production of antigen-specific
immunoglobulins protect hosts from harmful bacteria (Jiao
et al., 2014). For example, mice lacking inducible nitric oxide
synthase, P-selectin, or intercellular adhesion molecule 1 are
susceptible to alveolar bone loss after P. gingivalis infection
(Baker et al., 2000; Fukada et al., 2008). However, an
imbalance in the homeostasis between bacteria and host
immune responses culminates in bone resorption. Bacteria
possess a variety of immunostimulatory molecules, some of
which induce recruitment of immune cells and others secretion
of TNF-a and IL-1b from immune cells (Takeuchi and Akira,
2010). Red complex pathobionts (P. gingivalis, T. denticola, and
Tannerella forsythia) damage the epithelial tissue by stimulating
proteases that allow the translocation of immunostimulatory
molecules into tissues (Saito et al., 1997; Bamford et al., 2007).
In response to oral bacteria, IL-6, TNF-a, and IL-1b are secreted
from neutrophils and macrophages that are recruited to
damaged gingival tissues (Takeuchi and Akira, 2010).
Nucleotide oligomerization domain-like receptor 1 ligands
produced by certain bacteria possess the ability to recruit
neutrophils that secrete inflammatory cytokines (e.g., TNF and
IL-1) to alter the RANKL/OPG ratio in activated T cells, B cells,
and osteoblasts, causing alveolar bone loss at damaged gingival
sites (Hasegawa et al., 2006; Masumoto et al., 2006). Pathogenic
TH17 cells stimulated by bacterial invasion evoke a mucosal
immune response for protection against pathogens while
inducing bone damage (Tsukasaki et al., 2018). Based on the
accumulated evidence, we speculate that moderate immune
responses induced by oral microbiota may be beneficial for
alveolar bone, whereas the expression of large numbers of pro-
inflammatory cytokines induced by excessive immune responses
promote alveolar bone loss.

In the oral cavity, the oral microbiome, host immune system,
and alveolar bone co-exist and interact. Osteomicrobiology
bridges the gap between the microbiome and osteoimmunology.
Osteomicrobiology and osteoimmunology are inseparable but
have distinguishing characteristics. The challenge is to maintain
homeostasis in the oral microbiome, moderate inflammation, and
remodeling of the alveolar bone.
4 FACTORS THAT AFFECT ORAL
MICROBIOTA-MEDIATED ALVEOLAR
BONE METABOLISM

The oral microbiota is directly or indirectly responsible for most
alveolar bone loss, however, the relationship is modified by
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1068
various interacting factors, including smoking, blood glucose
level, estrogen concentration and probiotics. Studies in this field
have provided details of the crosstalk between these factors. This
section aims to offer an overview of how these factors influence
oral microbiota-mediated alveolar bone metabolism.

Life events and general health conditions can affect the bone
metabolism (Feres et al., 2016). For instance, obesity and
hypertension have an impact on the oral microbial composition
and regulate alveolar bone metabolism (Del Pinto et al., 2020;
Khan et al., 2020). Smoking, diabetes mellitus (DM), and estrogen
deficiency are associated with systemic bone loss, including
osteoporosis and alveolar bone resorption (Weitzmann and
Pacifici, 2006; Straka et al., 2015; Wang X. et al., 2020). Clinical
and experimental studies have revealed a higher prevalence of
periodontitis, periapical periodontitis, or peri-implantitis
associated alveolar bone resorption in patients/animal models
who smoke or with DM/estrogen deficiency (Duarte et al., 2004;
Lima et al., 2013; Penoni et al., 2017; Gupta et al., 2020; Ford and
Rich, 2021). Data from cross-sectional studies have also
demonstrated that the severity of periodontitis and alveolar
bone loss were positively correlated with the amount of daily
smoking (Hujoel et al., 2003). The relationship of DM and
periodontal disease is bidirectional, compromised management
of either one would negatively affect the other one (Radaic and
Kapila, 2021). Positive management of these factors exhibited
beneficial effect on alveolar bone remodeling. For example,
estrogen therapy is an effective method for improving alveolar
bone density in post-menopausal patients with osteoporosis
(Ronderos et al., 2000; Bhavsar et al., 2016).

Probiotics have been used to induce beneficial skeletal effects
for it can alter the composition and/or the metabolic activity of
the gut microbiota, and regulate the immune response in the
host, thereby providing beneficial effects for bone health
(Abboud and Papandreou, 2019; Pan et al., 2019; Schepper
et al., 2020). Randomized clinical studies and animal studies
demonstrated that oral administration of certain probiotics is a
useful strategy for the management of periodontitis, periapical
periodontitis, and peri-implantitis (Huck et al., 2020; Cosme-
Silva et al., 2021; Kumar et al., 2021). Increasing evidence have
shown that these factors impact the alveolar bone metabolism
mainly through modulating the oral microbiota and the host
immune response (osteomicrobiological modulatory effects).

4.1 Alter the Composition and Virulence of
the Oral Microbiota
The factors can alter the composition and virulence factors of
oral microbiota, thus affecting alveolar bone metabolism directly
or indirectly. In smoking-related periodontitis or peri-
implantitis, the microbial profile is distinct from that in non-
smokers, and there are statistically significant differences in the
prevalence and enrichment of disease-associated and health-
compatible microorganisms (Shchipkova et al., 2010; Duan
et al., 2017; Stokman et al., 2017; Naseri et al., 2020). Levels of
disease-associated pathogens have been revealed to decrease
following smoking cessation (Delima et al., 2010). The
expression of several virulence factors of P. gingivalis (e.g.,
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fimbrilin and Ras-related GTP-binding proteins A and B)
increased after exposure to smoking, which could suppress the
host response by abrogating the proinflammatory response to
subsequent TLR2 stimulation, and therefore could facilitate the
invasion of P. gingivalis into the periodontium (Bagaitkar et al.,
2009). Furthermore, the expression of capsular polysaccharide is
inhibited by smoking, thus promoting the colonization of P.
gingivalis and enhancing both inter- and cross-species
interaction of P. gingivalis, aggravating the alveolar bone loss
(Zhang et al., 2019).

Hyperglycemia is able to cause dysbiosis of the oral
microbiota, with a statistically significant enrichment of
Leptotrichia, Staphylococcus, Catonella, and Bulleidia genera,
contributing to aggravation of alveolar bone loss (Wang et al.,
2019). Hintao et al. demonstrated that T. denticola, Streptococcus
sanguinis, Prevotella nigrescens, Staphylococcus intermedius, and
Streptococcus oralis were statistically significantly enriched in the
supragingival plaque of individuals with type 2 DM compared
with individuals without DM (Hintao et al., 2007). DM can also
increase the pathogenicity of the dysbiotic oral microbiota. A
study demonstrated that DM enhanced IL-17 expression and
altered the oral microbiome to increase its pathogenicity (Xiao
et al., 2017). Compared with the oral microbiomes of healthy
mice, the pathogenic oral microbiomes of diabetic mice
statistically significantly exacerbated periodontal inflammation
and bone loss when transferred to GF mice (Xiao et al., 2017).

Postmenopausal women with endogenous estrogen deficiency
exhibited a progressive loss in radiographic alveolar crestal
height over 5 years, and that loss was associated with a change
in the subgingival microbiome (LaMonte et al., 2021). The
abundance of P. gingivalis and T. forsythensis were increased
and were revealed to be critical in the etiology of periodontitis in
postmenopausal women (Brennan et al., 2007). Cohort studies
demonstrated that estrogen therapy improved periodontal
probing depth and tooth mobility, with decreased levels of P.
gingivalis, P. intermedia, and T. forsythia being detected in
subgingival plaque (López-Marcos et al., 2005; Tarkkila et al.,
2010). Changes in estrogen levels may cause the gums to become
more susceptible to plaque, leading to a much higher risk of
advanced periodontitis (Suresh and Radfar, 2004). Furthermore,
estrogen-deficient conditions interfere with the oral microbiota
by increasing the levels of certain bacteria in saliva and
influencing the progression of periapical bone loss (Lucisano
et al., 2021).

In contrast to causing oral microbiota dysbiotic, probiotics
facilitate the change of abundance towards health-favoring
commensals, modulating the oral microecology. Animal studies
revealed that topical application of Lactobacillus brevis cluster of
differentiation (CD) 2 attenuated alveolar bone loss, with a
reduction in anaerobic bacteria and an increase in aerobic
bacteria in mice (Maekawa and Hajishengallis, 2014). Oliveira
et al. discovered that topical application of Bifidobacterium lactis
HN019 reduced bone destruction, decreased the proportions of
Veillonella parvula, Capnocytophaga sputigena, E. corrodens, and
P. intermedia-like species, and increased the proportions of
Actinomyces and Streptococcus-like species (Oliveira et al., 2017).
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In vitro studies have demonstrated that certain probiotics exhibit
inhibitory activity against endodontic pathogens (Bohora and
Kokate, 2017a; Bohora and Kokate, 2017b). Probiotic
Akkermansia muciniphila was revealed to reduce gingipain
transcription by P. gingivalis, thereby decreasing inflammatory
cell infiltration and alleviating alveolar bone loss (Huck et al.,
2020). Recently, we discovered that administration of probiotics
enriched butyrate-producing genera of gut microbiota, improved
intestinal barrier function, and decreased gut permeability, thus
preventing inflammatory alveolar bone resorption in
ovariectomized rats (Jia et al., 2021).

4.2 Modulate the Host Immune Response
The factors could also influence the interaction between oral
microbiota and alveolar bone via modulating the innate and
adaptive host immune response. Smoking impairs chemotaxis
and phagocytosis of neutrophils in the periodontal tissues and
inhibits serum immunoglobulin G antibodies against periodontal
pathogens, exerting a “protective” effect on pathogens (Guntsch
et al., 2006; Vlachojannis et al., 2010). Furthermore, smoking
indirectly modulates the oral microbiota and host immune
response by inducing the generation of reactive oxygen species
(ROS), which have been found to be essential for
osteoclastogenesis (Matthews et al., 2011). DM altered the
equilibrium of osteoclasts and osteoblasts in the alveolar bone
by shaping the oral microbial balance, and by increasing the
concentrations of inflammatory mediators (e.g., TNF), the
RANKL/OPG ratio, advanced glycation end products, and
ROS (Wu et al., 2015; Graves et al., 2019). Hyperglycemia
inhibits osteoblastic differentiation as well as new bone
formation, exacerbates alveolar bone resorption, and enhances
peri-implant inflammation, frequently causing implant failure
(Chrcanovic et al., 2014). Estrogen deficiency can also inhibit the
production of cytokines triggered by dysbiotic microbiota, lower
the RANKL/OPG ratio, and stimulate the production of
transforming growth factor b by osteoblasts, resulting in a
decrease in osteoclast quantity and activity (Hughes et al.,
1996; Riggs, 2000). Postmenopausal estrogen deficiency
induces the production of TNF-a and RANKL in T cells, and
influences the activities of bone multicellular units, resulting in a
reduction in the ratio of bone deposition by osteoblasts to bone
resorption by osteoclasts, enhancing the progression of alveolar
bone loss in patients with periodontitis or apical periodontitis
(Lerner, 2006; D'Amelio et al., 2008). The above studies provide
evidence that, smoking, DM, and estrogen deficiency exacerbate
the loss of alveolar bone by promoting the invasion of pathogenic
bacteria and aggravating the inflammatory response.

Contrarily, probiotics have a protective effect against alveolar
bone loss by modifying immunoinflammatory parameters. L.
brevis CD2 treatment resulted in statistically significantly less
bone loss and a downregulation of TNF, IL-1b, IL-6, and IL-17A
compared to placebo treatment (Maekawa and Hajishengallis,
2014). The group treated with B. lactis HN019 exhibited
increased expressions of OPG and b-defensins, while decreased
expressions of IL-1b and RANKL compared to the control group
(Oliveira et al., 2017). Pazzini et al. also revealed that oral
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supplementation with probiotic Bacillus subtilis was beneficial
for bone remodeling by reducing the number of osteoclasts
adjacent to the tooth root during orthodontic movement in
mice (Pazzini et al., 2017).

Collectively, the composition of the oral microbiota and host
immune response varies depending on dietary diversification,
medicine used, hormonal changes, general health conditions,
and age (Feres et al., 2016). Many factors could influence the
osteomicrobiological modulatory effect in physiological or
pathological conditions. The factors mentioned above interact
with each other in antagonistic and synergistic ways to
influence oral microbiota-mediated alveolar bone health. For
example, estrogen depletion and streptozotocin-induced DM
promoted more pronounced periodontal tissue deterioration
than each did in isolation (Sasso et al., 2020). Probiotic
administration has a protective effect on the mandibular bone
mineral density in rats exposed to cigarette smoke inhalation
(Levi et al., 2019). More studies are needed to determine the
mechanisms by which these factors impact oral microbiota-
mediated alveolar bone metabolism. These studies would
facilitate the discovery of critical targets and the development
of strategies for manipulating the microbiota to induce
beneficial skeletal effects.
5 CRITICAL TECHNIQUES FOR ORAL
OSTEOMICROBIOLOGY RESEARCH

The oral cavity harbors over 700 species, including bacteria,
fungi, viruses, archaea, and protozoans, although only
approximately 70% of them can be cultivated, based on the
expanded Human Oral Microbiome Database (Verma et al.,
2018). With the advances in rapid, low-cost sequencing
technologies and next-generation sequencing-based platforms,
it is possible to quantitatively characterize the composition and
putative functions of microbial communities (Human
Microbiome Project Consortium, 2012). 16S ribosomal DNA
sequencing has greatly contributed to revealing the composition
of the oral microbiome. It allows identification of bacteria at a
highly accurate genus level by amplifying one or more high-
variation zones, such as V1, V2, V3, and V4 regions. However,
this method does not provide the full-length DNA sequence;
thus, it cannot be used to distinguish species and strains, nor to
identify fungi and viruses (Janda and Abbott, 2007). To
overcome this drawback, whole genome sequencing,
metatranscriptomics, metaproteomics, and metabolomics can
be used to identify strains present in the oral microbiome, and
to detect microbial genes, proteins, and metabolites that have an
impact on diseases (Human Microbiome Project Consortium,
2012). Although analysis of next-generation sequencing-derived
sequences remains challenging, it has greatly improved our
understanding of the relationships between the oral microbiota
and alveolar bone health. The importance of the microbiota has
been confirmed and new insights have been gained on their
effects on bone physiology (Ohlsson and Sjögren, 2018).
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Animal models are also useful for studying the role of the oral
microbiota in alveolar bone mass regulation. Two prominent
models, GF mice and humanized mice, are of great importance
for in vivo studies of host microbial interaction. GF mice have
been employed to explore the role of oral pathobionts in
dysbiosis and bone loss during periodontitis for more than half
a century (Baer and Newton, 1960). The model can be used to
investigate the effects of both mono-infection and polymicrobial
colonization on alveolar bone. Importantly, the molecular
mechanism by which the oral microbiota affects bone mass can
also be demonstrated using genetically engineered GF mouse
models in which selected genes are deleted or overexpressed. The
most typical example is monospecies inoculation (of e.g., P.
gingivalis) at the ligature site to evaluate the effects of infection on
alveolar bone loss (Graves et al., 2008). Recently, to better reflect
real world conditions, researchers introduced a polymicrobial
synergy and dysbiosis model to evaluate the features of
periodontal inflammation and alveolar bone loss. That model
disclosed that dysbiosis of the periodontal microbiota signifies an
imbalance in the relative abundance or influence of microbial
species within the ecosystem compared to physiological
conditions, leading to sufficient alterations in the host–
microbial crosstalk to mediate destructive inflammation and
bone loss (Hajishengallis and Lamont, 2012; Bowen et al.,
2018). Gao et al. used P. gingivalis, T. denticola, T. forsythia,
and F. nucleatum as polymicrobial oral inoculum in BALB/cByJ
mice, demonstrating that it triggered statistically significant
alveolar bone loss, a heightened antibody response, an elevated
cytokine immune response, and a statistically significant shift in
viral diversity and virome composition (Gao et al., 2020). In
addition, mouse models infected with a combination of P.
gingivalis, A. actinomycetemcomitans, T. denticola, T. forsythia,
and F. nucleatum (Graves et al., 2008), or Streptococcus gordonii,
V. parvula, and F. nucleatum (Marchesan et al., 2018), as well as
other bacterial combinations (Polak et al., 2009; Settem et al.,
2012; Tan et al., 2014) were developed to investigate the role of
oral bacteria in alveolar bone loss in vivo. However, these models
are imperfect imitations of the human microbial systems.
Therefore, the establishment of a humanized gnotobiotic
mouse model by transplantation of the oral microbiota into
GF mice is necessary and will be a powerful tool for
future studies.

Additionally, to study the ecology and functionality of
microbial communities in a controlled yet accurate way,
synthetic microbial communities have received increasing
attention. Synthetic microbial communities are an emerging
research field at the intersection of synthetic biology and
microbiomes (Estrela et al., 2021). A synthetic microbial
community is created by co-culturing two or more microbial
populations under well-defined conditions. It can also include
genetically engineered organisms. Synthetic microbial
communities that retain the key features of their natural
counterparts can act as a model system to study the ecology and
function of microbial communities with the advantages of low
complexity, high controllability, and good stability (Estrela et al.,
2021). This approach was originally developed to provide
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functional and mechanistic insights into plant-plant microbiome
interactions (Liu et al., 2019). Now, it is widely used in biological
treatment, focusing on fuel production, high value-added chemical
synthesis, and pollutant degradation (Liu et al., 2019). Niu et al.
obtained a greatly simplified synthetic bacterial community
consisting of seven strains representing the most dominant
phyla found in maize roots. By using a selective culture-
dependent method to track the abundance of each strain, they
discovered that the removal of only Enterobacter cloacae led to the
complete loss of the community, with Curtobacterium pusillum
taking over, suggesting that E. cloacae is the keystone species in
their model ecosystem (Niu et al., 2017). Synthetic microbial
ecologies were also proposed as simple and controllable model
systems to facilitate bacteria-driven phthalic acid ester
biodegradation, providing novel insights for developing effective
bioremediation solutions (Hu et al., 2021).

Synthetic microbial communities, combined with systems
biology (Estrela et al., 2021) and other experimental
technologies, allow the prediction of the ecological stability of
the communities and their key species, and thus may further
advance the understanding of oral microbiota-alveolar bone
relationships. Based on related studies in other fields (Liu et al.,
2019), we propose the following workflow for synthetic microbial
communities in osteomicrobiology: (1) sample collection:
collecting dental plaque or saliva; (2) isolation: isolating single
species by colony picking, limiting dilution, and cell sorting;
(3) identification: identifying the culture using barcoded
sequencing and Sanger sequencing; (4) culture collection:
preserving bacteria using glycerol solution, and analyzing the
proportion and relative abundance of available strains by
comparing the bacterial reservoir constructed using natural
samples; (5) correlation analysis: selecting the experimental
strains according to the correlation between operational
taxonomic unit abundance and phenotype, network analysis,
and taxonomy; (6) functional analysis: inoculating single or
multiple species into GF mice, and observing the changes in the
phenotype and structure of the oral microbial community. It is
worth noting that the composition of the microbial communities is
critical for the services and functions they provide, and learning
how to manipulate such is of great importance. Therefore, the
following requirements should be considered when selecting the
microbial communities: there must be variation between
competing communities in terms of community traits,
communities must be able to replicate, and the community trait
must be heritable (Buss, 1983). Furthermore, it has recently
become possible to automate synthetic microbiome design (Tran
and Prindle, 2021). For example, computer-guided design has been
used to select optimal microbial consortia that promote the
activation of regulatory T cells in a gut microbiota-immune
system model (Stein et al., 2018).
6 CONCLUSION

Collectively, the evidence indicates a close connection between
the oral microbiota and bone health. The oral microbiota plays
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important roles in post-natal jawbone development,
physiological alveolar bone loss, and, particularly, pathological
alveolar bone loss associated with oral diseases such as
periodontitis, apical periodontitis, and peri-implantitis. Under
pathological conditions, oral pathogenic microbes and microbial
dysbiosis induce catabolic disruption of osteoclast-osteoblast-
mediated bone remodeling, which leads to alveolar bone loss.
RANKL, Notch, and Wnt signaling, as well as the NLRP3
inflammasome are major pathways involved in this process,
and osteoimmunity is the key bridge between microbiota and
bone. More studies are needed to identify which oral microbes
contribute to alveolar bone loss and determine the underlying
mechanisms by which oral microbial dysbiosis is related to
alveolar bone metabolism. Synthetic microbial communities,
combined with a multi-omics approach and mouse models are
anticipated to provide new insights into the oral microbiota-
alveolar bone relationship. In addition, many factors, such as
probiotics, smoking, DM, and the estrogen concentration
interact antagonistically and synergistically in influencing oral
microbiota-mediated alveolar bone health. With the advances in
experimental and clinical studies and the growth of personalized
medicine, perhaps, in the future, such factors may be
manipulated to alter the composition of the oral microbiome
and effectively prevent alveolar bone loss.

Here, we propose use of the term “oral osteomicrobiology” for
the rapidly emerging research field of the role of oral microbes in
alveolar bone health, bridging the gaps between oral
microbiology, immunology, and alveolar bone physiology or
alveolar bone pathology. Oral osteomicrobiology refers to
investigations on the role of the oral microbiota in alveolar
bone health and disease; the mechanisms by which they
regulate post-natal jawbone development as well as
physiological and pathological alveolar bone loss; and the
experimental methods and technologies developed for
associated research.
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Objective: Secondary caries caused by oral microbiome dysbiosis and hybrid layer
degradation are two important contributors to the poor resin–dentin bond durability.
Cavity cleansers with long-term antimicrobial and anti-proteolytic activities are in demand
for eliminating bacteria-induced secondary caries and preventing hybrid layers from
degradation. The objectives of the present study were to examine the long-term
antimicrobial effect and anti-proteolytic potential of poly(amidoamine) dendrimers with
amino terminal groups (PAMAM-NH2) cavity cleanser.

Methods: Adsorption tests by attenuated total reflectance–infrared (ATR-IR)
spectroscopy and confocal laser scanning microscopy (CLSM) were first performed to
evaluate whether the PAMAM-NH2 cavity cleanser had binding capacity to dentin surface
to fulfill its relatively long-term antimicrobial and anti-proteolytic effects. For antibacterial
testing, Streptococcus mutans, Actinomyces naeslundii, and Enterococcus faecalis were
grown on dentin surfaces, prior to the application of cavity cleanser. Colony-forming unit
(CFU) counts and live/dead bacterial staining were performed to assess antibacterial
effects. Gelatinolytic activity within the hybrid layers was directly detected by in situ
zymography. Adhesive permeability of bonded interface and microtensile bond strength
were employed to assess whether the PAMAM-NH2 cavity cleanser adversely affected
resin–dentin bonding. Finally, the cytotoxicity of PAMAM-NH2 was evaluated by the Cell
Counting Kit-8 (CCK-8) assay.

Results: Adsorption tests demonstrated that the binding capacity of PAMAM-NH2 on
dentin surface was much stronger than that of 2% chlorhexidine (CHX) because its
binding was strong enough to resist phosphate-buffered saline (PBS) washing.
Antibacterial testing indicated that PAMAM-NH2 significantly inhibited bacteria grown
on the dentin discs as compared with the control group (p < 0.05), which was comparable
with the antibacterial activity of 2% CHX (p > 0.05). Hybrid layers conditioned with
PAMAM-NH2 showed significant decrease in gelatin activity as compared with the control
group. Furthermore, PAMAM-NH2 pretreatment did not adversely affect resin–dentin
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bonding because it did not decrease adhesive permeability and microtensile strength.
CCK-8 assay showed that PAMAM-NH2 had low cytotoxicity on human dental pulp cells
(HDPCs) and L929.

Conclusions: PAMAM-NH2 cavity cleanser developed in this study could provide
simultaneous long-term antimicrobial and anti-proteolytic activities for eliminating
secondary caries that result from a dysbiosis in the oral microbiome and for preventing
hybrid layers from degradation due to its good binding capacity to dentin collagen matrix,
which are crucial for the maintenance of resin–dentin bond durability.
Keywords: antibacterial, endogenous dentin proteases, cavity cleanser, resin–dentin bonds, poly
(amidoamine) dendrimers
1 INTRODUCTION

Secondary caries caused by oral microbiome dysbiosis and
degradation of hybrid layer via endogenous dentin proteases
are two major challenges encountered in durable resin–dentin
bond stability (Gou et al., 2018a). In contemporary minimally
invasive dentistry, partial retention of caries-infected dentin is
currently recommended to preserve tooth structure and avoid
damage to the dental pulp complex (Thompson et al., 2008;
Walsh and Brostek, 2013). Nevertheless, entrapped bacteria and
their by-products through interfacial gaps between the tooth and
the restoration leads to secondary caries that is described as a
microbial disease that results from “a dysbiosis in the oral
microbiome” (Tanner et al., 2016) and to restoration failure
over time (Nyvad and Kilian, 1987; Türkün et al., 2006).

Hybrid layer degradation, caused byhydrolysis of adhesive resin
(Breschi et al., 2008; Tjäderhane et al., 2013) and degradation of
demineralized collagen matrices in aqueous environments
(Mazzoni et al., 2015), is the other challenge in achieving
durability of bonds made by resins in dentin. During the acid-
etching phase of dentin bonding, endogenous dentin protease such
as matrix metalloproteinases (MMPs) and cysteine cathepsins that
are normally embedded within the collagen matrix by apatite
crystallites become exposed and activated by acid etchants.
Subsequent application of acidic resin monomers present in
dentin adhesives further promotes activities of these proteases
(Tay et al., 2006; Osorio et al., 2011; Frassetto et al., 2016). The
activated, matrix-bound protease can progressively degrade
denuded collagen fibrils within the hybrid layers, leading to
deterioration of resin–dentin bonds over time (Frassetto
et al., 2016).

To prolong the durability of resin–dentin interfacial bonds, the
aforementioned twochallenges shouldbeconcomitantly addressed.
The use of cavity cleanser with antibacterial and anti-proteolytic
properties is in demand. Chlorhexidine (CHX) possesses broad
spectrum antibacterial (Twetman, 2004) and anti-proteolytic
activities (Scaffa et al., 2012) and has been commonly used as an
effective agent to disinfect dentin cavity (Ersin et al., 2008).
Nevertheless, CHX is water-soluble and has weak binding affinity
for the demineralized dentin collagen matrix (Slee and Tanzer,
1979; Blackburn et al., 2007). It eventually desorbs from the
exposed collagen fibrils and slowly leaches out from the hybrid
gy | www.frontiersin.org 279
layers over time, thus compromising its long-term antimicrobial
and anti-proteolytic effects (Tezvergil-Mutluay et al., 2011).

Recently, poly(amidoamine) dendrimers with amino terminal
groups (PAMAM-NH2) have been extensively investigated as
promising antimicrobial agents due to a great number of positive
charges on the protonated amino groups on their exterior
(Castonguay et al., 2012; Gou et al., 2017). With numerous
positively charged amino groups, PAMAM-NH2 is capable of
attaching to and puncturing bacteria (Mintzer et al., 2012) cell
walls as well as possessing a strong affinity for the denuded dentin
collagen (Liang et al., 2015). Hence, it is speculated that when
PAMAM-NH2 is applied to acid-etched dentin, it would strongly
absorb on exposed collagen fibrils to provide relatively long-lasting
antimicrobial effectiveness. However, there has been no report
whether PAMAM-NH2 has inhibitory effects on endogenous
dentin proteases.

Accordingly, the objectives of this study were to develop a
new dentin cavity cleanser containing PAMAM-NH2, to explore
its effect of against bacteria grown on dentin surfaces, and to
assess the enzyme activity of the resin–dentin interface using in
situ zymography and functional enzyme activity assays. It was
hypothesized that 1) the PAMAM-NH2 cavity cleanser has long-
term inhibitory effects on bacteria grown on dentin blocks; 2) the
PAMAM-NH2 cavity cleanser has inhibitory effects on soluble
MMP-9 activities; 3) the PAMAM-NH2 cavity cleanser has long-
term inhibitory effects on endogenous dentin proteases; and
4) treatment of dentin surface with PAMAM-NH2 cavity
cleanser does not adversely affect dentin bond strength.
2 MATERIALS AND METHODS

PAMAM-NH2 utilized in the present work was purchased
from ChenYuan Dendrimer Technology Co., Ltd (Weihai,
Shandong, China).

2.1 Binding Capacity of PAMAM-NH2 to
Demineralized Dentin
PAMAM-NH2 measuring 4 mg/ml and 2% CHX were separately
dropped and spread on etched dentin surface using a disposable
micro brush. After 60 s of being gently air-dried at room
temperature, each dentin surface was subsequently washed with
November 2021 | Volume 11 | Article 784153
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phosphate-buffered saline (PBS) three times and dried again.
Attenuated total reflectance–infrared (ATR-IR) spectroscopy
(Nicolet iS10, Thermo Scientific, USA) was performed and
recorded before and after conditioning with PAMAM-NH2 and
2% CHX, and also after washing with PBS. Each group was
performed in sextuplicate. Three independent batches were
conducted for the experiment.

Fluorescein isothiocyanate (FITC)-labeled PAMAM-NH2 was
prepared by mixing equimolar amounts of an FITC solution (in
acetone) with an aqueous PAMAM-NH2 solution overnight in
the dark under stirring (Gou et al., 2017). FITC-labeled PAMAM-
NH2 (4 mg/ml, 50 ml) or FITC was respectively dropped and
spread on etched dentin surface using a disposable micro brush.
After 60 s, the dentin surface was washedwith PBS three times, and
the specimens were dried and observed by confocal laser scanning
microscopy (CLSM) (Zeiss LSM700, Germany). Quantification of
the greenfluorescence intensitywas calculatedwith Image-ProPlus
6.0 (Media Cybernetics, Inc., Silver Spring, MD, USA) to represent
the relative binding capacity of PAMAM-NH2 to demineralized
dentin. Each group was performed in sextuplicate. Three
independent batches were conducted for the experiment.

2.2 Antibacterial Activity Testing
2.2.1 Bacterial Culture
Streptococcus mutans (ATCC 700610), Actinomyces naeslundii
(ATCC 12104), and Enterococcus faecalis (ATCC 29212) were
used to examine the antibacterial activities of experimental cavity
cleansers. E. faecalis was grown aerobically in Brain Heart
Infusion (BHI) broth at 37°C. S. mutans and A. naeslundii
were cultured in an anaerobic atmosphere of 5% CO2, 90% N2,
and 5% H2 at 37°C in BHI broth. For biofilm formation, the
bacteria were cultured in BHI supplemented with 1% sucrose.
The bacteria were incubated for 24 h, collected by centrifugation,
and rinsed three times with PBS. The bacteria were re-suspended
and further diluted in BHI to a final density of 1.0 × 107 colony-
forming unit (CFU)/ml. Bacteria density was measured by a
microplate reader (Beckman Coulter, Inc., Indianapolis, IN,
USA) at the absorbance of 600 nm.

2.2.2 Minimum Inhibitory Concentration
In order to evaluate the effect of PAMAM-NH2 on planktonic
bacteria, the minimum inhibitory concentration (MIC) was
examined by the broth microdilution method. The PAMAM-
NH2 solution was added in a twofold dilution series in BHI broth
in 96-well microtiter plates (1.0 × 107 CFU/ml). After incubation
overnight, bacterial growth was measured by a microplate reader
at the absorbance of 600 nm. MIC value was determined as the
lowest PAMAM-NH2 concentration that inhibited at least 90%
of bacterial growth compared with the PAMAM-NH2-free
control. Each group was performed in sextuplicate. Three
independent batches were performed for the experiment.

2.2.3 Minimum Biofilm Eradication Concentration
In a physiological state, bacteria tend to exist in biofilms. Bacteria
in biofilms are less susceptible to stressful environmental
conditions than in their planktonic state. Therefore, minimum
biofilm eradication concentration (MBEC) was assessed to
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 380
evaluate whether PAMAM-NH2 has inhibitory effects on
biofilms. MBEC was assessed by microtiter plate assay. The
testing was started by growing the biofilm first by incubating
the suspension of S. mutans and A. naeslundii for 24 h and E.
faecalis for 7 days at 37°C. Then, each microplate well was gently
washed three times with PBS to remove unattached bacteria, and
PAMAM-NH2 with different concentrations was added. After
that, the microplates were incubated for 24 h (S. mutans and A.
naeslundii) or 7 days (E. faecalis) at 37°C and were rinsed with
PBS. The biofilm was added with 1% of crystal violet solution and
cultured at room temperature. The well was gently washed with
PBS for three times to remove excess crystal violet and incubated
with 95% ethanol by shaking for 15 min. The optical density at
595 nm was measured with a microplate reader (Model 3550,
Bio-Rad). Each group was performed in sextuplicate. Three
independent batches were conducted for the experiment.

2.2.4 Cell Counting Kit-8 Counts
S. mutans, A. naeslundii, or E. faecalis biofilm was grown on the
surface of dentin discs. Each biofilm-containing dentin disc was
conditioned with PAMAM-NH2 and 2% CHX and kept for 60 s.
The dentin blocks were gently rinsed and transferred into Petri
dishes with 1 ml of PBS. The dishes were ultrasonicated to collect
biofilms. The collected biofilms were cultured on BHI agar plates,
and their viability was assessed by CFU counting after a serial
dilution in PBS. Each group was performed in sextuplicate. Three
independent batches were conducted for the experiment.

2.2.5 Live/Dead Bacterial Staining
S. mutans, A. naeslundii, or E. faecalis biofilm grown on the
surface of dentin discs was treated with a LIVE/DEAD BacLight
Bacterial Viability Kit (Molecular Probes, Invitrogen Corp.,
Carlsbad, CA, USA). Sterilized dentin blocks were incubated with
each bacterium at 37°C for 24 h (S. mutans and A. naeslundii) or 7
days (E. faecalis) and were gently washed three times with PBS to
remove unattached bacteria. Each biofilm-containing dentin disc
was conditionedwithPAMAM-NH2and2%CHXbyadding100ml
of each cavity cleanser onto the dentin surface and kept for 60 s.
Then the dentin blocks were treated with 2.5 mM of SYTO 9 and
propidium iodide in the dark according to the instructions. Stained
dentin blocks were visualized with a CLSM (LSM 780, Carl Zeiss,
Oberkochen, Germany) equipped with a 20× objective lens by the
channel set at excitation/emission wavelengths 480/500 nm for
SYTO 9, and 590/635 nm for propidium iodide. Live bacteria are
dyed green, dead bacteria are dyed red, and adjacent live and dead
bacteria are shown as yellowwhen they are merged. Quantification
ofdead and livebacteriawas calculatedbasedon the value of relative
green and red fluorescence by Image-Pro Plus 6.0 software. Each
group was performed in sextuplicate. Three independent batches
were conducted for the experiment.

2.3 Analysis of the Effect of PAMAM-NH2
on Matrix Metalloproteinases
2.3.1 Inhibition of Soluble rhMMP-9
The inhibitory effects of PAMAM-NH2 and 2% CHX on soluble
purified recombinant human (rh) MMP-9 were assessed using
purified rhMMP-9 (AS-55576) and the Sensolyte Generic MMP
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assay kit (AS-72095) (all from AnaSpec Inc., CA, USA). The
MMP assay kit contains an intact substrate (thiopeptolide) that is
disintegrated by MMPs to release a colored product, 2-nitro-5-
thiobenzoic acid.

A series of PAMAM-NH2 solutions (0.5, 1, 2, 4, 8, and 16 mg/
ml) were prepared as test agents. The substrate solution provided
by the assay kit was prepared at 0.2 mM. In the experimental
groups, the well contained 2 ml of rhMMP-9, 50 ml of substrate
solution, and 10 ml of potential MMP inhibitor.

The control groups included 1) the positive control group:
rhMMP-9 enzyme only without the anti-MMP agent; 2) the
inhibitor control group: rhMMP-9 enzyme and MMP inhibitor
(GM6001); 3) the test compound control group: assay buffer and
various concentrations of PAMAM-NH2 solutions; and 4) the
substrate control group: assay buffer only. The reagents on the
plate were shaken for 30 s to mix completely. Readings were
measured every 10 min for 60 min. The intensity of color was
detected using a microplate reader at 412 nm. The potency of
MMP-9 inhibition by GM6001 (known MMP inhibitor) and the
six concentrations of PAMAM-NH2 were exhibited as
percentages of the adjusted absorbance of the “positive
control.” Percent inhibition of the MMP (%) was calculated
as 1 − ([A]test compound group − [A]test compound control)/
([A]positive control − [A]substrate control), where [A] represents the
absorbance values of the wells. Each specimen was performed in
sextuplicate (N = 6). Three independent batches were conducted
for the experiment.

2.3.2 In Situ Zymography
Ten teeth from two cavity cleanser group were used for in situ
zymography of the bonded interface. After being treated with
37% phosphoric acid, the dentin blocks were conditioned with
each cavity cleanser for 60 s and gently air-dried. After being
bonded with adhesive, a 2-mm-thick layer of flowable resin
composite was placed and light-cured. After 24 h of storage in
deionized water, the bonded samples were cut vertically into 1-
mm-thick slabs to expose the resin–dentin interface.

The bonded slab was fixed to a glass slide and polished to
approximately 50-mm thickness. The EnzChek™ Gelatinase/
Collagenase Assay Kit (E-12055, Molecular Probes, Eugene,
OR, USA) was employed for in situ zymography to identify
sites of MMP activity within the hybrid layers. Briefly, the 1.0
mg/ml stock solution of self-quenched fluorescein-conjugated
gelatin was diluted by adding deionized water and mixing with
anti-fading agent. Then, 50 ml of the self-quenched fluorescent
gelatin mixture was dropped on top of each bonded slab and
covered with a coverslip. The slides were kept away from light
and incubated in a humidity chamber at 37°C for 48 h.

A two-photon CLSM (LSM 780, Carl Zeiss, Thornwood, NY,
USA) was used to acquire images using a 40× oil immersion
objective lens, with the channels set at 488/530 nm (excitation/
emission wavelengths). Green fluorescence derived from de-
quenched fluorescein released from disintegrated gelatin was
imaged. Sections that were 85 mm thick were acquired from
different focal planes of each bonded specimen. The images were
stacked and processed with ZEN 2010 software (Carl Zeiss). The
image-Pro Plus 6.0 software was employed to quantify the green
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fluorescence intensity. Each group was performed in
sextuplicate. Three independent batches were conducted for
the experiment.

2.4 Assessment of the Impact of
PAMAM-NH2 on Resin–Dentin Bonding
2.4.1 Adhesive Permeation of Bonded Interface
Twenty freshly extracted and intact human third molars were
collected for permeability evaluation of adhesive. The dentin was
sectioned at a distance of 2.5 mm away from the deepest pulpal
horn using a slow-speed saw under water cooling. One drop of
fluorescein sodium (Sigma-Aldrich, St Louis, MO, USA) was
mixed with three drops of adhesive (Prime & Bond® NTTM) to
produce a fluorescent adhesive. The bonded dentin was glued to
fenestrated Perspex discs with cyanocrylate glue. The assembly
was connected via an 18-gauge stainless steel tube to fenestrated
Perspex discs. The latter was placed to a column of 0.1% green
fluorescent dye solution (Alexa Fluor™ 405, excitation/emission:
401/421 nm; Thermo Fisher Scientific) oriented 20 cm above the
Plexiglass block to simulate pulpal pressure. This generated water
pressure through the dentinal tubules during the acid-etching
process, treatment with each cavity cleanser, bonding, and resin
composite buildup. The setup was kept away from light and
incubated for 4 h to enable water to continue permeating the
bonded interface.

After pressure perfusion, the bonded specimen was removed
from the fenestrated Perspex discs and cut vertically to get a 1-
mm slab containing the water perfused bonded interface. Each
bonded specimen was fixed to a glass slide and polished to
approximately 50-mm thickness. A two-photon CLSM was used
to acquire images using a 40× oil immersion objective lens.
Green fluorescence was imaged together with the red
fluorescence derived from dyed adhesive. Sections that were 85
mm thick were acquired from different focal planes of each
bonded specimen. The images were stacked and processed with
ZEN 2010 software (Carl Zeiss). The image-Pro Plus 6.0 software
was employed to quantify the dyed adhesive permeation. Each
group was performed in sextuplicate. Three independent batches
were conducted for the experiment.

2.4.2 Bond Strengths to Dentin
Thirty human third molars were collected for bond strength test.
The teeth were cut 2–3 mm below the cementoenamel junction
to remove roots using water-cooled low-speed cutting saw
(Isomet, Buehler Ltd., Lake Bluff, IL, USA). The occlusal
enamel was removed perpendicular to the longitudinal axis of
each tooth to expose flat midcoronal dentin surface. The exposed
midcoronal dentin surface was polished with 600-grit silicon
carbide paper under water for 60 s to produce a standardized
smear layer.

Exposed dentin surfaces were randomly allocated to two
groups according to the adhesives used: Prime & Bond® NT™

(PB, Dentsply DeTrey, Konstanz, Germany) and Adper™ Single
Bond Plus (SBP, 3M ESPE, St. Paul, MN, USA). Each specimen
was treated with 37% phosphoric acid (Uni-Etch, Bisco Inc.,
Schaumburg, IL, USA) for 15 s, washed with deionized water for
15 s, and air-dried for 5 s. Dentin surface from each adhesive
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group was further randomly assigned to one of the following
three subgroups for dentin pretreatment with PAMAM-NH2, 2%
CHX, and deionized water (control) (N = 6). The etched dentin
surface was pretreated with respective cavity cleanser or
deionized water for 60 s and air-dried for 5 s. The adhesives
were placed to the etched dentin and light-cured for 15 s with a
light-curing unit. Resin composite buildups (Z250, 3 M ESPE, St.
Paul, MN, USA) were constructed.

After storage in deionized water for 24 h, the bonded teeth
were subsequently sectioned vertically to 0.9-mm-thick slabs
using a low-speed saw under water cooling. The slabs were
further cut into 0.9 mm × 0.9 mm × 8 mm long beams. Each
beam was attached and stressed to failure under tension using a
universal tensile testing machine (HD-B609B-S, Haida
International, China). Each specimen was performed in
sextuplicate. Three independent batches were conducted for
the experiment.

After tensile bond strength test, the dentin side of the
fractured beams was detected using a stereoscopical
microscope at ×40 magnification to determine the failure
mode. Failure modes were classified as adhesive failure (A),
mixed failure (M, failure extending into dentin or resin
composite), cohesive failure in resin composite (CC), and
cohesive failure in dentin (CD).

2.5 Cytotoxicity Assay
Human dental pulp cells (HDPCs) and mouse fibroblast cells
L929 were chosen to test the cytotoxicity of PAMAM-NH2.
Freshly extracted and intact human third molars were
collected, cleaned, and cut perpendicular to the longitudinal
axis of each tooth to expose the pulp chamber, with the
donors’ written informed consent. Dental pulp tissues were
gently removed by blunt non-cutting forceps and dispersed in
2 mg/ml of collagenase/dispase for 1.5 h to retrieve HDPCs at
37°C. The HDPCs and L929 were cultured in Dulbecco’s
Modified Eagle’s Medium plus 10% heat-inactivated fetal
bovine serum and 1% penicillin/streptomycin at 37°C in a
humidified incubator supplemented with 5% CO2. The seeded
cells were subsequently cultured until 80% confluency was
achieved. Four passage cells were used for the experiment.

The cytotoxicity of PAMAM-NH2 was determined by the Cell
Counting Kit-8 (CCK-8) assay. Cells were seeded in a 96-well
microtiter plate at a density of 1.0 × 104 cells/well and incubated
overnight. The culture medium was replaced with 100 ml of fresh
culture medium containing different concentrations of
PAMAM-NH2. After incubation overnight, 10 ml of CCK-8
solution was added to each well, and the microtiter plate was
incubated at 37°C for 4 h, after which the absorbance at 570 nm
was determined with a microplate reader (Spectra Plus, Tecan,
Zurich, Switzerland). The cell viability (%) = ([A]test − [A]blank)/
([A]control − [A]blank) × 100%, where [A]test, [A]control, and [A]
blank represent the absorbance values of the wells with cells and
PAMAM-NH2, those with cells and without PAMAM-NH2, and
those without cells or PAMAM-NH2, respectively. For each
sample, the average absorbance from six wells that run in
parallel was calculated. Three independent batches were
conducted for the experiment.
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2.6 Statistical Analyses
Data were expressed as means and SDs. For each parameter to be
analyzed, the data sets were evaluated for their normality
(Shapiro–Wilk test) and equal variance assumptions (modified
Levene’s test) before use of parametric statistical methods. If
those assumptions were not violated, the data sets were analyzed
with one-factor ANOVA or one-factor repeated-measures
ANOVA, depending on the parameter tested. Post-hoc
comparisons were conducted using the Holm–Sidak
procedures to identify statistical significance among groups. If
the assumptions were violated, the data sets were non-linearly
transformed to satisfy those assumptions before performing the
aforementioned statistical procedures. For all tests, statistical
significance was set at a = 0.05.
3 RESULTS

3.1 Binding Capacity of PAMAM-NH2 to
Demineralized Dentin
The ATR–Fourier-transform IR (ATR-FTIR) spectra of the
demineralized dentin after being conditioned with 4 mg/ml of
PAMAM-NH2 or 2% CHX and after being washed with PBS are
shown in Figure 1A. The peak at 1,000.1 cm−1 was due to
phosphate v1, v3 functional groups, which is a characteristic
peak of dentin. After being conditioned with PAMAM-NH2,
characteristic peaks of PAMAM-NH2 were clearly detected at
3,088.52 to 3,500 cm−1 corresponding to amide vibration and at
1,634.9 cm−1 corresponding to amide carbonyl groups, and they
are related to the number of amide groups in the branches of
PAMAM-NH2. The results confirmed that PAMAM-NH2

bound to the demineralized dentin. After thorough washing
with PBS, these characteristic peaks of PAMAM-NH2 were still
apparent, which indicated that PAMAM-NH2 can resist PBS
washing. After being conditioned with CHX, the presence of
characteristic peaks of CHX was detected, as well as C–H2

stretches at 2,948.5 and 2,855.0 cm−1, C═N vibration at 3,319.1
cm−1, and para-substitution of benzene rings at 1,631.5 and
1,557.0 cm−1. Following PBS washing, these characteristic peaks
disappeared in CHX conditioning dentin surface, indicating that
CHX was washed off by PBS.

FITC-labeled PAMAM-NH2 and free FITC were dropped
onto demineralized dentin surface. After being air-dried at room
temperature, the dentin surfaces were rinsed with PBS and
observed by CLSM. Figure 1B shows yellow-green
fluorescence, which could be clearly observed for both two
groups, with an intensity value of 98.2% ± 4.9% for the FITC-
PAMAM-NH2 group and 90.5% ± 7.1% for the FITC group
(Figure 1C). However, little fluorescence could be detected on
free FITC-coated dentin surface after PBS washing (Figure 1B)
reaching 26.8% ± 5.7% fluorescence intensity, which was
significantly lower than that of the FITC group before PBS
washing (Figure 1C, p < 0.05). In contrast, FITC-PAMAM-
NH2-coated dentin retained most of the fluorescence with an
intensity value of 89.6% ± 3.5% (Figures 1B, C). There was no
significant difference in the fluorescence intensity in the FITC-
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PAMAM-NH2 group before and after PBS washing (p > 0.05).
This result demonstrated that free FITC could not bind to the
demineralized dentin surface and that PAMAM-NH2 had a good
binding capacity to demineralize dentin.

3.2 Antibacterial Activities
A microdilution method was used to assess the antibacterial
activity of PAMAM-NH2. MIC values of PAMAM-NH2 required
to inhibit the visible growth of planktonic bacteria were 562.5,
562.5, and 750 mg/ml for S. mutans, A. naeslundii, and E. faecalis.
MBEC values of PAMAM-NH2 on these three bacteria were 750,
1,125, and 3,500 mg/ml (Table 1). Figure 2 shows the CFU
counts of S. mutans, A. naeslundii, and E. faecalis biofilms after
treatment with deionized water, PAMAM-NH2, or 2% CHX. For
these three bacteria, control dentin blocks (without cavity
cleanser) all had the highest CFU. Dentin blocks treated with
the PAMAM-NH2 and 2% CHX significantly reduced viable
bacteria in the biofilms, compared with dentin blocks without
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 683
cavity cleanser (p < 0.05). No significant difference was found
between the PAMAM-NH2 and the 2% CHX (p > 0.05). These
results showed that PAMAM-NH2 cavity cleanser had inhibitory
effects on bacteria grown on dentin blocks.

Figure 3A shows representative CLSM images of the
distribution of S. mutans, A. naeslundii, and E. faecalis biofilms
stained with live/dead stains. For all S. mutans, A. naeslundii, and
E. faecalis, biofilms grown on control dentin blocks (without
A

B C

FIGURE 1 | The binding capacity of PAMAM-NH2 to demineralized dentin. (A) The ATR-IR spectrum of the demineralized dentin, after conditioning with CHX or
PAMAM-NH2 and after washing with PBS. (B) The CLSM images of the demineralized dentin immobilized with FITC-labeled PAMAM-NH2 or free FITC, after washing
with PBS. (C) Bar graph of relative fluorescence intensity of the two groups. Data are means ± SDs. Data obtained in the three groups (N = 6/group) were analyzed.
For FITC-PAMAM-NH2, columns labeled with the same lowercase letters are not significantly different (p > 0.05). For FITC, columns labeled with different uppercase
letters are significantly different (p < 0.05). ATR-IR, attenuated total reflectance–infrared; PBS, phosphate-buffered saline; CLSM, confocal laser scanning microscopy;
FITC, fluorescein isothiocyanate.
TABLE 1 | MIC and MBEC values of PAMAM-NH2 against Streptococcus
mutans, Actinomyces naeslundii, and Enterococcus faecalis.

Bacteria MIC (mg/ml) MBEC (mg/ml)

S. mutans 562.5 750
A. naeslundii 562.5 1,125
E. faecalis 750 3,500
November 2021 | Volume 11
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cavity cleanser) consisted of primarily live bacteria, with small
amounts of dead bacteria. In contrast, biofilms in the PAMAM-
NH2 and 2% CHX dentin blocks showed primarily dead bacteria
and a higher dead/live bacteria ratio as compared with the
control group (p < 0.05, Figure 3B), which indicates that
PAMAM-NH2- and 2% CHX-pretreated dentin possessed
antimicrobial activity. There was no significant difference in
the antibacterial effect between the PAMAM-NH2 and 2%
CHX groups (p > 0.05, Figure 3B).

3.3 Inhibitory Effect of PAMAM-NH2 on
Matrix Metalloproteinases
The inhibitory effects of different concentrations of PAMAM-
NH2 on soluble MMPs are shown in Figure 4. The relative
percentages of rhMMP-9 inhibitor by the GM6001 (kit inhibitor
control) were 97.02% ± 2.10%. Inhibition of rhMMP-9 by
PAMAM-NH2 at concentrations higher than 4 mg/ml (4 to 16
mg/ml) was comparable with that of the GM6001 group
(inhibitor control) (p > 0.05). The anti-MMP activities of
PAMAM-NH2 at concentrations ranging from 0.5 to 2 mg/ml
were significantly lower than those of the kit inhibitor control
(p < 0.05).

The in situ zymography technique enables screening of the
relative proteolytic activities directly within dentin hybrid layers.
Representative CLSM images of dentin pretreated with deionized
water (control), PAMAM-NH2, and 2% CHX are shown in
Figure 5A. Figure 5B summarizes the relative percentage areas
of hybrid layers in the three groups that showed green fluorescence
after coming in contact with the highly quenched fluorescein-
conjugated gelatin. For the control dentin slabs pretreated with
deionized water, an intense green fluorescence was detected within
the hybrid layers, reaching 88.3% ± 5.2% fluorescence intensity. In
contrast, the HLs in the experimental groups pretreated with 4
mg/ml of PAMAM-NH2 and 2% CHX showed weak green
fluorescence, with an intensity value of 22.6% ± 4.1% and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 784
18.6% ± 4.4%, respectively. These fluorescence values were
significantly lower than those of the control group (p < 0.05).
No significant difference was found between the PAMAM-NH2

group and the 2% CHX group (p > 0.05).

3.4 Assessment of the Impact of
PAMAM-NH2 on Resin–Dentin Bonding
A double-fluorescence technique was employed to evaluate the
permeability of the resin–dentin interface created by the etch-
and-rinse adhesive system under simulated pulpal pressure. The
fluorescence representative images (separate channels; red for
adhesive and green for water) of the permeability of adhesive are
shown in Figure 6A. The adhesive infiltration data that are
expressed as the relative percentage of red adhesive at the site of
the dentinal tubules are presented in Figure 6B. In the control
groups, the red adhesive sufficiently infiltrated into the dentinal
tubules, as suggested by the presenceofdense, branch-like resin tags
at the resin–dentin interface. The relative percentages of the
permeability were 91.2% ± 4.9%. At the bonded interface
pretreated with PAMAM-NH2 or 2% CHX, the shape and depth
of the resin tags were analogous to those groups in the control
groups, reaching 88.5% ± 7.1% and 93.7% ± 5.8% permeability,
respectively. There was no significant difference among these three
groups in adhesive permeability values (p < 0.05).

Tensile bond strength for each cavity cleanser group is shown
in Figure 7. For both commercial adhesives PB and SBP, there
was no significant difference among the control (without cavity
cleanser), PAMAM-NH2, and 2% CHX groups (p > 0.05). Using
PAMAM-NH2 cavity cleanser before adhesive application did
not adversely affect the tensile bond strength of either adhesive.
The two adhesive groups had similar failure mode distribution
(Table 2). Low bond strength values tend to fail within the
adhesive. Failure modes for all test beams exhibited obvious
tendency of mixed failures, with a small distribution of cohesive
failure in resin composite and cohesive failure in dentin.
FIGURE 2 | CFU counts of Streptococcus mutans, Actinomyces naeslundii, or Enterococcus faecalis grown on dentin blocks for the deionized water control and
the two cavity cleansers groups. Values are mean and SDs. Data obtained in the three groups (N = 6/group) were analyzed. For each bacterium strain, columns
labeled with different letters or numbers are significantly different (p < 0.05). CFU, colony-forming unit.
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3.5 Cytotoxicity Assay
The cytotoxicity of PAMAM-NH2 on HDPCs and L929 at
various concentrations from 0.5 to 8 mg/ml was evaluated
using the CCK-8 assay (Figure 8). For both cells HDPCs and
L929, there was no significant difference among the groups with
PAMAM-NH2 at concentrations lower than 4 mg/ml (0.5 to 4
mg/ml) (p > 0.05). Good cell viability in the range of 80%–110%
was observed with PAMAM-NH2 at concentrations lower than
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 885
4 mg/ml (0.5 to 4 mg/ml), which demonstrates that PAMAM-
NH2 has low cytotoxicity at working concentrations.
4 DISCUSSION

CHX is commonly recommended to be used as cavity cleanser in
the clinic. Nevertheless, weak binding affinity for collagen and
A

B

FIGURE 3 | (A) Representative CLSM images of Streptococcus mutans, Actinomyces naeslundii, or Enterococcus faecalis (live, green; dead, red) grown on dentin
blocks after application of deionized water (control), and 4 mg/ml of PAMAM-NH2 or 2% CHX as cavity cleansers. Bars = 20 mm. (B) Bar chart of the dead/live
bacteria ratio of the three groups based on analysis of the live–dead staining profiles of the dentin blocks. Values are means and SDs. Data obtained in the three
groups (N = 6/group) were analyzed. For each bacterium strain, columns labeled with different letters or numbers are significantly different (p < 0.05). CLSM, confocal
laser scanning microscopy
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the leaching-out property make CHX short-lived, thus limiting
its potential clinical applications. Therefore, it is in demand to
develop a new cavity cleanser with long-term antimicrobial and
anti-proteolytic activities.

PAMAM-NH2 dendrimer is categorized as one type of
hyperbranched polymeric macromolecules and has been extensively
investigated as a promising antibacterial agent (Castonguay et al., 2012;
Mintzer et al., 2012). However, the dentinal tubules are filled with fluid.
Intrapulpal pressure enables constant replenishment of intrinsic water
from the pulp chamber to the dentin surface. Therefore, the binding
capacity of PAMAM-NH2 to demineralized dentin is important to fulfill
its long-term antimicrobial and anti-proteolytic effects. In this study,
ATR-FTIR spectroscopy and CLSM of the demineralized dentin, after
being conditionedwith 4mg/ml of PAMAM-NH2or 2%CHXand after
being washed with PBS, respectively, were first performed. From the
present results, characteristic peaks of CHX or PAMAM-NH2 were
clearly observed inATR-FTIR spectra after dentin discswere conditioned
with 2%CHXor PAMAM-NH2 (Figure 1A), indicating that both CHX
and PAMAM-NH2 could bind to the demineralized dentin surface.
However, the characteristic peaks of CHX disappeared in 2% CHX
conditioning dentin surface, after being washed with PBS, demonstrating
that 2% CHX had a weak binding capacity to demineralized dentin
surface. In contrast, PAMAM-NH2-conditioned dentin surface retained
large amounts of PAMAM-NH2 following washing, as suggested by the
presence of the characteristic amide peaks. The results demonstrated that
the binding capacity of PAMAM-NH2 on demineralized dentin surface
was much stronger than that of 2% CHX, and the binding was strong
enough to resist PBS washing. These results were also confirmed by
CLSM. CLSM images (Figure 1B) showed that the yellow-green
fluorescence was visible all over the surface of the FITC-labeled
PAMAM-NH2 sample with an intensity value of 89.6% ± 3.5%
(Figure 1C), while little fluorescence observed on the free FITC
sample reaching 26.8% ± 5.7% fluorescence intensity after PBS
washing. Thus, PAMAM-NH2 is considered to have a better binding
capacity to demineralized dentin, as it can resist PBSwashing. The results
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 986
were consistent with a previous study, which also showed that PAMAM-
NH2 had a good binding capacity to the demineralized dentin (Liang
et al., 2015). The stronger binding capacity of PAMAM-NH2 over 2%
CHX is likely attributed to its great number of functional groups. The
external amine groups are positively charged groups, and the internal
amide groups are negatively charged groups. These charged groups may
help the molecule to bind to the collagen fibrils via electrostatic
interactions (Liang et al., 2015). Thus, the first and third hypotheses
FIGURE 4 | Inhibitory effect of PAMAM-NH2 concentration on soluble
rhMMP-9. Data are means ± SDs. Data obtained in the three groups (N = 6/
group) were analyzed. Columns identified with the different lowercase letters
are significantly different (p < 0.05).
A

B

FIGURE 5 | (A) Representative CLSM images of in situ zymography
performed in resin–dentin interfaces pretreated with the deionized water
control, 4 mg/ml PAMAM-NH2 cavity cleanser, or the 2% CHX cavity cleanser
prior to adhesive application. Bars = 5 mm. A, adhesive layer; HL, hybrid layer;
D, dentin. Green channel: fluorescence derived from dequenched fluorescein
released after breaking down of the highly quenched fluorescein-conjugated
extrinsic gelatin source into smaller peptides. DIC, differential interference
contrast image of the resin–dentin interface. (B) Quantified in situ zymography
data depicting the percentage of hybrid layers that exhibit activity against
extrinsic fluorescein-conjugated gelatin in the deionized water control, 4 mg/ml of
PAMAM-NH2 cavity cleanser, or the 2% CHX cavity cleanser. Data are means ±
SDs. Data obtained in the three groups (N = 6/group) were analyzed. Columns
labeled with different lowercase letters are significantly different (p < 0.05). CLSM,
confocal laser scanning microscopy.
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that “the PAMAM-NH2 cavity cleanser has long-term inhibitory effects
on bacteria and endogenous dentin proteases” are partially validated by
the binding experiments.

Although PAMAM-NH2 has been extensively investigated as
a promising antibacterial agent (Castonguay et al., 2012; Mintzer
et al., 2012), there are just few reports whether PAMAM-NH2

has inhibitory effects on oral pathogens. S. mutans and A.
naeslundii are cariogenic oral pathogens associated with
secondary caries (Mo et al., 2010), which is described as a
multifactorial infectious disease that is characterized by oral
microbiome dysbiosis with the elevation of cariogenic bacteria
(Tanner et al., 2016). E. faecalis is a common bacterium in filled
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root canals with persistent apical periodontitis (Wang et al.,
2012). Because establishment of coronal seal with composite
resin is frequently performed after placement of root fillings to
prevent reinfection of the obturated canal space, the antibacterial
activity of PAMAM-NH2 on E. faecalis was also evaluated (Guo
et al., 2019). Therefore, these three microbes were chosen to
evaluate the antibacterial properties of PAMAM-NH2 cavity
cleanser. From the results of antibacterial activities, the
antibacterial effect of PAMAM-NH2 was comparable with that
of 2% CHX. Thus, the first hypothesis that “the PAMAM-NH2

cavity cleanser has long-term inhibitory effects on bacteria grown
on dentin blocks” is totally validated. PAMAM-NH2 has a great
number of positive charges on the protonated amino terminal
groups on its exterior, which confers a strong affinity for bacterial
surface with negative charges by electrostatic interactions. Such
initial electrostatic interactions subsequently promote the
disruption of anionic bacterial cell membranes and
peptidoglycan, leading to leakage of cytoplasmic components
and bacteria death (Castonguay et al., 2012; Mintzer et al., 2012;
Gou et al., 2017). Due to its ability to damage bacteria through
non-specific physical mechanisms rather than by targeting
specific molecules (Wang et al., 2010), cationic PAMAM-NH2

dendrimer works against not only non-resistant bacteria but also
currently antibiotic-resistant strains and is less likely to
contribute to the development of bacteria resistance (Xue
et al., 2013).

Dental plaque is a dynamic and complex ecosystem consisting
of multispecies microbial communities. The development of
dental caries is closely associated with imbalance in microbial
equilibrium rather than a single pathogenic species (Filoche
et al., 2010). Changes in the oral environment, such as food
intake or saliva flow, may trigger a shift in dental plaque, in
which acidogenic/aciduric species are selectively enriched at the
expense of those less aciduric commensal residents (Filoche et al.,
2010; Zheng et al., 2015). These changes lead to acid accumulation
A

B

FIGURE 6 | (A) Representative CLSM images illustrating adhesive
permeability of resin–dentin interfaces with simulated pulpal pressure (20 cm
water pressure) in the control, 4 mg/ml of PAMAM-NH2, and 2% CHX
groups. Bars = 10 mm. A, adhesive layer; R, resin tag. Red channel, adhesive
fluorescence; green channel, water containing fluorescent dye. (B) Bar chart
comparing the relative adhesive permeability of the resin–dentin interfaces in
the control, 4 mg/ml of PAMAM-NH2, and 2% CHX groups. Data are means
± SDs. Data obtained in the three groups (N = 6/group) were analyzed.
Columns labeled with letters of the same case are not significantly different
(p > 0.05). CLSM, confocal laser scanning microscopy.
FIGURE 7 | The microtensile bond strength of dentin created with the two
different adhesives pretreated with different cavity cleansers. Data are means
± SDs. Data obtained in the three groups (N = 6/group) were analyzed. For
PB, columns labeled with same lowercase letters are not significantly different
(p > 0.05). For SBP, columns labeled with same uppercase letters are not
significantly different (p > 0.05).
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and subsequent pH declination, thus producing dental plaque with
a more cariogenic composition. Several clinical studies confirmed
that the diversity of the microbiota in carious lesions could be
decreased by the establishment and dominance of acidogenic/
aciduric species (Costalonga and Herzberg, 2014; Kianoush et al.,
2014), and a higher proportion of S. mutans has been observed in
lesion spots (Ge et al., 2008). In our study, with the stress from the
PAMAM-NH2 cavity cleanser, the enriched acidogenic/aciduric
species (e.g., S. mutans andA. naeslundii) were obviously inhibited
and appeared to lose their dominant position, which has a potential
effect in maintaining a healthy oral microbial equilibrium. Further
biofilm composition studies and possible mechanism studies are
required to support the potential biofilm species modulation of the
presently developed bioactive PAMAM-NH2 cavity cleaner.

The hybrid layer remains the weakest link within the bonded
interface due to its degradation via endogenous dentin proteases.
They become exposed and activated during the acid-etching and
adhesive placement steps of contemporary bonding procedures,
which contributes to the degradation of exposed collagen fibrils
within the hybrid layers. Therefore, our present study also aimed
to explore whether PAMAM-NH2 can inhibit endogenous MMP
in the dentin matrix. Soluble rhMMP-9 was employed for
examining the potential inhibitory effect of PAMAM-NH2 by
Sensolyte assay kits. The results of the quantitative assay
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1188
demonstrated that the extent of rhMMP-9 inhibition was
proportional to PAMAM-NH2 concentrations. The anti-MMP-
9 activities of PAMAM-NH2 at concentrations higher than 4 mg/
ml (4 to 16 mg/ml) were comparable with those of the GM6001
control group (p > 0.05). Hence, the second hypothesis that “the
PAMAM-NH2 cavity cleanser has inhibitory effects on soluble
MMP-9 activities” is validated. However, this experiment
confirmed that PAMAM-NH2 has inhibitory effects on
exogenous rhMMP-9. Its effect on endogenous MMP-9
embedded within collagen matrix should also be investigated.
In the present study, in situ zymography was employed to detect
the proteolytic activity of the endogenous MMP-9 directly within
dentin hybrid layers (Frederiks and Mook, 2004; Gou et al.,
2018b). According to the concentrations of PAMAM-NH2 tested
from antibacterial activities and inhibitory effects on exogenous
rhMMP-9, the concentration of 4 mg/ml of PAMAM-NH2 was
used for the following experiments. For the control groups,
extensive green fluorescence was detected within the hybrid
layers, indicating strong gelatinolytic activity. In contrast,
dentin slabs pretreated with 4 mg/ml of PAMAM-NH2

exhibited weak gelatinolytic activity within the hybrid layers
after incubation for 48 h, which is significantly lower than that of
the control group. Thus, the third hypothesis that “the PAMAM-
NH2 cavity cleanser has long-term inhibitory effects on
endogenous dentin proteases” is totally validated.

Although the functional mechanism of inhibitory effects of
PAMAM-NH2 on dentin proteases is still not clear, several
factors may have contributed to the inhibitory effect. The catalytic
domains of MMPs contain cysteine-rich sites, including negatively
charged glutamic acid residues (Tezvergil-Mutluay et al., 2011).
PAMAM-NH2may bind electrostatically to the negatively charged
glutamic acid residues with a great number of positive charges on
the protonated amino groups on its exterior. This non-specific
binding can change the configuration of the catalytic site of the
MMPs by electrostatic interaction with the negatively charged
glutamic acid residues, sterically blocking the active site and
inhibiting the activation of MMPs. Additionally, amine-
terminated dendritic polymers were reported as a multifunctional
chelating agent for heavymetal ion removals (Mohseni et al., 2019).
Accordingly, we surmise that the inhibitory effect of PAMAM-NH2

on MMPs is potentially related to its potency of chelation on Zn2+

and Ca2+. MMPs are a family of Zn- and Ca-dependent enzymes
(Zitka et al., 2010). PAMAM-NH2 may chelate Zn2+ or Ca2+ that
can be bound to the Zn2+- and Ca2+-active sites of the catalytic
domain of MMPs (Wu et al., 2019), which is also conductive to
inhibiting MMP activities.
TABLE 2 | Percentage distribution of failure modes (A: adhesive failure; M: mixed failure; CC: cohesive failure in resin composite; CD: cohesive failure in dentin).

Failure mode Prime & Bond NTTM AdperTM Single Bond Plus

Control PAMAM-NH2 CHX Control PAMAM-NH2 CHX

A 10 11 8 11 14 7
M 42 39 40 41 39 45
CD 3 5 8 1 1 3
CC 5 5 4 7 6 5
Total 60 60 60 60 60 60
November
 2021 | Volume 11 | Article 78
FIGURE 8 | Cytotoxicity assay of PAMAM-NH2 to HDPCs and L929 at
different concentrations by CCK-8 assay. Data are means ± SDs. Data
obtained in the three groups (N = 6/group) were analyzed. For HDPCs,
columns labeled with same lowercase letters are not significantly different (p >
0.05). For L929, columns labeled with same uppercase letters are not
significantly different (p > 0.05). HDPCs, human dental pulp cells.
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Adhesive infiltration into the dentinal tubules is paramount
for preserving the integrity of resin–dentin bonding. To evaluate
the effect of PAMAM-NH2 on the adhesive permeation and
morphology of the resin–dentin interface, the bonded dentin
interface was observed by a double-fluorescence CLSM
technique. From the present results, the resin tag shared a
morphological similarity in both experimental and control
groups. The quantitative analysis of permeability also
demonstrated that PAMAM-NH2 as a cavity cleanser did not
decrease the infiltration of adhesive monomers.

The dentin tensile bond strengths were also performed to
evaluate whether the application of PAMAM-NH2 adversely
affects the tensile bond strength of commercial adhesive. The
results showed that pretreatment of dentin surface with
PAMAM-NH2 or 2% CHX had no adverse effect on the dentin
bond strength. Thus, the fourth hypothesis that “treatment of
dentin surface with PAMAM-NH2 cavity cleanser does not
adversely affect dentin bond strength” is validated.

In our study, the relative cell viability in the range of 80%–
110% was observed with PAMAM-NH2 at concentrations equal
to or lower than 4 mg/ml (0.5 to 4 mg/ml), which is considered
non-cytotoxic (Zou et al., 2011; International Organization for
Standardization, 2009) and has potential clinical application at
working concentration.
5 CONCLUSION

Within the limitationsof thepresent study, itmaybeconcluded that
PAMAM-NH2 cavity cleanser developed in this study could
provide simultaneous long-term antimicrobial and anti-
proteolytic activities for eliminating secondary caries that results
from a dysbiosis in the oral microbiome and preventing hybrid
layers from degradation due to its good binding capacity to dentin
collagen matrix, which are crucial for the maintenance of resin–
dentin bond durability. Although the price of the commercially
available cavity cleaner–2%CHXmay be slightly lower than that of
PAMAM-NH2, long-term antibacterial and anti-proteolytic
activities may give PAMAM-NH2 an advantage over CHX.
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Reports on alterations in the oral mycobiome of HIV-infected patients are still limited. This
study was designed to compare the salivary mycobiome between 30 human
immunodeficiency virus (HIV) infections and 30 healthy controls and explore the effect
of antiretroviral therapy (ART) administration on the oral mycobiome of HIV infections.
Results showed that the diversity and richness of salivary mycobiome in HIV-infected
individuals were higher than those of controls (P < 0.05). After ART, the diversity and
richness of salivary mycobiome in HIV-infected patients were reduced significantly (P <
0.05). Candida, Mortierella, Malassezia, Simplicillium, and Penicillium were significantly
enriched in the HIV group and dramatically decreased after ART. While the relative
abundance of Verticillium, Issatchenkia, and Alternaria significantly increased in patients
with HIV after ART. Correlation analysis revealed thatMortierella,Malassezia, Simplicillium,
and Chaetomium were positively correlated with viral load (VL), whereas Thyrostroma and
Archaeorhizomyces were negatively related to VL and positively related to CD4+ T-cell
counts. All results showed that HIV infection and ART administration affected the
composition of salivary mycobiome communities. Furthermore, differences of salivary
mycobiome in HIV infections after ART were complex and might mirror the immune state
of the body.

Keywords: saliva, salivary mycobiome, human immunodeficiency virus, antiretroviral therapy, high-
throughput sequencing
INTRODUCTION

Human immunodeficiency virus (HIV) infection likely results in a progressive decrease in the
number and function of CD4+ T lymphocytes; consequently, patients are susceptible to various
opportunistic infections (Cohen et al., 2011). A high prevalence of HIV infection has been reported.
There were approximately 37.6 million people living with HIV in the world at the end of 2020 and
1.5 million new infections in 2020 (Poole et al., 2013). Opportunistic infections are common among
HIV-infected patients even in the era of antiretroviral therapy (ART) (Leigh et al., 2004; Aberg and
Powderly, 2010). Candidiasis, pneumocystis pneumonia, and cryptococcal infections are frequently
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reported (Patil et al., 2018). Among them, oral candidiasis is the
most common oral infection and could be detected in the early
stage of HIV infection. Moreover, the risk of suffering from oral
candidiasis by HIV-infected individuals, even those who have
higher CD4+ T-cell counts, is higher than that by uninfected
subjects (Owotade et al., 2008; Thompson et al., 2010; Hu et al.,
2018); this finding can serve as a guidance for dentists to find a
suspicious HIV infection (Armstrong-James et al., 2014). Oral
candidiasis may also spread outside the mouth, causing candida
infections in the esophagus or stomach (Hugh, 2014). Evidence
has shown that similar mold and fungal communities are found
in the respiratory tract, gastrointestinal tract, and mouth of HIV-
infected individuals (Lijia et al., 2015; HC and GM, 2018). These
findings suggested that the salivary mycobiome may play an
important role in infectious diseases.

Saliva is a type of body fluid, which is nearly 50% similar to
the blood, easy to collect and store (Pfaffe et al., 2011). Saliva
contains human oral microorganisms, as well as DNA, RNA,
proteins, and other parts, which makes it a good sample to
provide information for clinical diagnosis (Zhang et al., 2016) in
oral cancer (Park et al., 2009; Vidotto et al., 2010), diabetes
mellitus (Abdolsamadi et al., 2014), cardiovascular disease
(Zheng et al., 2014), and viral infections (Nefzi et al., 2015).
Though there is a very diverse environment in saliva, the
diversity of salivary microbiome is similar between individuals
in short- and long-term longitudinal studies (Cameron et al.,
2015; Belstrom et al., 2016; Wang et al., 2020).

In recent years, increasing studies have focused on the
interaction between HIV infection and microorganisms. With
the development of high-throughput sequencing technology,
accumulating results have revealed significant alterations in the
microbiome of the gastrointestinal tract (Ling et al., 2016),
vagina (Cohen, 2016), lung (Twigg et al., 2017), and mouth
(Kistler et al., 2015) in HIV-infected patients. Studies on the
characteristics of the oral microbiome have also been widely
performed, but most studies have focused on changes in oral
bacteria. Besides, most of these studies are cross-sectional studies
(Hegde et al., 2014; Li et al., 2014; Mukherjee et al., 2014; Beck
et al., 2015; Kistler et al., 2015; Noguera-Julian et al., 2017), and
only a few studies have investigated longitudinal variation in oral
bacteria after ART administration (Navazesh et al., 2005; Li et al.,
2014; Presti et al., 2018). Reports on alterations in the oral
mycobiome of HIV-infected patients are still limited, and
longitudinal variations are few.

In this study, next-generation sequencing (NGS) was
conducted to analyze the characteristics of the salivary
mycobiome in HIV-infected individuals and to further explore
the variation in the salivary microbiome of HIV-infected patients
after 6 months of ART administration.
METHODS

Subject Recruitment
Newly HIV-infected patients were recruited from Wuhan
Medical Treatment Center, China, and HIV-uninfected
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 292
subjects were enrolled from the Wuhan University, China (this
study was approved by the ethics committee of the School &
Hospital of Stomatology, Wuhan University). HIV-infected
participants were followed up for 6 months during
ART administrations.

The inclusion criteria were as follows: 1) individuals were
diagnosed with HIV in the past 1 year, without receiving
antiretroviral therapy, or individuals were age- and gender-
paired HIV-uninfected subjects; 2) participants aged over 18
years and under 60 years; 3) subjects who could cooperate and
sign the informed consent forms.

The exclusion criteria were as follows: 1) subjects were
diagnosed with HIV more than 1 year or with HIV in the past
1 year but received ART; 2) obvious clinical oral symptoms,
including caries, periodontal disease, mucous disease, and oral
surgical disease; 3) history of dental treatments in the past 6
months; 4) receiving antibiotics, immunomodulators, and
probiotic treatments in the past 3 months; 5) history of
infectious diseases, such as hepatitis B infection, tuberculosis
infection, Treponema pallidum infection, and so on; 6) history of
systemic diseases, such as diabetes, hypertension, and cancer; 7)
history of inherited metabolic diseases and autoimmune diseases.

Sample Collection
Subjects were instructed not to eat or drink within 1 h before
sample collection. At rest, approximately 2 ml non-stimulated
saliva was collected by using a 5-ml saliva collector
(DNAgard®Saliva, Boykyo Pharmaceutical Co. Ltd., Tokyo,
Japan). Then, 1.5 ml of preservation solution was added to
saliva, and they were mixed upside down for 5 s. All samples
were shipped to the laboratory on dry ice and stored in a
refrigerator at -80°C for further use.

Genomic DNA Isolation and
PCR Amplification
The EZNATM Mag-Bind Soil DNA Kit (OMEGA M5635-02,
Norcross, GA, USA) was used to extract DNA, and Illumina nest
PCR was performed to amplify the full-length Internal
Transcribed Spacer (ITS) gene. The first cycling conditions
were as follows: initial denaturation at 94°C for 3 min, five
cycles of denaturation at 94°C for 30 s, annealing at 45°C for 1
min, elongation at 65°C for 30 s, 20 cycles of denaturation at
94°C for 20 s, annealing at 55°C for 20 s, elongation at 72°C for
30 s, and a final extension step at 72°C for 5 min. Then, 20 ng of
the PCR products of each sample were used for the second PCR
amplification with specific primers (ITSF: CTTGGTCA
TTTAGAGGAAGTAA and ITS2R: GCTGCGTTCTTCAT
CGATGC). The second cycling conditions were as follows:
initial denaturation at 94°C for 3 min, five cycles of
denaturation at 94°C for 20 s, annealing at 55°C for 20 s,
elongation at 72°C for 30 s, and a final extension step at 72°C
for 5 min. The PCR products of the second amplification were
purified using Agencourt AMPure XP (Transgen, EC401-03,
Beckman Coulter, Brea, CA, USA) and then were accurately
quantified with a Qubit 3.0 DNA detection kit (Life Q10210,
Carlsbad, CA, USA). Lastly, 20 pmol of PCR products in the
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second amplification of each sample were used to sequence in
Miseq2000 sequencing platform.

Internal Transcribed Spacer rRNA Gene
Sequence Analysis
The raw sequences obtained from this study were deposited into
the NCBI Sequence Read Archive under the accession
number PRJNA626395.

A total of 84 non-stimulated saliva samples were analyzed in
this study. Prinseq (Schmieder and Edwards, 2011) was used to
remove the bases with the read tail values less than 20 in each
sample and cut out the N-containing sequences in reads. Then,
short sequences were removed on the basis of the length
threshold of 100 bp. After quality control (QC), 5,021,621
reads were obtained. The mean number of raw sequences was
59,781 (range: 35,983–78,391). The average sequence length was
240 bp. Filtered reads were processed with usearch (v.10.0)
(Edgar and Flyvbjerg, 2015) in rstudio (v1.1.463) (Loraine
et al., 2015). Unoise 3 (Edgar, 2018) was selected as the
algorithm to remove the error results of PCR and sequencing
and obtain zero-radius operational taxonomic units (zOTUs).
Then, zOTUs were aligned to a reference database of known
UNITE (Nilsson et al., 2015) for further analysis.

Statistical Analysis
Chao1 and Shannon index were used to evaluate the richness and
diversity of the salivary mycobiome in the three groups with the
one-way analysis of variance (one-way ANOVA), and Tukey-
Honestly significant difference (HSD) was used for pairwise
comparisons between two groups. These results were visualized
by using R vegan package (Oksanen J et al.). P < 0.05 was
considered statistically different. The Bray–Curtis distance was
selected to perform principal coordinates analysis (PCoA), and
Adonis was used to assess the difference in shared diversity
among the three groups. Besides, analysis of similarities
(ANOSIM) was performed to test whether the difference
between groups is significantly greater than the difference in
the group. One-way ANOVA and Tukey-HSD were used to
compare differential abundance taxa between groups. Linear
discriminant analysis (LDA) effect size (LEfSe; http://
huttenhower.sph.harvard.edu/galaxy/) was performed to
explore the fungal biomarker in each group (LDA >2). All the
samples in the three groups were fed into a random forest model
to determine the contribution of the salivary mycobiome in
classifying the groups. Correlative analysis with Spearman’s
correlation coefficient was performed to analyze the
relationship between the salivary mycobiome and CD4+ T-cell
counts and viral load (VL) (Xiao et al., 2016).
RESULTS

Subject Characteristics
Thirty newly HIV-infected men and 30 HIV-uninfected men
were enrolled. In this study, 24 HIV-infected participants were
followed up for 6 months during ART administrations. The
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 393
mean ages in Control and HIV groups were 30.07 (range: 20–45)
and 30.13 (range: 20–45) years, respectively. The mean CD4+ T-
cell count in HIV group was 343.03 cells/µl (range: 20–642 cells/
µl), and the mean VL count was 362,298 copies/ml (range: 867–
8,749,628 copies/ml). After 6 months of ART administrations,
the average of CD4+ T-cell counts in the HIV group increased to
456.92 cells/µl (range: 163–873 cells/µl), and the average VL
count decreased to 121.75 copies/ml. The demographic and
clinical characteristics of the participants are shown in
Supplementary Table 1.

Taxonomy Analysis
After the sequences were normalized sequences, 3,587, 3,333,
and 3,223 zOTUs were obtained in HIV, Control, and ART
groups, respectively (Figure 1A). There were 2,013 zOTUs
detected in HIV and Control group and 1,339 zOTUs detected
in Control and ART group, respectively. Moreover, 1,018 zOTUs
were shared by the three groups. These results indicated that
there were similarities and differences in the composition of
salivary mycobiome among the three groups, but these results
should be further statistically analyzed.

Then, taxonomic assignment was performed, and 11 phyla
and 306 genera were obtained. The core mycobiome was
contributed by five phyla: Ascomycota, Basidiomycota,
Rozellomycota, Mortierellomycota, and Chytridiomycota
(Figure 1B). In our study, Aspergillus and Mortierella could be
detected from all the samples. In addition, there were three other
genera with a detection rate of more than 90%, including
Penicillium (96%), Candida (90%), and Issatchenkia (90%)
(Supplementary Figure 1).

Alpha and Beta Diversity Analysis of the
Salivary Mycobiome
Alpha diversity analysis on the zOTU level revealed that the
diversity and richness of the salivary mycobiome in the HIV
group were higher than those in the Control group (P < 0.05)
(Figure 2A). After ART, the diversity and richness of the salivary
mycobiome decreased significantly (P < 0.05) in HIV-infected
individuals and were similar to those in the HIV-uninfected
individuals (P > 0.05) (Figure 2B).

PCoA and Adonis analysis were performed to further
compare the community composition of the salivary
mycobiome in the three groups. Both results revealed the
differences in the mycobiome community composition among
the groups (Figure 2C). Dramatically, the community
composition of the HIV group was significantly different from
that of the HIV group after 6 months of ART (ART group), but
no differences were observed between the Control and ART
groups (Supplementary Table 2). Consistent with the findings of
alpha diversity analysis, these results suggested that ART did
affect the community composition of the salivary mycobiome.

Comparative Analysis of the Salivary
Mycobiome Among the Three Groups
At the phylum level, the abundance of Basidiomycota,
Mortierellomycota, and Chytridiomycota was significantly higher
December 2021 | Volume 11 | Article 781246
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in the HIV group than that in the Control and ART groups, and
Ascomycotawas more abundant in the ART group than that in the
HIV and Control groups (Supplementary Table 3). A total of 22
genera with a detection rate over 20% and relative abundance over
0.5% in one dominant group were selected to perform a
comparative analysis (Supplementary Table 4). Among them,
the relative abundance of Mortierella, Malassezia, Simplicillium,
Penicillium, and Chaetomium was significantly higher in the HIV
group than that in the other two groups (P < 0.05) (Figure 3A).
Moreover, Candida was more abundant in the HIV group than in
the Control and ART groups, although no statistically significant
differences were observed (Figure 3A). In Figure 3B, the relative
abundance of Verticillium, Issatchenkia, and Alternaria
dramatically decreased in the HIV group compared with that in
the Control group (P < 0.05). Interestingly, the three genera were
significantly enriched again in the HIV-infected subjects after 6
months of ART (HIV group vs. ART group, P < 0.05, Figure 3B;
results of the comparative analysis of 11 other genera are shown in
Supplementary Figure 2). These statistical results were also
supported by the results of LEfSe analysis performed in the
three groups (Figure 3C). These findings showed that
Mortierella, Malassezia, Simplicillium, Penicillium, and
Chaetomium were sensitive to HIV infection, and Verticillium
and Alternaria were sensitive to ART.

Random Forest Analysis
Random forest classification was analyzed to further investigate
the contribution of the salivary mycobiome in classifying HIV
infection and ART administration. It revealed that the most
important salivary mycobiome for categorizing HIV infection
was Mortierella (Figure 4A), and Verticillium was the most
important fungi to categorize ART state (Figure 4B), which
was also in line with the results of the comparative analysis.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 494
Correlation Between the Salivary
Mycobiome and CD4+ T-Cell Counts,
Viral Load
The increased CD4+ T-cell counts and decreased VL counts were
predominant features of immunologic reconstitution in HIV-infected
individuals after ART (Tiba et al., 2012). Correlation analysis by
Spearman’s correlation coefficient was performed to further analyze
the relationship between salivary mycobiome and CD4+ T-cell
counts, VL counts (Figure 5). We found that Mortierella,
Malassezia, and Simplicillium were positively correlated with VL,
and Verticillium, Alternaria, and Issatchenkiaetc were negatively
correlated with VL. Archaeorhizomyces and ThyrostromaIt were
positively correlated with CD4+ T-cell counts and negatively
correlated with VL. It suggested that the community structure of
saliva mycobiome of HIV-infected people had a relationship with
CD4+ T-cell counts and VL in the blood. It suggested that the salivary
mycobiome of HIV-infected people was related to CD4+ T-cell
counts and VL in the blood.
DISCUSSION

Our study reported the differences in the composition of the
salivary mycobiome between patients with HIV and HIV-
uninfected subjects and the effect of 6 months of ART on the
salivary mycobiomes.

Previous oral mycobiome studies mainly relied on traditional
isolation and culture methods (Diaz et al., 2017). However,
studies have shown that less than 1% of microorganisms,
including fungi, can be cultivated under laboratory conditions
(Rappe and Giovannoni, 2003). Therefore, using traditional
isolation and culture methods to study the relationship
A B

FIGURE 1 | Taxonomy analysis of the salivary mycobiome structure among the Control, HIV, and antiretroviral therapy (ART) groups. (A) Venn diagram showed the
number of zero-radius operational taxonomic units (zOTUs) among the three groups. (B) Bar chart described the phylum distribution of the salivary mycobiome
among the three groups.
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between mycobiome and diseases may leave some biases.
Microbial detection methods based on molecular biology
techniques have emerged and expanded our understanding of
oral mycobiome (Chiu and Miller, 2019).

In 2010, Ghannoum et al. (2010) used 454 pyrosequencing to
analyze oral flushing samples from 20 healthy individuals and
found 101 fungal genera, including 11 non-cultivable genera.
Four common pathogenic fungi, including Candida, Aspergillus,
Fusarium, and Cryptococcus were detected in more than 20% of
subjects in this study, and these mycobiomes were also detected
in our study. Apart from these fungi, Malassezia was a common
fungus in the oral mycobiome of healthy subjects in another
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 595
study (Dupuy et al., 2014). This finding was consistent with our
result, too.

Mukherjee et al. (2014) used the 454 pyrosequencing to
compare the oral core fungal flora of 12 HIV-infected patients
and 12 HIV-uninfected individuals and found that the oral core
fungi were different between the two groups (the “core” flora
were microorganisms detected in more than 20% of the subjects).
Interestingly, Candida and Penicillium were common in the two
groups in this study. While Aspergillus and Mortierella were
detected in all the samples in our study. Besides, the frequency of
Candida, Epicoccum, and Alternaria was much higher in the HIV
group than that in the healthy group (Mukherjee et al., 2014), but
A B

C

FIGURE 2 | Alpha and beta diversity analyses of the salivary mycobiome among the three groups. (A) Chao1 index and (B) Shannon index showed the richness
and evenness in the HIV, antiretroviral therapy (ART), and Control groups. (C) Principal coordinates analysis (PCoA) and Adonis analysis revealed the differences in
the salivary mycobiome among the three groups. Blue represented the Control group, red indicated the HIV group, and green denoted the ART group. **P < 0.01;
ns, no significant.
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the relative abundance of Mortierella, Malassezia, and
Penicillium was much higher in the HIV group than that in
the other group in our study. Dramatically, Alternaria was
enriched in the control group in our study. Furthermore, only
two of 22 dominant genera were not significantly different in our
comparison analysis. Some differences were observed between
our study and the research conducted by Mukherjee et al. (2014)
because of the following: 1) the race and age of the included
subjects were different; 2) the sequencing methods were different;
3) the samples were different, that is, mouth wash samples and
non-stimulated whole saliva samples were selected in the two
studies; 4) most of all, the characteristics of the included HIV-
infected subjects were different. HIV-infected patients were
newly infected within 1 past year in our study, and the body’s
immune system might not be severely damaged at this moment;
as such, patients could not easily suffer from secondary infection.
This condition was the main reason why the most common
infecting genus in patients with HIV—Candida—was not more
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 696
enriched in HIV group compared with Control group in
our study.

In addition, we explored the effect of ART on the composition
of the salivary mycobiome and found that the richness and
diversity of salivary mycobiome decreased after ART
administration. Moreover, the composition of the salivary
mycobiome in the ART group was similar to that in the
Control group. Furthermore, Verticillium, Archaeorhizomyces,
and Thyrostroma were negatively correlated with VL and
positively correlated with CD4+ T-cell counts. By comparison,
Saccharomyces was positively correlated with VL and negatively
correlated with CD4+ T-cell counts. These results indicated that
ART administration could affect the composition of the salivary
mycobiome in HIV-infected patients, and some fungi were
sensitive to the changes in CD4+ T-cell counts and VL in
the blood.

Our study had some limitations. First, the saliva samples
collected from the subjects before acquiring HIV were the best
A B

C

FIGURE 3 | Taxon comparative analysis of the salivary mycobiome among the three groups at the genus level. (A, B) Histogram based on the results of Tukey-HSD
showed the significantly different genera among groups. **P < 0.01, *P < 0.05 (mean ± SEM). (C) Linear discriminant analysis effect size (LEfSe) cladogram identified
differently abundant taxa in each group. Red represented the antiretroviral therapy (ART) group-enriched taxa, blue indicated HIV group-enriched taxa, and green
denoted Control group-enriched taxa.
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control. This study was limited by ethics and difficulties in
collecting the samples, so saliva was obtained from HIV-
uninfected subjects as the control. Second, the follow-up
period was cut short because of coronavirus disease 2019
(COVID-19). Third, the sample size was not large enough.
Fourth, many sequences could not be classified and annotated
with the incomplete fungal ribosome database. Fifth, specific
species were not detected because of the difficulties in generating
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 797
similarity thresholds to define species-level operable taxonomic
units. Therefore, more cohort studies with a long follow-up
period and a large sample size should be performed to further
analyze the characteristics of the salivary mycobiome in HIV-
infected subjects. Besides, more research is needed to improve
the fungal ribosome database that should be completed. Standard
methods to explore human fungal microorganisms also need to
be improved.
A B

FIGURE 4 | Random forest analysis. Random forest analysis classification of the ranked importance of the mycobiome for classifying the samples in HIV category
(patients with and without HIV infection) (A) and in the antiretroviral therapy (ART) category (ART or not) (B). OOB, out-of-box error rate.
FIGURE 5 | Correlation analysis between the salivary mycobiome and CD4+ T-cell counts and viral load (VL) in the blood. Diagram showed Spearman’s correlation
coefficient (|rho| >0.3) with the P < 0.05. The significance are shown as flow: *P < 0.05, **P < 0.01, ***P < 0.001.
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CONCLUSIONS

In this study, we found that HIV infection and ART administration
might affect the composition of the salivary mycobiome.
Furthermore, differences in the salivary mycobiome in HIV
infections after ART were complex and might mirror the
immune state of the body. In the future, studies should be
performed on the salivary mycobiome with a large sample size
and long follow-up time.
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The human oral cavity harbors approximately 1,000 microbial species, and dysbiosis of
the microflora and imbalanced microbiota-host interactions drive many oral diseases,
such as dental caries and periodontal disease. Oral microbiota homeostasis is critical for
systemic health. Over the last two decades, bacterial protein phosphorylation systems
have been extensively studied, providing mounting evidence of the pivotal role of tyrosine
and serine/threonine phosphorylation in oral bacterial dysbiosis and bacteria-host
interactions. Ongoing investigations aim to discover novel kinases and phosphatases
and to understand the mechanism by which these phosphorylation events regulate the
pathogenicity of oral bacteria. Here, we summarize the structures of bacterial tyrosine and
serine/threonine kinases and phosphatases and discuss the roles of tyrosine and serine/
threonine phosphorylation systems in Porphyromonas gingivalis and Streptococcus
mutans, emphasizing their involvement in bacterial metabolism and virulence,
community development, and bacteria-host interactions.

Keywords: oral bacteria, kinase, phosphatase, tyrosine phosphorylation, serine phosphorylation, bacterial dysbiosis
INTRODUCTION

The oral microbiome is the second largest and most diverse microbiota in the human body,
encompassing approximately 1,000 species (Lamont et al., 2018). According to the expanded
Human Oral Microbiome Database (eHOMD), the oral bacteria are highly diverse, and account for
the majority of oral microorganisms, composed mainly of six major phyla: Firmicutes,
Bacteroidetes, Proteobacteria, Actinobacteria, Spirochaetes and Fusobacteria (Escapa et al., 2018).
Abbreviations: PTMs, post-translational modifications; M. xanthus, Myxococcus xanthus; S. pneumoniae, Streptococcus
pneumoniae; STKs, eukaryotic serine/threonine kinases; P. gingivalis, Porphyromonas gingivalis; BY kinases, bacterial tyrosine
kinases; UbK, ubiquitous bacterial kinase; S. gordonii, Streptococcus gordonii; B. subtilis, Bacillus subtilis; E. coli, Escherichia
coli; S. mutans, Streptococcus mutans; Tyr kinases, tyrosine kinases; LMW-PTPs, low-molecular-weight protein tyrosine
phosphatases; PTPs, eukaryotic like phosphatases; PHPs, polymerase–histidinol phosphatases;M. tuberculosis,Mycobacterium
tuberculosis; PASTA, penicillin binding proteins and serine/threonine kinase associated; STPs, serine/threonine phosphatases;
PPMs, metal-dependent phosphatases; PPPs, phosphoprotein phosphatases; HAD, haloacid dehalogenase; EPS, extracellular
polysaccharide; NF-kB, nuclear factor-kappa B; S. sanguinis, Streptococcus sanguinis.
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In healthy systems, the polymicrobial communities maintain an
ecological balance via intermicrobial and host microbial
interactions. Dysbiosis, or perturbations in the composition of
commensal communities, is a driver of the host immune
inflammatory response and can disrupt host tissue homeostasis,
promoting oral diseases such as dental caries and periodontitis
(Lamont et al., 2018; Hajishengallis and Lamont, 2021).
Oral bacteria can also directly or indirectly affect a variety
of systemic diseases, such as cardiovascular disease and diabetes
(Hajishengallis and Chavakis, 2021). Although some controversies
remain, several potential mechanisms have been proposed,
including (1) bacteria entering the blood circulation, resulting in
distant dissemination; (2) systemic injury by free toxins of oral
bacteria; (3) stimulation of systemic inflammation by soluble
antigens of oral bacteria; and (4) inducing dysbiosis of gut
microbiota (Hajishengallis and Chavakis, 2021). Notably,
Porphyromonas gingivalis, a keystone pathogen in periodontitis,
expresses a variety of virulence factors (e.g., lipopolysaccharide,
outer membrane vesicles and fimbriae) that facilitate its survival,
spreading and disrupting the immune response (Zhang et al.,
2020). The colonization of P. gingivalis can remodel the
commensal bacterial community, thus promoting the bacterial
dysbiosis and the imbalance of bacteria-host interactions. The
transition from homeostatic balance to dysbiosis and imbalance
plays a central role in oral microbial diseases (Lamont et al., 2018;
Hajishengallis and Lamont, 2021).

Evidence has shown that post-translational modifications
(PTMs) are critical processes used by oral bacteria to modify
proteins and coordinate the signaling networks, and are therefore
involved in the regulation of bacterial communities and bacteria-
host interactions (Whitmore and Lamont, 2012). In fact, protein
phosphorylation is a critical covalent protein modification in
signal transduction pathways. By combining or separating small
molecular phosphates with substrate amino acid residues,
phosphates can be passed along these information pathways,
causing a cascade of signal transduction protein alterations, thus
allowing signal transmission (Low et al., 2021). This process is
modulated by two families of enzymes: kinases and phosphatases
(Hardie, 1990). Protein kinases and their cognate phosphatases
play extensive roles in many basic physiological processes in
bacteria, including signal transduction, growth control and
malignant transformation, as well as in regulating bacterial
pathogenicity and antibiotic resistance (Kyriakis, 2014; Shaban
et al., 2020; Shamma et al., 2021). Many studies have emphasized
protein phosphorylation which occurs in prokaryotes (Bonne
Kohler et al., 2020). Phosphorylation of tyrosine and serine/
threonine residues is the most prevalent PTM.

Pioneering investigations of the tyrosine and serine/threonine
phosphorylation in bacteria began in the 1970s (Wang and
Koshland, 1978; Manai and Cozzone, 1979). In the early 1990s,
the first protein kinase PknL was discovered in Myxococcus
xanthus. This enzyme shares a structural similarity with
eukaryotic serine/threonine kinases (STKs) and is required for
the normal development of M. xanthus (Muñoz-Dorado et al.,
1991). Later, the first bacterial phosphatase was discovered by G
A Nimmo et al. who reported that isocitrate dehydrogenase
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2101
(IDH) is regulated by phosphorylation in Escherichia coli
(Nimmo et al., 1984; Nimmo and Nimmo, 1984). Phosphorylation
systems modify bacterial proteomes, imparting cells with rapid and
reversible responses to specific environmental stimuli (Janczarek
et al., 2018). Evidence has indicated a close association between
phosphorylation and bacterial pathogenesis. For instance,
Mycobacterium tuberculosis can secrete the eukaryotic serine-
threonine protein kinase PknG into host macrophages by
blocking the transition of Rab7l1-GDP to Rab7l1-GTP in a
kinase activity-dependent process, thus realizing its pathogenic
potential by facilitating bacterial survival inside human
macrophages (Shimizu et al., 1997; Pradhan et al., 2018). PtpA,
a tyrosine phosphatase secreted by Mycobacterium, can also
inhibit the fusion of phagosomes and lysosomes, which helps
pathogens to evade host immune mechanisms (Jaiswal et al.,
2019). Further evidence has been derived from Streptococcus
pneumoniae. The tyrosine phosphatase PhpP regulates proteins
phosphorylation by direct dephosphorylation of target protein and
dephosphorylation of its homologous kinase StkP, thus
coordinating cell wall synthesis and division of S. pneumoniae
(Sasková et al., 2007; Osaki et al., 2009). The PhpP mutant of S.
pneumoniae displayed insufficient cell elongation and increased
sensitivity at high temperature and oxidative stress, as well as
decreased genetic transformation ability (Ulrych et al., 2016).

Bacterial protein kinases and phosphatases are closely
interconnected, regulating phosphate transmission and covalent
modifications, and contributing to bacterial pathogenesis.
However, the reciprocal relationships between oral bacterial
protein tyrosine and serine/threonine phosphorylation and
pathogenesis remain to be elucidated. This review focuses on
two well-known oral pathogens, Streptococcus mutans and
P. gingivalis, aiming to summarize the present knowledge of the
structural and functional aspects of kinases and phosphatases in
oral bacteria, with emphasis on the role of tyrosine and serine/
threonine phosphorylation in oral bacterial dysbiosis and oral
bacteria-host interactions.
THE STRUCTURE OF BACTERIAL
TYROSINE AND SERINE/THREONINE
KINASES AND PHOSPHATASES

When bacteria perceive external stimulation, kinases undergo
autophosphorylation and catalyze the phosphorylation, i.e. the
transfer of the g-phosphate group from nucleoside triphosphates,
usually adenosine triphosphate (ATP) to other proteins (Pereira
et al., 2011). Bacterial phosphatases remove the covalently
linked phosphate group from the phosphorylated protein
(phosphoprotein) by hydrolysis (dephosphorylation), thereby
maintaining the stability of the physiological environment.
Kinases and phosphatases act as switches to regulate specific
signal transduction pathways (Huse and Kuriyan, 2002). In
bacteria, protein kinases can be classified into five types:
histidine kinases (His kinases), tyrosine kinases (Tyr kinases),
arginine kinases (Arg kinases), Hanks-type Ser/Thr kinases
January 2022 | Volume 11 | Article 814659
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(STKs) (commonly known as eukaryotic-like STKs), and atypical
serine kinases (Janczarek et al., 2018). Among them, Tyr kinases
and STKs can phosphorylate various proteins and regulate
bacterial physiology (Mijakovic et al., 2016). Compared to
kinases, fewer bacterial phosphatases have been discovered and
biochemically characterized. The protein phosphatase family in
bacteria can be divided into four categories: phosphoprotein
phosphatases (PPPs), metal-dependent phosphatases (PPMs)
acting on serine/threonine residues, low-molecular-weight
protein tyrosine phosphatases (LMW-PTPs), and Asp-based
phosphatases (Wright and Ulijasz, 2014; Esser et al., 2016).
Tyrosine Kinases
Protein phosphorylation on tyrosine residues is catalyzed by
autophosphorylating ATP-dependent tyrosine kinases that
exhibit structural and functional features similar to those of
their eukaryotic counterparts. Most enzymes discovered in
bacteria with tyrosine kinase activity discovered in bacterial are
bacterial tyrosine kinases (BY kinases). The structure of BY
kinases has been comprehensively reviewed (Whitmore and
Lamont, 2012). In brief, BY kinases have a transmembrane
domain and an intracellular catalytic domain (Doublet et al.,
2002). The transmembrane domain interacts with other proteins
through the outer membrane and affects the cellular function of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3102
tyrosine kinase, which is critical for triggering kinase activity
(Collins et al., 2006). The conservative ExxRxxR motif, canonical
Walker A motif (GxxxxGK[S/T]), Walker B motif ([ilvfm](3)
DxDxR), and a tyrosine-rich cluster (Y cluster) at the C-terminal
sites are common features of the BY-kinase family (Grangeasse
et al., 2007). Some BY kinases have an additional Walker A’motif
[(ILVFM(3)DxxP)] (Figure 1). BY kinases autophosphorylate in
the Y clusters to facilitate their interaction with other proteins.
The steps of signal transduction in BY-kinases are similar to
those in the eukaryotic signal transduction cascade. For instance,
the Tyr (569) residue of Wzc, a BY kinase of Escherichia coli K12,
can autophosphorylate, resulting in an increased protein kinase
activity (Grangeasse et al., 2002).The phosphorylation level in
the tyrosine-rich cluster may affect the intensity of the
interaction between BY-kinase and other proteins (Collins
et al., 2006). Ptk1, which is the first discovered BY kinase in P.
gingivalis, contains ExxRxxR, Walker A, Walker A’, Walker B
motifs, and a C-terminal Y cluster (Wright et al., 2014)
(Figures 1, 2). All of these domains are required for kinase
autophosphorylation and substrate phosphorylation activity.
And Ptk1 is highly homologous to Wzc Escherichia coli
(Figure 3). Moreover, the functional phosphor-transfer is
indispensable for Ptk1-mediated control of P. Porphyromonas
gingivalis-Streptococcus gordonii community formation and
extracellular polysaccharide biosynthesis (Liu et al., 2017). The
FIGURE 1 | The active motif of BY kinase. Conservative ExxRxxR motif, canonical Walker A motif (GxxxxGK[S/T]), Walker B motif ([ilvfm](3)DxDxR), and a tyrosine-
rich cluster (Y cluster) at the C-terminal sites are common features of the BY kinase from 19 bacteria.
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ubiquitous bacterial kinase (UbK) family is a newly discovered
tyrosine kinase family in oral bacteria. The UbK family was
originally classified as an unknown but essential P-loop ATPase
(Karst et al., 2009). A recent study revealed that the UbK family
members can auto-phosphorylate and phosphorylate protein
substrates on S/T and Y residues, which classifies them as
dual-specific kinases (Nguyen et al., 2017). Structurally, UbK
contains a conserved domain: the Walker A motif, HxDxYR,
SPT/S and EW motifs. Ubk1 is a UbK family member in P.
gingivalis that can autophosphorylate on the tyrosine and serine
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4103
residues within the HxDxYR and SPT/S domains, respectively
(Perpich et al., 2021).

Tyrosine Phosphatase
There are three categories of protein tyrosine phosphatases:
eukaryotic like phosphatases (PTPs) and dual-specific
phosphatases; low molecular weight protein tyrosine
phosphatases (LMW-PTPs), and the less common polymerase–
histidinol phosphatases (PHPs), which are often found in gram-
positive bacteria (Whitmore and Lamont, 2012). Some LMW-
A B

D

E F

C

FIGURE 2 | Different structures among kinases and phosphatase in Streptococcus mutants and Porphyromonas gingivalis. (A) PppL, S. mutants PPM family protein
phosphatase; (B) PknB, S. mutants serine/threonine protein kinase; (C) Ptk1, P. gingivalis tyrosine kinase; (D) Ltp1, P. gingivalis low molecular weight protein-
tyrosine phosphatase; (E) Php1, P. gingivalis PHP family tyrosine phosphatase (F) SerB, P. gingivalis Serine/threonine protein phosphatase. The structures were
predicted by PHYRE2 Protein Fold Recognition Server.
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PTPs are similar to eukaryotic low molecular weight peptide, and
the other part has typical characteristics of prokaryotic LMW-
PTPs, such as Wzb in E. coli (Lescop et al., 2006). Eukaryotic and
prokaryotic LMW-PTPs diverged during the evolution process.
For example, there are two tyrosine phosphatases (PtpA and
PtpB) in both Staphylococcus aureus and Bacillus subtilis (Soulat
et al., 2002; Xu et al., 2006). PTPs, dual-specific phosphatases and
LMW-PTPs utilize a common catalytic mechanism that contains
the conserved signature C(x)5R motif, where cysteine and
arginine residues are important for the catalytic activity.
Functioning as a nucleophile, cysteine attacks the phosphorus
atom of the phosphor-tyrosine residue of the substrate, while the
arginine residue interacts with the phosphate moiety of the
phosphor-tyrosine (Tiganis, 2002). This motif is flanked by an
important aspartic acid residue, whose position varies among the
families. Unlike the other members in PTPs, PHPs are divalent
metal ion-dependent phosphor-tyrosine phosphatases, whose
catalytic mechanism is metal-dependent (Kim et al., 2011;
Standish and Morona, 2014). PHPs show optimal activity at
basic pH and depend on the presence of a metal ion, especially
when combined with Mn2+ (Mijakovic et al., 2005). This
mechanism also requires an arginine residue in the active site
and a nucleophilic attack by metal-bound water, even if it is
dependent on metal ions (Hagelueken et al., 2009). Recently, a
tyrosine phosphatase (Php1) belonging to the PHP family of
P. gingivalis was reported by Jung et al. (2019). Php1 maintains
all the invariant histidine, aspartate, and arginine residues in four
conserved motifs, similar to other bacterial PHP-PTP proteins,
such as in M. xanthus and S. pneumoniae, and shows high
structural conservation with YwqE, a PHP-PTP in B. subtilis
(Jung et al., 2019).

Serine/Threonine Kinases
The first structurally characterized bacterial serine/threonine
kinase was PknB in M. tuberculosis, which revealed a striking
similarity of a two-lobe structure to the eukaryotic versions in
terms of its two-lobe structure (Ortiz-Lombardıá et al., 2003).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5104
The two-lobe structure of serine/threonine kinase contains an
N-terminal lobe, which is involved in the binding and
orientation of an ATP molecule, whereas the C-terminal lobe is
responsible for binding to the protein substrate and transferring of
the phosphate group. ATP binds to a deep cleft between the two
lobes. These similarities suggest that bacterial and eukaryotic STKs
share conserved ATP-binding and hydrolysis mechanisms
(Janczarek et al., 2018). Additional domains mediate the binding
of ligands and/or protein-protein interactions, such as penicillin-
binding proteins and serine/threonine kinase associated (PASTA)
domains (Krupa and Srinivasan, 2005). A study analyzing B.
subtilis revealed an interaction between PASTA motifs and
peptidoglycan, the ligand of the STK receptor (Shah et al., 2008).
Several in vitro studies have also demonstrated that PASTAmotifs
are able to bind b-lactams and peptidoglycan fragments, making
STK as a cell membrane receptor that transmits information from
the cell wall state to the phosphorylation target (Maestro et al., 2011;
Mir et al., 2011). Importantly, STKswithPASTAmotifs play amajor
role in the regulation of bacterial cell division and morphogenesis
(Pereira et al., 2011). The activation of STKs is thought to be
initiated by the binding of these neuropeptide ligands, resulting in
dimerization and subsequent autophosphorylation of the
cytoplasmic N-terminal kinase domain. This leads to the
phosphorylation of downstream target proteins and eventually
results in the modulation of transcriptional activity. This
process has been confirmed in a study of Mycobacterium
tuberculosis and Staphylococcus aureus (Barthe et al., 2010;
Ohlsen and Donat, 2010). A topological analysis predicted PknB,
the serine/threonine protein kinase of S. mutans, as a
transmembrane protein with a catalytic domain in the cytoplasm
and a C-terminal domain located extracellularly (Figure 2). Three
PASTAdomains are located at theC terminus (Hussain et al., 2006).

Serine/Threonine Phosphatases
The serine/threonine phosphatase system has long been
considered as an exclusive PTM in eukaryotes for a long time
(Bakal and Davies, 2000), and the first reported bacterial example
FIGURE 3 | Phylogenetic tree analysis of bacterial tyrosine kinase. Phylogenetic tree analysis of 19 bacterial BY kinases by the RAxML maximum likelihood method
and visualization of the results with iTOL v6.
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was the E. coli tricarboxylic acid cycle enzyme isocitrate
dehydrogenase (IDH) (Garnak and Reeves, 1979). Most
enzymes with serine/threonine phosphatase (STP) activity are
members of two structurally different families, PPMs and PPPs.
A large number of identified and biochemically characterized
STPs belong to the PPM family (Shi et al., 1998; Kennelly, 2002).
They share a common catalytic domain consisting of 9-11
signature sequence motifs containing eight conserved amino
acid residues and eight invariant residues (one Asp in motifs 1
and 2, Thr in motif 4, Gly in motifs 5 and 6, Asp and Gly in motif
8, and Asp in motif 11) (Kennelly, 2002; Zhang et al., 2004;
Zhang and Shi, 2004). The phosphatase activity of STPs in the
PPM family is dependent on mental status (Kamada et al., 2020).
The conserved STP structure is highly parallel to the human
PP2C phosphatase. The active site was surrounded by a central
b-sandwich, with a pair of a-helices in the flank, and a binuclear
metal center is located within the channel of the b-sandwich, and
two metal ions located at the base of the cleft (Shi, 2009; Pereira
et al., 2011). There are some key differences between the
structure of STPs and the human PP2C family, such as Mn2+

and Mg2+; a structural analysis revealed that bacterial enzymes
have a third metal ion bound within the catalytic core (Pullen
et al., 2004; Bellinzoni et al., 2007; Schlicker et al., 2008). Another
difference is the lack of his62 residue in the bacterial structure,
which has been shown to function as an acid that splits the
phosphate oxygen bond in human PP2C (Das et al., 1996). The
most remarkable structural difference corresponds to the flap
subdomain. In bacteria, this region is located further away from
the active site. As a mobile element, it may facilitate binding and
turnover of the substrates, and introduce the specificity to the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6105
dephosphorylation of the substrates (Pereira et al., 2011). Most
serine/threonine phosphatases of the PPP family have dual
specificity and can also dephosphorylate phosphor-histidine
and phosphor-tyrosine residues (Wright and Ulijasz, 2014;
Chen et al., 2017). PppL of S. mutants was the first reported
oral bacterial STP (Banu et al., 2010). However, its structure
requires further investigation. The haloacid dehalogenase (HAD)
family phosphatase is also widespread in prokaryotes, and it is
characterized by a Rossman-like fold with active motif (DxDx[V/
T]) (Tribble et al., 2006). The HAD family of phosphatases uses
aspartic acid as a nucleophile to form phosphatase intermediates
during the phosphoryl transfer process, and absolutely requires
divalent ion cofactors (Seifried et al., 2013). SerB of P. gingivalis is
a well-studied HAD family phosphatase in oral bacteria
(Table 1). SerB is secreted by P. gingivalis and is involved in
oral bacteria-host interactions, which will be described in
subsequent sections.
THE FUNCTION OF ORAL BACTERIAL
TYROSINE AND SERINE/THREONINE
KINASES AND PHOSPHATASES

Tyrosine and Serine/Threonine Kinases
and Phosphatases in Bacterial Metabolism
and Virulence
The first identification and characterization of tyrosine
phosphorylation in bacteria appeared in 1996, when Bertrand
Duclos et al. revealed the autophosphorylation of tyrosine residues
TABLE 1 | Oral bacterial protein kinases and phosphatases.

Organism Kinase or
phosphatase

Substrates Function Ref

S. mutans PknBa, PppLb

(Ser/Thr)
– cell wall biosynthesis, cell transformation, biofilm formation,

environmental stress tolerance, bacterial cariogenicity,
bacteriocins
production, regulation of Smu2146c, VicRK, and ComDE

(Hussain et al., 2006; Banu
et al., 2010)

S. mutans PknBa (Ser/
Thr)

– H2O2 resistance of S. mutants in the interspecies competition with
Streptococcus sanguinis

(Zhu and Kreth, 2010)

P. gingivalis Ptk1a, Ltp1b

(Tyr)
EpsD, CdhR P. gingivalis-S. gordonii community formation, bacterial virulence,

EPS production, bacterial virulence
(Maeda et al., 2008; Wright
et al., 2014; Liu et al., 2017)

P. gingivalis Ptk1a, Ltp1b

(Tyr)
UDP-acetylmannosamine
dehydrogenase and UDP-glucose
dehydrogenase

P. gingivalis-S. gordonii community formation and EPS production (Maeda et al., 2008; Liu
et al., 2017)

P. gingivalis Ptk1a, Ltp1b

(Tyr)
PTEN migration, proliferation, and epithelial mesenchymal transition of

epithelial cells
(Liu et al., 2021)

P. gingivalis Php1b Ptk1 EPS production and community development with S. gordonii
under nutrient-depleted conditions

(Jung et al., 2019)

P. gingivalis SerBb (Ser) Cofilin bacterial invasion efficiency, bacterial internalization, and survival (Moffatt et al., 2012)
P. gingivalis SerBb (Ser) GAPDH bacterial invasion efficiency, rearrangement of microtubules to the

cell surface
(Tribble et al., 2006)

P. gingivalis SerBb (Ser) NF-kB RelA/p65 host inflammatory pathways and innate immunity repression,
inhibition of IL-8 secretion

(Takeuchi et al., 2013)

P. gingivalis UbK1a

(Ubiquitous)
RprY transcriptional function (Perpich et al., 2021)
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in Acinetobacter johnsonii (Duclos et al., 1996). Increasing
evidence has demonstrated that tyrosine phosphorylation is
crucial for bacterial survival and pathogenicity (Ge and Shan,
2011; Whitmore and Lamont, 2012). Studies have shown that
tyrosine phosphorylation is involved in the biosynthesis and
export of extracellular polysaccharides (EPS), which are key
virulence factors and integral components of biofilm
communities (Schwechheimer et al., 2020; Whitfield et al., 2020;
Zhuang et al., 2020). Ltp1, the LMW-PTP in P. gingivalis, is critical
for bacterial virulence, as it helps to regulate various virulence
factors at multiple levels. Ltp1 controls EPS production and
secretion by regulating the transcriptional activity of genes
involved in K-antigen production (PG 0106-0120) and anionic
polysaccharide production (PG 0435-0437) (Maeda et al., 2008).
Ltp1 can also control the expression of the LuxS enzyme, which is
responsible for AI-2 formation, and promote the intake of hemin,
thus increasing the toxicity of P. gingivalis (Maeda et al., 2008;
Rangarajan et al., 2017). More importantly, the secretion and
activity of gingipains (Rgp and Kgp) in P. gingivalis was regulated
by Ltp1 in distinct manner. The secretion efficiency of the Rgp has
been positively correlated with the phosphatase activity of Ltp1. In
contrast, the dephosphorylated Kgp shows diminished proteolytic
activity (Kariu et al., 2017). Consistently, compared with parental
strains, the php1 mutant exhibited less EPS productivity and
caused less alveolar bone loss in murine periodontitis models
(Jung et al., 2019).

Both Ltp1 and Php1 can be phosphorylated by the tyrosine
kinase Ptk1, which is also required for EPS production by P.
gingivalis (Wright et al., 2014). The 159 and 161 tyrosine residues
of Php1 can be phosphorylated by Ptk1, and the 161-residue
phosphorylation may indicate a specific regulatory mechanism in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7106
P. gingivalis (Jung et al., 2019). Interestingly, Ptk1 is also a
substrate of Ltp1 and Php1 (Liu et al., 2017; Jung et al., 2019).
These results indicated that reversible tyrosine phosphorylation of
P. gingivalis is tightly orchestrated by the activity of tyrosine kinase
(Ptk1) and tyrosine phosphatases (Ltp1 and Php1), allowing the
bacteria to sense and respond to perturbations in the environment
(Figure 4). Further evidence has been derived from high-
throughput transposon sequencing has been used to screen the
fitness of gene mutants involved in epithelial colonization in a
murine abscess model (Miller et al., 2017). Either php1 or ptk1
mutant showed reduced fitness in the epithelial colonization
model. Thus, the Ptk1-Php1 axis may be prompt the interaction
of P. gingivalis with host epithelial barriers, functioning as a
potential regulator of pathogen colonization and virulence
(Miller et al., 2017). UbK1 in P. gingivalis can also exert its
pathogenic function. Specifically, RprY, an orphan two-
component system response regulator, can be phosphorylated by
UbK1 on Y41 residue, affecting its transcriptional function (Shen
et al., 2020; Perpich et al., 2021). The UbK in S. mutans has been
reported associated with cell morphology and biofilm
development (Bitoun et al., 2014).

STK is also essential for bacterial survival and is related to oral
biofilm formation related to the oral bacterial. S. mutans is a major
etiologic agent in dental caries, primarily because of its ability to
form biofilms on the tooth surface and to ferment a variety of
carbohydrates toproduce organic acids (Giacaman, 2018). STKand
STP systems play a pivotal role in the pathogenicity of S. mutans
(Banu et al., 2010). S. mutans possesses a STK, PknB. The pknB
mutant presented a transformation defect, reduced biofilm
formation, and reduced the microbial growth rate in culture
medium at pH 5.0 and sensitivity to low pH, as well as oxidative
FIGURE 4 | Model of the tyrosine kinase-phosphatase dependent regulatory process governing Porphyromonas gingivalis extracellular polysaccharide production,
bacterial virulence, and heterotypic community development between Porphyromonas gingivalis and Streptococcus gordonii. The interactions between P. gingivalis
and S. gordonii resulting from pABA perception and direct contact of P. gingivalis Mfa fimbriae with S. gordonii Ssp proteins, which can influence Ltp1 activity, thus
initiate a cascade of phosphorylation and dephosphrylation events. Ltp1 can decrease the production of exopolysaccharide and dephosphorylate gingipains Rgp
and Kgp to affect colony nutrition supply. Ltp1 also dephosphorylates Ptk1 to downregulate its kinase activity, causing the upregulation of CdhR expression. CdhR
represses the transcription of luxS and mfa operons to downregulate the community development of P. gingivalis and S. gordonii and promotes the transcription of
the hum operon to increase the hum uptake and virulence of P. gingivalis. Lower AI-2 levels cause upregulation of CdhR and constrain the development of a
heterotypic community. Conversely, protein kinase Ptk1 uses its enzyme activity to increase the production of exopolysaccharides.
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and osmotic stress (van der Ploeg, 2005; Hussain et al., 2006). A
whole-genome transcriptome analysis revealed that the pknB
mutant exhibited downregulation of SMU.1895c and SMU.1896c,
which are involved in bacteriocin production (van der Ploeg, 2005).
The STP of S. mutans is encoded by the pppL gene located
immediately downstream of pknB. The mutant of pppL and pknB
pppL double mutants displayed reduced biofilm thickness and
transformation defects.

Tyrosine and Serine/Threonine
Kinases and Phosphatases in
Oral Bacterial Dysbiosis
Oral bacterial dysbiosis is characterized by disruption in bacterial
homeostasis, caused by an imbalance in the microflora, changes
in composition, and metabolic activities, which contribute to oral
diseases, such as dental caries and periodontitis (Lamont et al.,
2018). P. gingivalis acts as a critical agent by disrupting bacterial
homeostasis (Mulhall et al., 2020; Xu et al., 2020). In dental
plaque, P. gingivalis can accumulate into a heterotypic
community with S. gordonii and utilize physiological support,
while the heterotypic colonies are more virulent than P. gingivalis
mono-species infections (Hajishengallis and Lamont, 2016; Jung
et al., 2019).The mechanism of P. gingivalis accumulation in the
S. gordonii matrix is due to the metabolite, 4-amino benzoate
(pABA), and direct contact between P. gingivalis and S. gordonii,
which is stringently regulated by the Ltp1-Ptk1 and Php1-Ptk1
axes of P. gingivalis (Whitmore and Lamont, 2012; Wright et al.,
2014; Lamont et al., 2018; Jung et al., 2019). Ltp1 can inhibit the
development of P. gingivalis and S. gordonii communities at the
phenotypic level (Maeda et al., 2008). The mechanism describing
how Ltp1 regulates this process was further elucidated. The
results showed that Ltp1 upregulated and participated in the
interspecies signal transmission after contact with streptococcal
SspA or SspB surface proteins. The elevated Ltp1 resulted in
dephosphorylation and inactivation of Ptk1, thus increasing the
expression of community development and hemin regulator
(CdhR) and suppressing the transcription of mfa1, which
limits the development of heterotypic communities (Chawla
et al., 2010). In turn, pABA secreted by S. gordonii could
suppress the activity of Ltp1 and reverse this signaling
transduction through the Ltp1-Ptk1 axis.

Ptk1 activity also converges on expression of the other
fimbriae encoding genes (fimA). Therefore, we can speculate
that Ltp1-Ptk1 affects the oral bacterial homeostasis and
dysbiosis by regulating the expression of P. gingivalis fimbriae
in a spatio-temporal dependent manner. The cognate kinase
Php1-Ptk1 axis of P. gingivalis also participates in oral bacterial
homeostasis and dysbiosis regulation via distinct mechanisms.
Jung et al. demonstrated that PhpP mutants showed diminished
heterotypic communities of P. gingivalis and S. gordonii, but had
no significant effect on intraspecific communication of P.
gingivalis (Jung et al., 2019). Php1 can also dephosphorylate
Ptk1, however, the activity of Php1 is resistant to the effect of
pABA secreted by S. gordonii. Thus, the specific mechanism by
which Php1-Ptk1 regulates the heterotypic community requires
further investigation.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8107
In addition, Streptococcus sanguinis, an early colonizing
bacterium in dental biofilm, antagonizes other streptococcus
colonization and growth by secreting the virulence factor
H2O2.Studies have shown that serine/threonine kinase PknB
secreted by S. mutans plays a role in its tolerance to H2O2, which
helps S. mutans adapt to ecological pressure and interspecific
competition with S. sanguinis (Zhu and Kreth, 2010).

Effect of Tyrosine and Serine/
Threonine Phosphatases on
Oral Bacteria-Host Interaction
Many bacteria exert their virulence by invading host cells, and the
internalization and intracellular survival of bacteria are essential to
their pathogenicity (Lewis et al., 2016). Lamont et al. first reported
that P. gingivalis can invade primary cultures of gingival epithelial
cells (Lamont et al., 1995). Mounting evidence supports this finding,
and a series of discoveries have since demonstrated the pivotal role of
tyrosine and serine/threonine phosphatases in this process (Moffatt
et al., 2012; Takeuchi andAmano, 2021). Themost common example
of the participation of serine/threonine phosphatases in oral bacteria-
host interaction is SerB in P. gingivalis (Figure 5). SerB can be
released into host cells and directly interact with host cytoplasmic
phosphoproteins, facilitating bacterial internalization (Tribble et al.,
2006). The existence of SerB can ensure the invasion of host cells to
the greatest extent, as SerB dephosphorylates actin cofilin, an actin
depolymerizing host protein, affecting the expression of genes
involved in the regulation of actin cytoskeleton dynamics and
cytokine secretion (Bainbridge et al., 2010; Woo et al., 2019).
Furthermore, SerB can also dephosphorylate the S536 site of NF-
kB p65 subunit to prevent nuclear translocation of NF-kB. This
process antagonizes the production of interleukin-8 (IL-8), leading to
local chemokine paralysis (Takeuchi et al., 2013). Compared to
parental strains, the SerB mutant resulted in high levels of
neutrophil recruitment to gingival tissue and decreased alveolar
bone destruction at both the horizontal and interproximal levels
(Bainbridge et al., 2010). In summary, SerB can promote bacterial
invasion of the host, allowing it to continue to exert its full pathogenic
potential. Interestingly, it has very recently been reported that the
tyrosine phosphatase (Ltp1) can also be secreted by P. gingivalis and
appears in both the cytoplasm and nucleus of gingival epithelial cells
(Liu et al., 2021). The secreted Ltp1 can bind to phosphatase and
tensin homolog (PTEN) and dephosphorylate its Y336 residue,
resulting in the degradation of PTEN. PTEN is a classic negative
regulator of phosphoinositide 3-kinases/protein kinase B (PI3K/Akt).
Thus, the inhibition of PTEN by Ltp1 could further activate PI3K/Akt
and its downstream regulator of the cell cycle (RGCC), promoting the
migration, proliferation and epithelial mesenchymal transition of
epithelial cells (Liu et al., 2021) (Figure 5).
CONCLUSION AND PERSPECTIVES

The phosphorylation system has long been considered an
important signal transduction system in eukaryotes, and in
recent decades, the function of kinases and phosphatases in
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prokaryotes has been gradually revealed. Yet, based on the gene
homologues of bacteria, there are still many putative kinases and
phosphatases that have not been studied (Table 2). The rising
prevalence of antibiotic-resistant bacteria is driving research
toward novel targets. With the advent of phosphor-proteomics,
more phosphorylation proteins and sites can be discovered to
expand the phosphorylation regulatory network (Misra et al.,
2011; Mijakovic and Macek, 2012; Bäsell et al., 2014; Yagüe et al.,
2019). In the future, more experiments are needed to verify the
specific functions of kinases and phosphatases in oral bacteria
physiology and pathogenicity, clarify mechanisms between
bacteria and the host, and identify potential drug targets to
treat infection, immune responses, and diseases.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9108
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TABLE 2 | Tyrosine and serine/threonine kinases and phosphatases in S. mutants and P. gingivalis.

Bacteria Gene ID Symbol Function

S. mutants UA159 SMU_483 PppL PPM family protein phosphatase (putative)
SMU_484 PknB Serine/threonine protein kinase
SMU_65 Low molecular weight protein-tyrosine phosphatase (putative)
SMU_646 HAD family phosphatase (putative)
SMU_754 Serine kinase/phosphatase (putative)
SMU_1269 Phosphoserine phosphatase (putative)
SMU_1747c HAD family phosphatase (putative)
SMU_1802c HAD family phosphatase (putative)

P. gingivalis ATCC 33277 PGN_1524 Ptk1 Tyrosine kinase
PGN_0491 Ltp1 Low molecular weight protein-tyrosine phosphatase
PGN_1525 Php1 PHP family tyrosine phosphatase
PGN_0662 SerB Serine/threonine protein phosphatase
PGN_1020 Ubk1 Ubiquitous bacterial kinase
PGN_1267 Phosphoserine phosphatase (putative)
FIGURE 5 | Schematic of the impact of phosphatases secreted by Porphyromonas gingivalis within the gingival epithelial cells. P. gingivalis secretes two phosphatases,
tyrosine phosphatase Ltp1 and serine phosphatase SerB. Upon contacting the gingival epithelial cell, Ltp1 enters the cell to dephosphorylate PTEN, causing proteasomal
degradation. Lower PTEN levels promote the PI3K/AKT pathway to upregulate RGCC and Zeb2. SerB dephosphorylates NF-kB and Cofilin to preserve the virulence of
P. gingivalis and maximize the intracellular invasion of bacteria.
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Osaki, M., Arcondéguy, T., Bastide, A., Touriol, C., Prats, H., and Trombe, M. C.
(2009). The StkP/PhpP Signaling Couple in Streptococcus Pneumoniae:
Cellular Organization and Physiological Characterization. J. Bacteriol. 191
(15), 4943–4950. doi: 10.1128/jb.00196-09

Pereira, S. F., Goss, L., and Dworkin, J. (2011). Eukaryote-Like Serine/Threonine
Kinases and Phosphatases in Bacteria. Microbiol. Mol. Biol. Rev. 75 (1), 192–
212. doi: 10.1128/mmbr.00042-10

Perpich, J. D., Yakoumatos, L., Johns, P., Stocke, K. S., Fitzsimonds, Z. R., Wilkey,
D. W., et al. (2021). Identification and Characterization of a UbK Family
Kinase in Porphyromonas Gingivalis That Phosphorylates the RprY Response
Regulator. Mol. Oral. Microbiol. 36 (5), 258–266. doi: 10.1111/omi.12347

Pradhan, G., Shrivastva, R., and Mukhopadhyay, S. (2018). Mycobacterial PknG
Targets the Rab7l1 Signaling Pathway To Inhibit Phagosome-Lysosome
Fusion. J. Immunol. 201 (5), 1421–1433. doi: 10.4049/jimmunol.1800530

Pullen, K. E., Ng, H. L., Sung, P. Y., Good, M. C., Smith, S. M., and Alber, T.
(2004). An Alternate Conformation and a Third Metal in PstP/Ppp, the M.
Tuberculosis PP2C-Family Ser/Thr Protein Phosphatase. Structure 12 (11),
1947–1954. doi: 10.1016/j.str.2004.09.008

Rangarajan, M., Aduse-Opoku, J., Paramonov, N. A., Hashim, A., and Curtis, M. A.
(2017). Hemin Binding by Porphyromonas Gingivalis Strains Is Dependent on the
Presence of A-LPS. Mol. Oral. Microbiol. 32 (5), 365–374. doi: 10.1111/omi.12178
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Oral diseases impose a major health burden worldwide and have a profound effect on
general health. Dental caries, periodontal diseases, and oral cancers are the most
common oral health conditions. Their occurrence and development are related to oral
microbes, and effective measures for their prevention and the promotion of oral health are
urgently needed. Raman spectroscopy detects molecular vibration information by
collecting inelastic scattering light, allowing a “fingerprint” of a sample to be acquired. It
provides the advantages of rapid, sensitive, accurate, and minimally invasive detection as
well as minimal interference from water in the “fingerprint region.” Owing to these
characteristics, Raman spectroscopy has been used in medical detection in various
fields to assist diagnosis and evaluate prognosis, such as detecting and differentiating
between bacteria or between neoplastic and normal brain tissues. Many oral diseases are
related to oral microbial dysbiosis, and their lesions differ from normal tissues in essential
components. The colonization of keystone pathogens, such as Porphyromonas gingivalis,
resulting in microbial dysbiosis in subgingival plaque, is the main cause of periodontitis.
Moreover, the components in gingival crevicular fluid, such as infiltrating inflammatory cells
and tissue degradation products, are markedly different between individuals with and
without periodontitis. Regarding dental caries, the compositions of decayed teeth are
transformed, accompanied by an increase in acid-producing bacteria. In oral cancers, the
compositions and structures of lesions and normal tissues are different. Thus, the changes
in bacteria and the components of saliva and tissue can be used in examinations as
special markers for these oral diseases, and Raman spectroscopy has been
acknowledged as a promising measure for detecting these markers. This review
summarizes and discusses key research and remaining problems in this area. Based
on this, suggestions for further study are proposed.
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1 INTRODUCTION

Oral disease is a major global public health issue, with more than 3.5
billion people suffering from chronic and progressive oral diseases
worldwide. Dental caries, periodontal diseases, and oral cancers are
the most prevalent and serious oral diseases. For patients, these
cause a serious burden both health-wise and financially, significantly
degrading the quality of life (Peres et al., 2019). In 2015, the
prevalence of untreated deciduous and permanent teeth was 7.8%
and 34.1%, respectively (Kassebaum et al., 2017). Severe
periodontitis has been considered the sixth most common
infectious disease worldwide, with 10.8% of people, i.e., 743
million, being affected in 2010 (Kassebaum et al., 2014), which
increased to 1.1 billion by 2019 (Chen et al., 2021). In 2018, 177,384
people died from lip and oral cancer (Bray et al., 2018). Oral diseases
also impose a great economic burden. In 2015, the direct cost of oral
diseases worldwide was 356.8 billion US dollars, and the indirect
cost was 187.61 billion US dollars (Righolt et al., 2018). The oral
diseases mentioned above are often not detected until tissue
destruction has occurred. For caries and periodontitis, the
destruction of enamel, dentin, and alveolar bone is irreversible,
and delayed discovery and treatment can even lead to tooth loss,
affecting pronunciation, masticatory function, and aesthetics. For
oral cancer, the accuracy of early diagnosis and incision directly
affects the recurrence and survival rates. The current clinical
detection methods remain insufficient. In terms of caries, the
identification of carious dentin and healthy dentin can reduce the
loss of healthy tissue during lesions removal, reduce the damage and
the possibility of tooth fracture. As for periodontitis, it is known that
hyperglycemia, smoking, stress, etc. are risk factors for periodontitis.
Patients with risk factors or previous used concept, aggressive
periodontitis, are at higher risk of periodontitis, and destruction
of periodontal tissues are faster. However, the effect of these factors
in the progress of periodontitis in each individual cannot be found
through the existing periodontal clinical examination. Local
biomarkers like the expression of local subgingival flora virulence
factors and the level of some inflammatory factors in gingival
crevicular fluid can warn us the risk of disease progression, while
the laboratory examination is time-consuming and requires more
Abbreviations: SERS, surface-enhanced RS; AuNPs, Au nanoparticles; AgNPs, Ag
nanoparticles; FWHM, full width at half maximum; BIMIN, biomimetic
mineralization kit; QAS, quaternary ammonium salts; D2O, heavy water; WSL,
white spot lesion; BAG, bioactive glass; PAA-BAG, BAG containing polyacrylic
acid; PCA, principal component analysis; GCF, gingival crevicular fluid; SA, sialic
acid; @IL-1b, interleukin-1b; TNF-a, tumor necrosis factor-a; DTNB, 5,5’-
Dithiobis-(2-nitrobenzoic acid); 4-MBA, 4-mercaptobenzoic acid; OCP,
octacalcium phosphate; HAP, hydroxyapatite; OSCC, oral squamous cell
carcinoma; TNM classification, primary tumor, regional lymph nodes, and
metastasis classification; WHO, World Health Organization; OSMF, oral
submucous fibrosis; OLK, leukoplakia; OPL, oral precancerous lesion; HT,
healthy tobacco users; HV, healthy volunteers; PCA-LDA, principal component
analysis with linear discriminant analysis; PCA-LR, principal component analysis
with logistic regression; FTIR, Fourier-transform infrared spectroscopy; SVM,
support vector machine; LDA, linear discriminant analysis; QDA, quantitative
discrimination analysis; PCA-QDA, principal component analysis with
quantitative discrimination analysis; PCA-(h)LDA, principal component
analysis with (hierarchical) linear discriminant analysis; MCR-ALS, multivariate
curve resolution with alternating least squares; S100P, S100 calcium-binding
protein P; LOOCV, leave-one-out cross-validation.
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biological samples. Especially in large-scale epidemiological
investigations, a new diagnostic tool can unify the detection
standards and make the conclusions more scientific, therefore, it
is more suitable for non-periodontal and non-endodontic specialist.
For oral cancer, early malignant lesions are not easily diagnosed
non-invasively and accurately. Delayed diagnosis makes the
treatment more difficult and the prognosis is affected. Moreover,
an intraoperative freezing section to determine whether the incision
is clean requires a pathologist at a higher professional level.
Therefore, methods for detecting lesions earlier and more
sensitively could more easily avoid irreversible tissue destruction
and improve the curative effect and prognosis, which are crucial to
the prevention and treatment of oral diseases (Dillon et al., 2015).
Raman spectra are inelastic scattering spectra based on the Raman
effect, which are obtained using scattered light with a different
frequency from the incident light (Raman CVK and S., 1928).
Raman spectroscopy (RS) can provide fast, accurate, sensitive, and
in situ detection analysis. It can sensitively and accurately reflect
changes in material composition and structure. With the emergence
of nanotechnology, advanced optical microscopes and miniaturized
lasers have been developed, and problems such as weak signal, low
signal-to-noise ratio, and strong autofluorescence background have
also been mitigated to allow RS to be gradually applied in the
biomedical field. RS has been used to detect bacteria and the
compositions of cells, tissues, and biofluids, and in the past few
decades it has received increasing interest for medical prognosis and
diagnosis (Morris, 1999; Singh et al., 2016). It has emerged as a
potential chairside microbiological diagnostic approach (Howell
et al., 2011). There are obvious differences between composition
and structure of dental caries and intact tooth tissues, and also
between oral cancer lesions and healthy tissues. Therefore, the
potential of RS in the diagnosis and prognosis of these two
diseases is obvious. In the case of periodontitis, studies have
shown that biomarkers in saliva can distinguish gingivitis from
periodontitis (Gonchukov and Sukhinina, 2011; Hernández-Cedillo
et al., 2019), and biomarkers in gingival crevicular fluid (GCF)
including glycosaminoglycans and some inflammatory mediators,
such as prostaglandin E2, can detect high-risk groups of periodontal
disease (Curtis et al., 1989). The changes in the composition of
subgingival flora and the expression of key pathogenic bacteria
virulence factors indicate the advancement or relief of periodontitis.
When the target substance is specific molecule, the key information
required is concentrated to several chemical bonds of the target
molecule, which can bemore easily extracted fromRS. It can be seen
that RS has the potential to assist diagnosis and improve prognosis.

Recently, many studies have suggested that RS could assist in
the diagnosis and prognostic evaluation of oral diseases, such as
dental caries (Almahdy et al., 2012; Yang et al., 2014; Seredin
et al., 2015; Toledano et al., 2015b; Rodrigues et al., 2017),
periodontal diseases, and oral cancers (Krishna et al., 2004;
Panikkanvalappil et al., 2013; Krishna et al., 2014; Sahu et al.,
2015; Barroso et al., 2016; Malik et al., 2017; Mian et al., 2017;
Barroso et al., 2018; Xue et al., 2018). Because minor changes in
quantity can be detected by RS, it has been used in detecting early
caries, finding the boundaries of dentin caries, and estimating the
effects of drugs on the remineralization of decalcified tooth
tissues (Carvalho et al., 2013; Milly et al., 2014; Yang et al., 2014;
February 2022 | Volume 12 | Article 775236
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Adachi et al., 2015; Seredin et al., 2015; Toledano et al., 2015a;
Toledano et al., 2015b; Kerr et al., 2016; Pezzotti et al., 2017;
Rodrigues et al., 2017; Occhi-Alexandre et al., 2018). Interestingly,
it has also been used to analyze multiple oral bacteria and
differentiate saliva between patients with periodontal disease and
healthy volunteers (HV) (Gonchukov et al., 2011; Kriem et al.,
2020). Regarding oral cancers, many studies have focused on
detecting and differentiating malignant, precancerous, benign, and
normal tissues to assist diagnosis; finding an adequate surgical
margin in an operation to improve the curative effect; and
analyzing spectra to predict the recurrence risk (Krishna et al.,
2004; Panikkanvalappil et al., 2013; Krishna et al., 2014; Sahu et al.,
2015; Barroso et al., 2016; Malik et al., 2017; Mian et al., 2017;
Barroso et al., 2018; Xue et al., 2018). In general, RS has the potential
to assist in diagnosis and treatment as well as prognostic evaluation.
The purpose of this review is to draw attention to the potential of RS
in assisting clinical diagnosis and prognostic evaluation of caries,
periodontitis, and oral cancer owing to its high potential for
chairside detection. In this review, we focus on the application of
RS to oral diseases and discuss problems that must be
further explored.
2 RAMAN SPECTROSCOPY

2.1 Principle of Raman Spectroscopy
C.V. Raman and his team discovered the Raman effect in 1928
(Raman CVK and S., 1928). They proposed that when ordinary
light passes through a pure medium (water or gas), a small
amount of scattered light, with frequency dissimilar to that of the
incident beam, is produced. This phenomenon is called Raman
scattering. This occurs because when a small number of photons
collide with the chemical bonds in the sample, their energy is
absorbed or lost, and the frequency of the scattered light changes
accordingly. Although the frequency of Raman scattering light
changes rather than being dependent on the incident light
frequency, the shift is related to the molecular bonds. The
bands in the Raman spectra are the specific manifestations of
different molecular bonds in the sample, appearing as a unique
spectral “fingerprint” of every substance (Krafft and Popp, 2015).

Although RS is widely applied in biomedical fields, it still has
some shortcomings, including weak signal, low signal-to-noise
ratio, and strong self-fluorescent background. With the advent of
nanotechnology, advanced optical microscopes, fiber optics, and
miniaturized lasers, these have been combined with RS to obtain
stronger Raman signals. Surface-enhanced RS (SERS), confocal
RS, optical-fiber RS, Fourier-transform RS, and laser-resonance
RS improve the signal-to-noise ratio by enhancing either the
signal intensity or signal collection (Kong et al., 2015).
2.2 Related Raman Spectroscopy
Detection Techniques
Combining RS with other technologies extends its application
under different conditions. For instance, SERS increases the
Raman signal by approximately 105–1014 times because of the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3114
molecules attached to the surface of the nanostructured metal,
thereby extending the capacity to detect trace substances to single
molecules (Wang et al., 2014; Aditi et al., 2015). When the
effector molecule is adsorbed or located in the vicinity of the
metal nanostructure, Raman scattering is enhanced due to the
resonant interaction of light with the surface plasmons excited by
the surface of the sample atom (electromagnetic enhancement).
Chemical enhancement can be observed via the interaction
between the molecules and electrons from the surface. Further
advantages of SERS include accurate spectral width, detection of
multiple labels under a single-wavelength laser, and no photo-
bleaching (Fleischmann et al., 1974; Jeanmaire and Duyne,
1977). SERS activity of Ag+ staining was found to be slightly
higher than that of Au nanoparticles (AuNPs) but significantly
lower than that of Ag nanoparticles (AgNPs) (Athukorale et al.,
2019). Therefore, SERS is a good option for researchers to obtain
bands with higher intensities. Micro-RS is a combination of RS
and microscopic analysis and is considered a powerful technique.
RS and optical microscopy can be effectively combined using an
excitation laser with wavelengths in the visible and near-infrared
regions (Delhaye and Dhamelincourt, 2010). With features of
being microscopic, in situ, multi-phase, stable, and having high
spatial resolution, it can perform point by point scanning and
obtain high-resolution three-dimensional images. However,
changes in the Raman spectrum baseline may mask small
differences in the Raman band, which are crucial for
identification in a diagnostic model. Moreover, optical-fiber
RS, the combination of RS and fiber-optic probes, provides an
alternative to medical diagnosis of hollow organs. Fiber-optic
probes used in vivomust address the signal-to-noise ratio as well
as the redundant Raman signal generated by the laser-
transmitting fiber itself. To avoid strong background signals in
the fused silica fiber in the fingerprint area (600–1800 cm–1),
some fiber probes have been introduced to high wavenumber
regions (2400–3800 cm–1) (Pavel and Nicholas, 1900). In
addition, RS, which was first applied in 1986, has evolved
rapidly and can be used to collect signals several times to
increase the signal-to-noise ratio. In addition, irradiation of a
sample with a 1064 mm near-infrared laser provided by the
Perkin-Elmer company greatly diminishes the fluorescent
background and presents great potential for non-destructive
structural analysis of chemical, biological, and biomedical
samples (Nixon and Smith, 1986).
3 APPLICATION OF RAMAN
SPECTROSCOPY FOR ORAL DISEASES

3.1 Dental Caries
Dental caries are characterized by demineralization of the
inorganic portion and destruction of the organic substances of
the teeth, including enamel, dentin, and cementum, leading to
impairment of the teeth (Klokkevold, 2015). Cariogenic bacteria
is a prerequisite for the occurrence of caries, which is closely
related to the formation of dental biofilms on the surfaces of
teeth. The organic acids produced by cariogenic bacteria result in
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enamel demineralization with loss of calcium and phosphates.
The first indication of dental caries is white spots on the enamel
caused by demineralization (Klokkevold, 2015).

Regarding the inorganic components in tooth tissue, the
iconic bands are four internal vibration modes of PO3−

4 at n1 ~
960 cm−1, n2 ~ 430 cm−1, n3 ~ 1043 cm−1, and n4 ~ 590 cm−1, and
of CO2−

3 at ~1070 cm–1. The intensities of PO3−
4 indicate

mineralization degree, and numerous studies have adopted 960
cm–1 to check the demineralization. For instance, Al-Obaidi et al.
constructed a Raman map based on 960 cm–1 intensity tooth
Raman spectra for measuring the depth of the lesion based on the
intensity change at 960 cm–1 (Al-Obaidi et al., 2019). Zhang et al.
calculated the 960 cm–1 intensity of a carious tooth sample.
Assuming that the mineral content at a normal site is 100%, they
acquired the mineral content of lesions by measuring the ratio
between the intensity of the lesion area and that of the normal
area (Ilesion/Inormal) (Zhang et al., 2019). CO2−

3 substituted PO3−
4

in hydroxyapatite (HAP) is a more soluble phase presented in
initially decayed enamel (Seredin et al., 2015).

Besides mineral content, crystallinity is another parameter
indicating tooth damage. The full width at half maximum
(FWHM) at ~960 cm–1 and ~1070 cm–1 is often used to
estimate crystallinity. The narrower the peak width, the higher
the mineral crystallinity. Suzuki et al. discovered that during the
process of demineralization, the scattering peaks n1 (960 cm–1),
n2 (430 cm–1), n3 (1044 cm–1), and n4 (591 cm–1) corresponding
to PO3−

4 are not shifted, while the peak width increases,
indicating that the crystallinity of the enamel is impaired
(Suzuki et al., 2019). Guentsch et al. calculated the FWHM of
960 cm–1 in an experimental biomimetic mineralization kit
(BIMIN) group (12.2 cm–1), enamel group (12.5 cm–1), and
dentin group (16.6 cm–1), and found increased crystallinity of
caries-free teeth in the BIMIN group (Guentsch et al., 2019).

For dentin, the proportion of organic components is much
higher than that in enamel, and the symbolic bands of the
structural alteration of collagen are involved in estimating
dentin caries. Intensities of ~1655 or ~1667 cm–1, ~1246 or
~1270 cm–1, and ~1450 cm–1 are assigned to amide I, amide III,
and CH2, respectively, reflecting the structural information of
collagen. In addition, the intensity ratio of amide I and
phosphate n1 (I1650 cm−1/I960 cm−1) was found to be related to
the Knoop microhardness of tooth tissue, indicating that RS can
be used to obtain the hardness of dentin caries as an alternative
to invasive hardness testing (Alturki et al., 2020).

Previous studies have demonstrated that RS can be used for
(1) detecting caries-related bacteria and early caries, (2) assessing
the remineralization effect of drugs, (3) defining the margin of
defective dentin, (4) exploring the effects of radiation therapy on
tooth components, (5) evaluating new bonding systems, and (6)
exploring the effects of quaternary ammonium salts (QAS) on
cariogenic biofilms (Carvalho et al., 2013; Milly et al., 2014; Yang
et al., 2014; Adachi et al., 2015; Seredin et al., 2015; Toledano
et al., 2015a; Toledano et al., 2015b; Kerr et al., 2016; Pezzotti
et al., 2017; Rodrigues et al., 2017; Occhi-Alexandre et al., 2018;
Al-Obaidi et al., 2019; Daood et al., 2019; Guentsch et al., 2019;
Hass et al., 2019; Lu et al., 2019; Miranda et al., 2019; Par et al.,
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2019; Suzuki et al., 2019; Toledano et al., 2019; Zhang et al., 2019;
Alturki et al., 2020; Daood et al., 2020b; Gieroba et al.,
2020) (Table 1).

3.1.1 Application of Raman Spectroscopy for
Detecting Caries-Related Bacteria and Early Caries
In dental plaque, the cariogenic bacteria are wrapped in an
organic matrix of polysaccharides, proteins, and DNA, which
enhances resistance to host defense and antimicrobial agents
(Selwitz et al., 2007). Endogenous cariogenic bacteria (mainly
Streptococcus mutans, Streptococcus sobrinus, and Lactobacillus
spp) ferment carbohydrates and produce organic acids, resulting
in local pHs below the critical value and demineralization of
teeth (Featherstone, 2004; Selwitz et al., 2007).

RS can detect metabolic differences to facilitate the
differentiation between biofilms. Gieroba et al. collected and
analyzed Raman spectra from single biofilms of S. mutans
CAPM 6067, Streptococcus sanguis ATCC 10556, and several
serotypes of S. sobrinus. The major differences were concentrated
in the region representing lipids, amides, and carbohydrates,
reflecting the corresponding biological characteristics. For
example, the highest and lowest amide bands in several
biofi lms were different, indicating different protein
compositions of the biofilms and adhesive and cariogenic
characteristics (Gieroba et al., 2020). Daood et al. used the
changes in Raman spectra to assist in evaluating the effect of
quaternary ammonium on cariogenic biofilms. With exposure to
QAS, the intensity of 484 cm–1 in the Raman spectra,
representing polysaccharides or carbohydrates, was
significantly reduced, and the change was in concentration-
dependent and time-dependent patterns (Daood et al., 2020a).
Tao et al. focused on heavy water (D2O) based on single-cell
Raman microspectroscopy (D2O-Raman) and analyzed the
Raman spectral region from 2040 to 2300 cm–1, representing
the C–D vibration band, to evaluate the metabolic status of the S.
mutans UA159, Streptococcus gordonii ATCC10558, S. sanguinis
ATCC10556, and Lactobacillus fermentum ATCC9338 oral
bacteria after drug exposure. They distinguished antibiotic-
sensitive and -resistant S. mutans (Tao et al., 2017).

The DIAGNOdent pen (Germany) is a laser pen that can
detect caries in vivo by collecting fluorescence. To evaluate the
laser pen detection capability, RS has been applied to test changes
in carious teeth, and Rodrigues et al. established an enamel
demineralization model in vitro with cattle tooth blocks and
chose phosphate apatite peaks at ~960 cm–1 to estimate
demineralization (Rodrigues et al., 2017). Carvalho et al.
focused on the changes in fluoridated apatite, phosphate
apatite, and organic matrix in carious teeth, which present in
Raman spectra as ~575 cm–1, ~960 cm–1, and ~1450 cm–1,
respectively. As demineralization progressed, the intensities of
~575 cm–1 and ~960 cm–1 declined significantly and were
negatively correlated with the fluorescence detected by the
DIAGNOdent pen. This proved that fluoridated apatite and
phosphate apatite decreased in caries and verified the caries
detection accuracy of the DIAGNOdent pen (Carvalho et al.,
2013). Point-scan and wide-field Raman imaging have also been
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investigated for caries detection as well as application in laser
pens (Yang et al., 2014). RS combined with two-dimensional
(2D) charge-coupled-device cameras can be assembled into
wide-field Raman imaging, which is faster for diagnosing
dental caries. Additionally, to compare the penetration depth
of a photosensitizer (erythrosine) on intact dentin and decayed
dentin in vitro, RS was applied to verify the intact and decayed
dentin by providing organic and inorganic information (Occhi-
Alexandre et al., 2018). However, the results were mainly
obtained from tooth slices in vitro, and to determine whether
saliva and bacteria interfere with the process in vivo requires
further investigation. In addition, Almahdy et al. collected
Raman and fluorescence spectra of carious tooth tissues
(Almahdy et al., 2012). Combined with three fluorescence
signals (porphyrin fluorescence, putative infected dentin signal,
and affected dentin signal), two Raman signals, phosphate at 960
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5116
cm–1 and protein at 1340 cm–1, enabled differentiation between
intact, infected, and affected dentin, indicating that vital
transformations of phosphate and protein a-helices are
presented. More information could be obtained by
investigating organic-related bands more intensively.

3.1.2 Raman Spectroscopy to Evaluate the
Remineralization of Dental Caries In Vitro
Enamel is the most superficial tissue of teeth and is covered by
dental plaque, which consists mainly of bacteria. When sugar
and other fermentable carbohydrates reach the bacteria and
produce acids, teeth demineralization begins. Conversely, when
sugar consumption ceases, saliva washes away the sugars and
buffers the acids. Calcium and phosphates then enter the teeth
again, resulting in remineralization. Thus, a cavity occurs if
demineralization overtakes remineralization over time
TABLE 1 | Summary of RS studies on dental caries.

Sample type Target Year Authors Raman shift Meaning of the corresponding
Raman shift

Detecting early caries, verifying demineralization models, and testing accuracy of other tools
Dentin Verifying intact and decayed dentin 2018 (Occhi-Alexandre

et al., 2018)
1665 cm–1; 1453 cm–1; 1270
cm–1; 961 cm–1

Amide I; CH group; Amide III;
Phosphate apatite

Enamel Verifying demineralized enamel 2017 (Rodrigues et al.,
2017)

~960 cm–1 Phosphate apatite

Teeth Detecting caries 2014 (Yang et al., 2014) – –

Teeth Verifying decayed teeth 2013 (Carvalho et al.,
2013)

~575 cm–1; ~960 cm–1; ~1450
cm–1

Fluoridated apatite; Phosphate
apatite; Organic matrix

Evaluating the remineralization of dental caries in vitro
Dentin Remineralization effect of zinc-containing

amalgam restoration
2019 (Toledano et al.,

2019)
– Organic and inorganic components

Enamel Remineralization of carious enamel 2016 (Kerr et al., 2016) 960 cm–1 Phosphate apatite
Dentin Remineralization effect of self-etching zinc-

doped adhesives
2015 (Toledano et al.,

2015a)
– Organic and inorganic components

Dentin Remineralization effect of zinc-containing
amalgam loads

2015 (Toledano et al.,
2015b)

– Organic and inorganic components

Enamel Remineralization effect of PAA-BAG and BAG
on WSL

2014 (Milly et al., 2014) 433 cm–1; 579 cm–1; 959 cm–

1; 1043 cm–1
Phosphate apatite

Distinguishing intact, infected, and affected dentin to define the margin of defective dentin precisely
Dentin Combining fluorescence spectra with Raman

spectra
2012 (Almahdy et al.,

2012)
960 cm –1; 1340 cm –1 Phosphate; Protein a-helices

Exploring the effects of radiation therapy on tooth components
Dentin Inorganic components 2019 (Campi et al., 2019) 590 cm–1; 1070 cm–1; 1267 cm–

1
Fluoridated apatite; Phosphate
apatite;
Amide III

Teeth Mineral composition; Collagen changes 2019 (Miranda et al.,
2019)

1070 cm–1/960 cm–1; 1655 or
1667 cm–1/1246 or 1270 cm–1;
1655 or 1667 cm–1/1450 cm–1;

Carbonate/Mineral; Amide I/Amide III;
Amide I/CH2

Teeth Ratio of organic to inorganic components 2019 (Lu et al., 2019) 2931/960 cm–1 Protein/Mineral
Evaluating new bonding systems
Adhesive Ratio of uncured to cured unit 2019 (Par et al., 2019) 1639 or 1640 cm–1;

1609 or 1610 cm–1
Aliphatic C=C stretching; Aromatic
C=C stretching2019 (Hass et al., 2019)

Exploring the effect of quaternary ammonium salts (QAS) on cariogenic biofilms
Biofilm Effect of QAS on cariogenic biofilm changes 2020 (Daood et al.,

2020b)
484 cm–1; 960 cm–1; 430 cm–1;
1070 cm–1

Polysaccharide; Phosphate;
Carbonate

2019 (Daood et al., 2019)

Biofilm Metabolism of different biofilms 2020 (Gieroba et al.,
2020)

– –

Single cell of
bacteria

Metabolic changes of single cell of bacteria
after exposure to drugs

2020 (Tao et al., 2017) 2040–2300 cm–1 C–D vibration
Februa
WSL, white spot lesion; QAS, quaternary ammonium salts.
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(Klokkevold, 2015). Kerr et al. evaluated the remineralization
status of carious enamel treated with high-frequency microwave
energy to sterilize and adjust pH by estimating the 960 cm–1

intensity change (Kerr et al., 2016). For promoting enamel white
spot lesion (WSL) remineralization, Raman spectra were also
employed to assess the potential of bioactive glass (BAG) powder
and BAG containing polyacrylic acid (PAA-BAG) (Milly et al.,
2014). Four internal vibration modes of PO3−

4 at 433 cm–1, 579
cm–1, 959 cm–1, and 1043 cm–1 were adopted to estimate enamel
demineralization and remineralization. The intensity at 959 cm–1

was the strongest among the four peaks.
Regarding remineralization in dentin, it is worth mentioning

that Toledano et al. adopted many iconic bands to evaluate
dentin changes from relative mineral concentration, crystallinity,
and organic composition of dentin. Thus, the positive effects of
zinc-containing amalgam mechanical loads, self-etching zinc-
doped adhesives, and zinc-containing amalgam restoration on
dentin remineralization before and after 24 h and after 3 weeks
were clarified (Toledano et al., 2015a; Toledano et al., 2015b;
Toledano et al., 2019).

3.2 Periodontal Diseases
Periodontitis is a chronic inflammatory disease of tooth-
supporting tissues caused by pathogenic bacterial species
located in the subgingival niche. Periodontal pathogens often
cause the destruction of periodontal tissues, mainly by expressing
toxic factors and triggering an inflammatory host response.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6117
According to the “Keystone-Pathogen Hypothesis” (2012)
(Hajishengallis et al., 2012) and polymicrobial synergy and
dysbiosis model (2012) (Hajishengallis and Lamont, 2012),
Porphyromonas gingivalis is a key periodontal pathogen, the
toxic factors of which, including fimbriae, capsule, and
gingipain, can destroy periodontal tissues directly and trigger
an inflammatory response. In addition, it can trigger the
dysbiosis of subgingival flora and finally transform into a
pathogenic biofilm with higher virulence-related gene
expression and stronger destructive inflammation (Curtis et al.,
2020). Previous studies have reported that RS can be used for (1)
detecting subgingival bacteria, (2) analyzing changes in saliva,
and (3) depicting bone transformation (Table 2).

3.2.1 Raman Spectroscopy to Assist in Detecting
Subgingival Bacteria and Analyzing
Changes of Saliva
Pioneering research began in 1999 when RS was used to detect
the metabolites of periodontal bacteria. Evidence was found that
an increase in spectral intensity at 1002 cm–1 with time implies
that the heme pigment is gradually accumulated on the cell
surface when P. gingivalis is incubated on a blood plate.
Moreover, P. gingivalis can synthesize the iron trivalent
oxidation state Fe(III)PPIX with a band at 1373 cm–1 on a
horse blood plate while synthesizing the iron divalent
oxidation state Fe(II)PPIX with a band at 1359 cm–1 without
horse blood. In 2003, researchers applied Mohs, Raman, and
TABLE 2 | Summary of RS studies on periodontal disease.

Sample type Target Year Authors Raman shift Meaning of the corresponding
Raman shift

Assisting diagnosis and detection of inflammatory factors and composition changes
Periodontal ligament Protein secondary

structure
2020 (Perillo

et al., 2020)
1307 cm−1; 1230–1250 cm−1; 1240–1270
cm−1; 1620 cm−1; 1668 cm−1; 1680
cm−1;2930 cm−1; 2875 cm−1; 2970 cm−1

a-helix; b-sheet; random coil; b-sheet
or collagen 310-helix, b-turn and b-
sheet secondary structure; CH3 and
CH2

Saliva IL-1b; TNF-a 2020 (Yang et al.,
2020)

1335 cm–1; 1590 cm–1 DTNB; 4-MBA

Saliva Sialic acid 2019
(Hernández-
Cedillo
et al., 2019)

1002 cm–1, 1237 cm–1, and 1391 cm–1;
OR 910 cm–1, 1171 cm–1, and 1360 cm–1

Sialic acid

GCF Mineral–matrix ratio;
Carbonate apatite–
hydroxyapatite ratio;

2014 (Jung et al.,
2014)

984 cm−1/1667 cm−1; 1088 cm−1/984
cm−1;

Phosphate/Amide I; Carbonate/
Phosphate;

Saliva Carotenoids 2011 (Gonchukov
et al., 2011)

1155 cm–1; 1525 cm–1 C–C; C=C

Detecting metabolites of periodontal bacteria
P. gingivalis ATCC 33277 – 2016 (Pezzotti

et al., 2016)
– –

Pr. nigrescens ATCC 25261; Pr.
intermedia ATCC 25611; P.
gingivalis W50; Fe(III)PPIX.OH; [Fe(III)
PPIX]2O

Heme pigment 2003 (Smalley
et al., 2003)

338 cm–1; 370 cm–1; 1549 cm–1; 1570
cm–1; 1580 cm–1; 1618 cm–1; 1621 cm–1

–

Distinguish subgingival bacteria
P. gingivalis; A.
actinomycetemcomitans;
Streptococcus spp.

– 2021 (Witkowska
et al., 2021)

– –

F. nucleatum,; S. mutans; V. dispar;
A. naeslundii; Pr. nigrescens

– 2020 (Kriem
et al., 2020)

– –
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UV–vis spectrophotometry to characterize the heme pigment of
Prevotella nigrescens ATCC 25261 and Prevotella intermedia
ATCC 25611 (Smalley et al., 2003). They also explored the
changes in heme pigment under different pH conditions. In
2016, in situ Raman microprobe spectroscopy was used to track
the metabolic changes of P. gingivalis on the polished surfaces of
bioceramics of the antibacterial substance silicon nitride (Si3N4),
revealing the formation of peroxynitrite in P. gingivalis (Pezzotti
et al., 2016).

In addition, Raman spectra can be used to distinguish
different subgingival bacteria using data analysis. In 2020,
Kriem et al. distinguished Fusobacterium nucleatum, S.
mutans, Veillonella dispar, Actinomyces naeslundii, and
Prevotella nigrescens with 100% accuracy in planktonic state.
The accuracy of distinguishing S. mutans, V. dispar, and A.
naeslundii single-species biofilms was 76%, and that for the
others was 90% or higher (Kriem et al., 2020). Based on
advanced technologies, in 2021, Witkowska et al. designed a
standard Raman spectral detection process to differentiate
different serotypes of P. gingivalis , Aggregatibacter
actinomycetemcomitans, and Streptococcus spp.

The detection process applied microfluidics, Fe2O3@AgNPs
combined with Ag/Si substrates, and successfully distinguished
P. gingivalis from A. actinomycetemcomitans and Streptococcus
spp. by principal component analysis (PCA) with an accuracy of
82–91%. They also confirmed the effectiveness of this detection
system in a saliva environment (Witkowska et al., 2021). The
detection process provides a feasible method for detecting
periodontal pathogens in a clinical environment.

Regarding diagnosis, saliva and GCF have always been
prominent as bodily fluids that can be obtained noninvasively
and contain effective information as well as interfering noise.
One important research approach for analyzing Raman spectra
containing a large amount of information is to focus on peaks
representing target substances, such as carotene, carotenoids,
and sialic acid (SA).

In 2011, Gonchukov et al. collected saliva from 10 patients
with periodontitis and 10 healthy subjects (Gonchukov et al.,
2011). There were unique peaks in the periodontitis group at
1155 and 1525 cm–1, representing C–C and C=C, respectively
(Darvin et al., 2010), which indicates the existence of carotenoids
(Darvin et al., 2009) and proves that as the severity of the
periodontal disease increases, the total antioxidant level in
saliva also rises (Kim et al., 2010). In 2014, Camerlingo et al.
compared the Raman spectra of GCF collected from healthy and
periodontitis patients and found that the band at 1537 cm–1,
which represents the isomerization product of the C=C group
related to the degraded carotene, only appeared in the latter
group (Camerlingo et al., 2014). The aforementoined studies
confirm that carotenoid concentration may be beneficial in the
diagnosis of periodontitis. Furthermore, SA is present in several
proteins related to periodontitis (Ide et al., 2003). Hernandez-
Cedillo et al. reported the potential of SA in the auxiliary
diagnosis of periodontal diseases. In 2019, they collected saliva
samples from patients with periodontitis or gingivitis as well as
healthy controls. The peaks at 1002 cm–1,1237 cm–1, and 1391
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7118
cm–1 or 910 cm–1, 1171 cm–1, and 1360 cm–1 were compared
with the standard SA peaks, indicating that the concentrations of
SA in each group were significantly different (Hernández-Cedillo
et al., 2019). Interleukin-1b (IL-1b) and tumor necrosis factor-a
(TNF-a) are important cytokines in periodontitis, and their
concentrations in GCF are higher with periodontitis
(Klokkevold, 2015). Yang et al. labeled IL-1b and TNF-a with
5,5 ’-Dithiobis-(2-nitrobenzoic acid) (DTNB) and 4-
mercaptobenzoic acid (4-MBA), respectively, and then
collected the salivary surface-enhanced Raman spectra of
patients with different periodontal conditions (Yang et al.,
2020). The relative area values of the IL-1b and TNF-a peaks
at 1335 cm–1 and 1590 cm–1, respectively, were calculated as the
Raman intensity corresponding to the concentration of
inflammatory factors, and significant differences were found
between the three groups. The spectral characteristics of saliva
reflect metabolic changes in periodontal tissues, and are of vital
importance in the diagnosis of periodontitis. However, the
composition of saliva is affected by many factors, such as diet
and physical condition. Thus, a multi-center and large-sample
study is necessary to acquire reliable spectral characteristics of
different periodontal conditions.

Regarding Raman spectra of GCF, Jung et al. studied the
changes in GCF composition during orthodontic tooth
movement with RS. RS showed the degree of bone
mineralization and accumulation of carbonate in the apatite
lattice. During the alveolar bone remodeling, the mineral–
matrix rat io decreased and the carbonate apatite–
hydroxyapatite ratio increased. It is speculated that this results
from insufficient mineralization during alveolar bone remodeling
(Jung et al., 2014). Perillo et al. observed the changes in
vibrational modes of proteins (amide I and amide III bands)
and CH2 and CH3 modes in the periodontal ligament 2, 7, and 14
days after adding orthodontic force to obtain the molecular
arrangements and conformational changes. The Raman spectra
of the a-helix, 310-helix, b-turn, b-sheet and random coil in the
amide I and amide III bands representing the secondary
structure of the protein changed markedly with orthodontic
tooth movement. The a-helical and the intensity of the entire
amide I band were reduced compared with the control
periodontal ligament sample. Compared to the a-helical mode,
the remaining component mode of amide I became wider and
stronger. The information from the Raman spectra provided
quantitative insight into when and how the periodontal ligament
molecular arrangement changed (Perillo et al., 2020).

3.2.2 Raman Spectroscopy to Depict
Bone Transformation
In addition to saliva, GCF, and gingival tissue, periodontal hard
tissue has also been considered for possible applications of RS. In
2019, Gatin et al. reported the application of RS to evaluate the
bone differences between a periodontitis patient and a healthy
patient before and after maxillary sinus lift surgery. Octacalcium
phosphate (OCP) and amorphous HAP presented obvious peaks
at 955–960 cm–1, representing immature bone. Moreover, HAP
crystals and biological HAP-based bone substitutes showed
February 2022 | Volume 12 | Article 775236

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zhang et al. Raman Spectroscopy in Oral Diseases
bands at 960–965 cm–1, representing mature bone. Based on this
analysis, t bone samples before surgery and 8 months after
healing revealed that the two patients’ samples had peaks at
955–960 cm–1 before surgery, and only peaks at 960–965 cm–1

presented after surgery. The broad fluorescence peaks appearing
at 800–900 cm–1 represented collagen, and the changes in
specific peaks could be used to quantify the healing process
(Gatin et al., 2019). Raman spectra clearly depict the
transformation from immature to mature bone.

3.3 Oral Cancer
Oral cancers are cancerous growths in the mouth, and they are
life-threatening if not diagnosed and treated early. The most
common type of oral cancer is oral squamous cell carcinoma
(OSCC) (Klokkevold, 2015), and biopsy is the gold standard for
OSCC diagnosis. Doctors can estimate the severity of the
condition according to the International Union Against
Cancer’s primary tumor, regional lymph nodes, and metastasis
(TNM) classification and the World Health Organization
(WHO) histologic grading system. To date, RS has mainly
been explored for the diagnosis and classification of oral
cancer. A few studies have also collected data and studied the
application of RS in the treatment and prognosis of oral cancer.
Table 3 summarizes the literature on RS for oral cancer.

3.3.1 Diagnosis and Classification of Oral Cancer
In 2004, Krishna et al. first studied the potential of RS for
detecting oral cancer (Krishna et al., 2004). They collected
Raman spectra from healthy and malignant epithelial cells and
differentiated them using PCA. Subsequently, many studies have
validated this conclusion. In summary, Raman spectra have been
studied to (1) clarify the tumor stage and histological
classification of OSCCs, (2) distinguish OSCCs from
precancerous lesions and other cancers, and (3) improve the
accuracy of diagnostic models.

Clarifying the tumor stage and histological classification is
critical for evaluating patients’ conditions and choosing the best
treatment plan. Xue et al. established a diagnostic model based
on the spectra of serum samples from 135 patients with OSCCs
using PCA with linear discriminant analysis (PCA-LDA). The
total accuracies of the diagnostic model in identifying tumors at
different stages, distinguishing lymph node involvement, and
distinguishing between different histological grades were 90.4%,
85.9%, and 90.4%, respectively (Xue et al., 2018). A novel SERS
catheter (5–6 µm) helped to successfully obtain and differentiate
healthy cells, moderate OSCCs, and severe OSCCs with an
accuracy of 97.84% (Madathil et al., 2019). Surprisingly, even
subtypes of head and neck cancer cells could be identified by
analyzing the spectra from tissue engineering models. Mian et al.
successfully identified subtypes of head and neck cancer cells
(Mian et al., 2017). Significant differences in the spectra were
observed in the lipid content (2881 cm–1) and protein structure
(amides I and III), the peaks of which are associated with several
amino acids and nucleic acids (600 cm–1 to 1003 cm–1).
Therefore, doctors can choose chemotherapy or radiotherapy
based on the known subtypes of cancer. In addition, Yasser et al.
successfully distinguished radioresistant cell sublines (70Gy-
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UPCI : SCC029B; 50Gy-UPCI : SCC029B) from parental oral
cancer cell lines (UPCI : SCC029B) (Yasser et al., 2014). PCA
presented a minor overlap between three clusters, indicating a
large difference between three cell lines. Furthermore, Kumar et
al. explored the change in differentiation efficacy during the
cancer-inducing process, and the accuracy of cancer
identification increased during the first 7 weeks, remained
steady from 8 to 11 weeks, and exceeded 80% by the 14th
week (Kumar et al., 2016).

Furthermore, RS has been found to be a powerful tool for
distinguishing OSCCs from precancerous lesions. Krishna et al.
studied the potential of Raman spectra obtained in vivo directly
to differentiate malignant lesions (OSCCs, oral submucous
fibrosis (OSMF) and leukoplakia (OLK)) in the oral cavity. The
accuracy was 85% in HV, 89% for OSCCs, 85% for OSMF, and
82% for OLK. For spectra classified as normal and abnormal, the
sensitivity and specificity were 94.2% and 94.4%, respectively
(Krishna et al., 2014). However, another study reported that
OSMF, OLK, and lichen planus were highly misclassified as
OSCCs or habitues without lesions in the Raman spectra of sera
(Dumal et al., 2020). OSCCs, verrucous carcinomas, and OLK
were differentiated with 97.24% accuracy by taking thin
cryosections of tissue specimens in a novel SERS catheter (5–6
µm) (Madathil et al., 2019). Moreover, RS combined with
cytopathology can distinguish oral precancerous lesions
(OPLs), healthy tobacco users (HT), and HV (Ghosh et al.,
2019). The sensitivity of the OPL group was identified as
approximately 77% when analyzed spectrally, which was
higher than patient-wise, with a sensitivity of approximately
70%. The main changes in the spectra of OPLs were related to
nucleic acids and proteins. This is consistent with changes in
protein and DNA corresponding to cellular physiological
changes during poor cell proliferation (Sahu et al., 2017).
Connolly et al. obtained unlabeled spectra from saliva and
exfoliated cells of HV and OSCC patients using SERS and
established diagnostic models using PCA-LDA and PCA with
logistic regression (PCA-LR) diagnostic algorithms.
Consequently, it was concluded that the saliva and exfoliated
cells could identify HV and patients with OSCCs, with
sensitivities of 89% and 73% and overall accuracies of 68% and
60%, respectively (Connolly et al., 2016). In brief, the accuracy of
Raman spectra from exfoliated cells in differentiating diagnoses
must be improved. Misclassification of Raman exfoliative
cytology also indicated field cancerization changes. The higher
the misclassification rate between spectra of contralateral normal
tissue and tumor tissue, the more similar the exfoliated cells are
(Sahu et al., 2019).

Researchers have differentiated OSCCs, other oral cancers
(such as verrucous carcinoma, mucoepidermoid carcinoma,
parotid pleomorphic adenoma, and Warthin’s tumor) (Yan
et al., 2011; Yan et al., 2015; Tan et al., 2017; Madathil et al.,
2019), and cancers in other regions (such as breast, colorectal,
lung, and ovarian) (Moisoiu et al., 2019). The difference in the
SERS spectra of sera between OSCCs, mucoepidermoid
carcinomas, and healthy humans is mainly represented by
nucleic acids and proteins. The spectral differences are mainly
distributed in the spectral bands represented by the specific
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molecular structures of carotenoids and lipids. OSCCs were
successfully distinguished from a control group with a
sensitivity of 80.7% and specificity of 84.1% (Tan et al., 2017).
Another study has also attempted to distinguish OSCCs from
parotid pleomorphic adenomas, Warthin’s tumors, and
mucoepidermoid carcinomas by support vector machine
(SVM) according to the SERS information of sera. The results
showed that the SVM had a favorable effect on SERS spectral
classification, with an accuracy of 84.1–88.3%, sensitivity of 82.2–
97.4%, and specificity of 73.7–86.7%. Although this method can
easily differentiate mucoepidermoid carcinoma from the other
two benign tumors, it is difficult to distinguish between the two
benign tumors themselves (Yan et al., 2011; Yan et al., 2015).
Moisoiu et al. successfully discriminated several cancers with an
accuracy of 88% for oral cancer, 76% for breast cancer, 86% for
colorectal cancer, 59% for lung cancer, and 80% for ovarian
cancer (Moisoiu et al., 2019). AgNP substrate enhanced the
signal in serum samples and PCA-LDA differentiated spectra
in different groups.

Obtaining more important information can increase the
differentiation efficacy. Ghosh et al. combined Fourier-
transform infrared spectroscopy (FTIR) and RS to increase the
classification accuracy from 85% (FTIR) and 82% (RS) to 98%
(Ghosh et al., 2019). Spectra of DNA from dehydrated cancer
cells and high-wavenumber regions of spectra have attracted the
attention of researchers. Panikkanvalappil et al. provided a new
method for improving the accuracy of the diagnostic model.
Their study found that the conformational induction of DNA
from dehydrated cancer cells presents a series of unique Raman-
labeled bands. According to these bands, cancer and healthy cell
DNA can be distinguished. It is speculated that nucleobase
damage in tumor cell DNA and subsequent changes in the
electron cloud during the dehydration-driven conformational
change results in a Raman spectral change (Panikkanvalappil
et al., 2013). The high-wavenumber region contains more
distinct information for identifying subcellular structure, i.e.,
the nucleus and cytoplasm, than the fingerprint region. Carvalho
et al. analyzed the spectra of the nucleolus, nucleus, and
cytoplasm of oral epithelial carcinomas (SCC-4), dysplasia
(DOK) cell lines, and normal oral epithelial cells. The O–H
bond from cell-membrane-bound water or intracellular fluid
provided key information for distinguishing cell lines. The
sensitivity and specificity of cytoplasm recognition were up to
~100% and 97%, respectively. Regarding nuclear recognition, the
specificity was 99%. Compared to other methods, high-
wavenumber regions provide more information about
subcellular structures to distinguish between normal,
premalignant, and malignant tissues (Carvalho et al., 2015;
Carvalho et al., 2017).

In addition, improving the efficiency of the classifier can
increase the distinguishing accuracy. Jeng et al. gathered the
spectra from 36 normal and 44 OSCC tissues and analyzed them
with PCA, followed by LDA or quantitative discrimination
analysis (QDA). The accuracies of the PCA-LDA and PCA
with QDA (PCA-QDA) classifiers were 81.25% (sensitivity:
77.27%, specificity: 86.11%) and 87.5% (sensitivity: 90.90%,
specificity: 83.33%), respectively. PCA-QDA showed better
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9120
classification efficiency than PCA-LDA (Jeng et al., 2019).
Moreover, Cals et al. adopted PCA with (hierarchical) LDA
(PCA-(h)LDA) (Cals et al., 2016). Because there is a large
difference between lipid, nerve, and tumor tissue, researchers
first differentiated lipids and nerves from other tissues and then
distinguished OSCCs from the remaining components
(squamous epithelium and connective tissue, muscle, and
glands). Compared to the one-step PCA-LDA model,
the two-step PCA-(h)LDA model presented higher
accuracy (91% accuracy; sensitivity: 100%, specificity: 78%).
However, the PCA-(h)LDA model also increased the data
analysis workload.

Furthermore, focusing on biomarkers is also a way to
distinguish between normal and abnormal tissues. Chen et al.
compared Raman spectra decomposed by multivariate curve
resolution with alternating least squares (MCR-ALS) with the
standard Raman spectra of keratin, a well-known molecular
marker of OSCC. However, some spectra were neither divided
into the OSCC group nor the normal group, and as a result, with
different classification methods of suspicious samples, the
sensitivity differed widely (77% or 92%) (Chen et al., 2016).
Recently, Fălămas ̧ et al. attempted to differentiate six OSCC
patients from five HV by salivary Raman spectra (Fălămas ̧ et al.,
2020). They noticed that thiocyanate is not only an indicator of
smokers (Tsuge et al., 2000) but also related to cancer (Shiue,
2015). The characteristic band of thiocyanate is 2126 cm–1, the
intensity of which was higher in the cancer group than in the
healthy group. The peak at 738 cm–1 is another characteristic
band of thiocyanate, contributing to the differentiation of the two
groups by PCA. Fălămas ̧ et al. also found that the peaks at 752,
884, 928, 989, and 1047 cm–1, representing tryptophan, collagen,
proline, and glycogen, respectively, contributed to finding the
biggest difference between OSCC patients and HV in salivary
spectra (Falamas et al.). Daniel et al. also concentrated on the
presence of thiocyanate at 2108 cm–1 in the SERS spectra of
saliva among smokers (Daniel et al., 2020). However, due to the
small sample size, whether thiocyanate can be a potent
biomarker for recognizing cancer patients requires further
exploration. S100 calcium-binding protein P (S100P) mRNA
has been reported as a valid salivary biomarker for oral cancer
detection without periodontitis interference (Y.-S. et al., 2017).
Han et al. designed a sandwich assay format consisting of
oligonucleotides, AuNPs as the SERS substrate, and malachite
green isothiocyanate as a reporter molecule to quantify S100P
mRNA in saliva (Han et al., 2019). The concentration of S100P
mRNA was three times higher in the oral cancer group than in
the healthy group.

3.3.2 Treatment and Prognosis of Oral Cancer
The extent to which the cancerous tissue can be removed by a
clinician (i.e., whether it can be completely removed or not)
significantly affects the prognosis. It has been reported that the 5-
year disease-free survival rate significantly declines in patients
with inadequate surgical margins. Even after surgical treatment
and radiotherapy or chemotherapy, malignant lesions may still
recur, which directly affects the prognosis and patients’ quality of
life. Thus, assessing surgical margins and the potential for oral
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cancer recurrence are of major importance. RS shows the
application potential and unique advantages of these two aspects.

For instance, frozen section is an intraoperative choice to assess
whether the surgical margin is adequate. This technique works
well for soft tissues, but it is difficult to use it to assess bone edges
(Nieberler et al., 2016). RS has the potential to distinguish between
malignant and normal tissues. The Raman map composed of the
spectra of all sites of a specimen is a candidate method for
determining the surgical margins more accurately during
operation. Barroso et al. found that the main factor in
distinguishing a tumor from surrounding healthy tissue is water
concentration (Barroso et al., 2015). Based on this, they
constructed a 2D Raman map to observe the change in water
concentration from tumor tissue to the surrounding healthy
tissue. In 2016, Barroso et al. (Barroso et al., 2016) applied the
ratio of 3390 cm–1 (O–H stretching band of water) to 2935 cm–1

(C–H stretching band of lipids and proteins) as an indicator of
water concentration and then assigned different colors to various
water concentrations for 2D Raman map construction. In the 4–6
mm transition region between the tumor and surrounding normal
tissue, the water content in the tissue ranged from 76% ± 8% in the
tumor tissue to 54% ± 24% in the surrounding healthy tissue. The
2D Ramanmap presented the water concentration transformation
from the tumor tissue to the surrounding healthy tissue directly,
providing valid information for clinicians to determine the
surgical edge more accurately. Two years later, Barroso et al.
further focused on the potential of RS to evaluate the margin of
bone resection during OSCC mandibular resection (Barroso et al.,
2018). They also assessed the water concentrations of healthy and
tumor bone tissues (more than 3 mm from the tumor boundary),
and a Manne–Whitney U-test revealed significant differences in
water concentration between the two groups. Furthermore, they
built a PCA-LDAmodel to distinguish two types of samples based
on the intensity of 2800–3050 cm–1 C–H stretching. For
suspicious spectra proven by water concentration, the PCA-
LDA model presented 95% accuracy (sensitivity: 95%,
specificity: 87%). By assigning different colors to the tumor bone
tissue and normal tissue, they completed a 2D Raman map.
Therefore, Barroso et al. believed that RS is a candidate method
for intraoperative surgical edge assessment. Compared to the
reports from Barroso et al., Cals et al. adopted two-step PCA-
(h)LDA to achieve higher accuracy (accuracy: 91%, sensitivity:
100%, specificity: 78%) (Cals et al., 2016). A 2D Raman map can
also be constructed using the tumor posterior probability of each
sub-site spectrum to present visual information.

RS can also sensitively detect minor changes in a sample,
presenting the potential to predict the recurrence rate of oral
cancer patients (Sahu et al., 2015; Malik et al., 2017).
Carcinoembryonic antigen (CEA) has the potential to predict
tumor recurrence, which has been confirmed in other types of
cancers (Lumachi et al., 2008). The Raman spectra of sera can
detect cancer-related proteins and DNA (Harris et al., 2010). In
2015, Sahu et al. reported that the Raman spectra of sera are related
to OSCC recurrence (Sahu et al., 2015). They collected serum
samples immediately before and 1 week after surgery. The PCA-
LDA classifier could differentiate patients with or without tumor
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10121
recurrence within 2 years, and the classification effectiveness was
approximately 78%. It is worth mentioning that only postoperative
serum spectra are related to tumor recurrence. However, serum
spectra changes cannot identify the specific location of a tumor,
but as a preliminary test to screen high-risk people, they can be
effective. Malik et al. applied oral mucosa to predict tumor
recurrence. They analyzed the Raman spectra of malignant and
contralateral normal mucosa in OSCC patients using PCA-LDA
and leave-one-out cross-validation (LOOCV). They focused on
misclassification, and found a relationship with recurrence 2 years
post-surgery (Malik et al., 2017). They included 57 patients with
OSCCs (including tongue, cheek, mandible, molar posterior pad,
hard plate, and mouth cancers). Eight of 41 patients with
misclassified spectra and 2 of 16 with correct spectra
classification had second primary cancer or recurrence 2 years
after surgery. It can be concluded that the misclassified group
presented 1.5 times greater recurrence risk than the correctly
classified group. Tissues have changed at the molecular level
before the visible malignant change appears, and Raman spectra
can detect this minor transformation. The sensitivity and
specificity of the classifier were 80% and 29.7%, respectively.
Although the specificity was low, it is acceptable as a preliminary
screening tool, and following studies may increase the specificity
by increasing the sample size.
4 DISCUSSION

Both dental caries and periodontal disease are chronic infectious
diseases, in which bacteria and biofilms play a critical role in
initiation and progression. Studies have shown that the
composition of the subgingival flora and metabolism of
virulence factors change significantly before periodontitis
advances (Curtis et al., 2020). However, it is not easy to detect
changes in the composition and metabolism of flora chairside
quickly and precisely. As Raman spectra can sensitively detect
changes at the molecular level, they show the potential to detect
metabolic changes in bacteria and biofilms chairside. Detailed
and comprehensive analysis of the metabolism of bacteria and
biofilms by Raman spectra requires interpretation of the
meaning and changes of each peak. The amount of
information and workload is massive, and it is difficult to
reverse the changes at the molecular level from this
phenomenon. Focusing on the changes in key bands in the
spectra, at this stage, the metabolic changes can be observed
more efficiently and intuitively, such as those at 484 cm–1 and
2040–2300 cm–1 (Tao et al., 2017; Daood et al., 2020a). In
addition, there are many reports on the application of Raman
spectra to distinguish different oral bacteria, the accuracy of
which can be improved by enhancing the spectral signal-to-noise
ratio or applying a more distinguishable analysis method.

It is well known that mature laboratory methods such as
polymerase chain reaction and western blot can identify bacteria
and accurately detect changes in mRNA transcription and
protein expression within hours; however, they are more
suitable for the laboratory because special reagents and
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instruments are required. The potential of RS is more inclined to
obtaining information in a clinical environment within minutes,
with the advantages of being in situ, non-invasive, and accurate
as RS is not interfered with by water, causes no damage to the
sample, and reflects the chemical bond information clearly. To
tap its potential in chairside applications, researchers have made
many attempts in vitro, including identification of bacterial
species (Kriem et al., 2020), detecting bacterial metabolic
changes through D2O-labeled RS (Guo et al., 2019), quorum-
sensing molecules (Culhane et al., 2017), and structure of
biofilms (Kriem et al., 2021). In addition, as RS can truthfully
reflect information on the composition, structure, and
concentration of all biological samples, it will provide a basis
for obtaining more bacterial information chairside when changes
in the flora and the expression of virulence factors can be
obtained through RS. However, it should be noted that
accurately obtaining target information from a large amount of
information still requires study. In terms of hardware
foundation, the only portable Raman spectrometer (Thermo
Scientific™ Gemini™) is very expensive. Before a unified and
standardized inspection process is established, the path to RS
chairside inspection is still long. However, RS has undeniably
shown strong potential to provide more microbiological
information chairside or even in situ.

Biological samples are usually composed of proteins, lipids,
nucleic acids, and inorganic substances, and various bonds make
up the Raman spectra, which often causes confusion over how to
extract the desired information. Samples for the diagnosis and
prognosis of oral diseases include biofluids (saliva, GCF, and
blood/serum), bacteria or cells, soft tissue, and hard tissue (teeth
and bone). Gathering bodily fluid samples requires specific
conditions and methods to avoid interfering factors. For
instance, saliva samples are usually taken at 9:00 to 11:00 a.m.
after mouth rinsing one to three times (Gonchukov et al., 2011;
Hernández-Cedillo et al., 2019; Yang et al., 2020). Regarding
GCF, the paper strips used to take samples must be carefully
protected from contamination by blood or saliva, and peripheral
blood samples should be taken after 10 h of overnight fasting
(Xue et al., 2018). Biofluids are not usually uniformly distributed
after drying and often crystallize on solid surfaces, and the
spectra obtained at different sites also show large differences
(Gonchukov et al., 2011). It is possible to average the spectra
obtained from multiple sites for analysis and identification. It is
worth mentioning that saliva contains many biomarkers, such as
SA (Hernández-Cedillo et al., 2019) and carotenoids (Kim et al.,
2010; Gonchukov et al., 2011) for periodontitis diagnosis, and
thiocyanate (Falamas et al.; Fălămaş et al., 2020) and S100P
mRNA (Han et al., 2019) for oral cancer detection.

Planktonic bacteria and cell samples are also unevenly
distributed after drying, but bacterial cells are independent as a
unit, unlike the uneven distribution of components in bodily fluid
samples. Therefore, it is feasible to obtain Raman spectra in
combination with a microscope to determine the cell distribution.
It should be noted that definite and scientific culture conditions and
culture time should be adopted to ensure the stability of the cell
state, which is the basis for obtaining stable Raman spectra. After
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biofilm formation and cell attachment, solid surfaces are formed,
and the distribution disappears unevenly. Once samples form a
solid plane, Raman maps can be obtained by integrating the
intensities of characteristic bonds (such as O–H in high-
wavenumber regions) at every site to facilitate the observation of
the boundaries of different tissues and provide a basis for judging
the edges of tumor tissues (Barroso et al., 2015; Barroso et al., 2016;
Barroso et al., 2018). Soft tissues include epithelial, connective,
adipose, glandular, and nerve tissues. Some studies have focused
on biomarkers and corresponding bonds to differentiate different
tissues, such as collagen in gingiva (Garnero et al., 2010; Daood
et al., 2018) and keratin in squamous cell carcinoma tissue (Chen
et al., 2016). Other studies have analyzed all the information in the
spectra, which is complicated. Hard tissues in the oral cavity include
teeth (enamel, dentin, and cement) and bone, and changes in
phosphate (960 cm–1), carbonate (960 cm–1), and collagen (1655
or 1667, 1246 or 1270, and 1450 cm–1) have attracted attention for
detecting caries and defining the edge of decayed tooth tissue
(Toledano et al., 2015b). In bone regeneration, OCP and
amorphous HAP represent immature bone, and HAP crystals
representing mature bone have been used to evaluate bone
transformation (Gatin et al., 2019).

There are two ways to assist the diagnosis and prognostic
assessment of oral diseases using RS. One is to focus on specific
biomarkers that are associated with well-known pathological
changes and their corresponding bonds. The advantages of this
approach are that the data analysis is simpler and the
discrimination efficiency is higher. However, most biomarkers
for oral cancer and periodontal disease detection are microRNA,
cell-free DNA, extracellular vesicles, and cytokines (interleukin
and tumor necrosis factor) (Cristaldi et al., 2019), which do not
have specific bonds like SA (Hernández-Cedillo et al., 2019),
carotenoids (Kim et al., 2010; Gonchukov et al., 2011), and
thiocyanate (Falamas et al.; Fălămas ̧ et al., 2020) in saliva. There
are several methods to capture target biomarkers and attach
labeled molecules to them, but the process is complicated. The
other way is to classify the principal components of the full
spectra, establish a model, and test its sensitivity and specificity.
The most commonly used method for this approach is PCA-
LDA+LOOCV. It is worth mentioning that MCR-ALS analysis
can decompose complicated spectra into interpretable
components, which are accessible to non-specialists in the
spectroscopy field (Chen et al., 2016). This is a solution for
nucleic acid and protein biomarkers.

RS exhibits unique potential in the biomedical field due to its
high sensitivity and accuracy and low water interference and
sample damage. However, only a few photons are produced in
Raman scattering, the peak intensity is relatively weak, and the
signal-to-noise ratio is low. Environmental factors (such as light
and vibration) and the parameters selected for Raman spectra
acquisition are also interfering factors. The detection sites of
unevenly distributed samples (biofluids) and the focus of the
microscope also affect the spectra.

The signal-to-noise ratio can be improved during the signal
acquisition and data analysis stages. First, combining RS with other
technologies can have a positive effect. For example, SERS enhances
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TABLE 3 | Summary of RS studies on oral cancer.

Sample type Sample numbers Year Authors RS (spectral region;
laser used)

Data analysis methodology

Clarifying tumor stage, histological classification and cancer subtype
Tumor
resection
specimen

OSCC = 20; VC = 4; OLK = 5; N = 8 2019 (Madathil et al.,
2019)

SERS; 500–1800 cm–1; 488
nm

PCA-DA

Serum Buccal cancer = 40; Tongue cancer = 50; Floor of mouth
cancer = 45

2018 (Xue et al., 2018) SERS; 200–1800 cm–1; 633
nm

PCA-LDA; LOOCV

Tissue
engineering
models

Models = 27: N (NOF; NOK); Dysplastic (DOK; D19; D20);
HNC (Cal27; SCC4; FaDu)

2017 (Mian et al.,
2017)

600–1800 cm–1 and 2800–
3400 cm–1; 532 nm

PCA-LDA; CA

Buccal pouch
tissue

Ex vivo = 115; In vivo; sequential = 60; In vivo follow-up = 6 2015 (Kumar et al.,
2016)

1200–1800 cm–1;785 nm PCA; PCA-LDA

Cells Radioresistant cell sublines (70Gy-UPCI : SCC029B; 50Gy-
UPCI : SCC029B);
Parental oral cancer cell lines (UPCI : SCC029B)

2014 (Yasser et al.,
2014)

900–1800 cm–1; 785 nm PCA

Differentiating diagnosis between normal, precancerous lesions and cancer
Tumor
resection
specimen

OSCC = 20; VC = 4; OLK = 5; N = 8 2019 (Madathil et al.,
2019)

SERS (catheter (5–6 µm));
500–1800 cm–1; 488 nm

PCA-DA

Tissue
engineering
models

Models = 27: N (NOF; NOK); Dysplastic cells (DOK; D19;
D20); HNC (Cal27; SCC4; FaDu)

2017 (Mian et al.,
2017)

600–1800 cm–1 and 2800–
3400 cm–1

PCA-LDA; CA

In vivo OSCC = 113; OSMF = 25; OLK = 33;
HV = 28

2014 (Krishna et al.,
2014)

900–1750 cm–1; 785 nm PCA-LDA

Differentiating diagnosis between different tumors (OSCC, other oral tumors and carcinomas in other systems)
Serum HV = 39; Breast cancer = 42; Colorectal cancer = 109; Lung

cancer = 33; Oral cancer = 17; Ovarian cancer = 13
2019 (Moisoiu et al.,

2019)
SERS; 600–1800 cm–1; 532
nm

PCA-LDA

Tissue frozen
section

OSCC = 20; VC = 4; OLK = 5; N = 8 2019 (Madathil et al.,
2019)

SERS(catheter (5–6 µm));
500–1800 cm–1; 488 nm

PCA-DA

Exfoliated cell N = 13; OLK = 13; OSCC = 10 2019 (Ghosh et al.,
2019)

200–2000 cm–1; 785 nm PCA-LDA; k-fold cross-
validation

Exfoliated cell Tumor = 16; Contralateral mucosa = 16; HT = 20 2019 (Sahu et al.,
2019)

800–1800 cm–1; 785 nm PCA-LDA; LOOCV

Exfoliated cell HV = 20; TH = 20; OPL = 27 2017 (Sahu et al.,
2017)

800–1800 cm–1; 785 nm PCA-LDA

Serum OSCC = 135; MEC = 90; HV = 145 2017 (Tan et al., 2017) SERS; Fingerprint regions
(200–1800 cm–1); 633 nm

PCA-LDA

Saliva and
exfoliated cell

Person: HV = 18; OSCC = 18; Spectra: Saliva = 180; Cell =
120

2016 (Connolly et al.,
2016)

SERS; 800–1800 cm–1; 785
nm

PCA-LDA; PCA-LR

Serum PA = 20; WT = 21; MEC = 19; HV = 31 2015 (Yan et al., 2015) SERS; 200–1800 cm–1; 633
nm

SVM

Tissue section HV = 20; PA = 20; WT = 20 2011 (Yan et al., 2011) 800–1800 cm–1; 785 nm SVM
Obtaining more important information to elevate differentiation efficacy
Exfoliated cell N = 13; OLK = 13; OSCC = 10; 2019 (Ghosh et al.,

2019)
200–2000 cm–1; 785 nm PCA-LDA; k-fold cross-

validation
Cells Nucleolus, nucleus and cytoplasm: SCC-4 = 60; DOK = 60;

N = 60
2017 (Carvalho et al.,

2017)
2800–3600 cm–1; 532 nm PCA-FDA

Dehydrated
cancer cell

– 2013 (Panikkanvalappil
et al., 2013)

SERS; 400–2000 cm–1; 532
nm

–

Selecting better analysis methods to elevate differentiation efficacy
Tissue section N = 36; Tumor = 44 (tongue, buccal mucosa, gingiva) 2019 (Jeng et al.,

2019)
700–2000 cm–1; 532 nm PCA-LDA; PCA-QDA; LOOCV;

k-fold cross-validation
Tumor
resection
specimen

OSCC = 14; N = 11 2016 (Cals et al.,
2016)

400–1800 cm–1; 785 nm PCA-(h)LDA

Focusing on biomarkers to elevate differentiation efficacy
Saliva OSCC = 6; HV = 5 2020 (Fălămaş et al.,

2020)
SERS; 600–1720 cm–1; 785
nm

PCA

Saliva OSCC = 3; Lymphoma = 1; Actinomyces infection = 1; HV =
3

2020 (Falamas et al.) 100–3200 cm–1; 785 nm PCA-LDA

Saliva Oral dysplasia = 10; HV = 10 2020 (Daniel et al.,
2020)

SERS; - –

(Continued)
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the local electric field to increase the peak intensity; micro-RS can
obtain more accurate information as the signal comes from accurate
sites under a microscope, reducing interference signals from other
sites; and near-infrared excitation Fourier-transform RS uses
Fourier-transform technology to collect signals and accumulate
multiple times to improve the signal-to-noise ratio, and irradiates
the sample with a 1064 mm near-infrared laser to reduce the
fluorescence background. Second, data preprocessing and data
analysis can improve the signal-to-noise ratio. The most
commonly used data analysis method is PCA-LDA. However,
PCA-QDA presents a higher accuracy than PCA-LDA (Jeng
et al., 2019). Moreover, the two-step distinguishing process of
PCA-(h)LDA has a higher accuracy than the one-step process of
PCA-LDA (Cals et al., 2016). MCR-ALS is also an option for non-
specialists in the spectroscopy field (Chen et al., 2016). Another
user-friendly data analysis method for researchers with limited
mathematical knowledge is worth mentioning: Inverted Discrete
Wavelet Transform decomposes the Raman spectra into low-
frequency (approximation) components and fluctuation (detail)
components. The next layer of “approximation” and “detail”
components is continuously decomposed from the previous
“approximation” components. The last “approximation” and
several previous “detail” components are finally integrated to filter
out non-correlated signals and background signals, improving the
readability of the Raman spectra (Camerlingo et al., 2008).

Third, focusing on biomarkers, such as keratin in tumor
tissue (Chen et al., 2016), SA (Hernández-Cedillo et al., 2019),
carotenoids (Kim et al., 2010; Gonchukov et al., 2011),
thiocyanate (Falamas et al.; Fălămaş et al.), and S100P mRNA
(Han et al., 2019), also increases the differentiation accuracy.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13124
Subcellular DNA (Carvalho et al., 2017) and DNA information
from dehydrated cells (Panikkanvalappil et al., 2013) also
provide more valid information.

Collectively, RS has shown its ability to assist in the diagnosis
and prognostic prediction of oral diseases. Its high sensitivity and
accuracy and low water interference and sample damage are
useful for obtaining information from not only isolated samples
but also in situ sites, such as in detection of early caries and
malignant lesions of, e.g., oral mucosa, in vivo. However, the
collection of spectra with higher signal-to-noise ratios and
selection of better data analysis methods to achieve higher
accuracy are still the focus of further studies and the direction
of future efforts.
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TABLE 3 | Continued

Sample type Sample numbers Year Authors RS (spectral region;
laser used)

Data analysis methodology

Saliva OSCC = 3; HV = 3 2019 (Han et al.,
2019)

SERS; 1100–1700 cm–1;
638 nm

Mann–Whitney U-test

Tissue section OSCC = 13; N = 11 2016 (Chen et al.,
2016)

800–1800 cm–1; 488 nm Multivariate curve resolution
with alternating least squares

Assessing surgical margins
Tissue
resection
specimen

OSCC (mandibular bone) = 20 2018 (Barroso et al.,
2018)

2500–4000 cm–1; 671 nm PCA-LDA; Mann–Whitney U-
test; ROC

Tumor
resection
specimen

OSCC (tongue) = 20 2016 (Barroso et al.,
2016)

2500–4000 cm–1; 671 nm Mann–Whitney U-test

Tumor
resection
specimen

OSCC = 14; N =11 2016 (Cals et al.,
2016)

400–1800 cm–1; 785 nm PCA-(h)LDA

Tumor
resection
specimen

OSCC (tongue) = 14 2015 (Barroso et al.,
2015)

2500–4000 cm–1; 671 nm Mann–Whitney U-test; ROC

Predicting oral cancer recurrence
Exfoliated cell Tumor = 16; Contralateral mucosa = 16; HT = 20 2019 (Sahu et al.,

2019)
800–1800 cm–1; 785 nm PCA-LDA; LOOCV

In vivo Tumor and contralateral normal mucosa = 99 2017 (Malik et al.,
2017)

785 nm PCA-LDA; LOOCV

Serum Recurrence = 10; No-recurrence = 12 2015 (Sahu et al.,
2015)

700–1800 cm–1; 785 nm PCA-LDA; LOOCV
February 2022
OSCC, oral squamous cell carcinoma; N, normal; HV, healthy volunteers; TH, tobacco habit; OPL, oral premalignant conditions; HNC, head and neck cancer; VC, verrucous carcinoma;
OSMF, oral submucous fibrosis; OLK, leukoplakia; MEC, mucoepidermoid carcinoma; PA, pleomorphic adenoma; WT, Warthin’s tumor.
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Oral microbial dysbiosis is the major causative factor for common oral infectious diseases
including dental caries and periodontal diseases. Interventions that can lessen the
microbial virulence and reconstitute microbial ecology have drawn increasing attention
in the development of novel therapeutics for oral diseases. Antimicrobial small molecules
are a series of natural or synthetic bioactive compounds that have shown inhibitory effect
on oral microbiota associated with oral infectious diseases. Novel small molecules, which
can either selectively inhibit keystone microbes that drive dysbiosis of oral microbiota or
inhibit the key virulence of the microbial community without necessarily killing the
microbes, are promising for the ecological management of oral diseases. Here we
discussed the research progress in the development of antimicrobial small molecules
and delivery systems, with a particular focus on their antimicrobial activity against typical
species associated with oral infectious diseases and the underlying mechanisms.

Keywords: oral microbiota, small molecules, antimicrobial agents, dental plaque biofilm, dental caries,
periodontal diseases
INTRODUCTION

The oral microbiota, including more than 700 microbial species, are the most complicated microbial
communities in human body (Dewhirst et al., 2010). According to the ecological plaque hypothesis,
oral microbial dysbiosis leads to the occurrence of oral infectious diseases including dental caries
and periodontal diseases, which seriously endanger oral and general health (Theilade, 1986).

Streptococcus mutans is well recognized as the major cariogenic species due to its capability of
adhesion to tooth surfaces, generation of acid through sugar fermentation, and tolerance and
persistence in acidic microenvironment (Hamada et al., 1984; Banas, 2004; Bowen et al., 2018).
Currently, the homeostasis between pathogenic and commensal bacteria has attracted increasing
attention in the etiology and pathogenesis of dental caries. Dental caries is believed to be initiated by
gy | www.frontiersin.org February 2022 | Volume 12 | Article 8163861129
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the imbalanced microecology and the overgrowth of acidogenic/
aciduric bacteria such as S. mutans (Tanner et al., 2016;
Samaranayake and Matsubara, 2017). In addition to caries,the
microbiological etiology of periodontitis has also been indicated
in recent years (Riep et al., 2009). Porphyromonas gingivalis,
Tannerella forsythia, and Treponema denticola, commonly
known as the “red complex”, are well recognized as the
principal pathogens associated with periodontal destruction
(Socransky et al., 1998). Currently, periodontitis is believed to
be the consequence of a broadly-based dysbiotic alteration in
periodontal microbiota, whereby some keystone species such as
P. gingivalis triggers the development of this disease
(Hajishengallis and Lamont, 2012). Candida albicans is a
commensal fungal species colonizing human oral mucosal
surfaces. In the immunocompromised individuals, C. albicans
becomes opportunistic pathogen causing mucosal and
disseminated infections (Metwalli et al., 2013). Intriguingly, C.
albicans robustly interacts with oral bacteria, and this cross-
kingdom interaction enhances the virulence of both fungi and
bacteria, and ultimately aggravates oral diseases (Dewhirst et al.,
2010; Peters et al., 2012). It has been proven that C. albicans is
closely involved in the occurrence of various oral diseases
including early childhood caries, root caries, periodontitis,
endodontic infections, oral mucositis and facial space
infections (Krom et al., 2014).

As an adequate plaque control by mechanical means such as
brushing and flossing is difficult to achieve by most patients, mouth
rinses containing antimicrobial agents are considered as an effective
adjuvant measure to control dental caries (Lim and Kam, 2008; Rath
and Singh, 2013). Chlorhexidine (CHX) is widely used to control
oral pathogens due to its robust antimicrobial activity and broad
spectrum (Jones, 1997). However, CHX has drawbacks such as taste
confusions, mucosal soreness, oral microbial dysbiosis and drug
resistance, which limit its long-term application (Jones, 1997; Walsh
et al., 2015). Bacterial drug resistance is one of the main threats to
human health (Kumar and Balbach, 2017), limiting the options of
clinical treatment for oral infectious diseases (Hegstad et al., 2010).
Long-term use of CHX could cause microbial resistance in
microbes, including Staphylococcus aureus, Enterococcus faecalis
and Klebsiella pneumoniae (Wang et al., 2017). Therefore, novel
agents are urgently needed to control oral infectious diseases.
Antimicrobial small molecules are a series of natural or synthetic
bioactive compounds showing good antimicrobial activity against
microbiota associated with infectious diseases (Worthington et al.,
2012). Small molecules can be developed via various approaches.
Drug repurposing, drug screening from existing small-molecule
libraries or natural resources, and target-based designing are most
common approaches to the development of small molecules that
target oral microbiota and consequently benefit oral infectious
disease control. In this review, we aimed to discuss the research
progress in the development of antimicrobial small molecules and
delivery systems, with a particular focus on: 1) their antimicrobial
activity against keystone bacteria including S. mutans, P. gingivalis
and C. albicans; 2) their inhibitory effects on the pheromones that
mediate interspecies communications within polymicrobial
communities; 3) the research progress in the development of
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delivery systems that enhance the antimicrobial activity of small
molecules in the management of oral infectious diseases.
SMALL MOLECULES THAT INHIBIT
KEYSTONE BACTERIA ASSOCIATED
WITH ORAL INFECTIOUS DISEASES

Streptococcus mutans
S. mutans is generally recognized as the key cariogenic species,
particularly due to its capability of driving the shift of oral
microbiota towards a more acidogenic/aciduric community that
ultimately causes tooth demineralization and visible decay
(Marsh, 2010).

Different small molecular antibiotics from natural products and
synthetic compounds have been identified against S. mutans. Drug-
repositioning is a commonly used approach to the identification of
antimicrobial agents that inhibit S. mutans. Nitrofuran, with a mode
of action similar to that of nitroimidazole, shows inhibitory activity
on oral bacteria such as S. mutans and Enterococcus faecalis (Silva
et al., 2014; Ang et al., 2017). Based on the antimicrobial activity of
nitrofuran, our group synthesized and identified a compound
named ZY354, a water-soluble hybrid of indolin-2-one and
nitrofuran, which showed potent antimicrobial activity and
selectivity against S. mutans compared with CHX (Zhang et al.,
2019). Saputo et al. (2018) screened and identified 126 FDA-
approved small molecules that exhibited antimicrobial activity
against planktonic growth of S. mutans, among which 24 drugs
inhibited biofilm formation, 6 drugs killed pre-existing biofilms, and
84 drugs exhibited both bacteriostatic and bactericidal effects against
S. mutans biofilms. Napabucasin (NAP) is a phase III clinical trials
anticancer drug with antibacterial activity against Escherichia coli,
Streptococcus faecalis, and Staphylococcus aureus (Kuete et al., 2007;
Kuete et al., 2011). Our group repurposed NAP against oral
streptococci and found good antimicrobial activity of NAP against
S. mutans biofilms (Kuang et al., 2020). Besides, NAP showed
relatively lower antibacterial effect on oral streptococci than CHX
with mild cytotoxicity on oral cells. We further redesigned and
synthesized a novel small molecule based on NAP, namely LCG-
N25, which exhibited potent antibacterial activity, lessened
cytotoxicity, and induced no drug resistance of cariogenic S.
mutans (Lyu et al., 2021a). Chen et al. screened approximately
2600 compounds and identified an antagonist of calcium-sensing
receptor, namely NPS-2143, which exhibited antimicrobial activity
against methicillin-resistant S. aureus (MRSA) (Chen Y et al., 2019).
Furthermodifications of NPS-2143 yield a compound II-6s (Chen Y
et al., 2019). Our group demonstrated that II-6s effectively inhibited
the growth of S. mutans, reduced EPS production and induced no
drug resistance in S. mutans after repeated treatment as compared
to CHX, indicating its potential use in the control of dental caries
(Zhang J et al., 2021).

Phenotypic screening is also a reliable approach to the
identification of new antimicrobials. Antigen I/II, also known as
Pac, mediates the sucrose-independent adhesion of S. mutans
(Munro et al., 1993; Jenkinson and Demuth, 1997; Love et al., 1997),
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while Gtfs (GtfB, GtfC, and GtfD) mediate its sucrose-dependent
adhesion (Bramstedt, 1968) and play an important role in the
interspecies coaggregation and the development of oral biofilms
(Bowen and Koo, 2011; Kim D et al., 2020). Rivera-Quiroga et al.
performed a high-throughput screening of 883551 molecules, and
identified three molecules, namely ZINC19835187 (ZI-187),
ZINC19924939 (ZI-939) and ZINC 19924906 (ZI-906), which
targeted antigen I/II and inhibited the adhesion of S. mutans with
low cytotoxicity (Rivera-Quiroga et al., 2020). Wu et al. also
screened and identified a molecule called 2A4, showing selectivity
on S. mutans in multispecies biofilms via inhibiting antigens I/II
and Gtfs (Liu et al., 2011). The same group also performed a
structure-based virtual screening of 500,000 compounds against the
GtfC catalytic domain and identified a lead compound, namely
G43, which selectively bond Gtfc and significantly inhibited the
biofilm formation and cariogenicity of S. mutans (Zhang et al.,
2017). They further synthesized an analog of G43, named IIIF1,
which remarkably reduced dental caries in rats (Nijampatnam et al.,
2021). Ren et al. screened 15000 molecules based on the structure of
GtfC protein domain and identified a quinoxaline derivative, 2-(4-
methoxyphenyl)-N-(3-{[2-(4-methoxyphenyl)ethyl]imino}-1,4-
dihydro-2-quinoxalinylidene)ethanamine, which selectively bond
GtfC, reduced the synthesis of insoluble glucans, inhibited
S. mutans biofilm and reduced caries in rats (Ren et al., 2016).
SrtA is membraned-bond transpeptidase that catalyzes surface
protein antigen I/II, thus contributing to the biofilm formation of
S. mutans (Lee and Boran, 2003; Krzysciak et al., 2014; Chen X et al.,
2019; Wang et al., 2019). Recently, several SrtA inhibitors have been
identified from either natural products or synthetic compounds
(Park W et al., 2017; Song et al., 2017). Samanli et al. screened and
identified a SrtA inhibitor, namely CHEMBL243796 (kurarinone),
which showed better affinity to SrtA as compared to CHX (Salmanli
et al., 2021). In addition to the aforementioned molecules that have
been proven to inhibit antigen I/II and Gtfs, several synthetic
molecules have been designed and showed antibacterial effects
against S. mutans. Kim et al. synthesized a series of pyrimidinone
or pyrimidindione-fused1,4-naphthoquinones with antibacterial
effects via pharmacophore hybridization, and some derivatives
exhibited notable bacteriostatic and bactericidal effects against
S. mutans in both resistant and sensitive strains (Kim K et al.,
2020). Zhang et al. screened 100 trimetrexate (TMQ) analogs and
identified 3 compounds with good selectivity against S. mutans
(Zhang et al., 2015). Garcia et al. screened a series of 2-
Aminoimidazole (2-AI) derivatives, and identified a small
molecule 3F1, which specifically disturbed S. mutans biofilms and
reduced caries in rats (Garcia et al., 2017). Besingi et al. screened and
identified a benzoquinone derivative AA-861, which exhibited
antibiofilm effects against S. mutans by targeting amyloid fibrils,
an important scaffold in S. mutans biofilms (Besingi et al., 2017).
Chen et al. also screened and identified a small molecule, namely
D25, which targeted amyloid fibrils and selectively inhibited
S. mutans biofilms (Chen et al., 2021).

Natural products and their derivatives also accounted for a large
number of antimicrobial small molecules due to their structural
diversity and biological activity (Davison and Brimble, 2019;
Newman and Cragg, 2020). The tea polyphenols epigallocatechin
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3131
gallate (EGCG) has been identified to inhibit S. mutans for decades.
EGCG not only inhibits planktonic bacteria but also reduces the
biofilm formation of S. mutans by inhibiting Gtfs. In addition,
EGCG can inhibit lactate dehydrogenase and F1F0-ATPase, and
thus reduces the acidogenicity and aciduricity of S. mutans (Xu
et al., 2011; Xu et al., 2012; Hairul Islam et al., 2020). A lipid-soluble
green tea polyphenols which is designed based on EGCG, namely
epigallocatechin-3-gallate-stearate (EGCG-S), shows an increased
stability and antibiofilm activity comparable to CHX (Melok et al.,
2018). Moreover, the EGCG is less cytotoxic compared with CHX,
and shows anti-inflammatory effects on S. mutans-stimulated
odontoblast-like cells (Stavroullakis et al., 2021), indicating a good
prospect in the management of oral infectious diseases. Propolis and
its derivatives such as apigenin and trans-trans farnesol (tt-farnesol)
have been identified to show a good antimicrobial activity against S.
mutans and exhibit notable biological activities against dental caries
for decades (Koo et al., 2002; Koo et al., 2003; Cardoso et al., 2010;
Veloz et al., 2016). Apigenin has been shown to inhibit Gtfs,
specifically GtfB and GtfC. tt-farnesol shows anti-caries effects by
reducing cell viability and destabilizing oral biofilms rather than
affecting Gtfs activities (Koo et al., 2002; Koo et al., 2005; Jeon et al.,
2011). Caffeic acid phenethyl ester (CAPE), another extracted
compound from propolis, shows broad-spectrum antimicrobial
activity against various microbes including Enterococcus faecalis,
S. aureus, Bacillus subtilis, Pseudomonas aeruginosa, etc (Velazquez
et al., 2007). Niu et al. showed that CAPE affected the morphology
of S. mutans biofilms, inhibited biofilm formation and maturation
and reduced EPS production (Veloz et al., 2019; Niu et al., 2020). In
addition, plenty of other natural compounds have also been
identified exhibiting antibacterial effects against S. mutans.
Piceatannol, a plant-derived stilbene, can target GtfC domain and
inhibit glucans production, and thus reduces S. mutans biofilms
formation (Nijampatnam et al., 2018). Piceatannol can also inhibit
F1F0-ATPase of S. mutans, and thus suppresses the aciduricity of S.
mutans (Sekiya et al., 2019). In addition, curcumin, a
phytopolyphenols from traditional medicine known as
turmeric, and its analog desmethoxycurcumin (DMC), also
show inhibitory effect on F1F0-ATPase of S. mutans and thus
reduce its growth in acidic conditions (Sekiya et al., 2014;
Nakanishi-Matsui et al., 2016; Sekiya et al., 2019). Ursolic
acid, a plant-derived compound, shows inhibitory effects on
EPS synthesis and biofilm formation of S. mutans (Kim et al.,
2013; Lyu et al., 2021b). Astilbin, a flavanone compound from
Rhizoma Smilacis Glabrae and b-sitosterol from kemangi, can
inhibit SrtA activity and thus reduces the biofilm formation of
S. mutans (Wang et al., 2019; Evangelina et al., 2021).

Small molecules designed for specific target is another approach
to the inhibition of S. mutans. Charles et al. synthesized several
peptides spanning residues 803-185 of antigen I/II, and identified a
synthetic peptide p1025 that inhibited antigen I/II binding to
salivary receptors by forming adhesion epitopes in a dose-
dependent way. The effect of p1025 against S. mutans was
relatively stable, and it was able to selectively inhibit S. mutans
recolonization to tooth surface (Kelly et al., 1999; Younson and
Kelly, 2004; Li et al., 2009). Small molecules that show inhibitory
effects on S. mutans are summarized in Table 1.
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TABLE 1 | Small molecules that inhibit S. mutans.

Small molecules Chemical structure Mechanisms Antimicrobial
activity

Reference

Drug-repositioning

LCG-N25 Inhibit both the planktonic cells and
biofilms formation of S. mutans

MIC90: 0.5 mg/ml (Lyu et al., 2021a)

MBC90: 15.6 mg/ml

Napabucasin Inhibit S. mutans biofilms MIC90: 3.91 mg/ml (Kuang et al., 2020)
MBC90: 15.63 mg/ml
MBIC90: 1.95 mg/ml
MBRC90:62.5mg/ml

ZY354 Inhibit S. mutans growth and
selectively inhibit the biofilm formation
of S. mutans

MIC90: 0.24 mg/ml (Zhang et al., 2019)
MBC90: 1.95 mg/ml
MBIC90: 0.24 mg/ml
MBRC90: 31.25mg/
ml

II-6s Inhibit growth and exopolysaccharides
(EPS) generation of S. mutans;

MIC90: 3.91 mg/ml (Zhang J et al., 2021)
MBC90: 15.63 mg/ml
MBIC90: 3.91 mg/ml
MBRC90: 62.5 mg/mlinhibit the demineralization of tooth

enamel and induce no drug resistance
in S. mutans

Phenotypic screening from libraries

Compound 3F1 Specifically disturb S. mutans biofilms
in a mixed biofilm

MDC: 5 µM (Garcia et al., 2017)

D25 Selectively inhibit S. mutans biofilms
without interfering planktonic cells

Inhibit S. mutans
biofilms at the
concentration of
3.125–25 mg/mL

(Chen et al., 2021)

G43 Inhibit S. mutans biofilm formation by
selectively binding to GtfC

Inhibit more than
85% of S. mutans
biofilms at 12.5 mM

(Zhang et al., 2017)

Pyrimidinone or
pyrimidindione-fused 1,4-
naphthoquinones

Show bacteriostatic and bactericidal
effects against

(Kim K et al., 2020)

S. mutans in both resistant and
sensitive strains

ZINC19835187 (ZI-187) Inhibit S. mutans adhesion and biofilm
formation by targeting antigens I/II

Show no inhibitory
effects on S. mutans
growth at 10-100-
1000 mM

(Rivera-Quiroga et al., 2020)

ZINC19924939 (ZI-939)

ZINC 19924906 (ZI-906) Show inhibitory
effects on adhesion
than 90% at 200 mM
(ZI-187 at 100 mM)

2A4 Inhibit S. mutans adhesion and biofilm
formation by targeting antigens I/II and
glucosyltransferases (Gtfs)

MIC50: 2.0 ± 0.5 mM (Liu et al., 2011)
MBIC50: 0.94 ± 0.02
mM.

2-(4-methoxyphenyl)-N-(3-
{[2-(4-methoxyphenyl)ethyl]
imino}-1,4-dihydro-2-
quinoxalinylidene)
ethanamine

Inhibit the biofilm formation and
destroy mature biofilms without killing
S. mutans by inhibiting GtfC

Reduce 79% S.
mutans biofilms cell
viable count at 10
mg/ml

(Ren et al., 2016)

Natural products screening

(Continued)
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Porphyromonas gingivalis
P. gingivalis, despite its relatively low abundance in the periodontal
microbiota, has been well recognized as the keystone species of
periodontitis (Kojima et al., 1993). P. gingivalis expresses Arg-
specific cysteine proteinases (gingipains) that help the subversion
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5133
of recruited leukocytes, leading to uncontrolled overgrowth of other
proteolytic and asaccharolytic bacteria in the microbial biofilm,
which in turn elevate the complement-dependent destructive
inflammation of periodontal tissue and stabilize the transition of
periodontal microbiota to a disease-provoking consortium
TABLE 1 | Continued

Small molecules Chemical structure Mechanisms Antimicrobial
activity

Reference

Apigenin Inhibit Gtfs, specifically GtfB and GtfC; (Koo et al., 2002; Koo
et al., 2005)

b-sitosterol from Kemangi Inhibit S. mutans biofilm formation by
inhibiting SrtA

MIC90: 25000 ppm (Evangelina et al., 2021)
MBC90: 50000 ppm

Caffeic acid phenethyl ester Affect the thickness of S. mutans
biofilms

MIC90: 80 mg/ml (Velazquez et al., 2007;
Veloz et al., 2019; Niu et al.,
2020)Inhibit biofilm formation and maturation

by reducing EPS production
MBC90: 320 mg/ml
MBIC90: 80 mg/ml

Curcumin Inhibit F1F0-ATPase and inhibit S.
mutans growth

MIC50: 6 mM (Nijampatnam et al., 2018;
Sekiya et al., 2019)Inhibit activity of

F1F0-ATPase by
74% at 30mM

Desmethoxycurcumin MIC50: 4 mM (Sekiya et al., 2014;
Nakanishi-Matsui et al.,
2016; Sekiya et al., 2019)

Inhibit activity of
F1F0-ATPase by
82% at 30mM

Piceatannol MIC50: 39 mM
Inhibit activity of
F1F0-ATPase by
84% at 200mM

Epigallocatechin gallate
(EGCG)

Inhibit S. mutans acid production,
aciduricity, and biofilm formation

MIC90: 15.6 mg/ml (Xu et al., 2011; Xu et al.,
2012; Melok et al., 2018;
Hairul Islam et al., 2020;
Stavroullakis et al., 2021)

MBC90: 31.25 mg/ml

Trans-trans farnesol Disrupt membrane integrity, destabilize
oral biofilms and reduce the
intracellular iodophilic polysaccharides
(IPS) accumulation of S. mutans

MIC90: 125 mM (Koo et al., 2002; Koo
et al., 2005)

Lipophilic moiety interaction with
bacterial membrane

MBC90: 500 mM

Ursolic acid Inhibit biofilm formation and maturation
by reducing EPS production

MIC90: 7.8 mg/ml (Kim et al., 2013; Lyu et al.,
2021b)MBC90: 15.6 mg/ml

Target-base designing

Compound III A6 Selectively bond GtfC and significantly
inhibit the biofilm formation

MBIC50: 9.6 mM (Nijampatnam et al., 2021)

Compound III C5 MBIC50: 2.7 mM

Compound IIIF1 MBIC50: 15.3 mM

Compound IIIF2 MBIC50: 8.6 mM

P1025 Inhibit the adhesion and biofilm
formation of S. mutans

(Kelly et al., 1999; Younson
and Kelly, 2004; Li et al.,
2009)
February 2022 |
MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; MBIC, minimum biofilm inhibition concentration; MBRC, minimum biofilm reduction concentration;
MDC, concentration that a single dose of the small molecule needed to disperse 50% of the biofilm.
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(Hajishengallis et al., 2012; Hajishengallis, 2015). Specific inhibition
of P. gingivalis could not only suppress its virulence to the
periodontium, but also rescue the microbial dysbiosis induced by
this keystone pathogen and ultimately shift the microbiota toward a
community in favor of periodontal health (Hajishengallis
et al., 2012).

The initial colonization of P. gingivalis in oral biofilms occurs
in the supragingival biofilm (Wright et al., 2013). Adhesion of P.
gingivalis to streptococci is critical for its pathogenicity. The
minor fimbrial antigen (Mfa1) of P. gingivalis and streptococcal
surface antigen I/II are involved in the interspecies adhension
(Park et al., 2005; Daep et al., 2011). Roky identified 3 small
molecules, namely N7, N17 and V8 from high-throughput
screening of ZINC library, that inhibited P. gingivalis
adherence to streptococci and reduced its virulence in vivo. In
addition, compound N17 and V8 showed low cytotoxic activity
in both human and marine cells (Roky et al., 2020). Another
synthetic compound PCP-III-201, firstly designed as an inhibitor
that mimics the natural peptide substrate recognized by Mfa,
showed marked inhibition on the adherence of P. gingivalis to
streptococci by interfering Mfa and antigenI/II interaction, and
thus disrupted the formation of mixed biofilms (Tan et al., 2018).
1,2,3-triazole-based peptidomimetics, another natural peptide
substrate simulants of Mfa, exhibited inhibitory effect on P.
gingivalis adherence to oral streptococci by inhibiting the
interaction of antigen I/II and Mfa proteins (Patil et al., 2016).
Similarly, “the second generation” 1,2,3-triazole-based
peptidomimetics based on the first-generation diphenyloxazole
were designed and showed inhibitory effect on P. gingivalis
adherence to S. gordonii, indicating the potential use of triazole
derivatives in the management of periodontitis (Patil et al., 2019).
The major fimbriae of P. gingivalis is another adhesin which can
bind streptococcal surface component glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and mediates its adhesion
to oral streptococci (Maeda et al., 2004; Daep et al., 2006). Three
small molecules, namely 2A4, 2D11 and 2E11, which were
screened from a library of small molecules based on the 2-
aminoimidazole and 2-aminobenzimidazole scaffolds, showed
inhibitory effects on P. gingivalis by down-regulating Mfa1 and
fimA gene expression, thus inhibiting the adherence of P.
gingivalis to oral streptococci (Wright et al., 2014).

Natural extract is another abundant resource for inhibitors
against P. gingivais (Abrao et al., 2021). Resveratrol, a natural
compound with antimicrobial, antiviral and anticancer activities
(Kolouchova et al., 2018), shows inhibitory effects on P.
gingivalis. The minimum inhibitory concentrations (MIC) of
resveratrol against P. gingivalis and other clinical strains are in
the range of 78.12–156.25 mg/ml. Besides, resveratrol can reduce
the P. gingivalis biofilm formation and its virulence by
downregulating the expression of fimbriae (type II and IV) and
proteinases (kgp and rgpA) (Kugaji et al., 2019). A study
evaluated a variety of natural products from medicinal plants
and identified quite a few small molecular compounds that
inhibited the growth and biofilm formation of P. gingivalis.
Intriguingly, some of the derivatives also inhibited gingipains
(Kariu et al., 2017). A natural polyphenol, Quercetin (3,3′,4′,5,7-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6134
pentahydroxyflavone), can inhibit gingipains activities and
biofilm formation at sub-MIC concentrations. In addition,
quercetin down-regulates the expression of virulence-associated
genes of P. gingivalis (He et al., 2020). Quantum curcumin, a
derivative of curcumin, shows notable inhibitory effects on
planktonic cells and biofilms of P. gingivalis, particularly via
inhibition of gingipain R and K (Singh et al., 2019).

In addition, several other small molecules have also showed
anti-inflammatory effects against periodontitis induced by P.
gingivalis. Lei et al. synthesized a series of valproic acid
pyrazole conjugates, and the most effective molecules 7c not
only showed antibacterial effects against P. gingivalis, but also
reduced inflammation by inhibiting TNF-a, IL-1b and IL-6
(Dong et al., 2021). A sialidase inhibitor, 2-deoxy-2,3-
didehydro-N-acetylneuraminic acid (DANA), showed effects
on reducing pathogenicity of P. gingivalis and exhibited anti-
inflammatory prospect (Yu et al., 2021). Small molecules that
inhibit P. gingivalis are summarized in Table 2.

Candida albicans
C. albicans is an opportunistic pathogen in the oral cavity, which
can cause oral fungal infections and increase the risk of oral
epithelial carcinogenesis (Mayer et al., 2013). In addition, C.
albicans robustly interacts with oral streptococci and can drive
the microbial shift toward a more pathogenic microbiota that
favors or aggravates the development of oral infectious diseases
such as dental caries and periodontitis (Hajishengallis and
Lamont, 2012).

Azoles, especially fluconazole (FLC) are the frontline treatment
against fungal infections. However, with increasing drug resistance
to current azole antifungals, small molecules have become a
promising source for the development of novel antifungals (Kett
et al., 2021). Azole antifungals inhibit sterol 14a‐demethylase
(CYP51), resulting in synthesis disorder of ergosterol thereby
affecting cell membrane integrity. Synthetic small molecules
targeting CYP51 or inhibiting the synthesis of ergosterol are
common strategies to inhibit C. albicans. Two kinds of small
molecular azole derivatives (i.e. short and extended derivatives),
have shown good binding affinity to CYP51, and thus potently
inhibit CYP51 activity and the growth of C. albicans (Binjubair
et al., 2020). Drug repurposing is also a promising approach to the
identification of antifungals against C. albicans (Ashburn and
Thor, 2004). A novel 1,2,4-triazole-indole hybrid molecule, (2-
(2,4-Dichlorophenyl)-3-(1H-indol-1-yl)-1-(1,2,4-1H-triazol-1-yl)
propan-2-ol,namely 8g, showed a broad-spectrum activity against
Candida with low cytotoxicity, probably due to its inhibitory
effects on ergosterol synthesis and phospholipase A2-like activity
(Pagniez et al., 2020). Monika et al. synthesized a series of
benzoxazole derivatives showing equivalent effects to
commercially used azoles, which either interacted with
exogenous ergosterol or blocked the synthesis of endogenous
ergosterol. Among the library of 23 benzoxazoles featuring 2-
mercaptobenzoxazole with the phenacyl moiety or respective
alcohols, compound 5d showed good stability and water
solubility, representing a good candidate in the treatment of
andida infection (Staniszewska et al., 2021a).
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TABLE 2 | Small molecules that inhibit P. gingivalis.

Small
molecules

Chemical structure Mechanisms Antimicrobial
activity

Reference

Synthetic molecules
DANA Inhibit growth and biofilm formation. Reduce expression of the fimA, fimR, and

fimS genes and decrease gingipains activity. Inhibit TNF-a, IL-1b, and iNOS
production in LPS-stimulated macrophages and prevent alveolar bone
absorption and inhibited TNF-a and IL-1b production in vivo.

Inhibit P. gingivalis
growth and biofilm
formation at 1 mM

(Yu et al.,
2021)

N7 Inhibit P. gingivalis adherence to streptococci and reduced its virulence (Roky
et al.,
2020)

N17

V8

PCP-III-201 Inhibit the adherence of P. gingivalis to streptococci by interfering Mfa and
antigenI/II interaction, and disrupt the formation of mixed biofilms

Inhibit 50% the
incorporation of P.
gingivalis into the
three-species biofilm at
15 mM

(Tan et al.,
2018)

Inhibit preformed
three-species biofilm in
a dose-dependent
way.

1,2,3-triazole-
based
peptidomimetics

Inhibit P. gingivalis adherence to S. gordonii by inhibiting the interaction of
antigen I/II and Mfa proteins

(Patil
et al.,
2016; Patil
et al.,
2019)

2A4 Inhibit P. gingivalis, and downregulate Mfa1 and fimA gene expression MIC90: 20 mM (Wright
et al.,
2014)

2D11 MIC50: 4.73 mM± 1.77

2E11 MIC50: 6.88 mM± 1.45

7c Inhibit microorganisms responsible for periodontitis including P. gingivalis, and
exhibit notable effects on reducing inflammation by inhibiting TNF-a, IL-1b and
IL-6

MIC90: 0.05 mg/ml (Dong
et al.,
2021)

Natural Compounds
Quercetin Inhibit gingipains activities and biofilm formation, and down-regulate the

virulence-associated gene expressions of P. gingivalis
MIC90: 200 mM (He et al.,

2020)MBC90: 400 mM

Quantum
curcumin

Inhibit planktonic cells and biofilms cells of P. gingivalis.In addition, inhibit
gingipains.

(Singh
et al.,
2019)

Resveratrol Inhibit the growth of P. gingivalis Reduce the P. gingivalis biofilm formation and
its virulence by downregulating the expression of fimbriae and proteinases

MIC90: 156.25 mg/ml (Kugaji
et al.,
2019)

MBC90: 312.5 mg/ml
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C. albicans can form biofilms on the mucosal surface, which
not only increase its virulence but also lead to drug resistance
(Lohse et al., 2018). A study screened the Chembridge Small
Molecule Diversity library containing 30,000 small molecules and
identified 45 compounds which inhibited biofilm formation.
Further investigation identified 4 compounds, namely CB06,
CB14, CB36 and CB40, which inhibited biofilm formation and
destroyed mature biofilm alone or in combination with other
antifungals such as fluconazole and caspofungin (Lohse et al.,
2020). Monika et al. screened 20 dibromobenzimidazole
derivatives and identified a small molecule, namely 5h, which
showed inhibitory effects on cell wall and reduced biofilm
formation of Candida albicans. Besides, 5h was identified as a
mitochondrial inhibitor of both C. albicans and C. neoformans,
indicating its potential in the anti-fungal treatment (Staniszewska
et al., 2021b).

Morphological transformation between hyphae and yeast
phase in C. albicans is also relevant to its virulence and drug
resistance (Vediyappan et al., 2013). A recent study repurposed 18
non-antifungal agents including antipsychotics, antiarrhythmics,
proton pump inhibitors (PPIs), and identified 7 drugs that
inhibited C. albicans in a dose-dependent manner, among
which, chlorpromazine (CHL) and prochlorperazine (PCP) were
fungicidal and the other 5 fungistatic. In addition, 3 candidate
compounds, including chlorpromazine, prochlorperazine and
drotaverine, inhibited germ tube formation (Kathwate et al.,
2021). A high-throughput in silico study screened 584
compounds and identified 5 candidate molecules, namely
U73122, disulfiram, BSK805, BIX01294, and GSKJ4, among
which disulfiram showed excellent antifungal effects and
inhibited 50% growth of C. albicans SC5314 strain at the
concentration of 1mg/ml. Disulfiram also inhibited 50% growth
of C. albicans biofilms at a concentration ranging from 32-128 mg/
ml (Hao et al., 2021). A series of non-peptidic analogues of the
broad-spectrum host defense peptides (HDPs) have also shown
antifungal activities (Ryan et al., 2014). A compound 4 (C4)
screened form HDP-mimic compound library can kill both the
yeast and hyphal form of C. albicans at a concentration of 8 mg/ml
(Menzel et al., 2017), suggesting a potential use in the control of
invasive candidiasis.

C. albicans has several adhesins such as glutenin-like sequence
(Als) family (Als1–Als7 and Als9), which mediate its adhesion to
the host surface (Hoyer, 2001). Among Als family, the protein
Als3 plays an important role in adhesion and hypha formation
(Murciano et al., 2012). A small molecule, F2768-0318, shows
inhibitory effects on the virulence factors related to adhesion and
biofilm formation by inhibiting Als3 protein (Shinobu-Mesquita
et al., 2020). Besides, machineries that modulate the stress
responses are linked to fungal resistance. Heat shock protein 90
(Hsp90), an essential molecule in the stress responses of
eukaryotes is also involved in the morphological transformation
and drug resistance of C. albicans (Cowen and Lindquist, 2005;
Taddei et al., 2014; Tiwari et al., 2015; Whitesell et al., 2019), and
thus represents a promising target for the development of small
molecules against Candidal infection. Yuan et al. screened 4 hsp90
inhibitors and identified a most potential compound, namely
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8136
ganetspib, which exhibited significant synergistic activity with
fluconazole in both planktonic cells and biofilms. The ganetspib
in combination with FLC also down-regulated the expression of
azole-targeting enzyme ERG11 and efflux pump CDR1, CDR2, and
MDR1. The synergistic effects of ganetspib with FLC in vivo also
indicating its potential use as an antifungal enhancer of azoles in
Candida infections (Yuan et al., 2021).

The over-expressed drug efflux pump on the cell membrane
is another common virulence trait of C. albicans being related
to azole resistance. Development of compounds that inhibit
efflux pump and increase the concentration of drugs in the
cell is a classic strategy to increase fluconazole sensitivity
(Coste et al., 2004; Holmes et al., 2016). Kali et al. screened
2454 small molecules against C. auris and identified a bis-
benzodioxolylindolinone CMLD012336, a 3,3-diarylated
oxindole (also called azoffluxin), which showed synergistic
interaction with fluconazole against a resistant strain of C.
auris. Mechanistically, azoffluxin increased fluconazole
sensitivity in both C. auris and C. albicans by inhibiting efflux
pump CDR1 (Iyer et al., 2020). Another compound screened
from a series of synthesized cyclobutene-dione (squarile) small
molecules library, namely compound A, also showed inhibitory
effect on MFS efflux pump CaMdr1p, and thus sensitized AD/
CaMDR1 to FLC (Keniya et al., 2015). In addition, a small
molecule ENOblock showed good inhibitory effects alone and in
combination with FLC against C. albicans hypha and biofilm
formation in vivo. Mechanistically, ENOblock interacted with
CaEno1 and significantly inhibited the transglutaminase activity
of CaEno1, and thus affected the growth and morphogenesis of
C. albicans (Li et al., 2019). Small molecules that show inhibitory
effects against C. albicans are summarized in Table 3.
SMALL MOLECULES THAT INHIBIT
QUORUM SENSING SYSTEM

Different microorganisms exist in oral microbiota, and the robust
microbial interactions have close relationship with host health and
diseases. Small molecules which disrupt microorganism interactions
may rescue the microbial disequilibrium, contributing to the
management of oral infectious diseases. Quorum sensing (QS)
system, a mechanism of microbial interaction, involves signaling
molecules that enable a cell to sense cell density (Padder et al., 2018).
It relies on the production, release and recognition of self-induced
signal molecules and regulates various biological behaviors
including biofilm formation, microbial virulence and resistance
(Papenfort and Bassler, 2016). Small signal molecules
concentrated in the extracellular environment mediate QS in
fungi. The mechanisms accountable for the accumulation of these
molecules include passive diffusion, efflux pumps and specific
transporters (Padder et al., 2018).

ComA is a critical component of S. mutans QS system
(Havarstein et al., 1995). Ishii et al. found a compound that
inhibited the peptidase domain (PEP) of ComA, thus disrupting
the QS system and inhibiting biofilm formation of S. mutans.
This compound also inhibited the PEP of Streptococcus
February 2022 | Volume 12 | Article 816386
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TABLE 3 | Small molecules that inhibit C. albicans.

Small
molecules

Chemical
structure

Mechanisms Antimicrobial activity Reference

Drug-repositioning
8g Show broad-spectrum activity against Candida with low cytotoxicity due

to its inhibitory effects on ergosterol synthesis and phospholipase A2-
like activity

MIC90: 0.5 mg/ml (Pagniez
et al., 2020)Inhibit ergosterol production by

82% and induced production of
14a-methyl sterols at 4mg/ml

5d Interact with exogenous ergosterol as well as block the synthesis of
endogenous ergosterol.

MIC90: 16 mg/ml (Staniszewska
et al., 2021a)

Phenotypic screening from molecule libraries

azoffluxin Increase fluconazole sensitivity in both C. auris and C. albicans by
inhibiting efflux pump CDR1

(Iyer et al.,
2020)

Compound
A

Inhibit MFS efflux pump CaMdr1p FICI<0.05 (Keniya et al.,
2015)

CB06 Inhibit biofilm formation and destroy mature biofilm in combination with
other antifungals

Inhibit biofilm formation in the
presence of FLC at 12.5mM

(Lohse et al.,
2020)

CB14 Destroy mature biofilm in the
presence of caspofungi at
12.5mM

CB36 Inhibit biofilm formation and
destroy mature biofilm in the
presence of caspofungi at
12.5mM

CB40 Destroy mature biofilm in the
presence of caspofungi at
12.5mM

C4 Kill both the yeast and hyphal form of C. albicans MIC90: 2 mg/ml (Menzel et al.,
2017)MFC90: 8 mg/ml

Disulfiram Inhibit C. albicans planktonic cells and biofilms MIC50: 1 mg/ml (Hao et al.,
2021)sMIC50: 32-128 mg/ml

ENOblock Show effects alone or in combination with FLC against C. albicans
hypha and biofilm formation in vivo.

MIC90: 32 mg/ml (Li et al.,
2019)

Interact with CaEno1 and inhibit the transglutaminase activity of CaEno1
in C. albicans

FICI<0.5 (C.albicans 0304103)

F2768-
0318

Inhibit virulence factors related to adhesion and biofilm formation by
inhibiting Als3 protein

MIC90: 256 mg/ml (Shinobu-
Mesquita
et al., 2020)

MFC90: 256 mg/ml

Ganetespib Show synergistic activity with fluconazole in both planktonic cells and
biofilms, and down-regulate the expression of azole-targeting enzyme
gene ERG11 and efflux pump genes CDR1, CDR2, and MDR1

FICI<0.05 (Yuan et al.,
2021)

5h Inhibit cell wall and inhibit biofilm formation. MIC50: 8 mg/ml (Staniszewska
et al., 2021b)Inhibit mitochondrion in both C. albicans ref and C. neoformans
Frontiers in C
ellular and Infection Microbiolog
y | www.frontiersin.org 9137
 February 2022 | Volume 12 |
MIC, minimum inhibitory concentrations; MFC, minimum fungicidal concentrations; sMIC, sessile minimum inhibitory concentrations; FICI, fractional inhibitory concentration index.
Article 816386

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Yang et al. Small Molecules Affect Oral Microecology
pneumoniae and Streptococcus. oralis (Ishii et al., 2017). Kaur
et al. synthesized a compound called 1,3-disubstituted urea
derivatives, which inhibited the activity of ComA by binding to
the active sites of PEP. 1,3-disubstituted urea derivatives was able
to inhibit the formation of S. mutans biofilm alone or in
combination with low concentration fluoride (Kaur et al.,
2016). DMTU (1,3-di-m-tolyl-urea) is an aromatic compound
showing antibiofilm effects against Streptococcus mutans by
inhibiting its quorum sensing pathway (comDE) (Kaur et al.,
2017). In addition, DMTU significantly inhibited the formation
of multispecies biofilms consisting of Streptococcus gordonii,
Fusobacterium nucleatum, Porphyromonas gingivalis and
Aggregatibacter actinomycetemcomitans at 12.5mM without
affecting cell viability. DMTU also down-regulated the
expression of virulence genes in P. gingivalis such as mfa1,
rgpA and rgpB (Kalimuthu et al., 2020).

Autoinducier-2 (AI-2) is anthor QS molecule that is produced
and recognized by S. mutans, S. gordonii, P. gingivalis and
Fusobacterium nucleatum (Shao and Demuth, 2010). Park
et al. (Park JS et al., 2017) found that 3-(dibromomethylene)
isobenzofuran-1(3H)-one derivatives inhibited the activity of AI-
2 in F. nucleatum and reduced its biofilm formation. Another
study found that D-galactose not only inhibited AI-2 activity, but
also dose-dependently inhibited the biofilm formation of F.
nucleatum, P. gingivalis, and T. forsythia (Ryu et al., 2016).
NOVEL DRUG DELIVERY SYSTEMS OF
ANTIMICROBIAL SMALL MOLECULES

Drug delivery system (DDS) is an advanced means that improves
the therapeutic characteristics of conventional drugs over the last
few decades. Various pharmacological properties of drugs, such
as pharmacokinetics and biodistribution can be altered by using
small-scale DDS such as nanoparticles (NP) and microparticles.
Currently, nanotechnology has been extensively explored in DDS
concerning the antimicrobial properties of drugs. The
incorporation of drugs into nanoparticles and nanocomposites
by physical encapsulation, adsorption, or chemical conjugation,
can notably enhance the pharmacokinetics and therapeutic
efficacy of the drugs in the treatment of infectious diseases as
compared to their free counterparts (Zhang et al., 2010). In
recent years, nano-based delivery system containing small
molecular antimicrobials, either derived from natural or
synthetic compounds, has attracted increasing attentions in the
field of oral microbial infection control. Nowadays, since
antimicrobial resistance (AMR) has been arousing global
concerns in the clinical practice, a variety of innovative
nanotechnologies have been applied to improve the therapeutic
properties of small molecules. Antimicrobial small molecules can
be conjugated with or encapsulated into various nanoparticles
including organic polymers and metallic nanoparticles (MNPs),
exhibiting elevated solubility (Yang et al., 2009; Nicolosi et al.,
2015), biocompatibility (Wang et al., 2020) and controlled
release (Barman et al., 2014), and thus benefit the control of
oral infectious diseases.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10138
Organic Polymers
Polysaccharides
Polysaccharides are notable for targeted drug delivery systems as
natural biomaterials. Polysaccharides are inexpensive and
possess promising biocompatibility and biodegradability. In the
polysaccharides-based drug delivery system, the loaded agents
can be absorbed into external compartments or limited within
the external surface, which can augment the stability and
aqueous solubility of drugs (Barclay et al., 2019). Maghsoudi
et al. compared the anticariogenic activities of three curcumin-
loaded polysaccharide nanoparticles including starch, alginate
and chitosan. The results showed that polysaccharide
nanoparticles possessed enhanced antimicrobial activities as
compared to pure curcumin. Among the three curcumin-
loaded polysaccharide nanoparticles, the chitosan nanoparticles
showed the largest amount of release and the best anticariogenic
properties particularly at lower pH (Maghsoudi et al., 2017).
Jahanizadeh et al. incorporated carboxymethyl starch (CMS), a
modified starch with unique negatively charged groups with
chitosan to develop a novel curcumin-loaded nanocomposite.
This nanocomposite showed enhanced antimicrobial and
antibiofilm properties against S. mutans. Meanwhile, this
nanocomposite had a smaller nanoscale with an average size of
35.9 nm and exhibited excellent curcumin entrapment efficiency
of 91% (Jahanizadeh et al., 2017).

Poly Lactic-Co-Glycolic Acid Copolymer
Poly lactic-co-glycolic acid (PLGA) is a synthetic polymer
extensively utilized in the field of drug delivery system due to
its biocompatible, biodegradable and sustained-release
characteristics (Kapoor et al., 2015). Numerous PLGA-based
drug delivery systems have been designed with different
hydrophilic moieties such as poly ethylene glycol (PEG) or
poly ethylene oxide (PEO) to increase the solubility of small
molecules (Mir et al., 2017). Gürsu et al. synthesized farnesol-
loaded PLGA nanoparticles to enhance the bioavailability of
farnesol. PLGA chemically interacted with the OH group of
farnesols, and 22.5% of the equivalent amounts of nanoparticles
achieved a similar inhibitory effect against C. albicans (Gürsu,
2020). Ahmadi et al. modified a photoexcited orthodontic
adhesive by incorporat ing curcumin-loaded PLGA
nanoparticles and explored its anti-biofilm effects against S.
mutans, shear bond strength (SBS) and adhesive remnant
index (ARI). The results showed that the antimicrobial activity
of the blue laser-7% wt. Curcumin-PLGA nanoparticles was
comparable to 2% chlorhexidine. Moreover, the modified
adhesive showed the highest SBS value and comparable ARI
relative to the original pure adhesive (Ahmadi et al., 2020).

Liposome
Liposome owns many critical clinical features, especially
excellent biocompatibility and capability of encapsulating both
hydrophilic and hydrophobic compounds (Samad et al., 2007).
The most attractive feature of liposome delivery systems is
enhancing pharmacokinetic properties and bactericidal
activities of the new or existing drugs as well as reducing their
February 2022 | Volume 12 | Article 816386
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drugs’ adverse effects (Alhariri et al., 2013). Nicolosi et al.
reported that fusidic acid-loaded fusogenic liposomes increased
the antimicrobial activities and broadened the antimicrobial
spectrum in contrast to free drugs.The fusogenic small
unilamellar vesicles may elevate the penetration of lipophilic
drug into microorganisms and thus improve its antimicrobial
properties (Nicolosi et al., 2015). However, the nanocarrier
without being activated by specific stimuli cannot specifically
reach and work in the targeting sites in vivo. Controlled drug
release is promising for the trigger-release of liposomes in the
clinical applications (Bibi et al., 2012). Mizukami et al. developed
two enzyme-activity-triggered drug release systems by
combining an antimicrobial peptide temporin L (TL) with
surface-anionic liposomes. Protease and phosphatase were
chosen as the target enzymes. For the protease-triggered
system, a branched peptide that suppressed membrane-
damaging activity was fabricated by modifying the cationic Lys
residue of TL. As for the phosphatase-triggered system, a neutral
amino acid with an anionic phosphorylated amino acid in the
lipophilic region of TL was replaced. The phosphopeptides
alleviated its membrane-damaging activity so that controlled
release was achieved (Mizukami et al., 2017).

Metallic Nanoparticles
Metallic nanoparticles can efficiently cope with resistant
microbial strains due to its potential antimicrobial activity (Rai
et al., 2017). A vast number of studies have demonstrated that
silver nanoparticles have strong antimicrobial activities against
various microorganisms including resistant pathogens (Rai et al.,
2017). However, the toxicity of silver and many other metallic
nanoparticles limits their clinical application (Mizukami et al.,
2017). Yin et al. developed silver nanoparticles containing EGCG
as reducing agent, which showed elevated biocompatibility than
silver nitrate (AgNO3). Moreover, it also exhibited much lower
MIC and MBC against S. mutans and potently inhibited acid and
polysaccharide production (Yin et al., 2019). In contrast to other
NPs, gold NPs (Au NPs) have many advantages, including
controllable synthesis, versatility in surface modification, and
admirable biocompatibility (Zhao et al., 2013; Yang et al., 2017).
Although gold NPs usually show weak inherent antimicrobial
activities (Rai et al., 2017), they can be modified or coated on
different surfaces to function with antimicrobial properties.
Wang, et al. synthesized a series of N-heterocyclic molecule-
coated gold NPs, among which 2-mercaptoimidazole (MI)- and
3-amino-1,2,4-triazole-5- thiol (ATT)-capped Au NPs showed
broad-spectrum antibiofilm activities against MDR bacteria,
including MRSA and MDR Escherichia coli (MDR E. coli).
These NPs directly contacted and disrupted the cell wall of
microorganisms, thus less likely to induce antimicrobial
resistance. Moreover, taking into account the advantages of
ultrasound-assisted coating method being highly durable and
able to withstand a large number of washing cycles, Wang et al.
used sonochemistry to coat Au NPs on the surface of fabrics,
which showed excellent antimicrobial activity (Wang et al.,
2020). S. Jabir et al. also reported that a linalool loaded on
glutathione-modified gold nanoparticles in spherical shape was
antimicrobial against gram-positive bacteria representing a
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11139
biocompatible and less complicated and time-consuming
approach to the delivery of antimicrobial small molecules
(Jabir et al., 2018). Lu et al. developed a small molecule 2-
mercapto-1-methylimidazole-capped Chitosan-functionalized
nanocomposites whose cationic amine rendered transport of
the nanocomposites towards the negatively charged bacterial
cell surface. With the alliance between small Imidazol molecules
and gold nanoparticles, the nanocomposites exhibited
bactericidal and biofilm disruption effects against both Gram-
negative E. coli and Gram-positive S. aureus. Besides, these
nanocomposites can be easily synthesized with low toxicity,
showing good potential in clinical applications (Jabir et al.,
2018). Apart from incorporating with inherent antimicrobial
small molecules, Zhao et al. incorporated a non-antimicrobial
molecule 4,6-diamino-2-pyrimidinethiol (DAPT) with Au-NPs.
The DAPT-decorated Au-NPs was able to inhibit most of MDR
Gram-negative bacteria such as E. coli and MDR Pseudomonas
aeruginosa by suppressing energy metabolism and damaging
bacterial membrane (Zhao et al., 2010).

Tetrahedral Framework Nucleic Acids
In recent years, tetrahedral framework nucleic acids (tFNAs)
have attracted increasing attention due to their editability and
biocompatibility (Zhang et al., 2020). Drug delivery based tFNAs
has been proposed and investigated broadly over the past years
(Li et al., 2021; Zhang et al., 2022). Zhang et al. synthesized
tFNA/His-5, and by the modification of tFNAs, His-5 showed
increased transport efficiency and improved anti-fungal effect
(Zhang B et al., 2021). Moreover, Zhang et al. also developed
tFNAs with a controllable conformation as a delivery vehicle for
antisense oligonucleotides, which provided a better platform for
the applications of antisense antibacterial therapeutics (Zhang
et al., 2018). Besides, Sun et al. found tFNAs-ampicillin had a
better antimicrobial effect and lower levels of drug resistance
development than free ampicillin (Sun et al., 2020). However, it
is doubtful that tFNAs could carry some molecules that are
beyond their size and weight. Besides, attaching nucleic acids
with complex secondary structures may inhibit the uptake
process. Wider potential to deliver different cargos still need to
be explored (Zhang et al., 2020).

Virus-Derived Nanoparticles
Although metallic nanoparticles have been explored as
nanocarriers for small molecular antimicrobials, its
accumulation within human body and interactions with organs
and microenvironment have aroused concerns for its potential
toxicity. Metallic nanoparticles can also stimulate the expression
of cytokines that generate cytotoxicity, immunotoxicity, and
genotoxicity (Zazo et al., 2017). To avoid these side effects,
organic nanoparticles have attracted increasing attentions.
Currently, virus-derived nanoparticles (VNPs), a self-assembly-
competent protein have shown advantages such as
biodegradable, cost-effective and highly modifiable (Verma
et al., 2018). Velázquez-Lam et al. conjugated EGCG to turnip
mosaic virus (TuMV) particles, and the EGCG-TuMV VNPs not
only maintained TuMV structure but also exhibited elevated
antimicrobial and antibiofilm activities compared with free
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EGCG. Moreover, EGCG-VNP showed a high stability after six
months of being stored at 4°C. Of note, the various modifiable
sites of VNPs provide the versatility for novel nanocarriers in
drug delivery system (Velaäzquez-Lam et al., 2020).
CONCLUSION

Oral microbial dysbiosis is the most essential causative factor for
common oral infectious diseases including dental caries and
periodontal diseases. Small molecules with potent antimicrobial
activity, high selectivity, and low toxicity are promising for the
ecological management of oral diseases. Many small molecules
have already been repurposed, screened and designed. However,
many issues have yet to be solved. Although antimicrobial
activities have been revealed for many small molecules, their
mode of action and underlying mechanism are still unclear. The
exact targets of some novel small molecules have yet to be
identified. Therefore, structural modifications and optimization
based on the candidates with confirmed mechanism and targets
are promising. In addition, although the antimicrobial activity of
small molecules against the keystone pathogens such as S.
mutans and P. gingivalis has been demonstrated, their
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12140
ecological impact on the disease-provoking microbiota still
needs further investigation in a more sophisticated microbial
consortium and validation in vivo. Small molecules that disrupt
microbial interactions without necessarily killing the bacteria is
also promising, particularly in the light of robust advancement in
the development of drug delivery system that enhances its
substantivity and specificity. Finally, comprehensive evaluation
of the long-term cytotoxicity in vivo is still needed to better
translate those promising candidates to the clinical application.
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The widespread application of fluoride, an extremely effective caries prevention agent,
induces the generation of fluoride-resistant strains of opportunistic cariogenic bacteria
such as fluoride-resistant Streptococcus mutans (S. mutans). However, the influence of
this fluoride-resistant strain on oral microecological homeostasis under fluoride remains
unknown. In this study, an antagonistic dual-species biofilm model composed of
S. mutans and Streptococcus sanguinis (S. sanguinis) was used to investigate the
influence of fluoride-resistant S. mutans on dual-species biofilm formation and pre-
formed biofilms under fluoride to further elucidate whether fluoride-resistant strains
would influence the anti-caries effect of fluoride from the point of biofilm control. The
ratio of bacteria within dual-species biofilms was investigated using quantitative real-time
PCR and fluorescence in situ hybridization. Cristal violet staining, scanning electron
microscopy imaging, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide assay were used to evaluate biofilm biomass, biofilm structure, and metabolic
activity, respectively. Biofilm acidogenicity was determined using lactic acid and pH
measurements. The anthrone method and exopolysaccharide (EPS) staining were used
to study the EPS production of biofilms. We found that, in biofilm formation, fluoride-
resistant S. mutans occupied an overwhelming advantage in dual-species biofilms under
fluoride, thus showing more biofilm biomass, more robust biofilm structure, and stronger
metabolic activity (except for 0.275 g/L sodium fluoride [NaF]), EPS production, and
acidogenicity within dual-species biofilms. However, in pre-formed biofilms, the
advantage of fluoride-resistant S. mutans could not be fully highlighted for biofilm
formation. Therefore, fluoride-resistant S. mutans could influence the anti-caries effect
of fluoride on antagonistic dual-species biofilm formation while being heavily discounted in
pre-formed biofilms from the perspective of biofilm control.
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biofilm homeostasis, cariogenic virulence, dental caries
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INTRODUCTION

Caries is a disease of chronic and progressive destruction of the
hard tissue of teeth caused by multiple factors, including bacteria
(Mathur and Dhillon, 2018). In the United States, for example,
caries prevalence indicated that about 45.8% of children aged 2–
19 years old had experienced dental caries in primary and
permanent dentitions, while 57% of adults had experienced
dental caries (Fleming and Afful, 2018; Brandfass et al., 2019).
With the growing sugar intake becoming a global issue, the
incidence of dental caries has increased rapidly and has a
profound impact on the general health of individuals (Van
Loveren, 2019). Over 1,000 different microbial species, also
known as oral biofilms, have been identified within the dental
plaque (Dewhirst et al., 2010). The caries ecological hypothesis
proposed by Phil D. Marsh suggested that there was a balance in
the microecology of oral plaque (Marsh et al., 2015). Dental
caries result from the disruption of homeostasis in this
microecology. Excessive sugar intake and reduced salivary
production contribute to the decrease in pH in oral biofilms.
Consecutively, acid-tolerant and acid-producing bacteria would
survive and strengthen acid production, thus causing the
occurrence of demineralization and the development of caries
(Marsh et al., 2015).

Fluoride, such as sodium fluoride (NaF), acidulated
fluorophosphates (APF), and stannous fluoride (SnF2), is
commonly used to prevent the development of caries. They are
used in clinical anti-caries applications, including toothpaste,
mouthwash, gel, varnishes, and tooth-filling materials that
release ionic fluoride (Anusavice et al., 2005; Pitts et al., 2017).
Fluoride enhances the acid resistance of teeth by inhibiting
demineralization and enhancing remineralization and also
inhibits the growth and metabolism of bacteria by suppressing
the activities of enzymes such as enolase and ATPase (Ten Cate,
2004; Oh et al., 2017). When the pH of the extracellular
environment decreases, protons (H+) and fluoride (F+) from
fluoride materials diffuse into bacterial cells and exist as
hydrogen fluoride (HF) in the cytoplasm (Marquis et al.,
2003). This influx of HF both directly and indirectly affects the
growth and cariogenicity of bacteria (Liao et al., 2017). The
protective effect of fluoride on the enamel was observed at 0.02
mg/L fluoride, and fluoride significantly reduced the number of
Streptococcus mutans (S. mutans) at a concentration starting
from 0.25 g/L. S. mutans is one of the main opportunistic
cariogenic bacteria, and its virulence factors are acid
production, acid tolerance, and adhesion (Liu et al., 2015).

However, the widespread application of fluoride induces the
generation of fluoride-resistant strains, including opportunistic
cariogenic bacteria such as fluoride-resistant S. mutans. As early as
1980, transient fluoride-resistant S. mutans strains were isolated
from the plaque of radiation-induced xerostomia patients who
were treated daily with preventive NaF gel (Streckfuss et al.,
1980). Laboratory-induced and characteristically stable (at least
50 generations) fluoride-resistant S. mutans were used to study
their phenotypes and fluoride-resistant mechanisms (Liao et al.,
2017). This type of fluoride-resistant S. mutans is generally able
to withstand fluoride concentrations three times higher than its
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wild strains (Liao et al., 2017). Some studies have reported the
phenotypic characteristics of fluoride-resistant strains, such as
the stability of fluoride resistance, fitness, growth, acidogenicity,
and cariogenicity. These results showed that there are many
significant differences in these phenotypic characteristics
between the fluoride-resistant strains and their wild strains,
such as higher fluoride resistance, higher acid tolerance, lower
growth, and some controversial cariogenitic characteristics
(Van Loveren et al., 1991; Zhu et al., 2012; Liao et al., 2015;
Cai et al., 2017; Liao et al., 2017; Liao et al., 2018; Lee et al.,
2021). These genetic stability differences could be caused by
genetic mutations, as revealed by gene sequencing (Liao et al.,
2015; Liao et al., 2018, Lee et al., 2021). Although the complete
mechanism of S. mutans fluoride resistance needs to be further
studied, some genes or genetic loci have been found to be
responsible for the fluoride resistance of S. mutans (Liao et al.,
2016; Men et al., 2016; Murata and Hanada, 2016; Tang et al.,
2019; Lu et al., 2020; Yu et al., 2020). However, the ecological
effects of fluoride-resistant S. mutans remain unknown.

Accumulating evidence indicates that there is a competitive
and antagonistic relationship between S. mutans and S. sanguinis
(Marsh and Zaura, 2017). A significant association has been
reported between the S. mutans and S. sanguinis ratio and severe
early childhood caries in dental plaque (Mitrakul et al., 2016).
The presence of S. sanguinis had a negative relationship with the
occurrence of dental caries. Kreth et al. reported that S. sanguinis
could produce hydrogen peroxide to inhibit S. mutans (Kreth
et al., 2008). S. mutans can suppress the adhesion of S. sanguinis
through mutacin production (Valdebenito et al., 2018). The
balance between these two strains represents the equilibrium of
dental plaque to some extent (Sun et al., 2019; Du et al., 2021).
However, there have been no studies on the influence offluoride-
resistant S. mutans on oral microecological homeostasis under
fluoride. The present study used an antagonistic dual-species
biofilm model composed of S. mutans and S. sanguinis to
investigate the influence of fluoride-resistant S. mutans on
microbial flora under fluoride. We hypothesized that, under
the screening effect of fluoride, fluoride-resistant S. mutans
might gain a survival advantage within antagonistic dual-
species biofilms, which destroys the ecological balance of oral
biofilms and leads to the occurrence and development of dental
caries. Eventually, it would influence the anti-caries effect of
fluoride. This in vitro study was designed to verify
this hypothesis.
MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
S. mutans UA159 and S. sanguinis ATCC 10556 were obtained
from the School and Hospital of Stomatology, Wenzhou Medical
University. Fluoride-resistant S. mutans was induced in vitro as
previously described, with modifications (Zhu et al., 2012).
Briefly, an overnight bacterial suspension was inoculated on a
brain heart infusion (BHI, Oxoid, Basingstoke, UK) agar plate
containing 0.5 g/L NaF for 48 h growth, where a single colony of
February 2022 | Volume 12 | Article 801569
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S. mutans was picked and passaged on BHI agar without NaF for
50 generations. The fluoride-resistant characteristics of
S. mutans were confirmed on BHI solid medium with 0.5 g/L
NaF. BHI medium was used for bacterial amplification, and BHI
with 1% sucrose (BHIS) was used for biofilm formation. The
growth conditions were 37°C and 5% CO2.

Biofilm Culture
In this study, we characterized fluoride-resistant S. mutans in
biofilm formation and in pre-formed biofilms under fluoride. For
biofilm formation, overnight bacterial suspensions of one or two
species were diluted 50-fold into BHIS containing 0, 0.275, and
1.25 g/L NaF (0.275 and 1.25 g/L NaF were the fluoride content
in regular and prescription toothpaste, respectively, after 3-fold
dilution) and incubated for 24 h (Nassar and Gregory, 2017). For
the pre-formed biofilm assay, after 24 h of biofilm formation
without fluoride, the culture medium was replaced with fresh
BHIS with different concentrations of NaF and incubated for
another 24 h.

The groups in this experiment were divided into single-
species biofilms of S. mutans wild-type strain (S.m WT),
single-species biofilms of fluoride-resistant S. mutans (S.m FR),
single-species biofilms of S. sanguinis (S.s), dual-species biofilms
of the wild type of S. mutans strain and S. sanguinis (S.m WT +
S.s), and dual-species biofilms of fluoride-resistant S. mutans and
S. sanguinis (S.m FR + S.s). Each group was treated with different
fluoride concentrations, which included control, low (0.275 g/L),
and high concentrations (1.25 g/L).

Crystal Violet Staining
The biomass of the biofilm was determined using crystal violet
(CV) staining (Zhu et al., 2021). Biofilms in 96-well plates were
washed with phosphate-buffered saline (PBS) and fixed with
methanol for 15 min. Air-dried biofilms were stained with 100 µl
of 0.1% crystal violet solution for 30 min and washed with PBS.
Images of the stained biofilms were captured using a stereo
microscope (Nikon SMZ800, Nikon Corporation, Japan). Next,
they were dissolved in 200 µl of 33% acetic acid with shaking for
15 min, and the absorbance was measured at 590 nm using a
microplate reader (SpectraMax M5, Molecular Devices, USA).

Metabolic Activity
For metabolic activity assessment, biofilms growing on round
glass wafers were washed with PBS to remove planktonic bacteria
and stained with 1 ml 0.5% 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) solution (dissolved in
PBS) for 1 h. Subsequently, the wafers were transferred to a new
plate with dimethyl sulfoxide (1 ml per well). Thereafter, the
plate was shaken for 30 min to completely dissolve the crystals. A
200-µl aliquot of the solution was measured at 540 nm using a
microplate reader (SpectraMax M5, Molecular Devices, USA).

Lactic Acid and pH Measurement
Lactic acid and pH measurements were conducted to monitor
acid production (Sun et al., 2019). Biofilms in wafers were first
washed with cysteine peptone water and then cultured in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3148
buffered peptone water (BPW) containing 0.2% sucrose (1 ml/
well) for 3 h to allow acid production. Lactic dehydrogenase was
used to quantify lactate concentrations in the BPW solution. The
absorbance was read at 340 nm, and standard curves were
generated using a lactic acid standard.

For pH measurement, the supernatant of the biofilms was
measured using a pH meter (Mettler Toledo Instruments Co.,
Ltd., Shanghai, China).

Scanning Electron Microscopy Imaging
SEM imaging was performed to observe the morphology and
structure of the biofilms (Liu et al., 2013). Biofilms were fixed
with 2.5% glutaraldehyde and dehydrated using an ethanol
gradient (50, 60, 70, 80, 90, and 95% and absolute ethyl
alcohol) for 30 min at each concentration. Dry biofilms were
sputter-coated with gold–palladium for observation using SEM
at ×2,000 magnification (Hitachi, Tokyo, Japan).

Water-Insoluble Exopolysaccharide
Measurement
The water-insoluble EPS of biofilms was measured using the
anthrone method (Sun et al., 2021). Briefly, the biofilms were
collected, washed twice with sterile water, and resuspended in 0.4
M NaOH. After centrifugation, 200 µl of the suspension was
mixed with 600 µl of anthrone reagent and incubated at 95°C for
6 min. The absorbance was monitored at 625 nm using a
microplate reader (SpectraMax M5, Molecular Devices, USA).
Standard curves were prepared using dextran standard.

Confocal Laser Scanning
Microscopy Assay
To observe the EPS production in biofilms, fluorescence staining
was conducted (Liu et al., 2013). Alexa Fluor-647 dextran
conjugate (Molecular Probes, Invitrogen Corp., Carlsbad, CA,
USA) was added to the culture medium at the beginning of
biofilm formation to label the EPSs. At the end of biofilm
formation, the biofilms were stained with SYTO 9 (Molecular
Probes, Invitrogen Corp., Carlsbad, CA, USA) for total bacteria
measurement. Random fields were selected, and images were
captured using a ×60 oil immersion lens with a confocal laser
scanning microscope (Nikon Corporation, Tokyo, Japan).

Quantitative Real-time PCR Assay
To determine the ratio of S. mutans and S. sanguinis in dual-
species biofilms, TB Green Premix Ex Taq™ II kit (Takara Bio
Inc., Otsu, Japan) was used for qRT-PCR analysis. The total
DNA of dual-species biofilms was extracted using Rapid
Bacterial Genomic DNA Isolation Kit (Sangon Biotech,
Shanghai, China). The primers used in this study were the
same as those previously described (Huang et al., 2015)
(Supplementary Table 1). A total of 20 µl of reaction mixture
contained 10.0 µl 2× TB Green Premix Ex Taq II, 0.8 µl forward
primer, 0.8 µl reverse primer, 2.0 µl cDNA, and 6.4 µl sterilized
distilled water. We used a LightCycler 96 instrument (Roche
Diagnostics, Basel, Switzerland) and programmed the system for
30 s of pre-denaturation at 95°C, followed by 40 cycles of 5-s
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denaturation at 95°C, 30 s annealing at 55°C, and 30-s extension
at 72°C. The standard curves of S. mutans and S. sanguinis were
generated based on the known quantities of bacteria by
CFU count.

Fluorescence In Situ Hybridization
FISH was used to observe the proportion of bacterial
components in the dual-species biofilms. Briefly, after washing
with PBS twice, the biofilms on the wafers were fixed with 4%
paraformaldehyde for 6 h. Lysozyme was used to lyse the cell
wall. The biofilms were then dehydrated with gradient ethanol
and dried at 46°C for 10 min. Specific fluorescent probes
(Supplementary Table 2) were used to stain S. mutans and S.
sanguinis within dual-species biofilms (Zheng et al., 2013). A
confocal laser scanning microscope (Nikon Corporation, Tokyo,
Japan) was used to capture the FISH results using a ×60 oil
immersion lens.

Statistical Analysis
All experiments were repeated independently at least thrice.
One-way analysis of variance was performed, and statistical
significance was set at p <0.05 using SPSS software (version
24.0; SPSS Inc., Chicago, IL, USA).
RESULTS

Fluoride-Resistant S. mutans Obtained
Remarkable Competitive Advantage Within
Dual-Species Biofilms During Biofilm
Formation While Not in Pre-Formed
Biofilms Under NaF
The ratio of S.m and S.s in dual-species biofilms was analyzed
using FISH and qRT-PCR (Figure 1). We found that S.s had an
advantage (more than 50%) in competition with S.mWT and FR
without fluoride in biofilm formation. In the fluoride-free group,
S.m FR accounted for 11.72% of dual-species biofilms, while S.m
WT accounted for 31.93%. However, with the addition of NaF,
the proportion of S.m FR (over 90%) was much higher than that
of S.s, occupying a dominant position in dual-species biofilms.
However, the ratio of S.m WT (less than 50%) maintained a
previous trend with the effect of NaF. Surprisingly, in the pre-
formed biofilm, S.m FR did not gain advantage over S.s under
NaF-like biofilm formation, and the proportion of S.m WT was
higher than that of S.s in all experimental groups in the pre-
formed biofilm.

NaF Had Different Effects on Biofilm
Formation and Pre-formed Biofilm
Even in WT Strains
Using CV staining, we compared the biomass of different
biofilms under NaF treatment (Figure 2). During the biofilm
formation of single-species biofilms, S.m FR showed a stronger
biofilm-forming ability than both S.m WT and S.s under NaF
and even formed a robust biofilm at 1.25 g/L NaF (Figure 2A).
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For the biofilm formation of dual-species, S.m FR + S.s also
showed observably improved biofilm formation capability under
NaF (Figure 2B). However, NaF had a little anti-biofilm effect on
both S.m FR and S.m WT in pre-formed biofilms (Figure 2C).
The pre-formed S.s biofilms did not show strong resistance as
two S.m strains under NaF and its biofilm biomass were reduced
significantly under 1.25 g/L NaF (Figure 2C). In the pre-formed
dual-species biofilm, both types of dual-species biofilms
withstood NaF stress and only decreased by 19.77 and 36.93%
for S.m WT + S.s and 5.57 and 24.13% for S.m FR + S.s under
0.275 and 1.25 g/L NaF, respectively (Figure 2D). The SEM
results also showed a similar tendency in which FR strain-related
biofilms acquired survival advantage at 1.25 g/L NaF during
biofilm formation, thus forming a more robust biofilm than that
of the WT biofilms (Figure 3). However, the fluoride resistance
advantage of S.m FR was not highlighted in the pre-formed
biofilms (Figure 3).

Biofilm Formation and Pre-formed Biofilm
Showed Different Susceptibilities to NaF in
Metabolic Activity Even When S.ms Was
Compared to its Fluoride-Resistant Strain-
Related Biofilms
The MTT assay was used to detect the metabolic activity of the
biofilms (Figure 4). In general, NaF suppressed the metabolic
activity of biofilms, while this inhibitory effect was different
between biofilm formation and pre-formed biofilms. At 0.275
g/L NaF, all S.m and its containing groups showed greater
metabolic activity than the fluoride-resistant and S.s strains.
During biofilm formation, either S.m FR or S.m FR + S.s
involving dual-species biofilm showed a higher metabolic
activity than the other groups under NaF at 1.25 g/L
(Figures 4A, B). Similar to the CV results in pre-formed
biofilms, although NaF showed a suppressive effect on
metabolic activity in a strain-, species-, and dose-dependent
manner, all pre-formed biofilms could still sustain biofilm even
at 1.25 g/L NaF (Figures 4C, D). There were no obvious
differences between S.m WT and S.m FR as well as their
involved dual-species biofilms at 1.25 g/L NaF (Figures 4C, D).

Fluoride-Resistant S.m-Related Biofilms
Produce More EPS Than WT Strain
Under Fluoride
EPS staining (Figure 5) and the anthrone method (Figure 6) were
used to measure biofilm EPS production. The biofilm formation
results showed that fluoride-resistant strain-related biofilms
produced less EPS than WT strains without fluoride, while
there was more EPS under fluoride (Figures 5A and 6A, B). In
pre-formed biofilms, the results were disparate (Figures 5B and
6C, D). Although fluoride-resistant S.m-related biofilms
synthetized more EPS at 0.275 mg/L, there were no significant
differences between fluoride-resistant S.m-related biofilms and
their WT biofilms at 1.25 g/L (Figures 6C, D). Analogous results
of EPS production were also confirmed by the SEM
images (Figure 3).
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Fluoride-Resistant S.m-Related
Biofilms Had Lower Supernatant pH
Than Wild-Type Strains in All NaF-
Containing Groups Except in Pre-
Formed Biofilms at High NaF
In total, NaF treatment resulted in a higher pH of the biofilm
supernatant (Figure 7). During biofilm formation, S.m WT and
S.m WT + S.s had a lower pH than S.m FR and S.m FR + S.s
without NaF (Figures 7A, B). However, the opposite was
observed with the addition of NaF, as S.m FR and S.m FR + S.s
had a lower pH (Figures 7A, B). In pre-formed biofilms, S.m FR
and S.m FR + S.s had a lower pH than S.mWT and S.mWT + S.s
only at 0.275 mg/L (Figures 7C, D).

Fluoride-Resistant Strain-Related Biofilms
Showed Stronger Lactic Acid Production
Under High Fluoride Concentration in
Biofilm Formation While Not in
Pre-Formed Biofilms
Lactic acid production in the two models of biofilms, biofilm
formation and pre-formed biofilms, was also detected. The lactic
acid measurements showed that the production of lactic acid by
fluoride resistance was inhibited by 0.275 g/L (Figures 8A, B). At
1.25 g/L, the lactic acid production of S.m FR and S.m FR + S.s
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5150
was much higher than that of S.m WT and S.m WT + S.s in
biofilm formation (Figures 8A, B). Surprisingly, in the pre-
formed biofilm, S.m FR and S.m FR + S.s produced less lactic acid
than S.m WT and S.m WT + S.s under NaF (Figures 8C, D).
DISCUSSION

The present study investigated whether fluoride-resistant S.
mutans would influence oral microecological homeostasis
under fluoride in an antagonistic dual-species biofilm model to
further investigate whether fluoride-resistant strains would
influence the anti-caries effect of fluoride. A dual-species
biofilm composed of S. mutans and S. sanguinis was chosen, as
homeostasis of this dual-species biofilm used in our study could
also represent dental plaque balance to a certain degree. Both
dual-species biofilm formation and pre-formed biofilm were
monitored, and our results showed that fluoride-resistant S.
mutans influenced the composition, biomass, structure,
metabolic activity, acid production, and EPS production of
dual-species biofilms when compared with wild-type biofilms
under NaF. Fluoride-resistant S. mutans had a survival advantage
and stronger cariogenic potency in dual-species biofilm
formation under NaF but could not highlight its fluoride-
A

C

B

D

FIGURE 1 | The composition of dual-species biofilm was monitored using fluorescence in situ hybridization (FISH) and qRT-PCR. (A) FISH images of 24-h dual-
species biofilm in bioflm formation. (B) Composition of dual-species biofilm based on qRT-PCR in bioflm formation. (C) FISH images of pre-formed bioflms.
(D) Composition of dual-species pre-fromed biofilm based on qRT-PCR. S. m was labeled in green, while S. sanguinis was in red. Size marker equals 60 mm.
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resistant superiority thoroughly in pre-formed dual-species
biofilms under NaF.

The lower ratio of the fluoride-resistant strain within the
dual-species biofilm without NaF compared to its wild strain
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6151
might be partly attributed to the slow growth rate of the fluoride-
resistant strain in our study (data not shown). The slow growth
rate of the fluoride-resistant strain was consistent with previous
reports, which might have resulted from bacterial-deficient
A B

C D

FIGURE 2 | Biomass measured using crystal violet staining. (A) Single-species biofilm formation. (B) Dual-species biofilm formation. (C) Pre-formed single-species
biofilms. (D) Pre-formed dual-species biofilms. The same letters indicate no statistical difference, and different letters indicate a significant difference between groups
(P < 0.05).
A

B

FIGURE 3 | SEM images of the structure of biofilm in different NaF concentrations at ×2,000 magnification. (A) Biofilm formation. (B) Pre-formed biofilms. Size marker
equals 20 mm.
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carbohydrate uptake (Liao et al., 2015; Lee et al., 2021). The ratio
of either S. mutans or its fluoride-resistant dual-species was
raised without NaF with the development of biofilm when
compared between 24 and 48 h, which was confirmed by FISH
and qRT-PCR. This tendency was similar to a previous study on
the association between S. mutans and S. sanguinis. It has been
reported that the level of S. mutans is lower than that of
S. sanguinis in the initial biofilm and higher in the mature
biofilm (Mitrakul et al., 2016). However, in line with our
expectations, the fluoride-resistant S. mutans was at an
advantage in competition with S. sanguinis with the addition
of NaF in biofilm formation owing to its fluoride-resistant
properties, which could be supported by the biomass and
metabolic activity of single-species biofilm formation.
Surprisingly, in the pre-formed biofilm, the trend was
completely different, as fluoride-resistant S. mutans did not
achieve a competitive advantage within dual-species biofilms.
The different outcomes of fluoride-resistant S. mutans within
dual-species biofilms between biofilm formation and pre-formed
biofilms under NaF might be explained as follows: NaF was added
at the beginning of biofilm formation, and its screening effect on
bacterioplankton was effective immediately, resulting in a survival
advantage of the fluoride-resistant strain. Once dominant in
biofilms, S. mutans produces more acid and creates an
environment conducive to its own growth, thus taking an
advantage over S. sanguinis (Takahashi and Nyvad, 2011).
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Nevertheless, in preformed biofilms, NaF was added after 24-h
formed biofilms. The biofilms are more resistant to drugs than
planktonic bacteria as reported previously (Stewart and Costerton,
2001). Owing to the resistance of mature biofilms to drugs, the
survival advantage of the fluoride-resistant strain under NaF was
almost entirely covered in the pre-formed biofilm.

Fluoride can influence the adherence of S. mutans, a
dominant cariogenic virulence (Shani et al., 2000). It has been
reported that fluoride-resistant strains retain more adherence
ability under fluoride (Men et al., 2016). EPS plays an important
role in the stability of biofilms and adhesion to tooth surfaces
(Flemming andWingender, 2010). In biofilm formation, the EPS
production of dual-species biofilms of fluoride-resistant
S. mutans was lower than that of the wild strain without NaF.
However, under fluoride, the EPS production of dual-species
biofilms containing fluoride-resistant S. mutans was significantly
higher than that of the wild strain, which was the same as that of
the single-species biofilms. In pre-formed biofilms, fluoride-
resistant S. mutans-related biofilms only produced more EPS at
0.275 g/L NaF. EPS is known to help bacteria increase the
resistance of biofilms to escape antibiotic drugs and immune
responses (Ðapa et al., 2013). More EPS accumulation may
enhance the resistance and adherence of biofilms and even
cause higher cariogenicity. This could partly explain why pre-
formed biofilms were more resistant to NaF. As a major factor in
cariogenicity, glucosyltransferases (Gtfs) play a critical role in
A B

C D

FIGURE 4 | Metabolic activity measured using MTT assay. (A) Single-species biofilm formation. (B) Dual-species biofilm formation. (C) Pre-formed single-species
biofilms. (D) Pre-formed dual-species biofilms. The same letters indicate no statistical difference, and different letters indicate a significant difference between groups
(P < 0.05).
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EPS formation (Bowen and Koo, 2011). However, previous
studies found that there was no inhibition of Gtfs activity of
the S. mutans wild strain by fluoride (Pandit et al., 2011; Guo
et al., 2014). Whether the Gtfs activity of our fluoride-resistant S.
mutans was suppressed by NaF needs to be further investigated.
We were unaware whether there was a direct relationship
between fluoride resistance acquisition and EPS production as
shown in single-species biofilm results without NaF. The survival
advantage of fluoride-resistant S. mutans made a significant
contribution to the EPS production of its dual-species biofilms
during biofilm formation.

Acid production is also an important factor in cariogenic
virulence. In general, NaF had an inhibitory effect on acid
production in biofilms, whether in single or dual species,
according to our data, which was consistent with a previous
report (Liao et al., 2017). At present, there is no unified
conclusion about the variation in acid production ability of wild-
type S. mutans compared with fluoride-resistant S. mutans. Some
studies found that fluoride-resistant S. mutans had a weaker acid
production ability, while others found it to be stronger when
compared to its related wild strain, and further studies found
that there was no significant difference between these two strains
(Eisenberg et al., 1985; Van Loveren et al., 1991; Hoelscher and
Hudson, 1996; Cai et al., 2017; Lee et al., 2021). This diversitymight
be derived from different culture conditions and bacterial strains
and induced by fluoride-resistant strains. In our study, fluoride-
resistant S. mutans-related biofilms had a lower supernatant pH
than the wild-type strains in all NaF-containing groups except in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8153
pre-formed biofilms at high NaF, indicating a greater cariogenic
potential. This result may partly result from the suppression effect
of NaF on acid production. During the lactic acid production
process without NaF, fluoride-resistant S. mutans-related biofilms
showed stronger lactic acid production under a high fluoride
concentration in biofilm formation, but not in pre-formed
biofilms. Lactic acid production was derived from carbohydrate
metabolism (Krzyściak et al., 2014). The lactic acid result may be
partly attributed to the stronger resistance to NaF in pre-formed
biofilm, including the wild-type ones, resulting in an entirely
different trend of biofilm metabolic activity when compared to
that of biofilm formation, whichwould further influence lactic acid
production. In addition, biofilm composition also contributed to
the observed difference, as S. sanguinis produced less acid than S.
mutans and its fluoride-resistant strain within the biofilm. The
inconformity between pH and lactic acid results originated from
the methods used. For lactic acid measurement, after 24 h of
biofilm formation or treatment of pre-formed biofilmwithNaF for
another 24 h, the resulting biofilms were used for lactic acid
production without fluoride. For pH, the culture medium
contained fluoride for 24 h in both the biofilm formation and
pre-formed biofilms. We hypothesize that the acidogenicity of the
fluoride-resistant strain in our study was higher than that of wild
strains under fluoride in biofilm formation, which is consistent
with previous studies of single-species biofilms (Van Loveren et al.,
1991; Hoelscher and Hudson, 1996; Sheng and Liu, 2000).
However, this preponderance could not be observed in the pre-
formed biofilms.
A

B

FIGURE 5 | Representative confocal images of EPS staining in different NaF concentrations. (A) Dual-species biofilm formation. (B) Pre-formed dual-species biofilms.
Total bacterial cells were labeled with SYTO 9 (green) and exopolysaccharide with Alexa Fluor 647 (red). Size marker equals 100 mm.
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A B

C D

FIGURE 7 | pH of culture supernatant of biofilm. (A) Single-species biofilm formation. (B) Dual-species biofilm formation. (C) Pre-formed single-species biofilms.
(D) Pre-formed dual-species biofilms. The same letters indicate no statistical difference, and different letters indicate a significant difference between groups (P < 0.05).
A B

DC

FIGURE 6 | Water-insoluble exopolysaccharide measured using anthrone method. (A) Single-species biofilm formation. (B) Dual-species biofilm formation. (C) Pre-formed
single-species biofilms. (D) Pre-formed dual-species biofilms. The same letters indicate no statistical difference, and different letters indicate a significant difference
between groups (P < 0.05).
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Although the balance between S. mutans and S. sanguinis
could represent the dental plaque equilibrate to some extent,
dental plaque is intricate (Sun et al., 2019). Further studies need
to be conducted using saliva or in vivo biofilms to evaluate the
impact of fluoride-resistant strains on the micro-ecology of
dental plaque. In addition, studies on the use of more clinically
isolated fluoride-resistant strains, including S. mutans, were
encouraged, as lab-induced fluoride-resistant strains might
provide different results from clinical isolates. There is no
doubt that a comprehensive understanding of the fluoride-
resistant mechanism would inspire more methods to control
these fluoride-resistant opportunistic cariogenic bacteria. Drug
resistance is a worldwide crisis, especially in the post-antibiotic
era. To inhibit biofilm formation containing drug-resistant
bacteria, controlling drug-resistant strains should be
considered; otherwise, it would occupy an absolute ecological
advantage, as in our study. The pre-formed biofilms were more
resistant than biofilms during formation in our study, just as
reported before (Angelopoulou et al., 2020). Dispersal molecules
might be a route to consider, which could trigger biofilm
degradation and disperse pre-formed biofilms to the
bacterioplankton state and thus could control it by inhibiting
biofilm formation (Fleming and Rumbaugh, 2017). Moreover,
although fluoride had less impact on controlling fluoride-
resistant S. mutans biofilms, especially in biofilm formation,
whether fluoride-resistant S. mutans would finally disrupt
homeostasis between demineralization and remineralization
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10155
remains to be further studied. Fluoride could inhibit
demineralization and enhance remineralization, with the
exception of the antibacterial effect.

In summary, this study investigated the effect of fluoride-
resistant S. mutans on microecological homeostasis using an
antagonistic dual-species biofilm model under fluoride. Under
the screening effect of fluoride, fluoride-resistant S. mutans
gained a survival advantage within antagonistic dual-species
biofilms during biofilm formation, thus disrupting the
ecological balance. Fluoride-resistant S. mutans also exhibited
stronger cariogenic virulence, including acidogenicity and EPS
production, which might further influence the anti-caries effect
of fluoride from the perspective of biofilm control. However, in
pre-formed biofilms, even wild-type S. mutans containing dual-
species biofilms showed strong resistance, and the advantage of
fluoride-resistant S. mutans could not be fully highlighted for
biofilm formation. However, this does not mean that fluoride is
invalid for fluoride-resistant strains. Inhibition of biofilm
biomass, metabolism, acidogenicity, and EPS production was
found within biofilms under NaF.
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Porphyromonas gingivalis Induces
Increases in Branched-Chain Amino
Acid Levels and Exacerbates Liver
Injury Through livh/livk
Leng Wu1,2†, Rui Shi1,3†, Huimin Bai1, Xingtong Wang4, Jian Wei2,
Chengcheng Liu1* and Yafei Wu1*

1 State Key Laboratory of Oral Diseases, National Clinical Research Center for Oral Diseases, West China Hospital of
Stomatology, Department of Periodontics, Sichuan University, Chengdu, China, 2 Department of Stomatology, Tongji
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, 3 Department of
Periodontics and Oral Mucosal Diseases, The Affiliated Stomatology Hospital of Southwest Medical University,
Luzhou, China, 4 Department of Hematology, Cancer Center, The First Hospital of Jilin University, Changchun, China

Porphyromonas gingivalis, a keystone periodontal pathogen, has emerged as a risk factor
for systemic chronic diseases, including non-alcoholic fatty liver disease (NAFLD). To
clarify the mechanism by which this pathogen induces such diseases, we simultaneously
analyzed the transcriptome of intracellular P. gingivalis and infected host cells via dual RNA
sequencing. Pathway analysis was also performed to determine the differentially
expressed genes in the infected cells. Further, the infection-induced notable expression
of P. gingivalis livk and livh genes, which participate in branched-chain amino acid (BCAA)
transfer, was also analyzed. Furthermore, given that the results of recent studies have
associated NAFLD progression with elevated serum BCAA levels, which reportedly, are
upregulated by P. gingivalis, we hypothesized that this pathogen may induce increases in
serum BCAA levels and exacerbate liver injury via livh/livk. To verify this hypothesis, we
constructed P. gingivalis livh/livk-deficient strains (Dlivk, Dlivh) and established a high-fat
diet (HFD)-fed murine model infected with P. gingivalis. Thereafter, the kinetic growth and
exopolysaccharide (EPS) production rates as well as the invasion efficiency and in vivo
colonization of the mutant strains were compared with those of the parental strain. The
serum BCAA and fasting glucose levels of the mice infected with either the wild-type or
mutant strains, as well as their liver function were also further investigated. It was observed
that P. gingivalis infection enhanced serum BCAA levels and aggravated liver injury in the
HFD-fed mice. Additionally, livh deletion had no effect on bacterial growth, EPS
production, invasion efficiency, and in vivo colonization, whereas the Dlivk strain
showed a slight decrease in invasion efficiency and in vivo colonization. More
importantly, however, both the Dlivk and Dlivh strains showed impaired ability to
upregulate serum BCAA levels or exacerbate liver injury in HFD-fed mice. Overall, these
results suggested that P. gingivalis possibly aggravates NAFLD progression in HFD-fed
gy | www.frontiersin.org March 2022 | Volume 12 | Article 7769961158
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mice by increasing serum BCAA levels, and this effect showed dependency on the
bacterial BCAA transport system.
Keywords: Porphyromonas gingivalis, branched-chain amino acids, non-alcoholic fatty liver disease, dual RNA-
sequencing, livh, livk
INTRODUCTION

Globally, non-alcoholic fatty liver disease (NAFLD), with a
prevalence of approximately 25%, is one of the most common
liver diseases (Younossi et al., 2018), and reportedly, it has as one
of its pathological features, the excessive accumulation of
triglyceride in the liver, owing to metabolic alterations
(Zhang et al., 2018a). It has also been observed that this
disease can develop into reversible steatosis and non-alcoholic
steatohepatitis (NASH), which is a more serious form of NAFLD
that shows potential progression to liver cirrhosis or cancer
(Friedman et al., 2018). The mechanisms by which NAFLD
develops and progresses are extremely complicated. Thus, it
has been suggested that several potential risk factors, such as
diabetes mellitus and obesity, can lead to its aggravation
(Buzzetti et al., 2016; Friedman et al., 2018). Further,
increasing evidence from cross-sectional studies, as well as
longitudinal and experimental studies, has shown the existence
of an association between periodontitis and NAFLD (Weintraub
et al., 2019; Chen et al., 2020; Hatasa et al., 2021). Specifically,
periodontitis, which is an inflammatory disease that is initiated
by the dysbiosis of oral flora, is characterized by the destruction
of alveolar bone and connective tissues around the teeth (Liu
et al., 2017b; Lu et al., 2020; Hajishengallis and Lamont, 2021). It
has also been suggested that Porphyromonas gingivalis, a gram-
negative anaerobe, is the most important pathogenic bacterium
in periodontitis (Lamont et al., 2018; Liu et al., 2021).
Furthermore, P. gingivalis possesses a plurality of virulence
factors that invade periodontal tissues and subsequently enter
blood circulation and disseminate into the whole body,
increasing the risk of several systemic diseases, notably
diabetes, cardiovascular diseases, rheumatoid arthritis,
Alzheimer’s disease, and NAFLD (Potempa et al., 2017;
Nakahara et al., 2018; Mei et al., 2020; Fitzsimonds et al.,
2021). Previous studies have shown that P. gingivalis infection
aggravates liver inflammation and fibrosis in NASH mouse
ty liver disease; NASH, non-alcoholic
s, branched-chain amino acids; EPS,
ucine-valine; ABC, adenosine 5′-
pticase soy broth; HUVEC, human
hosphate buffered solution; DEGs,
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Genomes; GO, Gene Ontology; FITC,
normal chew; CMC, carboxymethyl
AST, aspartate aminotransferase;
andard deviation. PCA, principal
omponent; HIF-1, hypoxia inducible
ranscription PCR; qPCR, quantitative
cal laser scanning microscopy; FBG,

gy | www.frontiersin.org 2159
model induced by high-fat diet (HFD) (Furusho et al., 2013;
Nagasaki et al., 2020). Recently, Nagasaki et al. also reported that
the elimination of P. gingivalis-odontogenic infection inhibits
liver inflammation and fibrosis of NASH (Nagasaki et al., 2021).
Thus, the mechanisms by which P. gingivalis infection leads to
liver injury have attracted our attention.

Branched-chain amino acids (BCAAs), which include leucine,
isoleucine, and valine, are essential amino acids that mediate the
regulation of important hepatic metabolic signaling pathways,
such as insulin signaling and glucose regulation (Zhang et al.,
2018b). Multiple studies have revealed that elevated circulating
BCAA levels are strongly associated with obesity and diabetes,
which are the most well-known risk factors for NAFLD
(McCormack et al., 2013; Menni et al., 2013; Lynch and
Adams, 2014; Nakamura et al., 2014), and in several recent
studies, the relationship between BCAAs and NAFLD
progression has been demonstrated (Cook et al., 2015; Zhang
et al., 2016; Zhao et al., 2020). In particular, the downregulated
expression of hepatic BCAA-degrading enzymes has been
identified as a hallmark of NAFLD (Mardinoglu et al., 2014;
Lake et al., 2015). Moreover, it has also been observed that
patients with NASH show higher hepatic BCAA levels than
patients with simple steatosis (Lake et al., 2015), and in addition
to BCAA-degrading deficiency and fat accumulation in the liver,
it has been reported that serum BCAA levels are positively
correlated with the severity of NAFLD (Kalhan et al., 2011;
Gaggini et al., 2018; Grzych et al., 2020). Recently, Zhao et al.
found that BCAAs supplementation in HFD-mice could disrupt
hepatic glucose and lipid metabolism and aggravate liver insulin
resistance via negatively regulating hepatic Akt2 signaling.
BCAAs supplementation led to mTORC1-dependent insulin
receptor substrate activation, which then block insulin-
mediated Akt activation. On the other hand, BCAAs
supplementation could inhibit mTORC2 signaling, and
subsequently induce Akt2 ubiquitination and degradation via
promoting the binding of Mul1 and Akt2 (Zhao et al., 2020).

Humans do not synthesize BCAAs, and elevated human
serum BCAA levels are strongly associated with gut microbiota
(Pedersen et al., 2016). Notably, Prevotella copri and Bacteroides
vulgatus, which have a high potential for BCAA biosynthesis and
a low potential for BCAA import, have been identified as the
major contributors to increased BCAA levels in humans
(Pedersen et al., 2016). Interestingly, a recent study also
demonstrated that P. gingivalis enhances serum BCAA levels
via BCAA biosynthesis and consequently, induces insulin
resistance in HFD-fed mice (Tian et al., 2020). Furthermore,
genetic analysis and transport studies have revealed that the
leucine-isoleucine-valine (LIV) system, a member of the ATP-
binding cassette (ABC) superfamily of transporters, is required
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for BCAA transport (Ribardo and Hendrixson, 2011). Therefore,
the aim of the present study was to comprehensively analyze the
transcriptomes of intracellular P. gingivalis and endothelial cells
infected by P. gingivalis to clarify the mechanism by which this
pathogen exacerbates liver injury.
MATERIALS AND METHODS

Bacteria and Cell Culture
P. gingivalis ATCC 33277 was cultured anaerobically in
trypticase soy broth (TSB) or on TSB-blood agar plates
supplemented with 1 g/L yeast extract, 5 mg/mL hemin, and
1 mg/mL menadione at 37°C. When needed, erythromycin (10
mg/mL) was added to the medium to eliminate isogenic mutants.
Human umbilical vein endothelial cells (HUVECs) (EA. hy926)
were maintained in Dulbecco’s modified Eagle’s medium with
fetal bovine serum (10%) (Millipore Sigma, St. Louis, MO, USA)
and penicillin/streptomycin (1%) at 37°C in a 5% CO2

atmosphere (Wang et al., 2017). The PCR fusion technique
and electroporation were utilized to generate the P. gingivalis
BCAA ABC transporter permease (livh)-deficient strain (Dlivh)
and the ABC-type BCAA transport system periplasmic
component (livk)-deficient strain (Dlivk) via homologous
recombination, as described in Figure S1 (Wright et al., 2014).
The primers used for mutant construction and confirmation are
shown in Table S1. The mutants were confirmed via PCR and
DNA sequencing (Figure S1).

HUVECs were seeded in 6-well plates and cultured to 80%
confluence. After washing with phosphate-buffered saline (PBS),
cells were infected with P. gingivalis at a multiplicity of infection
of 100 for 2 h at 37°C in 5% CO2, unless otherwise stated. Non-
adherent bacteria were removed by washing with PBS, and the
cell-adherent bacteria were killed using gentamicin (300 mg/mL)
and metronidazole (200 mg/mL) for 1 h at 37°C in 5% CO2

(Moffatt et al., 2012). For RNA isolation, the cells were washed
with PBS and lysed using TRIzol® reagent (Invitrogen, Carlsbad,
CA, USA).

Dual RNA Sequencing
Total RNA was extracted using TRIzol® reagent (Invitrogen,
Carlsbad, CA, USA) according to protocols provided by the
manufacturer. Further, genomic DNA was removed using the
commercially available DNase I system (Qiagen, Germantown,
PA, USA), and RNA concentration was measured by
determining the A260/A280 ratio using a Nanodrop 2000
system (ThermoFisher, Waltham, MA, USA). RNA integrity
was verified via 1.5% agarose gel electrophoresis, and qualified
RNAs were quantified using a Qubit 3.0 fluorometer with a
QubitTM RNA Broad Range Assay Kit (ThermoFisher,
Waltham, MA). Furthermore, the RNA samples were analyzed
at the Huayin Genome Research Facility (Huayin Health Medical
Group Co, Wuhan, China) to determine ribosomal RNA (rRNA)
depletion and subsequent RNA sequencing, and rRNA was
removed using a Ribo-off rRNA Depletion Kit (Vazyme
Biotech Co., Nanjing, China) for humans (Catalog No. N406)
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and/or bacteria (catalog NO. N407). Additionally, cDNA
libraries for Illumina® sequencing were generated using the
KC-Digital™ Stranded mRNA Library Prep Kit (Illumina, San
Diego, CA, USA). The library products corresponding to 200–
250 bps were then enriched, quantified, and sequenced using a
Nova-seq 6000 sequencer (Illumina, San Diego, CA, USA)
(Westermann et al., 2016; Westermann et al., 2017;
Westermann and Vogel, 2018).

Trimmomatic version 0.36 was used to pre-process raw
sequencing data to remove low-quality reads and trim
adaptor sequences. To eliminate duplication bias introduced
during library preparation and sequencing, the clean reads were
first clustered according to the unique molecular identifier
sequences, the reads in the same cluster were then compared
via pairwise alignment to generate new sub-clusters based on
sequence identity (>95%), and multiple sequence alignments
were conducted to acquire one consensus sequence for
each sub-cluster. De-duplicated consensus sequences were
then mapped to the human or P. gingivalis ATCC 33277
genome using STAR 2.5.3a. Feature Counts (Subread-1.5.1;
Bioconductor) was used for counting reads mapped to the
exon regions of each gene, after which the number of reads
per kilobase million was calculated. Further, the edgeR package
v3.12.1 was used to identify differentially expressed genes
(DEGs) between the infected group and control group. Genes
with false discovery rate (FDR) P-values < 0.05 and absolute
log2FC value ≥ 1 were considered as differentially expressed.
Principal-component analysis was conducted via the function
rda in the Vegan package in R. Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis was conducted after
the DEGs were identified using the KEGG orthology-based
annotation system. Thereafter, to statistically test the results
of the enrichment analysis, a hypergeometric test was
performed; a cutoff P-value of 0.05 was applied for the
identification of the enriched KEGG pathways (Nuss et al.,
2017; Westermann and Vogel, 2018). Gene Ontology (GO)
enrichment analysis for DEGs was carried out by the R/
Bioconductor package clusterProfiler, and P < 0.05 was set as
the threshold level to determine the significance of the GO
terms (Yu et al., 2012).

Quantitative Reverse Transcription
PCR (qRT-PCR)
For the gene expression assay, total mRNA was extracted as
mentioned above and reverse transcribed into cDNA using the
PrimeScript RT reagent Kit (Takara Bio, Kusatsu, Japan). qRT-
PCR was then performed using the SYBR® Premix Ex TaqTM II
Kit (Takara Bio, Kusatsu, Japan) or via TaqMan Fast Universal
Master Mix and TaqMan gene expression assay (ThermoFisher,
Waltham, MA, USA) using an Applied Biosystems 7300 system
(Foster City, CA, USA) (Liu et al., 2021). PCR amplification was
performed as follows: 95°C for 5 min, and 40 cycles at 95°C for
15 s, 56°C for 15 s and 72°C for 15 s, and melting curve analysis.
Relative mRNA expression was quantified through the
comparative 2-DDCT method with GAPDH as the internal
control (Liu et al., 2015). The mRNA expression levels of livk
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and livh were measured using 16S rRNA as an internal reference
based on the primers listed in Table S1.

Growth Curves of P. gingivalis
The overnight culture of P. gingivalis was diluted to an optical
density at 600 nm (OD600) of 0.1 using fresh medium, and then
anaerobically cultured at 37°C. The OD600 of the bacterial culture
was then measured at 2-h intervals for 24 h using a
spectrophotometer (Multiskan GO; Thermo Scientific, Inc.,
Waltham, MA, USA). The experiments were each repeated
three times, and growth curves were generated.

Invasion Assays
Invasion experiments were set up as mentioned in 2.1 except that
HUVECs were seeded in 12-well plates (2.0 × 105 cells per well)
and cultured to 60% confluence. After antibiotic treatment, the
cells were washed with PBS and then lysed with sterile distilled
water (1 mL per well).The lysates were diluted and plated on
TSB-blood agar. After incubation anaerobically at 37°C for 10
days, the number of bacterial colonies on TSB-Blood agar was
counted to determine invasion efficiency, which was expressed as
the percentage of the initial inoculum recovered (Moffatt
et al., 2012).

Exopolysaccharide (EPS) Level Detection
The amount of EPS produced by P. gingivalis was determined
using fluorescent lectins, as described previously (Liu et al.,
2017a). Briefly, P. gingivalis cells were labeled with Syto-17
(Thermo Fisher, Waltham, MA, USA) and deposited on glass
coverslips, while the polysaccharides were labeled with
concanavalin A-fluorescein isothiocyanate isomer-I (FITC) and
wheat germ agglutinin-FITC (100 mg mL-1) for 30 min at room
temperature. Thereafter, images were collected via laser scanning
confocal microscopy (SP8; Leica, Germany) and analyzed using
Volocity software version 6.3 (PerkinElmer, Waltham,
MA, USA).

Animal Studies
All the animal procedures applied in the present study were
approved by the Ethics Committee of Tongji Hospital, Tongji
Medical College, Huazhong University of Science and
Technology and the Ethics Committee of West China Hospital
of Stomatology, Sichuan University (WCHSIRB-D-2017-071).
C57BL/6 mice (male, five-week-old) were housed in specific
pathogen-free facilities, and after one week of environmental
acclimation, the mice were randomly assigned into five groups of
5 mice each as follows: normal chow (NC) control, HFD, P.
gingivalis WT infection with HFD (WT + HFD), P. gingivalis
△livh infection with HFD (△livh + HFD), and P. gingivalis
△livk infection with HFD (△livk + HFD). The mice in the HFD
group and NC group were administered Research Diet No.
D12492and No. D12450J, respectively (Table S2). After 12
weeks, the mice were euthanized, and liver and sera samples
were harvested. Further, blood samples were drawn via cardiac
puncture using non-anticoagulant vacuum tubes and 23G1
needles (Tian et al., 2020).
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Mice in the P. gingivalis infection groups were inoculated with
1 × 109 bacteria in 100 mL PBS with 2% carboxymethyl cellulose
(CMC) (Kuboniwa et al., 2017). Infection was repeated once
every 3 days for 8 weeks. Conversely, mice in the NC and HFD
groups were inoculated with PBS containing 2% CMC as
controls. The body weights of the mice were measured at
baseline and at the end of the experiment.

Quantification of P. gingivalis in
Liver Tissue
Total DNA was isolated from aliquots of liver samples, and the
copy number of the P. gingivalis genome in the liver DNA
samples was determined via qPCR using the Wizard®

Genomic DNA Purification Kit (Promega, Madison, WI, USA)
and the SYBR® Premix Ex TaqTM II Kit (Takara Bio, Kusatsu,
Japan). P. gingivalis-specific primers are listed in Table S1.
Amplification reactions were performed using the following
cycling parameters: 95°C for 5 min, 40 cycles at 95°C for 10 s,
60°C for 15 s, and 72°C for 15 s. The corresponding copy
numbers were calculated using a standard curve (Figure S2),
generated as previously described (Kuboniwa et al., 2017).

Glucose, Alanine Transaminase (ALT),
Aspartate Aminotransferase (AST), and
BCAA Levels in Blood
The mice were fasted for 6 h prior to blood sample collection for
the determination of fasting blood glucose (FBG) levels.
Specifically, after the fasting, blood samples were collected
from the tail vein of the mice and FBG levels were measured
using a glucometer (Roche, Basel, Switzerland). Serum was
collected after centrifuging the blood samples at 1,000 × g for
10 min at 4°C and stored at -80°C until further analysis. Serum
AST and ALT levels were also measured using AST and ALT
activity assay kits, respectively (Millipore Sigma, St. Louis, MO,
USA), while serum BCAA levels were determined using BCAA
assay kits (Abcam, Cambridge, MA, USA).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
software version 7.0 (San Diego, CA, USA). Unpaired two-
tailed Student’s t-tests were used to assess differences between
groups, while analysis of variance (ANOVA) with Tukey’s test
was carried out for multiple comparisons to analyze datasets with
more than two groups. Statistical significance was set at P < 0.05.
Further, the results were presented as mean ± standard deviation
(mean ± SD).
RESULTS

Upregulation of Bacterial Genes
Related to BCAA Transport Within
Endothelial Cells
Principal component analysis (PCA) was used to determine the
distances between P. gingivalis transcriptomes within endothelial
cells and the free culture medium. Specifically, the first principal
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component (PC1), which showed the largest variance (43.8%),
separated intracellular P. gingivalis and P. gingivalis in the culture
medium (Figure 1A). Additionally, intracellular P. gingivalis
showed a total of 573 DEGs compared with the control
bacteria, and of these DEGs, 304 and 269 were upregulated
and downregulated, respectively (Figure 1B). The complete list
of the DEGs corresponding to intracellular P. gingivalis is shown
in Table S3. GO analysis revealed that upregulated genes were
significantly enriched in the GO terms amino acid biosynthetic
and metabolic processes (Figure 1C). Interestingly, ABC
transporter genes, which are critical for the virulence of P.
gingivalis, were also significantly upregulated in intracellular
bacteria (Table S3). Further analysis of the expression levels of
PGN_RS06330 (BCAA ABC transporter permease, livh) and
PGN_RS06345 (ABC-type BCAA transport system periplasmic
component, livk) via qRT-PCR confirmed that the expression
levels of livh and livk increased significantly in intracellular P.
gingivalis (Figure 1D). Adaptation through horizontal gene
transfer, which is mediated by tra gene homologs (Tribble
et al., 2007), is regarded as an important process that is
required for the survival of P. gingivalis within its host. In this
regard, it was observed that P. gingivalis traA, traI, traG, traN,
traJ, traO, traQ, traM, and traP genes were significantly
upregulated in HUVECs compared with levels in the culture
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medium (Table S3). Further, HcpR, which is necessary for the
growth of P. gingivalis with nitrite and nitric oxide, was also
upregulated (Table S3).

Role of livh/livk in Bacterial Growth,
Invasion, and EPS Production
To explore the role of livh/livk in P. gingivalis, we further assessed
the effect of livh/livk deficiency on bacterial growth, invasion, and
EPS production in vitro. The construction of the growth curve of
P. gingivalis showed that the growth rates of either the livh or livk
mutant strains were comparable to that of the parental strain
(Figure 2A). Additionally, the invasion efficiency of the Dlivk
strain was confirmed using an invasion assay (Figure 2B).
However, no significant difference in invasion efficiency was
observed between the Dlivh and WT strains (Figure 2B).
Moreover, EPS production often plays an important role in
biofilm communities developing. Therefore, to assess the role
of livh/livk in EPS production, P. gingivalis was labeled with Syto-
17, and EPS was stained with fluorescently labeled lectin
concanavalin A and wheat germ agglutinin (Figure 2C).
Thereafter, the level of EPS was normalized to that of P.
gingivalis, and it was observed that the rates of production of
EPS in Dlivh and Dlivk were not significantly different from those
in the parental strain (Figure 2D).
A B

DC

FIGURE 1 | Transcriptional profiling of P. gingivalis in HUVECs. (A) Transcriptional patterns of intracellular P. gingivalis (infection) and P. gingivalis culture in the
medium (control) showing clear divergence as determined via PCA. (B) Volcano plot of differentially expressed genes. (C) Bar plots of enriched GO terms of
upregulated genes in intracellular P. gingivalis. (D) Detection of the expression levels of livh and livk in P. gingivalis. FC of the expression level of each gene in
intracellular P. gingivalis (infection) relative to that in the P. gingivalis culture medium (control). HUVECs, human umbilical vein endothelial cells; PCA, principal
component analysis; FC, fold change. The results presented are the average of three independent experiments and are presented as mean ± SD; ****P ≤ 0.0001.
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Eukaryotic Targets of P. gingivalis
Enriched in the NAFLD Pathway
To gain insight into the pathways corresponding to the
endothelial cells targeted by bacteria, we analyzed the DEGs
and enriched KEGG pathways corresponding to HUVECs
challenged with P. gingivalis. It was observed that the
transcriptional landscapes of the infected and uninfected
HUVECs showed two independent clusters, indicating distinct
gene expression patterns (Figure 3A). Additionally, a total of 838
DEGs were detected in P. gingivalis-infected HUVECs compared
with their uninfected counterparts, and of these, 297 and 541
genes were upregulated and downregulated, respectively
(Figure 3B). The complete list of DEGs corresponding to the
HUVECs is shown in Table S4. Further, we annotated the DEGs
identified during the comparison of the infected and uninfected
HUVECs based on the KEGG pathway. It was observed that both
the upregulated and downregulated genes were enriched in
pathways associated with chronic systemic diseases, including
Parkinson’s disease, Huntington’s disease, NAFLD, and
Alzheimer’s disease (Figures 3C, D). However, only the
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upregulated DEGs were found to be enriched in the taste
transduction, metabolic, and hypoxia inducible factor 1 (HIF-
1) signaling pathways (Figure 2C). Moreover, the downregulated
DEGs were also enriched in pyrimidine metabolism, purine
metabolism, RNA transport, RNA polymerase, viral
carcinogenesis, transcriptional misregulation in cancer,
systemic lupus erythematosus, and alcoholism pathways
(Figure 3D). To corroborate the involvement of NAFLD-
related genes in HUVECs challenged with P. gingivalis, the
expression levels of MTCO2, MTCO3, UQCRB, and NDUFB10
were detected via qRT-PCR (Table 1). Consistent with the dual
RNA sequencing results,MTCO2 andMTCO3 were significantly
upregulated, whereas UQCRB and NDUFB10 were significantly
downregulated in cells infected with P. gingivalis (Figure 3E).

Bacteria Induces Increases in Circulating
BCAA Levels and Liver Injury via livh/livk
To clarify the potential effect of P. gingivalis infection on
NAFLD, an HFD-fed mouse model was used to confirm the
transmission of P. gingivalis in the liver, and detect the effect of
A B

D

C

FIGURE 2 | Role of livh/livk in the growth, invasion efficiency, and EPS production of P. gingivalis. (A) Growth curve of P. gingivalis ATCC 33277 WT, Dlivh, and Dlivk
strain. (B) Invasion efficiency of P. gingivalis Dlivh/Dlivk compared with that of the parental strain. (C) Representative CSLM images of EPS (green) labeled with FITC-
labeled concanavalin A and wheat germ agglutinin and P. gingivalis (red) wild-type, Dlivh and Dlivk. Scale bar = 50 mm. (D) Quantitative determination of EPS using
Volocity software version 6.3. CSLM, confocal laser scanning microscopy, EPS, exopolysaccharide, FITC, fluorescein isothiocyanate isomer-I. The results are the
average of three independent experiments and are presented as mean ± SD, ***P ≤ 0.001.
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bacterial infection on circulating BCAA levels, FBG levels, and
liver function. As expected, at the end of the experiment, it was
observed that the HFD induced an increase in the body weight of
the mice, which were unaffected by infection with P. gingivalis
(Table S5). Additionally, the serum levels of FBG, ALT, and
AST, as well as the AST/ALT ratios were significantly elevated in
mice fed HFD compared with those in mice fed NC (Figure S3),
suggesting that HFD resulted in impaired liver function in
the mice. Consistent with the results of previous studies,
P. gingivalis was detected in the liver tissue of WT + HFD
mice (Figure 4A). Further, P. gingivalis infection also induced
increased serum ALT and AST levels, elevated the AST/ALT
ratio, and resulted in higher FBG levels in the HFD-fed mice,
confirming that P. gingivalis can aggravate HFD-induced liver
injury (Figures 4B–E).
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Circulating BCAAs participate in the regulation of liver
function, and livh/livk has been annotated as a BCAA ABC
transporter permease or ABC-type BCAA transport system
periplasmic component of P. gingivalis. Therefore, we
measured serum BCAA levels in mice infected with different
strains of P. gingivalis. The results showed that P. gingivalis
infection induced increases in BCAA levels in HFD-fed mice
(Figure 4F). However, this was compromised by either Dlivh or
Dlivk (Figure 4F). Given that the reduced invasion efficiency of
the Dlivk strain was confirmed via an invasion assay (Figure 2B),
we further investigated the effect of Dlivh or Dlivk deficiency on
P. gingivalis liver transmission. We observed that the liver of
HFD-fed mice contained less Dlivk than the parental strain
(Figure 4A). Interestingly, FBG, ALT, and AST levels, as well
as the AST/ALT ratios in both the Dlivh + HFD and Dlivk + HFD
A B

D
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C

FIGURE 3 | Transcriptional pattern of HUVECs in response to P. gingivalis infection. (A) Transcriptional pattern of HUVECs infected with P. gingivalis (infection) and
uninfected cells (control) showing clear divergence as determined via PCA. (B) Volcano plot of differentially expressed genes in HUVECs. (C) KEGG analysis of
upregulated genes in HUVECs during infection. (D) KEGG analysis of downregulated genes in HUVECs during infection. (E) Validation of RNA sequencing data via qRT-
PCR. The expression of MTCO2, MTCO3, UQCRB, and NDUFB10 in endothelial cells. FC of the expression of each gene in HUVECs infected with P. gingivalis relative to
that corresponding to uninfected cells. HUVECs, human umbilical vein endothelial cells; PCA, principal component analysis; FC, fold change; KEGG, Kyoto Encyclopedia
of Genes and Genomes. The results are the average of three independent experiments and are presented as mean ± SD. **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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groups were significantly lower than those in the WT + HFD
group. This notwithstanding, the Dlivh + HFD and Dlivk + HFD
groups showed no significant difference (Figures 4B–E).
DISCUSSION

This study provides the transcriptional landscape of intracellular
P. gingivalis as well as that of endothelial cells infected by this
bacterium based on dual RNA sequencing. A comparison of the
transcriptional profiles of the intracellular bacteria and the free-
cultured bacteria cells revealed that P. gingivalis infection enhances
the expression of BCAA ABC transporter permease (livh) and
ABC-type BCAA transport system periplasmic component (livk)
genes to facilitate their survival in host cells. Additionally, both livh
and livk were identified as components of the LIV system, and
were found to be responsible for the transport of BCAAs. By
analyzing mutants with the deletion of individual genes, we
observed that the growth rates of either Dlivh or Dlivk strains as
well as the rate of EPS production in P. gingivalis-infected cells
were comparable to those in the parental strain. Interestingly,
Dlivk showed impaired invasion efficiency and in vivo
colonization. A previous study also showed that livk, but not
livh, is required for commensal colonization by Campylobacter
jejuni (Ribardo and Hendrixson, 2011). Thus, a possible
explanation for this observation is that livk may bind to amino
acids other than BCAAs, whose transport is required for bacterial
survival in vivo. To understand different invasion and colonization
of Dlivk and Dlivh mutants, further study such as analyzing the
transcriptional profiles of these mutants in HUVEC’s is needed.

Further, transcriptional profiling together with KEGG pathway
analysis of HUVECs revealed that P. gingivalis induced the
differential expression of NAFLD-related genes (e.g., MTCO2,
MTCO3, UQCRB, and NDUFB10). NAFLD is a condition in
which excess fat, not related to alcohol use, is stored in the liver.
Further, NAFLD and its progressive inflammatory form, NASH,
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represent a growing cause of chronic liver injury (Huang et al.,
2021), and increasing evidence suggests the existence of a
correlation between P. gingivalis and NAFLD (Ding et al., 2019).
Yoneda et al. first observed that the detection rate of P. gingivalis in
the saliva is significantly higher in NAFLD patients than that in
healthy controls (46.7% vs. 21.7%, odds ratio: 3.16) (Yoneda et al.,
2012). Furusho et al. also reported the detection of P. gingivalis in
21 out of 40 liver biopsy specimens from NASH patients. They
also reported that P. gingivalis-positive cases showed significantly
higher fibrosis scores than P. gingivalis-negative cases (Furusho
et al., 2013). Consistent with these previous findings, Nakahara
et al. recently identified a significant correlation between NAFLD
progression and the titer of serum antibodies against P. gingivalis
(Nakahara et al., 2018).

Dual RNA-seq has the potential to provide novel insights into
the host–pathogen interaction via simultaneously determining
the transcriptomes of host and pathogen. However, dual RNA-
seq is complex experiments. Factors such as heterogeneity in cell
populations and infection, differences in transcriptome
stabilization, RNA extraction, library preparation, and
sequencing may induce batch effects. To obtain accurate
representative genomes of the host and pathogen, high
sequencing depth is required. Besides, dual RNA-seq crucially
depends on proper statistical analysis to determine DEGs during
infection. Currently, three popular analysis, EdgeR, DESeq2 and
limma/voom, perform well. DESeq generally appears to be more
conservative and edgeR more liberal in its p-value calculations.
In this study, the unique molecular identifier sequences were
introduced to optimize the de-duplication, and DEGs was
identified using the edgeR package. In addition to the
validation of the sequencing results through qRT-PCR for in
vitro infection, Dlivk and Dlivh mutants was constructed and in
vivo experiments were performed to demonstrate our hypothesis.

Animal studies have also shown that P. gingivalis accelerates
NAFLD progression in HFD-fed mice. Specifically, Kuraji et al.
showed that experimental periodontitis induced by P. gingivalis
leads to the progression of NASH. It has also been reported that
increased levels of endotoxins resulting from P. gingivalis
infection possibly contribute to NASH progression (Kuraji
et al., 2016). Nakahara et al. also observed that fibrosis and
steatosis are more severe in HFD-fed mice infected with P.
gingivalis than in mice without P. gingivalis infection, and their
further metabolome analysis suggested that the alteration in fatty
acid metabolism seems to play a considerable role in the fibrosis
progression of NAFLD (Nakahara et al., 2018). Moreover, in
HFD-fed mice, intravenous injection of sonicated P. gingivalis
aggravates NAFLD and changes the expression levels of genes
associated with lipid and glucose metabolism in the liver (Sasaki
et al., 2018). Mechanistically, P. gingivalis odontogenic infection
possibly aggravates NASH via the upregulation of the
lipopolysaccharide and toll-like receptor pathway and free fatty
acid-induced NOD-, LRR-, and pyrin domain-containing
protein 3 inflammasome activation (Furusho et al., 2013). In
this study, we identified LIV as a novel mechanism by which P.
gingivalis induces increases in BCAA levels and exacerbates liver
injury in HFD-fed mice. This finding is consistent with an earlier
study, which showed that elevated circulating BCAA levels are
TABLE 1 | Differentially expressed genes of the NAFLD pathway between
infected and uninfected human umbilical vein endothelial cells (|log2 FC| ≥ 1 and
FDR ≤ 0.05).

Gene Symbol Log2 FC FDR

MT-CYB 1.532528324 2.03E-12
MTCO3P12 1.294580426 9.23E-11
MIR6723 1.362691234 7.13E-06
MT-CO2 1.442745846 5.75E-12
MT-CO1 1.434791085 2.72E-11
MT-CO3 1.230595848 2.39E-10
MTCO1P2 1.174011287 0.002827059
CDC42P6 -1.784905872 9.93E-06
COX4I1 -1.35886734 2.67E-12
COX6C -1.202149761 1.21E-10
NDUFA8 -1.083056922 5.67E-08
UQCRHL -1.636421338 2.29E-08
UQCRB -1.186605753 4.31E-10
NDUFB10 -1.283988953 7.11E-11
UQCR10 -1.215371564 8.66E-07
NDUFS5 -1.496650718 8.89E-12
COX7B -1.488988881 2.36E-10
March 2022 | Volume 12 | Article 776996

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Wu et al. Porphyromonas gingivalis Exacerbates Liver Injury
significantly related to metabolic diseases, such as insulin
resistance and NAFLD (Sunny et al., 2015). It has also been
reported that periodontal infection with P. gingivalis results in
increased circulating BCAA levels and aggravates insulin
resistance in mice fed HFD (Tian et al., 2020). Moreover,
BCAA aminotransferase deficiency reduces P. gingivalis-
induced serum BCAA levels and insulin resistance in mice fed
HFD (Tian et al., 2020). However, the data from this study
should be interpreted with some caution. The repeated oral
administration of P. gingivalis has also been shown to result in
the alteration of gut microbiota, which reportedly, is associated
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9166
with elevated serum BCAA levels (Saad et al., 2016; Yoon, 2016;
Sato et al., 2017). Possibly, mice can also ingest plenty P.
gingivalis that can affect gut microbiota. Therefore, we could
not rule out the possibility that the oral administration of P.
gingivalis possibly led to changes in gut microbiota
characteristics, thus indirectly affecting serum BCAA levels.
Moreover, whether P. gingivalis accelerates liver injury by
enhancing the levels of circulating BCAAs still needs to be
further confirmed in vivo.

Although this study as well as others showed that P. gingivalis
induced upregulation of BCAA serum levels in mice,
A B
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FIGURE 4 | Influence of P. gingivalis infection on circulating BCAA levels and liver function. Six-week-old male C57BL/6 mice were infected with 1×109 P. gingivalis
in 100 mL of PBS containing 2% CMC for 8 weeks. The NC and HFD groups were mock-treated with PBS containing 2% CMC. Four weeks after infection, the mice
were euthanized, and liver and serum samples were harvested. (A) Colonization of P. gingivalis WT, Dlivh, and Dlivk detected via qPCR in the liver tissues of HFD-fed
mice. Sera samples from mice were assayed for BCAA and FBG levels, and for the determination of selected liver-specific biochemistries. (B) Glucose level, (C) ALT
level, (D) AST level, (E) AST/ALT ratio, and (F) BCAA level. CMC, carboxymethyl cellulose; BCAA, branched-chain amino acid; NC, normal chow, HFD, high-fat diet.
All data represent the mean ± SD for five mice per group. **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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the underlying mechanism is still unclear. Reportedly, BCAA
biosynthesis and transportation are key factors in the modulation
of bacteria-related intracellular and extracellular BCAA
concentrations (Cai et al., 2020; Wendisch, 2020). The
overexpression of BCAA-related synthetic pathway genes and
BCAA importer genes as well as the deletion of BCAA exporter
genes can result in the accumulation of bacterial intracellular
BCAAs (Chen et al., 2015; Zhu et al., 2018; Cai et al., 2020). For
instance, it has been observed that Bacillus licheniformis DW2
YhdG acts as an exporter of BCAAs, and the deletion of the
ydhG gene improves intracellular BCAA accumulation, while
overexpression of the importer genes, yvbW and braB,
increases and decreases intracellular and extracellular BCAA
concentrations, respectively (Cai et al., 2020). According to
KEGG database, P. gingivalis possesses a biosynthetic pathway
and transport system (LivKHGMF) of BCAA. PGN_RS05180
encodes branched-chain amino acid aminotransferase (BCAT),
a key enzyme of BCAA synthesis. Multiple sequence alignments
show that P. gingivalis BCAT contains the conserved domains
and active catalytic site of bacterial branched-chain amino acid
transaminase. Tian et al. found that Dbcat strain loses this ability
to increase plasma level of BCAAs. Moreover, P. copri and B.
vulgatus, the major contributors to increased BCAA levels in
humans, have a high potential for BCAA biosynthesis. The amino
acid sequences of BCAT in P. gingivalis, P. copri and B. vulgatus
are highly homologous. These findings suggest that P. gingivalis
has a strong BCAA synthesis. Intriguingly, the results of this study
showed an obvious upregulation of two components of the BCAA
transportation system (livk and livh) of intercellular P. gingivalis,
as well as different expression levels for the genes associated with
the NAFLD pathway in HUVECs infected with P. gingivalis.
More importantly, we observed that both livh and livk deletion
reduced the ability of P. gingivalis to induce increases in serum
BCAA, ALT, and AST levels in mice fed HFD. Thus, we
speculated that the LIV system of P. gingivalis may aggravate
NAFLD and NASH by inducing increases in circulating BCAA
levels. It is likely that P. gingivalis elevate BCAA serum levels
through biosynthesizing BCAAs, and then exporting the
biosynthesized BCAAs to extracellular environments such as
blood circulation. However, it is still unclear whether the effects
of P. gingivalis on BCAA levels and liver injury are related to
specific components of the LIV system. Therefore, the effects of
LIV, especially livh and livk, on BCAA levels and NALFD
signaling pathways still require further investigation. For
instance, comparing the intracellular and extracellular BCAA
concentrations in P. gingivalis mutants (Dbcat, Dlivk and Dlivh)
under various stresses is needed to validate the role of BCAT and
LIV system of P. gingivalis in modulating its intracellular and
extracellular BCAA concentrations, as well as to explore the
regulators of BCAA synthesis and transportation.
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Periodontal diseases are one of the most common chronic inflammatory diseases of the
oral cavity, which are initiated and sustained by pathogenic plaque biofilms. Central to
modern periodontology is the idea that dysbiosis of periodontal microecology and
disorder of host inflammatory response gives rise to degradation of periodontal tissues
together, which eventually leads to tooth loss, seriously affecting the life quality of patients.
Probiotics were originally used to treat intestinal diseases, while in recent years, extensive
studies have been exploring the utilization of probiotics in oral disease treatment and oral
healthcare. Probiotic bacteria derived from the genera Lactobacillus, Bifidobacterium,
Streptococcus, and Weissella are found to play an effective role in the prevention and
treatment of periodontal diseases via regulating periodontal microbiota or host immune
responses. Here, we review the research status of periodontal health-promoting probiotic
species and their regulatory effects. The current issues on the effectiveness and safety of
probiotics in the management of periodontal diseases are also discussed at last. Taken
together, the use of probiotics is a promising approach to prevent and treat periodontal
diseases. Nevertheless, their practical use for periodontal health needs further research
and exploration.

Keywords: probiotic, periodontal disease, periodontopathogen, microecological balance, immunoregulation
PROBIOTIC AND ORAL HEALTH

The term “probiotic” was put forward by Lilly and Stillwell in 1965, defined as “growth-promoting
factors produced by microorganisms” (Lilly and Stillwell, 1965). Since then, the definition of
“probiotic” has changed several times until the WHO and the Food and Agriculture Organization of
the United States (FAO) in 2002 came up with a new definition that was generally accepted:
probiotics are “living microorganisms that can have a beneficial effect on the host when taken in
sufficient doses” (Hill et al., 2014). The origins of probiotics could be traced back to ancient Roman
records, and Plinius Secundus Maior recorded that fermented milk products are beneficial to
stomach healing. In the early 20th century, Elie Metchnikoff, a Nobel laureate, recorded in “The
Prolongation of Life” that Bulgarians lived longer than others because they drank fermented milk
(Metchnikoff, 1907). Through the study of human gut flora, he concluded that harmful products of
some bacteria could be a reason for aging, and he recommended milk fermented by Lactobacillus to
prevent the harmful effects of bacterial products.
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Probiotics were originally used to treat intestinal diseases.
Studies have shown that they could help control intestinal
infections, relieve constipation and diarrhea, improve lactose
intolerance, etc. (Lourenshattingh and Viljoen, 2001). The
beneficial effects of probiotics defined by WHO and FAO are
not only on the intestines but also on other body systems. In fact,
many probiotics have been demonstrated to play a role in
maintaining a healthy urogenital system and fighting against
cancers, diabetes, obesity, and allergies (Waigankar and Patel,
2011; Sunita et al., 2012; Kang et al., 2013; Takeda et al., 2014;
Kahouli et al., 2015). In recent decades, extensive studies also
explored the application of probiotics in oral disease treatment
and oral healthcare. Currently, it is found that probiotics
contributing to oral health are concentrated in the genera
Lactobacillus, Bifidobacterium, Streptococcus, and Weissella, as
well as certain scattered species like Bacillus subtilis and
Saccharomyces cerevisiae. Several strains of Lactobacillus
reuteri, Lactobacillus brevis, Streptococcus salivarius, etc., have
been commercially produced as oral health-promoting
probiotics, all of which are microorganisms isolated from the
oral cavity (Allaker and Stephen, 2017; Mahasneh and
Mahasneh, 2017). Effects of probiotics on improving oral
health have been observed in common oral diseases such as
dental caries, periodontal diseases, oral candida infection, and
halitosis (Ince et al., 2015; Ohshima et al., 2016; Yoo et al., 2019;
Sivamaruthi et al., 2020).
PERIODONTAL DISEASES

Periodontal diseases are chronic inflammatory diseases that
destroy bone and gum tissues that support the teeth, of which
gingivitis and periodontitis are the most common types.
Gingivitis is a mild form of periodontal disease, but the
progression of untreated gingivitis can lead to more serious
periodontitis by creating deep periodontal pockets that could
cause teeth to loosen or lead to tooth loss, which has a marked
impact on patients’ life. It is reported that as of 2019, there are 1.1
billion patients with severe periodontitis worldwide, and the
prevalence of severe periodontitis has increased by 8.44% from
1990 to 2019 (Chen et al., 2021). Dental plaque, which is a
microbial biofilm that forms on the teeth and gingiva, is thought
to be the initial factor of periodontal diseases. The understanding
of the pathogenicity of dental plaque biofilms has evolved over
time, and several hypotheses were proposed in history, from the
“Specific Plaque Hypothesis” (1976) (Loesche, 1976), the “Non-
Specific Plaque Hypothesis” (1986) (Theilade, 1986), to the
“Ecological Plaque Hypothesis” (1994) (Marsh, 1994). Modern
periodontology, however, not only focuses on the pathogenicity
of dental plaque biofilms but also emphasizes the interaction
between oral microbes and the host. In recent years, the
“Keystone-Pathogen Hypothesis” (KPH) (2012) and
polymicrobial synergy and dysbiosis (PSD) model (2012) have
attracted wide attention. The KPH (Hajishengallis et al., 2012)
proposed that certain low-abundance periodontopathogens such
as Porphyromonas gingivalis could weaken the bactericidal effect
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2171
of the host immune system and promote host inflammatory
response, thus destroying the host–microbe homeostasis and
balance of periodontal microecosystem that finally lead to the
occurrence of periodontal diseases. The PSD model
(Hajishengallis and Lamont, 2012) emphasized that the
synergistic effect between polymicrobial communities and the
host inflammatory response disorder caused periodontal
diseases, and moreover, the ecological imbalance and
inflammatory response could reinforce each other and
constitute the actual driving factors of diseases. In fact,
subversion of host immunity by dysbiotic periodontal
microbiota not only gives rise to periodontal diseases but also
contributes to systemic inflammation (Hajishengallis, 2015).

Studies on oral microorganisms show that there are more
than 700 bacterial species colonizing the mouth (Kumar et al.,
2005). However, only a few bacteria are proved to initiate and
advance periodontal diseases, such as P. gingivalis ,
Aggregatibacter actinomycetemcomitans, Tannerella forsythia,
Prevotella intermedia , and Fusobacterium nucleatum
(Hajishengallis et al., 2012). When reviewing the studies
focusing on the action of probiotics in managing periodontal
diseases, we noticed that the majority referred to four
periodontopathogens, namely, P. gingivalis (chronic
periodontitis), A. actinomycetemcomitans (aggressive
periodontitis), P. intermedia (pregnancy gingivitis, moderate
and severe gingivitis, acute necrotizing gingivitis, and chronic
periodontitis), and F. nucleatum (chronic periodontitis and acute
necrotizing ulcerative gingivitis), indicating that periodontal
probiotics are often related with or applied to specific
periodontal diseases driven by them. With the help of various
virulence factors that cause direct destruction to periodontal
tissues or stimulate host cells to activate a wide range of
inflammatory responses (Figure 1), these pathogens destroy
the host–microbe homeostasis and cause or promote the
occurrence and development of multiple periodontal diseases
(Zhao et al., 2012; Jaffar et al., 2016; Zhao et al., 2019; Ishikawa
et al., 2020; Moman et al., 2020; Ding et al., 2021; Jansen
et al., 2021).
APPLICATION OF PROBIOTICS IN
MANAGING PERIODONTAL DISEASES

There is an increasing interest in the use of probiotics in
periodontal therapy and periodontal care. The existing
published studies have revealed that probiotics could effectively
inhibit periodontopathogens and improve various clinical
indices related to periodontal health, including plaque index
(PI), gingival index (GI), bleeding on probing (BOP), periodontal
pocket depth (PPD), clinical attachment loss (CAL), and gingival
crevicular fluid (GCF) volume, as well as inflammation-
associated biochemical markers, such as interleukin (IL)-1b,
matrix metalloproteinase (MMP)-8, and tissue inhibitor of
metalloproteinase (TIMP)-1. Although there are various forms
of probiotics applied in managing periodontal diseases, such as
tablets, mouthwash, and toothpaste, probiotics commercialized
March 2022 | Volume 12 | Article 806463
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and studied in periodontal therapy are usually made into tablets,
while probiotics in the forms of mouthwash and toothpaste are
often applied in periodontal health care.

Periodontal Health Care
Some studies have focused on the role of probiotics in
periodontal care. Amizic et al. found that probiotic toothpaste
could prevent caries and periodontal diseases more effectively
than non-probiotic toothpaste, and the capacity of the toothpaste
to inhibit bacteria was even better than that of mouthwash. It was
speculated that toothpaste could contact the tooth surface for a
longer time, and it would be easy to enter gingival sulcus with the
help of a toothbrush (Amizic et al., 2017). However, the study of
Alkaya et al. (2016) had a different conclusion. Forty patients
with gingivitis were recruited and divided into 2 groups, using
placebo or experimental probiotic B. subtilis-, Bacillus
megaterium-, and Bacillus pumulus-containing toothpaste,
mouthwash, and toothbrush cleaner for 8 weeks. After
evaluation of PI, GI, PPD, and BOP at baseline and 8 weeks, it
was reported that there was no intergroup difference detected,
suggesting that genetically distinct probiotics perhaps have
different effects on periodontal health.

An Adjuvant Therapy for Periodontal
Non-Surgical Treatment
Some researchers have evaluated the short-term and long-term
effects of probiotics as a supplementary therapy for periodontal
non-surgical treatment. For example, in the study of Kuru et al.
(2017), 51 periodontal healthy volunteers were first given non-
surgical periodontal therapy, and 7 days later (baseline), they
were randomized into two groups receiving yogurt containing
either placebo or Bifidobacterium animalis subsp. lactis DN-
173010 for 28 days, followed by a 5-day non-brushing period. PI,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3172
GI, BOP, PPD, GCF volume, and total amount and
concentration of IL-1b in GCF were measured on days 0
(baseline), 28, and 33. It was reported that there was no
intergroup difference detected on day 0 and day 28. However,
after plaque accumulation, all parameters in the probiotic group
were significantly better than those in the placebo group on day
33, indicating that the short-term use of probiotics has a positive
effect on plaque accumulation and gingival inflammatory
parameters, even without oral hygiene measures. The long-
term clinical benefits of probiotic were proved by Iṅce et al.
Thirty patients with chronic periodontitis were randomly given
either L. reuteri-containing lozenge or placebo twice a day after
scaling and root planing (SRP) for 3 weeks, and clinical
parameters were collected at baseline and on days 21, 90, 180,
and 360 after SRP. It was found that the probiotic group’s PI, GI,
BOP, and PPD were much better than those of the placebo group
at all time points. Decreased MMP-8 and increased TIMP-1
levels in GCF were found to be significant up to day 180. From
day 90, mean values of attachment gain were significantly higher
in the probiotic group (Ince et al., 2015). In a meta-analysis about
the effects of using probiotics as the supplemental therapy after
periodontal non-surgical treatment for 42–360 days, Kumar et al.
concluded that probiotics could help reduce CAL significantly in
moderately deep periodontal pockets. However, the three of four
studies included for meta-analysis showed significant
heterogeneity, though the risk of bias was low (Kumar and
Madurantakam, 2017). Studies have suggested that short-term
and long-term applications of probiotics can achieve certain
clinical benefits, but relevant studies are not enough, and limited
probiotics are involved.

As for peri-implant disease, some studies on the effect of L.
reuteri ATCC PTA 5289 and DSM 17938 as adjuvant therapy to
mechanical debridement revealed the potential of probiotics in
FIGURE 1 | How periodontal probiotics and pathogens play their roles in regulating periodontal health and disease. The diagram shows the primary mechanisms of
periodontopathogens and probiotics in regulating periodontal microbiota and host immune responses, respectively.
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treating peri-implant mucositis. Using L. reuteri for at least 30
days relieved PI, GI, PPD, and BOP in peri-implant mucositis
and reduced the concentrations of IL-1b, IL-6, and IL-8 in GCF
(Flichy-Fernández et al., 2015; Galofré et al., 2018). Moreover,
compared to mechanical debridement followed by rinsing with
0.12% chlorhexidine (CHX), utilization of L. reuteri did not
make a difference (Peña et al., 2019). However, with respect to
implantitis, only one study reported significant PD and BOP
improvement in 90 days after mechanical treatment and L.
reuteri application (Galofré et al., 2018). L. reuteri might
improve PI, but the subgingival microbial community of the
implant was not changed markedly (Galofré et al., 2018; Tada
et al., 2018; Laleman et al., 2020).

Alternatives to Antimicrobials
Because of the overuse of antimicrobial drugs, antimicrobial
resistance becomes serious day by day. Therefore, there is an
urgent need to find alternatives to antimicrobials. In this
background, Shah et al. compared the effects of probiotics and
antibiotics as the supplemental therapies of periodontal non-
surgical treatment (Shah and Gujjari, 2017). They recruited 18
patients with aggressive periodontitis and divided them into 3
groups after SRP, which were given L. brevis CD2, L. brevis CD2
with doxycycline, or doxycycline alone for 14 days. PI, GI, PPD, CAL,
and salivary levels of Lactobacillus and A. actinomycetemcomitans
were measured at baseline, 14 days, 2 months, and 5 months. It was
reported that GI in all the three groups was significantly improved at
5 months, and the intergroup results were also statistically significant.
Besides, L. brevis CD2 showed a similar effect to doxycycline, but a
synergistic effect was not detected when the probiotic and doxycycline
were given simultaneously. It was concluded that L. brevis CD2 could
be used as an alternative to antibiotics to treat aggressive periodontitis,
without the risk of promoting antibiotic resistance.

The broad-spectrum bactericide CHX is widely used in dental
clinical therapy. In a study comparing effects of CHX, probiotics,
and herbs, 45 healthy volunteers were randomly divided into
three groups and used CHX mouthwash, probiotic mouthwash,
or herbal mouthwash for 14 days. The probiotic mouthwash
contained Lactobacillus acidophilus, Lactobacillus rhamnosus,
Bifidobacterium longum, Saccharomyces boulardii; the herbal
mouthwash contained Belleric Myrobalan (Bibhitaki), Betel
(Nagavalli), and Meswak (Salvadora Persica). PI, GI, and Oral
Hygiene Index-Simplified (OHI-S) were collected on days 0, 7,
and 14. The effects of all three types of mouthwash were
demonstrated to be similar, and there were few side effects
reported, suggesting that both probiotic mouthwash and herbal
mouthwash are effective substitutes for CHX mouthwash
(Deshmukh et al., 2017).
PERIODONTAL HEALTH-PROMOTING
PROBIOTIC SPECIES AND THEIR
REGULATORY EFFECTS

The mechanisms of probiotics promoting periodontal health
have not been fully elucidated. Nevertheless, a considerable
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4173
amount of research results from clinical trials, animal
experiments, and in vitro experiments have revealed that
probiotics confer periodontal-health benefits upon the host by
regulating periodontal microbiota or immune responses via
various mechanisms (Figure 1). Specifically, regulatory effects
of various periodontal health-promoting probiotics, which
mainly belong to genera Lactobacillus, Bifidobacterium,
Streptococcus, and Weissella, as well as the emerging
recombinant probiotics, have been widely observed (Table 1).
For the genera Lactobacillus and Streptococcus, probiotic species
whose periodontal health-modulating effects were reported by at
least three research articles in the past 5 years are chosen as the
typical and important periodontal health-promoting probiotics
in their genera to introduce here, as listed in Table 1.

Lactobacillus
Lactobacillus is a type of gram-positive facultative anaerobic or
obligate anaerobic bacteria that widely colonize the human
digestive system, urinary system, and reproductive system.
Probiotics derived from the genus Lactobacillus have been used
in the prevention and treatment of numerous gastrointestinal
tract disorders, urogenital diseases, vaginal infection, atopic
disease, food hypersensitivity, and oral diseases like dental
caries, periodontal diseases, and oral candida infection (Lebeer
et al., 2008; Ishikawa et al., 2015; James et al., 2016). The genus
Lactobacillus contributes the majority of the current known
periodontal health-promoting probiotic species.

Lactobacillus acidophilus
The studies of periodontal health-promoting L. acidophilus are
concentrated on in vitro experiments. L. acidophilus plays an
important role in the inhibition of P. gingivalis growth in vitro
and regulation of the interaction between P. gingivalis and
gingival epithelial cells (GEC) (Zhao et al., 2011; Zhao et al.,
2012; Zhao et al., 2019). L. acidophilus ATCC 4356 could offset
the pro-inflammatory process induced by P. gingivalis ATCC
33277 at both protein and mRNA levels and could antagonize the
regulatory effects of P. gingivalis on the proliferation and
apoptosis of GEC in a dose-dependent manner (Zhao et al.,
2012; Zhao et al., 2019). Recently, L acidophilus LA5 was
observed to downregulate multiple virulence factors of P.
gingivalis, such as the fimbriae encoding genes mfa1 and fimA
in P. gingivalis ATCC 33277 and mfa1 in P. gingivalis W83, the
gingipains encoding genes kgp and rgpA, and the quorum-
sensing gene luxS in ATCC 33277 or W83 interacting with
GECs (Ishikawa et al., 2020).

L. acidophilus ATCC 4356 also shows its universal
regulatory effects on different F. nucleatum strains, via
inhibiting the expression of virulence factors and the
adhesion ability of F. nucleatum or reducing the levels of
cytokines in oral epithelial cells stimulated by F. nucleatum.
It is worth noting that live and heat-killed L. acidophilus ATCC
4356 have similar adhesion ability to KB and HOK cells, and
both forms do not affect the viability of cells (Ding et al., 2021).
The live L. acidophilus ATCC 4356 has been proved to decrease
the production of IL-6 in KB cells activated by F. nucleatum
ATCC 10953 (Kang et al., 2011). In a recent study, the heat-
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TABLE 1 | The regulatory effects of known probiotic species promoting periodontal health.

Genus/type Species Regulate immune responses Regulate periodontal microbiota

Lactobacillus Lactobacillus
acidophilus

1. Reduce Porphyromonas gingivalis-induced pro-inflammatory IL-1b
and IL-6/8 production in KB cells (in vitro experiment) (Zhao et al.,
2012)

2. Reduce the Fusobacterium nucleatum-induced pro-inflammatory
IL-6/8 production in KB and HOK cells (in vitro experiment) (Kang
et al., 2011; Ding et al., 2021)

3. Antagonize the regulatory effect on the proliferation and apoptosis
stimulated by P. gingivalis (in vitro experiment) (Zhao et al., 2019)

1. Inhibit the growth of P. gingivalis (in vitro
experiment) (Zhao et al., 2011)

2. Co-aggregate with F. nucleatum to interfere with
adhesion and invasion (in vitro experiment) (Ding
et al., 2021)

3. Downregulate the virulence-associated factors
(mfa1, fimA, kgp, rgpA, and luxS) of P. gingivalis (in
vitro experiment) (Ishikawa et al., 2020)

4. Downregulate the adhesion-associated factors
(fap2) of F. nucleatum (in vitro experiment) (Ding
et al., 2021)

5. Downregulate the virulence-associated factors
(LtxA, CdtB, dspB, and katA) of Aggregatibacter
actinomycetemcomitans (in vitro experiment)
(Ishikawa et al., 2021)

6. Degrade A. actinomycetemcomitans biofilms by
producing enzymes such as lipase (in vitro
experiment) (Jaffar et al., 2016)

Lactobacillus
brevis

Produce arginine deiminase to reduce the level of pro-inflammatory
factors (TNF-a, IL-1b, IL-6, and IL-17) (animal experiment) (Maekawa
and Hajishengallis, 2014)

1. Promote a higher ratio between aerobic and
anaerobic bacteria in ligature-associated microbiota
(animal experiment) (Maekawa and Hajishengallis,
2014)

2. Inhibit A. actinomycetemcomitans in saliva (clinical
trial) (Shah and Gujjari, 2017)

3. Inhibit the growth and biofilm formation of Prevotella
melaninogenica (in vitro experiment) (Shah and
Gujjari, 2017)

Lactobacillus casei Reduce the F. nucleatum-induced pro-inflammatory IL-6 production in
oral epithelial cells (in vitro experiment) (Kang et al., 2011)

1. Reduce the abundance of P. gingivalis, A.
actinomycetemcomitans, and P. intermedia in
subgingival plaque (clinical trial) (Imran et al., 2015)

2. Degrade A. actinomycetemcomitans biofilms by
producing enzymes such as lipase (in vitro
experiment) (Jaffar et al., 2016)

Lactobacillus
fermentum

Reduce the F. nucleatum-induced pro-inflammatory IL-6 production in
oral epithelial cells (in vitro experiment) (Kang et al., 2011)

1. Degrade A. actinomycetemcomitans biofilms by
producing enzymes such as lipase (in vitro
experiment) (Jaffar et al., 2016)

2. Inhibit the growth of P. gingivalis, P. intermedia, and
A. actinomycetemcomitans (in vitro experiment)
(Terai et al., 2015)

Lactobacillus
gasseri

1. Raise the level of mBD14 mRNA in gingiva, tongue, and saliva
(animal experiment) (Kobayashi et al., 2017)

2. Decrease the mRNA levels of IL-6 and TNF-a in gingiva infected
by P. gingivalis (animal experiment) (Kobayashi et al., 2017)

1. Reduce the expression of LtxA and CdtB exotoxins
by A. actinomycetemcomitans (in vitro experiment)
(Nissen et al., 2014)

2. Inhibit the growth of P. gingivalis and P. intermedia
(in vitro experiment) (Terai et al., 2015)

3. Decrease the colonization of P. gingivalis in gingiva
(animal experiment) (Kobayashi et al., 2017)

Lactobacillus
reuteri

1. Reduce the F. nucleatum-induced pro-inflammatory cytokine IL-6
production in KB cells (in vitro experiment) (Kang et al., 2011)

2. Raise the hemocyte density in Galleria mellonella infected by P.
gingivalis, upregulating immune responses (animal experiment)
(Geraldo et al., 2020; Santos et al., 2020)

3. Reduce the level of MMP-8 and increase the level of TIMP-1
(clinical trial) (Ince et al., 2015)

4. Inhibit the expression of pro-inflammatory factors (TNF-a, IL-1b,
and IL-17) (clinical trial) (Szkaradkiewicz et al., 2014)

1. Inhibit the growth of P. gingivalis, P. intermedia, A.
actinomycetemcomitans, and F. nucleatum
depending on B12, presence of anaerobiosis, and
substrate glycerol (in vitro experiment) (Geraldo
et al., 2020; Santos et al., 2020; Jansen et al.,
2021)

2. Inhibit P. gingivalis in saliva, supragingival plaque
and subgingival plaque, and P. intermedia in saliva
(clinical trial) (Invernici et al., 2018)

3. Reduce the load of P. gingivalis in peri-implant
mucositis (clinical trial) (Galofré et al., 2018)

Lactobacillus
rhamnosus

Reduce the number of TRAP-positive cells and infiltrating inflammatory
cells (animal experiment) (Gatej et al., 2018)

1. Inhibit the growth of P. gingivalis, A.
actinomycetemcomitans, and F. nucleatum (in vitro
experiment) (Moman et al., 2020)

2. Reduce the biofilm biomass and viable counts in
biofilm of A. actinomycetemcomitans by releasing
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TABLE 1 | Continued

Genus/type Species Regulate immune responses Regulate periodontal microbiota

postbiotics (in vitro experiment) (Ishikawa et al.,
2021).

3. Downregulate the virulence-associated factors
(LtxA, CdtB, dspB, and katA) of A.
actinomycetemcomitans (in vitro experiment)
(Ishikawa et al., 2021)

Lactobacillus
salivarius

– 1. Inhibit A. actinomycetemcomitans in saliva and GCF
(clinical trial) (Sajedinejad et al., 2017)

2. Reduce the expression of LtxA and CdtB exotoxins
by A. actinomycetemcomitans (in vitro experiment)
(Nissen et al., 2014)

Lactobacillus
johnsonii,
Lactobacillus
fructosum,
Lactobacillus
delbrueckii subsp.
casei

– Degrade A. actinomycetemcomitans biofilms by
producing enzymes such as lipase (in vitro experiment)
(Jaffar et al., 2016)

Bifidobacterium Bifidobacterium
animalis subsp.
lactis

1. Increase the expression of anti-inflammatory factors (IL-10, TGF-
b1, OPG, and b-defensins) and reduce the expression of pro-
inflammatory factors (TNF-a, IL-1b, IL-6, CINC, and RANKL) in
gingival tissues of experimental periodontitis (animal experiment)
(Oliveira et al., 2017; Ricoldi et al., 2017; Silva et al., 2021)

2. Reduce the expression of IL-1b and the ratio of RANKL/OPG in
gingival tissues of rats with periodontitis and metabolic syndrome
(animal experiment) (Silva et al., 2021)

3. Reduce IL-1b in GCF (clinical trial) (Kuru et al., 2017)
4. Raise the expression of b-defensin, TLR4, and CD4 in gingiva

(clinical trial) (Invernici et al., 2020)

1. Inhibit the growth of P. gingivalis, P. intermedia, A.
actinomycetemcomitans, and F. nucleatum (in vitro
experiment) (Invernici et al., 2020)

2. Reduce the adhesion of P. gingivalis to buccal
epithelial cells (in vitro experiment) (Invernici et al.,
2020)

3. Antagonize the biofilm formation of F. nucleatum
and P. gingivalis (in vitro experiment) (Argandoña
Valdez et al., 2021)

4. Change the ratio between aerobic and anaerobic
bacteria and the proportion of subgingival
community in animal models (animal experiment)
(Oliveira et al., 2017; Ricoldi et al., 2017)

5. Reduce the level of P. gingivalis, Treponema
denticola, Fusobacterium nucleatum vincentii, and
A. actinomycetemcomitans in deep periodontal
pockets, saliva, and dental plaque (clinical trial)
(Alanzi et al., 2018; Invernici et al., 2018)

Streptococcus Streptococcus
salivarius

Inhibit the expression of IL-6 and IL-8 induced by P. gingivalis, A.
actinomycetemcomitans, and F. nucleatum in gingival fibroblasts (in
vitro experiment) (Adam et al., 2011; MacDonald et al., 2021).

1. Inhibit the growth of P. gingivalis, P. intermedia, A.
actinomycetemcomitans, and F. nucleatum (in vitro
experiment) (Moman et al., 2020; Jansen et al.,
2021)

2. Inhibit the adhesion of A. actinomycetemcomitans,
P. gingivalis, and P. intermedia (in vitro experiment)
(Sliepen et al., 2008; Van Hoogmoed et al., 2008;
Sliepen et al., 2009)

Streptococcus
dentisani

Increase the secretion of IL-10 and decline the level of IFN-g induced
by F. nucleatum in HGF-1 (in vitro experiment) (Esteban-Fernandez
et al., 2019)

1. Change cell wall structure of P. intermedia and
induce cell lysis of F. nucleatum (in vitro experiment)
(López-López et al., 2017)

2. Suppress F. nucleatum and P. gingivalis growth
and attachment to HGF-1 (in vitro experiment)
(López-López et al., 2017)

Streptococcus
cristatus

Reduce the F. nucleatum-induced pro-inflammatory IL-8 production in
oral epithelial cells (in vitro experiment) (Zhang et al., 2008)

1. Produce arginine deiminase ArcA to inhibit fimbrial
gene (fimA) expression and biofilm formation of P.
gingivalis (in vitro experiment) (Xie et al., 2000; Xie
et al., 2007)

2. Inhibit adhesion and colonization of A.
actinomycetemcomitans (in vitro experiment)
(Sliepen et al., 2008)

Streptococcus
gordonii,
Streptococcus
sanguinis,
Streptococcus
mitis

– 1. Reduce fimbrial gene (mfa1) expression of P.
gingivalis (in vitro experiment) (Xie et al., 2000; Xie
et al., 2007)

2. Inhibit adhesion and colonization of A.
actinomycetemcomitans, P. gingivalis, and P.
intermedia on hard surfaces or epithelial cells (in
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killed L. acidophilus ATCC 4356 was observed to downregulate
the expression of IL-6/8 in KB and HOK cells activated by F.
nucleatum ATCC 23726, co-aggregate with F. nucleatum
ATCC 23726 and ATCC 25586, and inhibit the expression of
their virulence factor fap2 involved in adhesion and invasion,
thus interfering F. nucleatum self-aggregation and adhesion to
epithelial cells, which is another way to inhibit F. nucleatum
infecting oral epithelial cells in addition to competing for
adhesion sites (Ding et al., 2021). The heat-killed L.
acidophilus ATCC 4356 drew interest, as it could avoid drug
resistance and dysbacteriosis and could be more safe (Ding
et al., 2021).

It was reported that live L. acidophilus JCM1021 could
degrade biofilms of A. actinomycetemcomitans Y4 (more than
90%), and SUNY75 and OMZ 534 (more than 50%) by lipase and
other hydrolases (Jaffar et al., 2016). Ishikawa et al. further
revealed part of the mechanisms in A. actinomycetemcomitans
(serotype b, JP2 clone) biofilm degradation with cell-free pH-
neutralized supernatants (CFS) of L. acidophilus LA5 and NCFM
(Ishikawa et al., 2021). L. acidophilus LA5 CFS could reduce the
number of planktonic bacteria, as well as biofilm biomass and
viable counts in biofilm by releasing postbiotics, which can assist
antibiotics in removing A. actinomycetemcomitans, as bacteria in
biofilm are difficult to eliminate. Besides, L. acidophilus LA5 CFS
could downregulate the expression of vital virulence factors
leukocyte toxin (LtxA) and cytolethal distending toxin (CdtB)
related to evading host defenses. Another strain, L. acidophilus
NCFM CFS, could decrease biofilm biomass and viable counts in
biofilm by postbiotics but downregulate the transcription of
dspB, hindering its application to control periodontitis.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7176
Moreover, both L. acidophilus LA5 and NCFM downregulated
katA, a gene encoding catalase, attenuating the resistance of
oxidative stress of A. actinomycetemcomitans.

Lactobacillus reuteri
Many in vitro experiments proved the inhibitory effects of L.
reuteri on periodontopathogens, which is probably attributed to
its specific by-products, such as reuterin, which is a non-protein
broad-spectrum antibiotic and could suppress the growth of
many gram-positive/negative bacteria, yeast, and fungi (Stevens
et al., 2011). L. reuteri ATCC PTA 5289 is a good inhibitor of
many periodontopathogens, including P. gingivalis ATCC
33277, P. intermedia ATCC 25611, and F. nucleatum ATCC
25586, except for A. actinomycetemcomitans ATCC 33384
(Jansen et al., 2021). As for the forms of the probiotics, both
live L. reuteri PTA 5289 and DSM 17938 and their CFS showed
inhibition on P. gingivalis ATCC 33277 and F. nucleatum ATCC
25586, while only the live form of the two L. reuteri attenuated
the growth of A. actinomycetemcomitans ATCC 29522 in vitro
(Geraldo et al., 2020; Santos et al., 2020). Another subspecies, L.
reuteri ATCC 55730, also inhibited the growth of F. nucleatum
ATCC 10953 , P. g ing iva l i s ATCC 33277 , and A.
actinomycetemcomitans ATCC 33384 and protected HOK cells
infected by periodontal pathogens from death (Moman et al.,
2020). Besides, exopolysaccharide (EPS) produced by L. reuteri
DSM 17938 benefits its adhesion to epithelial cells to compete
with pathogenic bacteria for adhesion sites (Ksǒnžeková et al.,
2016). In another in vitro experiment, L. reuteri KCTC 3594 was
shown to inhibit the secretion of IL-6 induced by F. nucleatum
in KB cells (Kang et al., 2011).
TABLE 1 | Continued

Genus/type Species Regulate immune responses Regulate periodontal microbiota

vitro experiment) (Teughels et al., 2007; Sliepen
et al., 2008; Van Hoogmoed et al., 2008)

Weissella Weissella cibaria 1. Reduce the F. nucleatum-induced pro-inflammatory cytokine (IL-6
and IL-8) production in KB cells (in vitro experiment) (Kang et al.,
2011)

2. Inhibit NF-kB activation and NO production in response to
periodontopathogen stimulation in macrophages (in vitro
experiment) (Kim et al., 2020b)

3. Reduce both the production of pro-inflammatory (TNF-a, IL-1b, IL-
6) and anti-inflammatory (IL-10) cytokines (animal experiment) (Kim
et al., 2020a)

1. Co-aggregate with F. nucleatum, T. denticola, and
P. gingivalis and inhibit the growth of F. nucleatum
and P. gingivalis (in vitro experiment) (Kang et al.,
2006b; Jang et al., 2016)

2. Interfere with the adhesion of F. nucleatum (in vitro
experiment) (Kang et al., 2011)

3. Produce acid, H2O2, and N-acetylmuramidase to
inhibit F. nucleatum, P. gingivalis, and P. intermedia
(in vitro experiment) (Lim et al., 2018)

4. Reduce the amount of plaque and F. nucleatum, P.
gingivalis, P. intermedia, and T. forsythia levels in
the oral cavity and P. gingivalis level in gingival
tissues (animal experiment) (Do et al., 2019; Kim
et al., 2020a)

5. Reduce F. nucleatum in GCF (clinical trial) (Kang
et al., 2020).

Recombinant
probiotics

Recombinant
Lactobacillus
paracasei

– Express single-chain antibody fragments against RgpA
gingipain to co-aggregate with P. gingivalis and kill it (in
vitro experiment) (Marcotte et al., 2006)

Recombinant L.
acidophilus

Express FomA to induce the production of antibodies against FomA
protein and prevent the infection of F. nucleatum and its co-
aggregated P. gingivalis (in vitro experiment) (Ma et al., 2013)

Present similar antibacterial activity and antibiotic
sensitivity to the wild L. acidophilus, and its adhesive
ability was improved (in vitro experiment) (Ma et al.,
2018)
GCF, gingival crevicular fluid; OPG, osteoprotegerin.
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In clinical trials, application of L. reuteri inhibited P. gingivalis
in saliva, supragingival plaque and subgingival plaque, and P.
intermedia in saliva (Invernici et al., 2018). However, for peri-
implant diseases, L. reuteri DSM 17938 and PTA 5289, could
only reduce the load of P. gingivalis in patients with peri-implant
mucositis (Galofré et al., 2018). In animal experiments, the live L.
reuteri DSM 17938 and PTA 5289 could raise the hemocyte
density in Galleria mellonella infected by P. gingivalis ATCC
33277, thereby upregulating immune responses (Geraldo et al.,
2020; Santos et al., 2020). The clinical trials also proved the
immunomodulatory effects of L. reuteri such as regulating the
imbalance between MMP and TIMP (Ince et al., 2015) or
reducing the production of pro-inflammatory cytokines (tumor
necrosis factor-a (TNF-a), IL-1b, and IL-17) (Szkaradkiewicz
et al., 2014), which could contribute to relieving inflammatory
response and reducing periodontal tissues destruction.

Lactobacillus rhamnosus
In vitro experiments, L. rhamnosus could inhibit several vital
periodontopathogens and downregulate the virulence factors
about biofi lm formation and immune escape in A.
actinomycetemcomitans (Moman et al., 2020; Ishikawa et al.,
2021). L. rhamnosus ATCC 53103 could inhibit the growth of F.
nucleatum ATCC 10953, P. gingivalis ATCC 33277, and A.
actinomycetemcomitans ATCC 33384 in vitro and could
protect HOK cells infected by periodontal pathogens from
death (Moman et al., 2020). L. rhamnosus Lr32 and HN001
CFS could reduce the biofilm biomass and viable counts in the
biofilm of A. actinomycetemcomitans (serotype b, JP2 clone) by
releasing postbiotics to facilitate antibiotics removing this
pathogen (Ishikawa et al., 2021). Besides, L. rhamnosus Lr32
CFS could downregulate the expression of LtxA and CdtB to
interfere with the process of evading host defenses. Both L.
rhamnosus Lr32 and HN001 downregulated katA, damaging
the resistance of oxidative stress of A. actinomycetemcomitans.
However, it was observed that L. rhamnosus HN001 CFS
upregulated the transcription of dspB to degrade EPS of the
biofilm but raised the transcription of LtxA, thus hindering its
application to control periodontitis (Ishikawa et al., 2021). L.
rhamnosus could also regulate in vivo immune responses. L.
rhamnosus GG reduced inflammatory cell, osteoclast, and
TRAP-positive cell number in periodontal tissues in a mouse
model of experimental periodontitis (Gatej et al., 2018).

Bifidobacterium
Bifidobacterium is a type of gram-positive anaerobic bacteria
that could be found in the human intestines, vagina, oral cavity,
and breast milk. Bifidobacterium probiotics have been proved
to relieve multiple intestinal diseases such as irritable bowel
syndrome and constipation (Agrawal et al., 2009) and
inflammatory bowel disease (Kim et al., 2007), improve
lactose intolerance (He et al., 2008), prevent infectious
diarrhea (Qiao et al., 2002), and reduce incidence and
duration of respiratory infections (Jungersen et al., 2014) and
exhibit anticancer effects (You et al., 2004). They also play a role
in controlling oral infectious diseases including periodontal
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8177
diseases (Ricoldi et al., 2017) and oral candida infection
(Ishikado et al., 2007).

Bifidobacterium animalis subsp. lactis
Recent studies have evaluated the effects of the B. animalis subsp.
lactis (B. lactis) on periodontopathogens. In in vitro experiments,
B. lactis ATCC 27673 antagonized the biofilm formation of F.
nucleatum ATCC 25585 and P. gingivalis ATCC 33277 after co-
incubating for 168 h, without interfering with the growth of
Streptococcus oralis (Argandoña Valdez et al., 2021). B. lactis
HN019 not only inhibits P. gingivalis W83, P. intermedia ATCC
25611, F. nucleatum ATCC 25586, and A. actinomycetemcomitans
ATCC 33393 but also significantly reduces the adhesion of P.
gingivalis W83 to buccal epithelial cells (Invernici et al., 2020). In
animal experiments, B. lactis could also regulate the ratio between
aerobic and anaerobic bacteria, as reported in the study of Ricoldi
et al. (2017). Oliveira et al. had a consistent conclusion in their study
since they found that the B. lactis HN019 treatment resulted in
lower proportions of P. intermedia-like species in subgingival plaque
of EP animals (Oliveira et al., 2017). In clinical trials, when B. lactis
HN019 was taken for 30 days, P. gingivalis, Treponema denticola,
and F. nucleatum vincentii were reduced markedly in deep
periodontal pockets (≥7 mm) (Invernici et al., 2018). B. lactis BB-
12 combined with L. rhamnosus GG could decrease F. nucleatum
andA. actinomycetemcomitans in saliva and dental plaque as well as
P. gingivalis in dental plaque, and the amounts of bacteria in saliva
become lower (Alanzi et al., 2018).

B. lactis HN019 is observed to regulate immune responses in
animal experiments and clinical trials. Oliveira et al. reported
that the EP-B. lactis HN019 group presented higher levels of
osteoprotegerin (OPG) and b-defensins as well as lower levels of
IL-1b and receptor activator of nuclear factor-kappa B (NF-kB)
ligand (RANKL) than the EP-only group (Oliveira et al., 2017).
B. lactisHN019 application could markedly decrease the levels of
IL-1b and the ratio of RANKL/OPG in rats with periodontitis
and metabolic syndrome and could downregulate the expression
of TNF-a and IL-6 in rats only with periodontitis (Silva et al.,
2021). In clinical trials, when B. lactis HN019 was taken for 30
days, 4 weeks, or 15 days after SRP, the mean ratios between the
levels of IL-1b or IL-6 and those at baseline in GCF were lower
than those in groups without B. lactis HN019; fewer osteoclasts,
increased expression of anti-inflammatory factors (IL-10 and
TGF-b1), and reduced expression of IL-1b and cytokine-induced
neutrophil chemoattractant (CINC) were also induced (Kuru
et al., 2017; Ricoldi et al., 2017; Invernici et al., 2018). B. lactis
HN019 treatment as adjuvant therapy of SRP for 30 days could
obviously raise the expression of b-defensin-3, toll-like receptor
4 (TLR4), and cluster of differentiation (CD)-4 in gingiva
(Invernici et al., 2020).

Streptococcus
Streptococcus is a type of gram-positive, aerobic to facultatively
anaerobic bacteria that is a member of the normal flora of the
human mouth and intestines. Some Streptococcus spp. are
identified as sources of invasive infections in humans that
range from subacute to acute or even chronic, while others
March 2022 | Volume 12 | Article 806463
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have been proved their health benefits in improving digestive
problems such as ulcerative colitis (Ohland and Macnaughton,
2010) and antibiotic-associated diarrhea (Correa et al., 2005),
regulating immunity (Dargahi et al., 2020) and treating various
oral diseases including dental caries (Di Pierro et al., 2015),
periodontal diseases (López-López et al., 2017; Esteban-
Fernandez et al., 2019), oral candida infection (Ishijima et al.,
2012) and halitosis (Jamali et al., 2016).

Streptococcus salivarius
The regu l a to ry e ff e c t s o f S . sa l i va r iu s on many
periodontopathogens have been observed in vitro experiments.
S. salivarius M18 shows stable inhibition to common
periodontopathogens, including P. gingivalis ATCC 33277, P.
intermedia ATCC 25611, F. nucleatum ATCC 25586, and A.
actinomycetemcomitans ATCC 33384 (Jansen et al., 2021).
Another strain S. salivarius K12 shows distinct inhibitory effects
on P. intermedia ATCC 25611, A. actinomycetemcomitans ATCC
33384, F. nucleatum ATCC 10953, and P. gingivalis ATCC 33277
(Moman et al., 2020; Jansen et al., 2021). S. salivarius K12 could
raise the viability of HOK cells infected by P. gingivalis and F.
nucleatum, thus increasing the defense capability of epithelium
(Moman et al., 2020). Apart fromM18 and K12, S. salivarius TOVE
could cause 1.5% and 71.3% reduction ofA. actinomycetemcomitans
adhesion by pre-colonization of glass coverslips (Sliepen et al., 2008)
or epithelial cells (Sliepen et al., 2009), as well as inhibiting the
adhesion of P. gingivalis and P. intermedia (Van Hoogmoed
et al., 2008).

S. salivarius probiotic strains are also found to regulate
immune responses in vitro experiments. S. salivarius K12 and
M18 could inhibit immune activation by periodontopathogens
and reduce the levels of IL-6/8 in human gingival fibroblasts
stimulated by A. actinomycetemcomitans, P. gingivalis, and F.
nucleatum when S. salivarius is co-incubated with pathogens and
fibroblasts simultaneously or S. salivarius is pretreated with
fibroblasts before infection (Adam et al., 2011; MacDonald
et al., 2021).

Weissella
Weissella is a type of gram-positive facultative anaerobes that are
classified from the genus Lactobacillus and occur in a great
variety of habitats, including human saliva, breast milk,
intestines, feces, vagina, and skin. Among them, there are
opportunistic pathogens as well as probiotic bacteria with
beneficial effects such as antibacterial activities (Srionnual
et al., 2007), antifungal activities (Quattrini et al., 2020), and
immunoregulation (Lee et al., 2013). Certain probiotic Weissella
such asWeissella cibaria strains have been shown to play a role in
inhibiting dental caries, halitosis, and periodontal diseases (Kang
et al., 2006a; Kang et al., 2006b; Jang et al., 2016; Do et al., 2019;
Kim et al., 2020a).

Weissella cibaria
Some W. cibaria strains have shown strong antibacterial
activities against periodontopathogens in vitro experiments.
Kang et al. found that W. cibaria CMU, CMS2, and CMS3 co-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9178
aggregated most strongly with F. nucleatum, the proliferation of
which was decreased by 5-log cycles as a result (Kang et al.,
2006b). Jang et al. obtained a consistent result, as 95% P.
gingivalis and F. nucleatum were inhibited because of co-
aggregation with W. cibaria CMU (Jang et al., 2016). It can be
inferred that co-aggregation with W. cibaria does not interfere
with the colonization of periodontal pathogens but suppresses
their growth. W. cibaria CFS was also found to be against
pathogens, which is mainly related to acidic pH, the presence
of hydroxyl, and the secretion of specific proteins with
antimicrobial activities (Lim et al., 2018). Organic acids,
including lactic acid, acetic acid, citric acid, fatty acids, and
oleic acid, could interfere with the basic metabolism of the
pathogens and inhibit the growth of P. gingivalis KCTC 5352,
F. nucleatum KCTC 2488, and P. intermedia ATCC 25611.
Besides, hydrogen peroxide (H2O2) in CFS could suppress P.
gingivalis and P. intermedia, andW. cibaria CMU could produce
the most H2O2 in commercial probiotics for oral healthcare (Lim
et al., 2018). On the other hand, the bacteriocin-like compounds
(BLCs) of CFS, N-acetylmuramidase, were only against the P.
gingivalis effectively by binding to cell walls and causing lysis
(Lim et al., 2018). In animal experiments, the application of W.
cibaria significantly lowered the amount of plaque; the level of F.
nucleatum, P. gingivalis, P. intermedia, and T. forsythia in the
oral cavity; and the level of P. gingivalis in gingival tissues (Do
et al., 2019; Kim et al., 2020a). A recent clinical trial indicated
that taking W. cibaria CMU for 8 weeks significantly reduced F.
nucleatum in GCF (Kang et al., 2020), corresponding to its
strong co-aggregation ability with F. nucleatum in vitro (Kang
et al., 2006b).

W. cibaria was also observed to regulate the inflammatory
response in vitro experiments.W. cibaria CMU could reduce the
production of IL-6 and IL-8 in KB cells activated by F.
nucleatum, as well as the cell attachment of F. nucleatum,
while the viability and co-aggregation of W. cibaria CMU may
not play an essential role in this process (Kang et al., 2011). The
anti-inflammatory activity of W. cibaria CMU is related to
inhibiting NF-kB activation in response to periodontopathogen
stimulation and NO production. In RAW 264.7 macrophages
stimulated by formalin-inactivated A. actinomycetemcomitans
ATCC 3338, W. cibaria CMU downregulated the expression of
inducible NO synthase (iNOS) and the mRNA of IL-1b and IL-6
to reduce NO production. The inhibition of NF-kB inhibitor a
(IkBa) kinase (IKK) phosphorylation, IkBa degradation, and the
nuclear translocation of p65 were also observed in W. cibaria
CMU-treated RAW 264.7 macrophages (Kim et al., 2020b). In
animal models,W. cibaria CMU decreased the level of both pro-
inflammatory (TNF-a, IL-1b, and IL-6) and anti-inflammatory
(IL-10) cytokines (Kim et al., 2020a).

Recombinant Probiotics
In addition to the application of conventional forms, such as the
live, heat-killed, freeze-dried probiotics and the probiotics CFS,
recombinant probiotics produced by genetic engineering could
express more diverse antibacterial substances and present an
enhanced antibacterial activity. A recombinant Lactobacillus
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paracasei strain was constructed by Marcotte et al. to express
single-chain antibody fragments (scFv) against RgpA gingipain,
a virulence factor of P. gingivalis, to co-aggregate with P.
gingivalis; the antibacterial activity of L. paracasei was not
damaged. It is worth mentioning that co-aggregation may
facilitate the colonization of P. gingivalis via L. paracasei
adhesion, but the pathogen may be killed by the locally high
concentration of antibacterial substances secreted by L. paracasei
(Marcotte et al., 2006). In 2013, Ma et al. reported a recombinant
L. acidophilus, some wild strains of which have shown
periodontal beneficial characteristics, expressing F. nucleatum
outer membrane protein FomA. The recombinant L. acidophilus
strain could stimulate the antibodies against FomA protein to
prevent the infection of F. nucleatum and its co-aggregated
pathogens such as P. gingivalis in periodontal tissues (Ma
et al., 2013). Animal studies proved that oral administration of
the recombinant L. acidophilus reduced the infection by F.
nucleatum and P. gingivalis (Ma et al., 2013). Particularly, the
recombinant L. acidophilus presents a similar antibacterial
activity and antibiotic sensitivity to the wild L. acidophilus, and
its adhesive ability is further improved (Ma et al., 2018). In these
studies, the genome of parent probiotics is modified by genetic
engineering techniques to construct recombinant strains of
probiotic with new genetic characteristics, providing a new
idea for the development and application of probiotics.
ISSUES IN CURRENT APPLICATION OF
PERIODONTAL HEALTH-
RELATED PROBIOTICS

Effectiveness
Although a multitude of studies have suggested that probiotics
are beneficial to periodontal health, the effectiveness of probiotics
in managing periodontal disease and health is still controversial.
Even in studies that used the same probiotic bacteria, the
observed improvements in clinical measurements, inflammation,
and microbiota related to periodontal diseases are not consistent.
The causes of the conflicting observations and conclusions on the
effectiveness of probiotics in different periodontal-health research
are complicated and diverse.

Multiple factors are considered to affect the results of
probiotic research, such as probiotic species or strains,
administration dosage or modes, sample size, the combination
of different probiotics, and reaction time. In a randomized
controlled clinical trial of Laleman et al. (2015), 48
periodontitis patients were included, divided evenly into two
groups after SRP (baseline), and then given either a placebo or a
probiotic tablet containing S. oralis KJ3, Streptococcus uberis KJ2,
and Streptococcus rattus JH145 twice a day for 12 weeks. No
significant difference in clinical indices including PPD, BOP, and
CAL could be detected between the probiotic group and the
control group at the baseline, 12-week, or 24-week time points.
Nevertheless, a post hoc power analysis conducted by them
revealed that eight times more patients were needed to show a
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statistically significant intergroup difference for PPD at 12 weeks.
The results of the study indicate that sample size is a non-
negligible factor that affects the observations of probiotic studies.
In addition, for different probiotic strains, the effective dose and
the best application mode should be considered first when
studying the effects of probiotics in modulating periodontal
health. Inappropriate dose or mode in applying probiotics may
result in the failure in obtaining expected outcomes and correct
conclusions. However, the problem is that up to now, there are
not enough references to determine effective dose and
application mode for numerous probiotic strains. As for the
combination of probiotics, L. reuteri DSM 17938 could regulate
L. reuteri ATCC PTA 5289 to stabilize its antibacterial activity
(Jansen et al., 2021). The antibacterial activity of P. gingivalis is
related to the double or triple combination of B. longum, B. lactis,
and Bifidobacterium infantis. The growth of P. gingivalis was
inhibited by 41.8% with exposure to B. longum with B. lactis and
50.1% to triple combination (Argandoña Valdez et al., 2021).
Besides, reaction time is another factor, as 11.3% F. nucleatum
was shown to be suppressed at 24 h after exposure to probiotics,
and growth inhibition rates rose to 18.4%–51.6% until 72 h
(Argandoña Valdez et al., 2021). Thus, the combination manner
of probiotics and action time also affect the effectiveness of
judgment. Consequently, sometimes, it is difficult for
researchers to scientifically assess the effectiveness of probiotics.

Experimental design and evaluation indices selected of a
study also have an important impact on the understanding of
probiotic effectiveness. For example, in some studies, it is
concluded that probiotic treatment was not able to significantly
improve the clinical symptoms of periodontal diseases, which
may be partly attributed to the inappropriate selection of
evaluation indices. As observed by Montero et al. in a study
evaluating the efficacy of the adjunctive use of probiotics on
gingivitis (Montero et al., 2017), gingivitis subjects were recruited
and administered with tablets containing placebo or the
probiotic combination of Lactobacillus plantarum, L. brevis,
and Pediococcus acidilactici for 6 weeks. Their results showed
no significant differences in the average GI between the placebo
and probiotic groups. When focusing on the change in the
number of sites with higher GI scores (GI = 3 at baseline), a
significantly higher reduction was observed in the probiotic
group. In other words, the average GI may be not the
optimum evaluation index for probiotic intervention in the
study, because the improvement effect of probiotics on sites
with severe inflammation was diluted by other sites when
calculating the mean value of GI.

Sometimes, it is reported that although the clinical parameters
are improved by probiotics, periodontal microbiota and related
inflammatory factors do not show detectable differences. Keller
et al. found that after treating moderate-gingivitis patients with
tablets containing a mix of L. rhamnosus PB01, DSM 14869 and
Lactobacillus curvatus EB10, and DSM 32307 for 4 weeks, BOP
and GCF volume were obviously improved, while all the selected
cytokines (IL-1b, IL-6, IL-8, IL-10, and TNF-a) in GCF and the
salivary microbiome were unaffected by the intervention (Keller
et al., 2017). The researchers speculated that cytokine
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concentrations in GCF of some samples were lower than the
detectable levels and thus could not be analyzed and evaluated. In
addition, subgingival plaques were not collected in the study for
microbial diversity and abundance analysis, which may be one of
the reasons for not observing microbial alterations.

What is particularly noteworthy is that a recent study on
intestinal colonization by probiotics suggested that the
effectiveness of probiotics might vary from person to person.
Through using endoscopy to collect flora at multiple intestine
sites to analyze the flora composition of volunteers who were
given probiotic supplements, Zmora et al. found that humans
featured person-, region-, and strain-specific mucosal
colonization patterns of probiotics, hallmarked by predictive
pretreatment microbiome and host features (Zmora et al.,
2018). Consequently, probiotic interventions are likely to exert
differential influences on different individuals, which is thought
to possibly explain the high variability in probiotic effects on the
host or gut microbiome observed in different studies. Since
periodontal diseases are related to original periodontal
microbiota and host immunity, differential colonization
resistance and responsiveness of individuals to probiotics may
also exist and impact the research results observed with probiotic
use in periodontal diseases.

Safety
With the deepening of probiotic research and the recognition of
more potential probiotic species and strains, there has been
growing concern about the safety of probiotics, in particular,
when applied to humans with the purpose of managing diseases
and improving health. In fact, there are some studies reporting
that probiotics have limited benefits to the body and may even be
harmful to health (De Groote et al., 2005; Doron and Snydman,
2015). It has been recommended by the WHO/FAO working
group to conduct a series of safety assessments of probiotics
including antibiotic resistance, toxin production, potential
hemolysis, metabolic activities, and side effects in humans and
post-market surveillance of commercial consumers (Araya et al.,
2002). Classical probiotics such as some Lactobacillus and
Bifidobacterium species that have a long history of use in
fermented foods or dairy products are generally recognized as
safe (Kang et al., 2019). However, there are no adequate
systematic safety studies, and indeed, complications of
probiotic use occur sometimes. Some studies have revealed that
treatment with probiotics caused bacteremia, including the most
commonly used Lactobacillus spp. (De Groote et al., 2005).
Despite no existing evidence of the occurrence of bacteremia
induced by probiotic use in periodontal therapy or care, people
with damaged periodontal tissues or tooth bleeding after SRP
seem to be susceptible to bacterial invasion, and therefore such a
possibility could not be ruled out.

The application of probiotics may have unexpected impacts
on host immune responses and microecology. Recently, Suez
et al. (2018) evaluating the probiotic impact on post-antibiotic
reconstitution of the intestinal host–microbiome homeostasis
showed that antibiotic treatment enhanced human gut mucosal
colonization by probiotics, and more importantly, compared to
spontaneous post-antibiotic recovery, probiotics significantly
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delayed rather than aided in gut microbiome and host
transcriptome reconstitution. It was noticed that probiotic
presence led to elevated transcription levels of certain
inflammatory mediators and antimicrobial peptides, which
may affect the restoration of the original intestinal flora. In
many probiotic-periodontal disease studies, probiotics were
attempted to be used as adjuvant therapy after non-surgical
periodontal therapy. However, it is reminded by this study that
probiotic use may influence or even interfere with periodontal
microbiome recolonization and restoration of periodontal
microecological balance after removal of dental plaques by
periodontal non-surgical treatment.

Collectively, these findings suggest that studies on
periodontal health-promoting probiotics need to focus more
on the safety in use, although there are few relevant adverse
events reported. Just as the effects of probiotics depend on
strain traits, each probiotic strain would be anticipated to have
a different safety profile. Thus, it is quite essential to verify the
identities, phenotypic characteristics, and non-pathogenicity of
different probiotics for safe use in humans (Kang et al., 2019).
Furthermore, it is proposed that perhaps the safety of a
commercially available probiotic product depends not only
on the probiotic organism but also on the other constituents
of the product, whether in food or medicinal formulation
(Doron and Snydman, 2015). This highlights the importance
of systematic and persistent assessment of probiotic products
by researchers in the overall process of probiotic research,
development, and application.
CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

The emergence of probiotics provides more options for the
prevention and treatment of periodontal diseases. Different
from antibiotics and bactericides that are widely used in
clinical practice, probiotics generally play a role in periodontal
therapy and healthcare through regulating host immune
funct ion and restoring the balance of periodontal
microecology. Consequently, probiotics have unique
advantages and considerable potential in application to
maintain periodontal health.

Different probiotic species exert their periodontal health-
regulatory effects through diverse mechanisms such as
competition for adhesion sites to epithelial cells, antagonism
against growth, biofilm formation and virulence expression of
periodontopathogens, and influence on host immune responses.
Currently, the majority of known periodontal health-promoting
probiotics is derived from the classical probiotic genera
Lactobacillus and Bifidobacterium and seems to be more
effective and safe when applied in human health management.
Nevertheless, taking account of the controversy on effectiveness
and concerns on safety, these probiotics, as well as probiotics
derived from other genera or remolded by genetic engineering
techniques, need more investigation to support their role in
periodontal therapy and care.
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The studies on probiotic use in the intestine have
highlighted a need for developing personalized probiotic
approaches according to the host individual’s flora and
immune status so that probiotics could better colonize and
play a more effective role in promoting health. In order to
ensure universal and persistent efficacy, such a personalized
strategy should also be considered and developed when
applying probiotics in the prevention and treatment of
periodontal diseases. Furthermore, a diverse combination of
different probiotic species and probiotic strains is probably one
of the major development directions for probiotic application,
which may provide combinational or synergistic effects on
regulating host microbiota and immunity, especially when
considering the high complexity of subgingival plaques and
the presence of various oral environmental stress factors.
Genetic engineering would provide more ideas and
possibilities for probiotic research and development. The
probiotic function could be further enhanced and improved
by directional genetic modifications on existing probiotics that
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12181
strengthen or remold their immunoregulation capabilities,
antimicrobial activities against periodontopathogens, adaptive
capacities to the oral environment, etc.
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Taste receptors, originally identified in taste buds, function as the periphery receptors for
taste stimuli and play an important role in food choice. Cohort studies have revealed that
single nucleotide polymorphisms of taste receptors such as T1R1, T1R2, T2R38 are
associated with susceptibility to oral diseases like dental caries. Recent studies have
demonstrated the wide expression of taste receptors in various tissues, including
intestinal epithelia, respiratory tract, and gingiva, with an emerging role of participating
in the interaction between mucosa surface and microorganisms via monitoring a wide
range of metabolites. On the one hand, individuals with different oral microbiomes
exhibited varied taste sensitivity, suggesting a potential impact of the oral microbiota
composition on taste receptor function. On the other hand, animal studies and in vitro
studies have uncovered that a variety of oral cells expressing taste receptors such as
gingival solitary chemosensory cells, gingival epithelial cells (GECs), and gingival
fibroblasts can detect bacterial signals through bitter taste receptors to trigger host
innate immune responses, thus regulating oral microbial homeostasis. This review
focuses on how taste receptors, particularly bitter and sweet taste receptors, mediate
the oral microbiota-host interaction as well as impact the occurrence and development of
oral diseases. Further studies delineating the role of taste receptors in mediating oral
microbiota-host interaction will advance our knowledge in oral ecological homeostasis
establishment, providing a novel paradigm and treatment target for the better
management of dental infectious diseases.

Keywords: taste receptor, oral microbiota, innate immunity, periodontitis, dental caries, diet
INTRODUCTION

Taste is triggered by signals from the oral sensory structures known as taste buds, which are
stimulated by tastants and then conveyed to the central gustatory nervous system (Small, 2012; von
Molitor et al., 2021). Various tastes including sweet, bitter, umami, sour, and salt are mainly
perceived by specific taste receptors located at taste buds, which help the host to discriminate
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https://www.frontiersin.org/articles/10.3389/fcimb.2022.802504/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.802504/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:zxzdg@126.com
mailto:xin.xu@scu.edu.cn
https://doi.org/10.3389/fcimb.2022.802504
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2022.802504
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2022.802504&domain=pdf&date_stamp=2022-03-29


Dong et al. Taste Receptors and Oral Microbiota
between nutrients and poisonous and harmful substances
(Margolskee, 1993; Roper, 2013). General health may be
impaired by dysfunctional or diseased states of taste receptors.
Past studies have well illustrated that gustatory sensitivity is
influenced by single nucleotide polymorphisms (SNPs) of taste
receptors and leads to different food preferences, which
contribute to varied oral microbiota and disease susceptibility
in the host (Chamoun et al., 2018b).

Recent studies have found that taste receptors are not only
distributed in cells within taste buds, but are also expressed on a
variety of cell types both orally and extra-orally, such as tuft cells,
airway smooth muscle cells, macrophages, and so on (Deshpande
et al., 2010; Sbarbati et al., 2010; Grassin-Delyle et al., 2019).
Meanwhile, studies on taste receptors both on and off the taste
buds support the view that taste receptors play an essential role as
chemoreceptors in diverse non-gustatory physiological and
pathological processes (Lee et al., 2014; Schneider et al., 2019;
Gopallawa et al., 2021). Taking the oral taste receptors as an
example, on the one hand, taste receptors detect various
metabolites and other toxins derived from the oral microbiota,
contributing to the establishment of the host immune response
and the maintenance of homeostasis (Gil et al., 2015; Zheng et al.,
2019; Medapati et al., 2021b). On the other hand, the perceptive
capacity of taste receptors is in turn shaped by the oral
microbiota (Solemdal et al., 2012; Zhu et al., 2021). Studies in
other tissues have yielded similar findings (Tizzano et al., 2010;
Deckmann and Kummer, 2016). The investigation of how taste
receptors are involved in the interaction between host and oral
microbiota will facilitate a thorough understanding of the
chemosensory function of taste receptors, which is of great
significance for the elucidation of the association between taste
receptors and oral diseases. Accordingly, the role of taste
receptors in regulating oral health and disease states will be
discussed in this review, with a focus on the impact of genotypic
and phenotypic changes in receptors on the composition of the
oral microbiota, as well as the key role of taste receptors
mediating innate immune responses in oral microbiota-
host interaction.
MOLECULAR MECHANISMS OF TASTE
SIGNAL TRANSDUCTION

Taste receptors are chemosensory receptors that exist in both
taste buds and extra-gustatory tissues (Chandrashekar et al.,
2006; Carey and Lee, 2019). Five widely accepted and
fundamental tastes (sweet, umami, salt, sour, bitter) are
initiated from these taste receptors (Lindemann, 2001). In
recent studies, kokumi and fat are likely to be potential
candidates for new basic tastes (Khan et al., 2019; Rhyu et al.,
2020; Hichami et al., 2021). The receptors, including multiple
members of the G protein-coupled receptor (GPCR) superfamily
and some ionic channels, put different specificity to stimuli
(Nuemket et al., 2017; Teng et al., 2019; Ahmad and Dalziel,
2020). In practical terms, sweet means consuming carbohydrates
as vital energy source, salt indicates ingestion of sodium, and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2186
umami promotes detecting amino acids, which are respectively
indispensable for energy metabolism, ionic homeostasis and
building proteins (Yamaguchi and Ninomiya, 2000; Dias et al.,
2012; Laffitte et al., 2014). Sour, which perceives rotten food, and
bitter, which implicate a variety of toxic substances such as
alkaloids and cyanogenic glycosides, are revolting tastes
(Glendinning, 1994; Huang et al., 2008). Therefore, sour and
bitter tastes promote the establishment of early warning against
the intake of underlying toxins.

Bitter, sweet and umami taste signals are supposed to
converge on a common intracellular signaling transduction in
the Type II cells. Bitter, sweet, umami tastes are activated by
GPCRs, which are seven-transmembrane proteins of two main
classes. GPCRs that detect sweet and umami stimuli are named
as taste receptor family 1 member (T1R) (Zhao et al., 2003), and
those that transduce bitter compounds are named as taste
receptor family 2 member (T2R) (Chandrashekar et al., 2000).
When activated by corresponding stimuli, G protein coupled to
these taste receptors is resolved into Gbg subunit and Ga subunit
including Ga-gustducin, Ga14 and Gai (McLaughlin et al., 1992;
Huang et al., 1999; Tizzano et al., 2008). With further hydrolysis
of Gbg, Gb3 and Gg13 can be formed, which stimulates
phospholipase Cb2 (PLCB2) to increase intracellular Ca2+

levels (Zhang et al., 2007). Ga subunit is considered to
influence cyclic adenosine monophosphate (cAMP) signaling
(Clapp et al., 2008). When bitter and umami receptors are
activated by tastants, Ga subunit diminishes intracellular
cAMP levels, which inhibits activity of protein kinase A. As a
result, it weakens the inhibition of protein kinase A on the
PLCB2-IP3 pathway, and further promotes the release of Ca2+ in
the endoplasmic reticulum. When sweet receptors are activated
by tastants, Ga subunit increases intracellular cAMP levels,
which enhances the activity of protein kinase A and inhibits
K+ channels, thereby promoting extracellular Ca2+ influx. At last,
elevated intracellular Ca2+ levels promote the opening of
transient receptor potential cation channel subfamily M
member 5 (TRPM5), which is an ion channel that results in
membrane depolarization and causes action potential followed
by the release of ATP (Figure 1) (Iwata et al., 2014).

Sour taste receptors are located in a subset of taste receptor
cells, the Type III cells, on the tongue and palate epithelium
(Chandrashekar et al., 2006). Recent studies have demonstrated
that sour taste is initiated by a proton-selective channel
Otopetrin-1(OTOP1), which is a 24 transmembrane protein
(Tu et al., 2018; Zhang et al., 2019). Up to date, OTOP1 and
other otopetrin family members are supposed to be the only
voltage-insensitive and proton-selective ionic channels (Teng
et al., 2019), which may explain how Type III cells are
activated by small changes in proton levels and tolerate much
more massive changes in other ion levels when in food intake.
The increasing intracellular proton levels mediated by OTOP1,
on one hand, proximately change the membrane potential
(Zhang et al., 2019), on the other hand, subsequently block
KIR2.1, a member of inward-rectifier K+ channels, to generate
membrane depolarization (Ye et al., 2016). However, how
OTOP1 gates and passes through protons and whether there
March 2022 | Volume 12 | Article 802504
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are other elements in sour taste transduction remain to be solved
in the future.

Salty taste in most mammals is divided into two pathways:
appetitive salt taste and high-salt taste. Animals and humans
adapt easily to appetitive salty taste in a low concentration (<100
mM) (Heck et al., 1984). This appetite is likely to meet the host
requirement of Na+ to maintain an ionic homeostasis. By
comparison, high-salt taste (>300 mM) is significantly aversive
(Oka et al., 2013), which indicates a reflex that protects
individuals against hypernatremia and dehydration. Appetitive
salt taste is activated by epithelial sodium channels (ENaC), a
heterotrimer consisted of a, b and g subunits (Canessa et al.,
1994), in some taste cells within fungiform papillae (Nomura
et al., 2020). With the access of Na+ through ENaC, it causes a
membrane depolarization driving action potentials. Notably,
there is no change in intracellular Ca2+ levels with the
generation of action potentials in the ENaC+

a taste cells. ATP is
released by calcium homeostasis modulator 1 (CALHM1) and
CALHM3 subunits which are switched on under depolarization.
Some studies have indicated that activation of s high-salt taste is
associated with some types of bitter and sour taste cells in the
foliate papillae and circumvallate papillae (Kretz et al., 1999;
Lewandowski et al., 2016). However, there are no specific
receptors and well-defined salty transduction signaling that
have been demonstrated to function with high-salt taste.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3187
GENETIC VARIATION OF TASTE
RECEPTORS CORRELATED
WITH ORAL DISEASES

Varied dietary patterns among individuals are influenced by
differences in taste perception abilities, thus shaping different
oral health status. Genetic variations in certain genes associated
with sweet, bitter, umami, salt, and sour tastes have been shown
to correlate with taste function in varying degrees, and are
thought to be potentially relevant affectors of oral disease
susceptibility (Table 1) (Chamoun et al., 2018b).

Sweet Taste Receptors
The perception of sweet taste is mediated by a heterodimer
receptor composed of T1R2 and T1R3 together (Li et al., 2002).
Various kinds of sweet taste compounds are detected by the
T1R2/T1R3 sweet taste receptor, such as natural sugars,
nonnutritive sweeteners, sweet-tasting proteins, and so on
(Chandrashekar et al., 2006). The activation of the sweet taste
receptor initiates intracellular signal transduction, mediating the
regulation of the production and secretion of physiologically
significant hormones and proteins like insulin and glucagon-like
peptide-1 (GLP-1) (Kojima and Nakagawa, 2011; Kyriazis et al.,
2012). Moreover, the sweet taste is a source of hedonic liking and
greatly influences people’s dietary choices (Jayasinghe et al., 2017).
A B

FIGURE 1 | Signal transduction pathway of bitter, sweet, and umami GPCRs. (A) Bitter, sweet and umami receptors are all G-protein coupled-receptors. Bitter
receptors are composed of T2Rs, while sweet (T1R2/T1R3) and umami (T1R2/T1R3) receptors are composed of T1Rs, which are characterized by a large N
terminal domain that forms a Venus flytrap structure. (B) After stimulation of the taste receptor, the downstream Gbg complex is mobilized, which then activates
phospholipase C isoform b2 (PLCb2) to induce the production of inositol 1,4,5-trisphosphate (IP3). IP3 then activates the IP3 receptor (IP3R), an intracellular ion
channel that allows the release of Ca2+ from the endoplasmic reticulum (ER), resulting in an increase in intracellular Ca2+. The complex of transient receptor potential
cation channel subfamily M member 5 (TRPM5) is then activated and triggers the inward Na+ diffusion. The depolarization causes activation of the complex of
calcium homeostasis modulator 1 (CALHM1) channels, thus resulting in the release of ATP as the neurotransmitter.
March 2022 | Volume 12 | Article 802504
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Disruption or loss of sweet taste receptor function would
cause a wide range of health problems including metabolic
disorders and oral diseases (Murovets et al., 2015; Smith
et al., 2016).

Specifically, differences in the capacity of sweet taste receptors
are associated with their genetic variation (Garcia-Bailo et al.,
2009). SNPs of T1R2 and T1R3 determine sweet taste perception
thresholds and the degree of sweet food preference and
consumption (Jayasinghe et al., 2017). Eny et al. pointed out
Ile191Val (rs35874116) variations in T1R2 were associated with
different sugar intake, as Val allele carriers consumed fewer
sugars compared with the Ile homozygotes (Eny et al., 2010).
A recent study conducted in a Mexican population reported that
a higher carbohydrate intake, as well as the risk of
hypertriglyceridemia (HTG), was found in the Val/Val
genotype individuals versus the Ile/Val and Ile/Ile genotypes
(Ramos-Lopez et al., 2016). In addition, the studies of T1R3
revealed the association between SNPs and sweet taste sensitivity
as well (Fushan et al., 2009; Murovets et al., 2020).

As aforementioned, SNPs of sweet taste receptors lead to
differences in dietary sugar intake (Garcia-Bailo et al., 2009). The
ingested carbohydrates are metabolized to produce acid in the
oral biofilm made up of microorganisms that adhere to the tooth
surface (Bradshaw and Lynch, 2013). When the pH of the tooth
surface falls below 5.5, minerals are lost from the tooth surface
faster than remineralization, which ultimately leads to dental
caries. Put simply, sweet taste receptor gene polymorphisms
shape the risk of caries by altering sweet food preferences.
Studies conducted by Kulkarni et al. and Haznedaroglu et al.
concluded that individuals who hold an Ile191Val
polymorphism consumed fewer sugars with a lower risk of
developing dental caries, while Ile homozygotes whose
carbohydrate intake are higher showed more frequent high-
risk caries experience (>8 caries) (Kulkarni et al., 2013;
Haznedaroğlu et al., 2015). These conclusions are consistent
with most of the other studies (Eny et al., 2010; Ramos-Lopez
et al., 2016). However, one study reported an opposite finding
that children who carried the Val allele were more frequently
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4188
affected by caries than the common Ile allele (Izakovicova Holla
et al., 2015). One possible explanation is that differences in race,
environment, and food culture among populations are also
involved in the effect of sweet taste receptor SNPs on dietary
choices as well as the risk of caries. Another possibility is that the
different genotypes of taste receptors not merely determine the
sensitivity of taste perception, but are also involved in the oral
microbiota-host interaction through other mechanisms.

Additionally, the increased intake of sugar caused by T1R2/
T1R3 SNPs also modifies the oral microecological environment,
leading to the alteration of the composition of oral microflora. A
recent study revealed that children with low sensitivity to sweet
taste presented with a higher incidence of dental caries mainly
due to their more frequent consumption of sweet food, who also
appeared to contain an increased presence of cariogenic
Streptococcus mutans (S. mutans) (Jurczak et al., 2020). Altered
microbial diversity occurs after a sugar-rich diet, which greatly
increases the presence of cariogenic species, mediating the
further development of caries (Tanner et al., 2018).

Bitter Taste Receptors
Human detects numerous different bitter tastes through 25 types
of T2Rs, while T2R38 plays the most vital role that genetically
controls the perception capacity of bitter taste (Kim et al., 2003;
Dong et al., 2009). Bitter taste receptors often work in
conjunction with sweet taste receptors to influence our diet.
Simply as people with high sweetness sensitivity reduce their
intake of sweet food, people with high bitter sensitivity often tend
to avoid bitter food. However, reduced intake of bitter foods such
as antioxidant-rich vegetables and fruits may lead to a higher risk
of cardiovascular disease or cancer (Basson et al., 2005; Roura
et al., 2016).

The bitter taste sensation of agonists PTC and PROP is
mediated by their combination with T2R38 (Kim et al., 2003;
Bufe et al., 2005). Three SNPs of T2R38 caused by different
combinations of amino acid substitutions respectively at
positions 49 (Pro49Ala, rs713598), 262 (Ala262Val,
rs1726866), and 296 (Val296Ile, rs10246939) mainly regulated
TABLE 1 | SNPs of taste receptors correlated with oral diseases.

Gene SNP ID Outcome Reference

Sweet TAS1R2:
18854899T >
C

rs35874116 Individuals with Ile191Val consumed fewer sugars as well as faced a lower risk of developing
dental caries compared with Ile homozygotes.

(Eny et al., 2010; Kulkarni et al.,
2013; Haznedaroğlu et al., 2015)

The Ile/Val and Ile/Ile genotypes appeared with a lower carbohydrate intake compared with
the Val/Val genotype among the population of West Mexico.

(Ramos-Lopez et al., 2016)

Children with Ile191Val were more frequently affected by caries than the common Ile allele. (Izakovicova Holla et al., 2015)
TAS1R3:
-1572C > T

rs307355 TAS1R3 gene rs307355 polymorphism has been found to be an independent risk factor for
dental caries experience and to have increased the risk of caries.

(Haznedaroğlu et al., 2015)

Bitter TAS2R38:
145G > C
(A49P)
785T > C
(V262A)
886T > C
(I296V)

rs713598
rs1726866
rs10246939

The PAV (taster) haplotype was protective against dental caries. (Wendell et al., 2010)
PROP non-tasters presented with significantly increased caries risk than PROP tasters. (Öter et al., 2011)
PAV/PAV homozygosity had the strongest ability to induce T2R38 expression when
stimulated by S. mutans whereas AVI/AVI changed little.

(Gil et al., 2015)

Umami TAS1R1:
6576401C >
T

rs17492553 “Super-tasters” CC homozygotes tend to have a lower risk of dental caries prevalence. (Rawal et al., 2013)
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the diverse senses of bitter taste (Kim et al., 2003). Homozygous
for the PAV haplotype are characterized by a stronger perception
of bitterness than the average person and are called “super-
tasters”, while those homozygous for the AVI haplotype manifest
as “non-tasters” whose sense of bitter taste are less sensitive. The
performance of heterozygotes is intermediate (Bartoshuk
et al., 1994).

Various studies have confirmed that some undesirable diet
may be attributed to the “supertaster” phenotype and have
further linked the effects of bitter taste receptor SNPs leading
to food preferences to health-disease transformation. Wendell
et al. reported that the PAV (taster) haplotype is proven to be
protective against dental caries (Wendell et al., 2010). The result
of a subsequent study by Öter et al. confirmed this surprising
view, as PROP non-tasters presented with significantly increased
caries risk than PROP tasters (Öter et al., 2011). Interestingly, the
capacity of T2R38 expression stimulated by S. mutans exhibits a
polarity. PAV/PAV homozygosity had the strongest ability to
induce T2R38 expression whereas AVI/AVI changed little (Gil
et al., 2015). However, the theory that taste receptor mediates
food selection fails to explain this phenomenon, as “super-
tasters” have a stronger perception of bitterness and tend to
consume less healthful bitter foods, yet they have a lower risk of
caries and a lower abundance of pathogenic bacteria. This
suggests the presence of pathogenic factors independent of
taste receptor-mediated food selection. Further studies are
needed to elucidate the pathogenesis involved.

In addition, several bitter taste receptors other than T2R38
have recently been shown to be as well involved in interactions
with the oral flora and induction of disease. A recent study
uncovered the novel role of bitter taste receptor T2R14 in
detecting S. mutans and mediating innate immune defense in
GECs (Medapati et al., 2021b). Moreover, CA6 gene
polymorphisms were associated with S. mutans colonization,
oral microbiota composition and the risk of dental caries, which
were linked to bitter taste and smell perception (Esberg
et al., 2019).

Other Taste Receptors
Umami taste is initiated and enhanced through the heterodimer
T1R1/T1R3 (Zhao et al., 2003). The primary umami taste
substance is free l-glutamate, a compound that we are familiar
with its another form called monosodium glutamate (MSG)
(Ikeda, 2002). Two SNPs caused the substitutions of amino
acid in the T1R1 respectively at positions 110 (Ala110Val,
rs41278020) and 372 (Ala372Thr, rs34160967) are associated
with sensitivity in umami taste (Raliou et al., 2009). An intronic
SNP (rs17492553) in T1R1 is related to taste intensity in sweet,
bitter, salty and sour (Rawal et al., 2013). CC homozygotes
appeared to possess stronger taste intensity as “super-tasters”
than that in TT homozygotes from rs17492553 groups. Similar to
the trend in rs17492553 that in rs34160967, GG groups are
stronger in overall taste intensity than that in AA/AG groups
(Rawal et al., 2013). A recent study conducted in a Brazilian pre-
adolescent population has shown that rs17492553 in T1R1 was
relevant to dental caries prevalence. “Super-tasters” CC
homozygotes tend to have a lower risk of dental caries
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5189
prevalence. The impact of SNPs in other taste receptors such
as ENaC and OTOP1 on taste perception and oral disease
susceptibility has remained obscure.
REGULATION OF TASTE
RECEPTORS ON ORAL MICROBIOTA-
HOST INTERACTION

Since its discovery, the associations between taste receptors and
oral diseases have been extensively studied. The prevailing
notion is that the SNPs of taste receptors enable the host to
perceive various tastes differently, which influenced dietary
choices and host oral microbiome, regulating the host’s
metabolism along with internal environmental homeostasis
and ultimately mediating the reciprocal transition between
health and disease states. Meanwhile, as we noted previously,
food selection conducted by taste receptors SNPs fails to explain
the full range of disease events. Several recent studies have
focused on revealing how the taste receptor acts as a
chemoreceptor to engage in signal transduction and immune
responses in the oral cavity, which provides fresh insights into
the role that taste receptors play in oral diseases. The latest
relevant advancements are presented and summarized below,
providing fresh perspectives on how taste receptors interact with
oral microbiota to manage oral health status.

Taste-Shaped Diet Impacts Host
Metabolism and Microbial Homeostasis
As previously mentioned, the differential perceptive capacity of
taste receptors due to SNPs influences individual food
preferences. Recent studies have confirmed that taste
preferences for sweet, bitter, sour and salt are affected
genetically in part and have an impact on food and beverage
choices (Chamoun et al., 2018a; Eriksson et al., 2019; Chamoun
et al., 2021). Ample research evidence suggests that diet is one of
the most important factors influencing human health and that
different dietary patterns greatly regulate host metabolism and
microbial homeostasis. For example, a high-fat diet in healthy
adults leads to altered gut microbiota, including higher levels of
Alistipes and Bacteroides species and a decrease in
Faecalibacterium species, as well as increased faecal metabolites
p-resol and indole, which are implicated in a higher risk of
cardiovascular and metabolic disturbances (Wan et al., 2019).
Some researchers have also suggested that microbiota can in turn
alter dietary patterns by manipulating host taste perception
(Cattaneo et al., 2019b). Overall, taste perception could be
involved in host-microbiota interaction by influencing
dietary patterns.

Further, impairment or loss of taste function poses a systemic
and multilayered risk to people, rather than solely oral diseases.
As a consequence of altered taste perception, many foods may be
averted owing to the difficulty in appreciating the diet, thus
shifting people towards unhealthy eating habits and potentially
leading to serious consequences (Chamoun et al., 2018b). For
instance, an increase in salt taste recognition threshold may lead
March 2022 | Volume 12 | Article 802504
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people to consume more salt to improve food palatability,
thereby elevating their risk of cardiovascular diseases (Pilic and
Mavrommatis, 2018; Tapanee et al., 2021). Notably, a national
health survey in the US reported that participants who met the
recommendations of the Healthy Eating Index (HEI-2015) scores
were at a lower risk of developing untreated coronal caries than
those who did not conform to the recommendations (Kaye et al.,
2020). In addition, shifted taste perception has also been proven
to be correlated with depression and anxiety (Esposito
et al., 2021).

In addition, taste receptors are associated with the regulation
of body metabolism and internal environmental homeostasis.
Several studies have revealed the secretory function of taste
receptors in the gastrointestinal tract. For example, TAS2Rs
regulate intestinal anion secretion to protect the host from
ingesting dietary toxins (Glendinning, 1994). Smith et al.
proved that intestinal sweet taste receptors modulate gut
hormone responses and glucose absorption, as glucose-
dependent stimulation of intestinal T1R2/T1R3 chemo-sensors
on L-cells enhances glucose absorption through GLP-2-mediated
activation of GLUT2 transporter in enterocytes (Smith et al.,
2018). Serrano et al. subsequently found that T1R2 gene variant
Ile191Val causes a partial loss of function and results in reduced
glucose excursions during an OGTT, which is independent of the
variations in beta-cell function or insulin sensitivity (Serrano
et al., 2021). Additionally, bitter taste receptors have also been
revealed of the function to evoke airway smooth muscle
relaxation via localized calcium flux, predicting the potential
role in counteracting asthmatic bronchoconstriction (Deshpande
et al., 2010). Recent studies have also found that older carriers of
variant rs236514 (A) of the KCNJ2 gene, which is located in Type
III sour-sensing taste cells and affects sour perception thresholds,
have a higher preference for acid and lower energy intake, along
with an increased risk of mild-to-severe cognitive impairment
(Chamoun et al., 2018b; Ferraris et al., 2021a; Ferraris
et al., 2021b).

Microbiota Modulate the Perceptive
Capacity of Taste Receptors
Significant relationships between oral microbiota composition
and taste sensitivity were found recently. A study conducted by
Solemdal et al. in acutely hospitalized elderly showed reduced
taste ability in patients with poor oral hygiene such as caries
activity, among whom patients with high Lactobacillus growth
had the most significant impairment in sour taste (Solemdal
et al., 2012). This result may be in relation to the adaptation of
sour taste perception due to acid produced by bacteria and the
increased sour taste threshold. Cattaneo et al. revealed a
s ignificant d i ff erence among subjec ts with var ied
responsiveness to PROP in terms of the relative abundance of
some taxa (Cattaneo et al., 2019a). Subjects characterized by
greater PROP responsiveness showed overrepresentation mainly
in five bacterial genera, including Actinomyces, Oribacterium,
Solobacterium, Catonella and Campylobacter. Their further study
also found that specific bacterial taxa mainly composed of
Clostridiales and Bacteroidales may influence host sensitivity to
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salt and acid, as these taxa were negatively correlated with
perceived taste thresholds for salt and acid (Cattaneo et al.,
2019b). Similarly, Feng et al. reported that elevated proportions
of Actinomyces and Firmicutes in the saliva were associated with
reduced taste sensitivity, whereas increased taste sensitivity
resulted from higher proportions of Bacteroides in the tongue
film (Feng et al., 2018). Besides, a study by Besnard et al.
demonstrated that the low-fat tasters showed greater oral
bacterial diversity and a high Bacteroides/Lactobacillus ratio
which significantly promotes host inflammation compared to
the high-fatty tasters (Besnard et al., 2020). Impairment of oral
fat perception may form a feedback loop with such a pro-
inflammatory bacterial community composition, as obesity-
induced inflammation has been shown to damage taste buds in
mice and reduce fatty taste sensitivity in human (Jilani et al.,
2017; Kaufman et al., 2018). Our latest study as well illustrated
that bacterial lipopolysaccharide-induced alternative splicing of
the mouse sweet taste receptor T1R2, thus contributing to a
significant upregulation of its non-functional isoform expression
and inhibition of sweet taste perception (Zhu et al., 2021). It can
be hypothesized that these impaired or non-functional isoforms
of taste receptors would similarly lack the ability to detect and
mediate the elimination of pathogens.

There are several possible interpretations of the perceptive
changes in taste receptors owing to the growth of specific oral
bacteria. One possibility lies in the ability of oral bacteria to
modulate the food preferences of the host. Microbes in the
gastrointestinal tract have shown a potential role in
manipulating host diet by regulating chemoreceptor expression
(van de Wouw et al., 2017). This is in line with the recent study
which indicated that higher relative abundance of oral Clostridia
is associated with increased total energy, fat and protein intake as
well as reduced fiber consumption, while Proteobacteria phylum
and Prevotella genus exhibited the reverse correlation (Cattaneo
et al., 2019b). Another plausible explanation rests on the fact that
bacterial metabolites of the compounds can activate or modulate
host taste perception. For instance, host sensitivity to sucrose is
correlated with the sucrose catabolism of different oral bacteria
in vivo (Gardner et al., 2020; Sedghi et al., 2021). Some specific
intraoral bacteria like Porphyromonas gingivalis (P. gingivalis)
are capable of utilizing salivary glutamates so as to modulate
their concentration, ultimately affecting the taste perception
(Takahashi, 2015). Consistent findings were observed in
investigations that examined the impacts of different oral
microbiota on the metabolism and aroma perception of
cysteine conjugates as well as glycosides (Starkenmann et al.,
2008; Parker et al., 2020). Furthermore, oral microbiota also
modulates host chemosensation by altering taste receptor
density, which is attributed to the ability of certain
microorganisms to mediate the secretion of inflammatory
factors by host cells and trigger inflammation. On the one
hand, the immune response can diminish taste perception
through damaging taste buds (Wang et al., 2009; Cohn et al.,
2010). On the other hand, several studies have also demonstrated
that taste receptors themselves have varying degrees of
responsiveness to microorganisms and are directly engaged in
March 2022 | Volume 12 | Article 802504

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Dong et al. Taste Receptors and Oral Microbiota
the host immune regulation (Gil et al., 2015; Zheng et al., 2019).
We elaborate below on the latest progress in studying the
participation of taste receptors in the host immune response.

Taste Receptors Implicated in the Host
Immune Response to Microorganisms
As previously stated, taste receptors act as chemoreceptors that
not only sense chemicals known as tastants to initiate taste
signals, but also recognize microorganisms such as bacteria and
activate downstream signaling cascades, thereby contributing to
innate host defense and the maintenance of microbial
homeostasis (Lee et al., 2014; Gil et al., 2015; Jaggupilli et al.,
2018). In the past, great progress has been made on the
involvement of taste receptors in extraoral organs such as
airways and gastrointestinal tract in host innate immunity and
microbial regulation, while the role of taste receptors in the oral
cavity in mediating microbiota-host interaction is minimally
known. A number of recent studies have yielded new light on
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7191
oral taste receptors that detect bacterial signals and subsequently
coordinate immune responses (Figure 2).

Taste receptors have been detected to be expressed on a
variety of tissues and cells, and are known to be engaged in
host immunity (Workman et al., 2015; Bloxham et al., 2020;
Welcome, 2020). Expression of bitter receptors is observed in
immune cells such as monocytes and neutrophils, which aids in
the recognition of bacterial quorum sensing molecules (QSMs)
and facilitates the innate immune response to disease (Maurer
et al., 2015). T2Rs (mainly T2R38 and T2R14) in airway
epithelial cells specifically bind to the Pseudomonas aeruginosa
derived QSMs acyl homoserine lactones (AHLs) and initiates the
host immune response, activating chemotaxis of immune cells
and promoting the secretion of antimicrobial peptides (AMPs) as
well as inflammatory factors (Hariri et al., 2017; Freund et al., 2018;
Jaggupilli et al., 2018). In addition, the mechanism of T2R
participation in the immune response has been further revealed by
the work of Gopallawa et al. in macrophages (Gopallawa et al., 2021).
A

B

C

FIGURE 2 | Taste receptors modulate oral immune response to microorganisms. (A) In gingiva epithelial cells (GECs) treated with S. mutans competence
stimulating peptide-1 (CSP-1), a vigorous increase in intracellular calcium mobilization and secretion of cytokines/chemokines including IL-6, IL-8 and TNF-a
occurred primarily through the T2R14-Gbg-PLCb pathway, recruiting immune cells and mediating the immune response to pathogens. (B) LPS can induce a
significant dose- and time-dependent increase in adenylate cyclase (AC) activity and thereafter elevates intracellular cAMP levels, positively affecting NF-kB activity
through its major effector protein kinase A (PKA) and stimulating inflammatory responses. In addition, the cAMP/PKA/cAMP response element binding protein
(CREB) signaling pathway may promote the LPS-induced release of pro-inflammatory cytokines, including IL-6, IL-33, and TNF-a. In human gingival fibroblasts
(HGFs), agonist-stimulated T2R16 mobilizes downstream a-gustducin to activate the phosphodiesterase (PDE) that hydrolyzes cAMP, thereby reducing intracellular
cAMP levels and alleviating the LPS-induced inflammation as well as tissue injury. (C) Taste receptors of gingival solitary chemosensory cells (gSCCs) activated by
bacterial metabolites would stimulate epithelial cells to release antimicrobial peptides (AMPs) as a direct bactericidal effect and also recruit immune cells to modulate
the oral immune response.
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Bitter taste metabolite from bacteria stimulates bitter taste
receptors and activates calcium signaling, leading to activation
of nitric oxide synthase (NOS) isoforms with nitric oxide (NO)
production. NO may upregulate phagocytosis of macrophages
via several mechanisms (Jun et al., 1996). Simultaneously,
bacterial co-stimulation of macrophages and T2Rs also
enhanced phagocytosis by reducing cAMP when cAMP levels
were elevated from baseline. Interestingly, sweet taste may
regulate innate immunity in reverse to bitter taste signals. Lee
et al. demonstrated that T1R2/3 receptors activated by sugars or
bacterial d-amino acids could inhibit T2R-dependent calcium
signaling and downstream AMP secretion of adjoining epithelial
cells, diminishing the immune response to microbial bitter
products (Lee et al., 2014; Lee et al., 2017). Furthermore, T2Rs
activation can also induce anti-inflammatory effects as
antagonizing lipopolysaccharide (LPS)-provoked production of
inflammatory mediators in human peripheral mononuclear
blood cells and lung macrophages (Tran et al., 2018; Grassin-
Delyle et al., 2019). The anti-inflammatory activity of T2Rs was
likewise associated with SNPs, as the functional PAV haplotype
T2R38 receptor exhibited significant inhibition of TNF-a release
after agonist stimulation compared to the non-functional AVI/
AVI diplotype (Tran et al., 2018).

Studies in the oral cavity have expanded the role of taste
receptors, especially bitter taste receptors, in the recognition of
oral pathogenic microorganisms and modulation of oral microbial
homeostasis. Gil et al. showed that the T2R38 gene polymorphism
in the oral cavity determined the degree of innate immune response
induced by oral bacteria (Gil et al., 2015). T2R38 mRNA expression
in GECs carrying PAV/PAV genotype increased significantly when
stimulated with S. mutans, while AVI/AVI genotype showed little
change. Human b-defensin-2 (hBD-2) and IL-1a secretion after the
stimulation of S. mutans was decreased in PAV/PAV cell line after
the T2R38 knockdown. The result agrees with Wendell et al. who
reported that the PAV haplotype of T2R38 exhibited a protective
effect against caries in primary dentition, whereas the AVI
haplotype posed a higher risk of suffering from caries (Wendell
et al., 2010). In the same study by Gil et al., an opposite result was
found for stimulation from P. gingivalis or Fusobacterium
nucleatum, as the expression of T2R38 was significantly
upregulated in the GECs of AVI/AVI genotype, while no
significant changes were observed in PAV/PAV or PAV/AVI
genotype (Gil et al., 2015). This suggests that different pathogenic
bacteria may act through different signaling pathways to stimulate
taste receptors and elicit subsequent immune responses in the
organism. The study by Medapati and his colleagues then
uncovered an emerging role of T2R14 in recognizing oral S.
mutans with activation of innate immune response in GECs
(Medapati et al., 2021b). T2R14 in GECs mediates calcium
signaling and secretion of pro-inflammatory cytokines upon
recognition of competence stimulating peptide-1 (CSP-1) secreted
by S. mutans, as well as attracting differentiated HL-60 immune cells
(dHL-60). A subsequent study by Medapati et al. further pointed
out that T2R14 may mediate the internalization of Staphylococcus
aureus (S. aureus) in GECs through activating p21-activated kinase
1 associated actin and F-actin, and enhanced hBD-2 secretion that
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inhibits S. aureus (Medapati et al., 2021a). However, the knockdown
of T2R14 alone does not affect the level of the internalization of S.
mutans and the secretion of hBD-2 in GECs. It is interesting to
observe that T2R14-dependent inhibition of S. aureus occurred
whenGECs were treated with CSP-1 from S. mutans. This hints that
bitter receptor-mediated bactericidal effects may be one of the
important mechanisms by which S. mutans overcome
competition with commensal bacteria in the oral cavity. Of note,
study evidence also suggests that bitter taste receptors may similarly
assume a repressive role against inflammation development in the
oral cavity. Our recent work unveiled that the bitter agonist salicin
decreased LPS-induced cAMP accumulation in human gingival
fibroblasts in a T2R16-dependent manner, and subsequently
suppressed the expression of inflammatory cytokines along with
NF-kB activation (Zhou et al., 2021). The simultaneous function of
T2Rs in mediating the secretion of antimicrobial substances and
preventing excessive inflammatory responses prompted its potential
use as a target for the treatment of periodontitis.

Impairment of taste receptors, which are crucial for the host
to detect bacteria and mediate regulation oral homeostasis, can
lead to overgrowth of pathogenic microorganisms and disease
progression. Our study on gingival solitary chemosensory cells
(gSCCs) showed that knockout of taste signaling molecules
increases bacterial load as well as pathogenicity, ultimately
exacerbating periodontitis (Zheng et al., 2019). GSCCs are
found in the mouse gingival junctional epithelium, utilizing
bitter taste receptors and coupled taste transduction elements
to detect bacterial components and modulate immune responses.
a-gustducin-null (Gnat3-/-) mice which knocked out one of the
taste signaling receptors altered the oral microbiome, resulting in
greater alveolar bone loss. Meanwhile, topical treatment of bitter
denatonium benzoate in wildtype mice could alleviate
periodontitis by upregulating the expression of antimicrobial
peptides, which was abolished in Gnat3-/- mice. This is coherent
with past studies in nasal SCCs (Tizzano et al., 2010; Lee et al.,
2014). One plausible hypothesis is that the lack of taste signaling
in gSCCs causes insufficient antimicrobial peptides secretion and
dysbiosis of microbiota, increasing the risk of periodontitis.
These outcomes suggest that taste signaling plays a key role in
host oral immune modulation.
CONCLUSION

There is now substantial evidence to support that multiple taste
receptors are expressed on different cells in the oral cavity to
detect bacterial metabolites and distinguish pathogenic from
commensal bacteria, playing a critical role in host regulation of
oral microbial homeostasis as well as oral health (Zheng et al.,
2019). For instance, recent studies in GECs have shown that the
expressed bitter taste receptors T2R14 and T2R38 detect various
bacterial QSMs or metabolites through different pathways, with
the secretion of AMPs to remove pathogenic bacteria (Gil et al.,
2015; Medapati et al., 2021b). Functional alterations in taste
receptors can also occur as a result of oral microbiota and disease
(Zhu et al., 2021). Targeting taste receptors may be a promising
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alternative therapy to treat oral diseases caused by specific
pathogens without antibiotics.

In parallel, numerous studies have described the influence of
host genetic polymorphisms on susceptibility to oral diseases
(Piekoszewska-Ziętek et al., 2017; Kozak et al., 2020). Similarly,
taste receptor SNPs not only determine the distinct taste
perception capacities and thus affect food preferences, but also
shape the recognition of microbial metabolites, leading to
different levels of immune defense in response to specific oral
microbes (Chisini et al., 2021). Taste receptor genotypic and
phenotypic variations may have potential implications in
predicting susceptibility to oral disease and the efficacy of
therapy, thereby facilitating the development of personalized
treatment based on individual receptor genotypes.

However, current research on the non-gustatory perceptive
functions of taste receptors in the oral cavity is still limited, with
many crucial questions awaiting further explanations. To name a
few, are sour or salt taste receptors in oral likewise engaged in the
detection and response to bacterial metabolites? Are there any
differences in the transduction pathways between gustatory
perception and non-gustatory perception functions? Furthermore,
the present understanding of the links andmechanisms between the
taste receptor SNPs and oral microbiota as well as diseases is still far
from enough. We look forward to further studies on taste receptors
to reveal their key role as chemoreceptors in host-pathogen
interactions both in oral and systemic settings.
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Relation Between 6-N-Propylthiouracil Sensitivity and Caries Activity in
Schoolchildren. Caries Res. 45 (6), 556–560. doi: 10.1159/000332432

Parker, M., Onetto, C., Hixson, J., Bilogrevic, E., Schueth, L., Pisaniello, L., et al.
(2020). Factors Contributing to Interindividual Variation in Retronasal Odor
Perception From Aroma Glycosides: The Role of Odorant Sensory Detection
Threshold, Oral Microbiota, and Hydrolysis in Saliva. J. Agric. Food Chem. 68
(38), 10299–10309. doi: 10.1021/acs.jafc.9b05450

Piekoszewska-Ziętek, P., Turska-Szybka, A., and Olczak-Kowalczyk, D. (2017).
Single Nucleotide Polymorphism in the Aetiology of Caries: Systematic
Literature Review. Caries Res. 51 (4), 425–435. doi: 10.1159/000476075

Pilic, L., and Mavrommatis, Y. (2018). Genetic Predisposition to Salt-Sensitive
Normotension and its Effects on Salt Taste Perception and Intake. Br. J. Nutr.
120 (7), 721–731. doi: 10.1017/S0007114518002027

Raliou, M., Wiencis, A., Pillias, A. M., Planchais, A., Eloit, C., Boucher, Y., et al.
(2009). Nonsynonymous Single Nucleotide Polymorphisms in Human Tas1r1,
Tas1r3, and Mglur1 and Individual Taste Sensitivity to Glutamate. Am. J. Clin.
Nutr. 90 (3), 789S–799S. doi: 10.3945/ajcn.2009.27462P

Ramos-Lopez, O., Panduro, A., Martinez-Lopez, E., and Roman, S. (2016). Sweet
Taste Receptor TAS1R2 Polymorphism (Val191Val) Is Associated With a
Higher Carbohydrate Intake and Hypertriglyceridemia Among the Population
of West Mexico. Nutrients 8 (2), 101. doi: 10.3390/nu8020101

Rawal, S., Hayes, J. E., Wallace, M. R., Bartoshuk, L. M., and Duffy, V. B. (2013).
Do Polymorphisms in the TAS1R1 Gene Contribute to Broader Differences in
Human Taste Intensity? Chem. Senses 38 (8), 719–728. doi: 10.1093/chemse/
bjt040

Rhyu, M.-R., Song, A.-Y., Kim, E.-Y., Son, H.-J., Kim, Y., Mummalaneni, S., et al.
(2020). Kokumi Taste Active Peptides Modulate Salt and Umami Taste.
Nutrients 12 (4), 1198. doi: 10.3390/nu12041198

Roper, S. D. (2013). Taste Buds as Peripheral Chemosensory Processors. Semin.
Cell Dev. Biol. 24 (1), 71–79. doi: 10.1016/j.semcdb.2012.12.002

Roura, E., Foster, S., Winklebach, A., Navarro, M., Thomas, W., Campbell, K., et al.
(2016). Taste andHypertension inHumans:TargetingCardiovascularDisease.Curr.
Pharm. Design 22 (15), 2290–2305. doi: 10.2174/1381612822666160216151545

Sbarbati, A., Bramanti, P., Benati, D., and Merigo, F. (2010). The Diffuse
Chemosensory System: Exploring the Iceberg Toward the Definition of
Functional Roles. Prog. Neurobiol. 91 (1), 77–89. doi: 10.1016/
j.pneurobio.2010.01.010

Schneider, C., O’Leary, C. E., and Locksley, R. M. (2019). Regulation of Immune
Responses by Tuft Cells. Nat. Rev. Immunol. 19 (9), 584–593. doi: 10.1038/
s41577-019-0176-x

Sedghi, L., DiMassa, V., Harrington, A., Lynch, S. V., and Kapila, Y. L. (2021). The
Oral Microbiome: Role of Key Organisms and Complex Networks in Oral
Health and Disease. Periodontol. 2000 87 (1), 107–131. doi: 10.1111/prd.12393

Serrano, J., Seflova, J., Park, J., Pribadi, M., Sanematsu, K., Shigemura, N., et al.
(2021). The Ile191Val is a Partial Loss-of-Function Variant of the TAS1R2
Sweet-Taste Receptor and is Associated With Reduced Glucose Excursions in
Humans. Mol. Metab. 54, 101339. doi: 10.1016/j.molmet.2021.101339

Small, D. M. (2012). Flavor is in the Brain. Physiol. Behav. 107 (4), 540–552.
doi: 10.1016/j.physbeh.2012.04.011

Smith, K. R., Hussain, T., Karimian Azari, E., Steiner, J. L., Ayala, J. E., Pratley, R.
E., et al. (2016). Disruption of the Sugar-Sensing Receptor T1R2 Attenuates
Metabolic Derangements Associated With Diet-Induced Obesity. Am. J.
Physiol. Endocrinol. Metab. 310 (8), E688–E698. doi: 10.1152/
ajpendo.00484.2015

Smith, K., Karimian Azari, E., LaMoia, T. E., Hussain, T., Vargova, V., Karolyi, K.,
et al. (2018). T1R2 Receptor-Mediated Glucose Sensing in the Upper Intestine
Potentiates Glucose Absorption Through Activation of Local Regulatory
Pathways. Mol. Metab. 17, 98–111. doi: 10.1016/j.molmet.2018.08.009

Solemdal, K., Sandvik, L., Willumsen, T., Mowe, M., and Hummel, T. (2012). The
Impact of Oral Health on Taste Ability in Acutely Hospitalized Elderly. PLoS
One 7 (5), e36557. doi: 10.1371/journal.pone.0036557
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