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Preface

Oral microbiota, one of the most diverse human microbiotas, has proved to be important for the

maintenance of health and development of diseases. Insights in the functioning and mechanisms of

the dynamic shift in oral microbiota highlight the new knowledge and contributions that will help us

understand that the oral microbiome is the key to oral or systematic diseases. New multi-disciplinary

research and techniques are initiated to decipher the clinically relevant roles of oral microbiota in

different diseases and to provide novel targets and potential therapeutic strategies for the prevention

or control of oral and systematic diseases.

In this reprint, respected international researchers and experts investigated and summarized the

knowledge regarding oral microbiota and key oral microbes in different diseases, such as Alzheimer’s

disease, respiratory diseases, oral cancer, cleft palate, and caries. This highlights the importance of

why we need to pay more attention to the insights in oral microbiota. Detection techniques, novel

biomaterials, small molecules, and probiotics were also developed and discussed in this reprint in

order to provide potential regulation and treatment strategies for different diseases related to oral

microbiota.

Biao Ren

Editor
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Application of Fluorescence In Situ Hybridization (FISH) in
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* Correspondence: renbiao@scu.edu.cn (B.R.); ruijmhuang@gmail.com (R.H.)
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Abstract: Varieties of microorganisms reside in the oral cavity contributing to the occurrence and
development of microbes associated with oral diseases; however, the distribution and in situ abun-
dance in the biofilm are still unclear. In order to promote the understanding of the ecosystem of oral
microbiota and the diagnosis of oral diseases, it is necessary to monitor and compare the oral microor-
ganisms from different niches of the oral cavity in situ. The fluorescence in situ hybridization (FISH)
has proven to be a powerful tool for representing the status of oral microorganisms in the oral cavity.
FISH is one of the most routinely used cytochemical techniques for genetic detection, identification,
and localization by a fluorescently labeled nucleic acid probe, which can hybridize with targeted
nucleic acid sequences. It has the advantages of rapidity, safety, high sensitivity, and specificity. FISH
allows the identification and quantification of different oral microorganisms simultaneously. It can
also visualize microorganisms by combining with other molecular biology technologies to represent
the distribution of each microbial community in the oral biofilm. In this review, we summarized and
discussed the development of FISH technology and the application of FISH in oral disease diagnosis
and oral ecosystem research, highlighted its advantages in oral microbiology, listed the existing
problems, and provided suggestions for future development..

Keywords: fluorescence in situ hybridization; microbial detection; oral microecology; oral microorganism

1. Introduction

The human oral microbiota consists of more than 700 species, and the microbial
communities are diverse at different niches in the oral cavity [1]. Human oral microbiota
mainly consists of bacteria, fungi, viruses, protists, and oral archaea [2,3]. According to the
human oral microbiome database (HOMD), 70% of the oral bacteria are culturable, 30% are
unculturable, and only 57% of culturable species have been named [4].

Human oral microbiota has distinct characteristics [5,6]. The human oral cavity
provides an unexplored, structurally complex environment and a differentiated set of
habitats [7], and saliva promotes the interactions of various local environments [8]. The
spatial organization of microorganisms in the oral cavity is formed by dynamic equilibrium
flow and adhesion, abscission, and colonization, as well as the interaction between microor-
ganisms and host [7,8], which makes oral microbiota an important biological model of the
human microbiome [9]. The synergies and interactions of variable oral microorganisms
help the human body to maintain oral health, but the imbalance of oral microbiota leads to
the development of oral diseases, even systemic diseases [10], indicating that monitoring
of oral microbiota is important for the diagnosis or analysis of oral diseases and some
systemic diseases [11].

Various oral microbiological detection methods have been developed in labs and
clinics [12]. Fluorescence in situ hybridization (FISH), a non-radioactive technique com-
bining cytogenetics and molecular biology, was developed based on radiogenic in situ

Pathogens 2022, 11, 1450. https://doi.org/10.3390/pathogens11121450 https://www.mdpi.com/journal/pathogens1
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hybridization in the late 1980s to replace isotope markers with fluorescent markers [13].
The application of FISH in microbial detection usually targets microbial ribosomal RNA
(rRNA) genes [14]. FISH can also be used to detect the effects of different external factors on
colonies and the interactions between colonies [15]. In present review, we have summarized
and discussed the applications of FISH in oral microbiology to highlight its advantages in
oral microbial detection and oral diseases diagnosis (Figure 1).
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Figure 1. Applications of FISH in oral microbial detection. This figure summarizes the applications of
FISH in oral microbiology into three categories: diagnosis assistance, oral microecology, and effective-
ness evaluation. The specific applications consist of target therapy, etiological detection, community
monitoring, microflora identification, molecular interaction, oral materials, and idea verification.

2. Research Progress of FISH

FISH is one of the most routinely used cytochemical techniques for genetic detection,
identification, and localization by a fluorescently labeled nucleic acid probe. It is more
specifically used in hybridizing processes with nucleic acid sequences of interest [16]. The
vitality of this technology is continuously proved by the evolution of probe design, signal
amplification, and multiplexing, broadening the application of experimental research and
clinical diagnoses in this field of study [17]. Specifically, FISH and its variants have been
applied to nucleic acid investigation, cell metabolic research, oncology diagnostics, and
microbiological research [18].

2.1. Development of FISH

In the 1960s before the advent of FISH, cytochemical methods of detecting and localiz-
ing specific intracellular molecules were mainly immunocytochemistry based on in situ
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hybridization with radiolabeled probes and antigen-antibody interaction with fluorescein-
labelled immunoglobulins [19–21]. However, radioactive RNA or DNA binding to DNA
sequences in situ used to be limited to detecting, characterizing, and localizing specific
DNA segments. Due to the low resolving power and long exposure time in autoradio-
graphy, this methodology is inaccurate in quantification [17,22]. To compensate for this
deficiency, indirect immunofluorescence, a type of immunocytochemistry technique devel-
oped in 1965, has been successfully applied in quantitatively analyze biological markers
via fluorophore-labeled immunoglobulins that target marker-binding antibodies [21].

As a combination of in situ hybridization and indirect immunofluorescence, a method
described by Rudkin et al. in 1977 replaced autoradiography with fluorescence microscopy
to detect in situ signals from antibodies against DNA-RNA hybrids [23]. Before long, based
on the methods above of nucleic acid hybridization and indirect immunofluorescence
without intermediated antibodies, Bauman et al. first applied fluorophore-covalent-labeled
RNA probes in specific DNA sequence detection in 1980, representing the birth of FISH [22].
Nonetheless, the application of this original FISH still needs further improvement in
probe affinity and signal amplification due to the low signal intensity caused by target
inaccessibility and low copy numbers [24].

The optimization of probe design and synthesis is crucial to the development of
FISH. The establishment of genetic databases made it possible to design probe sequences
targeting complementary gene sequences of interest [25]. Probe preparation underwent
a development from manual multiple sequence alignment for conserved target regions
to probe sequence auto-selecting programs and even web-based platforms for theoretical
evaluation of the probe performances in FISH [25–29]. The new technology makes it
easier to control the length, complementary sequence, thermodynamic property, potential
secondary structure, and specificity of the probe, which are directly related to the successful
application of FISH [30].

With accurate probe design methods, FISH properties became even more modern,
with changes that include increasing signal intensity and stability, range of targets, and
sensitivity. Commonly used variants are: catalyzed reporter deposition FISH (CARD-FISH),
gene-FISH, recognition of individual genes FISH (RING-FISH), nucleic acid mimics FISH
(NAM-FISH), combinatorial labeling, and spectral imaging FISH (CLASI-FISH), double
labeling of oligonucleotide probes for FISH (DOPE-FISH), as described below.

The polynucleotide probe also has an advantage in signal intensity with multiple labels
and secondary structures mediating probes-connected networks [31]. RING-FISH achieves
high detection efficiency to single genes with multiple labeled transcript polynucleotide
probes generating halo-like signals [32]. As an alternative to RING-FISH for prokaryotic
cellular microorganisms, two-pass TSA-FISH provides higher efficiency and a better signal-
to-noise ratio, making it a useful protocol based on the functional gene for single microbial
cell detection [33]. By combining rRNA CARD-FISH and polynucleotide probe gene
detection, gene-FISH can be an innovative technique to provide a stable signal and high
sensitivity [34]. Furthermore, direct gene-FISH for gene signal quantification can be formed
by replacing CARD (and its disabilities) with fluorochrome-labeled probes and super-
resolution microscopy [35].

The nucleic acid mimics probe has become the most promisingly high-efficient probe
with higher affinity, specificity, and better stability based on resistance to enzymatic degra-
dation [36], used to overcome the issues with weak signal caused by low affinity and
vulnerability of DNA or RNA probes. The NAM probes currently being utilized are
peptide nucleic acid (PNA), 2’-O-Methyl-RNAs, and locked nucleic acid (LNA) [37].

The variants mentioned above show corresponding advantages in detecting microor-
ganisms, allowing direct identification without cultivation and further detection of micro-
bial community structure and individual function [36,38]. As microbiological research kept
expanding from individuals to communities, multiplexing identification was developed to
simultaneously analyze multi-microbes and microbiota efficiently. A typical example is
CLASI-FISH, which introduces combinatorial labeling and spectral imaging (CLASI) into
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FISH and can be applied to distinguish several microbes at once by linear unmixing the
spectra of fluorophores from overlapping spectra [39]. However, CLASI-FISH application
may be limited due to internal sensitivity loss and potential probe binding bias caused by
binary combinations, limiting the application of this technique for quantification analy-
ses [40]. Compared to CLASI-FISH, DOPE-FISH provides a double signal intensity as well
as stable specificity and higher affinity to targets, but the detectable number of microbes is
much lower [41].

The variants of FISH are improving, as are their applications based on the detec-
tion of nucleic acids. Apart from microbiological applications, FISH has been a gold
standard technique in absolute gene copy number quantification in cancer, allowing imple-
mentation of precise treatment strategies [42]. Based on imaging spatial transcriptomics,
FISH performs cell segmentation for cell interactions and the state of complex tissues for
analysis of, for example cell organization in the cerebral cortex and cell fate decisions in
organogenesis [43–45]. Expansion-Assisted Iterative (EASI)-FISH was developed for the
3D organization of cell types in thick tissue, contributing to characterizing the architecture
underpinning brain function [46]. It is reported that the combination of FISH and small
and ultrabright fluorescent polymeric nanoparticles functionalized with DNA allows a
simpler, faster and sensitive single-cell RNA imaging method for transcriptomic analy-
sis [47]. The characteristic chromosomal abnormalities in cancer cells can be obtained by
high-resolution karyotyping by FISH, which can help in differential diagnosis [48]. Other
uses of FISH karyotype analysis include genetic diagnosis, prenatal screening, and plant
and animal genetic studies [48–52]. But karyotyping is highly dependent on frequency
of cytogenetically abnormal cells, in need of enrichment methods such as fluorescence-
activated cell sorter (FACS) to improve the sensitivity [53]. Thus, the combination of FISH
with other suitable techniques can compensate for some inherent drawbacks and break
the application limitations of FISH. The coupling of Flow Cytometry and FISH enables
high-throughput quantification of complex whole-cell populations, and the association
with FACS (FLOW-FISH-FACS) enables sorting of target microorganisms [54]. In drug
discovery, FISH was introduced into high-content screening for intracellular imaging of
mRNA to screen mRNA-associated drugs and assess their pharmacological activity [55].
Resolution After Single-strand Exonuclease Resection (RASER)-FISH provides a robust
generation of single-stranded DNA with excellent preservation of chromatin structure,
nuclear integrity and improved hybridization efficiency, which is achieved by exonuclease
digestion rather than physical denaturation by heat and exposure to formamide [56].

2.2. Procedures and Principles of FISH and Its Variants Used for Oral Microbial Detection

The general protocols of FISH include (a) specimen treatment, (b) probe denatura-
tion, (c) hybridization, (d) elution, (e) hybridization signal amplification (applicable to
biotin-labeled probes), (f) re-staining, (g) encapsulation, and (h) fluorescence microscope
observation of FISH results [40,57,58]. Probe labeling and specimen processing require
different processing methods according to different detection needs, in order to obtain
clearer detection results in the subsequent hybridization process [59,60]. For example, to
substantially enlarge the number of distinct taxa in one FISH experiment, CLASI-FISH was
created, and the established FISH protocols are ordinarily suitable for the hybridization,
but still some changes for the protocol were proposed, such as fixing samples with PFA
followed by ethylalcohol [39]. Take CARD-FISH as another instance, to enhance sensi-
tivity and whittle background interference, the protocol resembled the typical FISH, but
tyramide-fluorophore and HRP was introduced to replace fluorophore on the probe [61].
All the protocols are detailedly elaborated by the inventors of the FISH variants, so that
researchers can consult relevant papers according to application needs. Different physical
and chemical environments during hybridization will affect the effect of hybridization, and
redyeing will significantly change the clarity of the observed objects, which will lead to
significantly different results under the optical microscope [62,63].
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FISH can evaluate various types of test samples, such as tumor tissue, pathologi-
cal sections, local animal samples, human tissue samples, etc. For tissue samples: 4%
paraformaldehyde fixation (paraffin section), or put into liquid nitrogen, −80 ◦C storage,
sample not less than 100 mg; For cell samples: cell slides prepared with 6-well plates, with
no less than 2 × 106 cells per well; For environmental bacteria: sludge samples or sludge
particles and other sample forms that can be used for smear or sectioning [6,39,64,65].

Though FISH is widely used in microbiological detection and biofilm analysis, some
techniques belonging to nucleic acid, immunity, and single-cell techniques also have been
applied in different emphases of microbial research due to their different advantages. Ten
common techniques (including FISH) in microbial research were selected and compared
based on several performance factors, including detectable resolution, applications in oral
microbiology, culture reliance, quantification appliance, capability for microbiota analysis,
and unsearched species (Table 1). In summary, some features of FISH make it an advanta-
geous technique, e.g., precision, culture-independent, unsearched species detectability for
microbiota analysis for extra semi-quantification and intuitive spectral imaging.

Furthermore, most oral microorganisms are unculturable, and the community struc-
ture and components are complex and changeable, and these properties make FISH very
suitable for oral microbial research. Among many variants of FISH, classical FISH and
CLASI-FISH are the most popular in terms of their application in oral microbiology. How-
ever, it is noteworthy that a new variant called HiPR-FISH is considered to have a promising
future. The procedure and principles of these three currently used FISH techniques in oral
microbiology will be elaborated throughout this study.
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2.2.1. FISH

The most common procedure followed by researchers who apply FISH involves the
following four steps: (1) fixation for dehydration to inhibit the action of enzymes without
cell and nucleic acid structures destruction (some special cells need extra permeabilization
treatment that degrade the cell walls to increase membrane permeability); (2) hybridization
between target nucleic acid sequences and specific complementary probes labeled with
fluorescent dyes or reporter molecules to be detected by fluorescent antibodies; (3) washing
to remove the unbound or loosely bound (usually mismatched) probes; (4) detection
and visualization of the probe-bounded cells by typically fluorescence microscopy and
some advanced microscopy systems, then access to information for species detection or
microbiota analysis [16,36,87]. Hybridization is one of the most decisive steps, strongly
influenced by probe properties on specificity and sensitivity [87]. These four steps are also
the basic standpoints of modified FISH variants.

2.2.2. CLASI-FISH

Regardless of some minor adaptions to classical FISH protocols for CLASI-FISH
application, the main improvement of CLASI-FISH are probe design and image acquisi-
tion/analysis. CLASI-FISH probes are particularly effective in synthesizing two probes
for one targeted sequence and two different sequence-particular fluorophores; thus, the
cells of different species are labeled by specific combinations of two highest-intensity flu-
orophores [88]. For detection, CLASI-FISH applies confocal laser scanning microscopy
(CLSM) in image acquisition, allowing the linear spectral unmixing computational anal-
ysis to identify the fluorophores with overlapping spectra and analyze the fluorophore
composition in each cell [39].

2.2.3. HiPR-FISH

Regarding the expansion of the number of distinguishable species in a single image
as CLASI-FISH, it has been previously verified that High Phylogenetic Resolution FISH
(HiPR-FISH) achieves significantly higher taxonomic resolution and multiplexity due to a
two-step hybrid approach and a routine for automated image segmentation [89]. Two kinds
of probes were used for hybridization: the encoding probe in the first step and the readout
probe in the second step. The encoding probes are taxon-specific probes that include
targeting sequences modified with different flanking readout sequences. The fluorescently
labeled readout probes target readout sequences and stochastically bind to the bound
encoding probes, representing equal proportions of fluorophores.

Ten distinct fluorophores encode up to 1023 fluorophore combinations, and one species
corresponds to a 10-bit binary barcode derived from designed one or more encoding probes
binding with relevant readout probes and presenting different spectral components. After
image acquisition, automated image segmentation classifies the spectra of images and
assigned cells the corresponding barcodes. The reference spectrum for each barcode is
established by the Förster resonance energy transfer (FRET) model, and the k-means
clustering-denoised and straightened images of cultured single-cell and biofilm samples
are segmented by the watershed algorithm that the seed is defined by developed Local
Neighborhood Enhancement (LNE). For spatial analysis, the adjacency segmentation is also
generated by the watershed algorithm and then calculates the intuitive spatial association
matrix. The super-resolution images and 3D datasets are generated the same way, and the
4D data cube needs rendering in ipyvolume.

3. Research and Application of FISH in Oral Microbial Detection

FISH has been widely used in various fields of oral microbial research. From the basic
research at the practical level to the potential clinical application and outcome transforma-
tion, the important role of this methodology has been witnessed by scientists in different
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scenarios inside the research community. In this section, we summarize the three major
applications of FISH and explain its relevant details (Table 2).

Table 2. Research and application of FISH in oral microbial detection.

Areas Aspects Ref

Diagnosis assistance

Etiological detection

Human immunodeficiency virus

[90]

Epstein-Barr virus
Influenza virus

Avian infectious bronchitis virus
SARS-CoV-2

Treponema pallidum

Target therapy

Oral lichen planus

Prevotella melaninogenica

[91,92]

Capnocytophaga
Gemella

Escherichia-Shigella
Megasphaera

Carnobacteriaceae
Flavobacteriaceae

Halitosis
Eubacteria

[93]Fusobacterium nucleatum
Streptococcus spp.

Oral microecology

Oral microflora
identification

In situ identification [93,94]
Biomass quantification [95]
3D spatial distribution [89,94]
Cobacteria in infection [96]

Community
monitoring

Process of invasion, colonization and transmission [59,97]
Interactions between colonies [98]

Microbial identity & location map [89]
Effects of external factors [15]

Occurrence and progression of the disease [98]

Effectiveness
evaluation

Molecules

Natural molecules
Polyphenol beverages: reduce the

adhesion of initial bacteria [99]

Inula viscosa: anti-acid and initial
biofilm formation effect [100]

Artificial compounds LCG-N25: adjuvant for the
treatment of caries [101]

Combined molecules
Arginine + fluoride: synergistic

control of dental caries [102]

DMADDM + EndoREZ: clinical
treatment of periapical periodontitis [103]

Oral materials Dental implant
materials

Bacteriostatic effect: oral
streptococcus content in the biofilm [104]

The establishment of
models and methods

Oral biofilm model of dental pulp disease established on
hydroxyapatite and dentin disc [105]

Repeatable and easy-to-use model for cultivating oral
multi-species biofilms in a flow chamber system [106]

In vivo and in vitro oral biofilm growth model [107]
In vitro “submucosal” biofilm model for peri-implantitis [108]

FISH: a microscopic method for macroscopic non-invasive
monitoring of oral biofilms [109]

3.1. Diagnosis Assistance

This function of FISH has been used to identify the species of pathogenic microorgan-
isms in the simplest way, but it is still in the basic research stage in terms of predicting
the risk of disease and prognosis, which needs to be further tested and verified in clinical
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practice. In the context of modern medicine, the requirements of patients and clinicians
for diagnosis have upgraded from merely knowing the type of diseases to detecting spe-
cific causes and predicting disease progression. For patients with diseases related to oral
microorganisms (caries, pulpitis, periodontal disease, etc.), most of them exerted evident
symptoms at the time of its’ initial diagnosis, such as pain, inflammation, and changes in
biological characteristics. And increasing studies have shown that cancer, atherosclerosis,
diabetes and other diseases can be reflected in oral flora. Oral microorganisms play an
important role in the occurrence and development of these diseases, and the changes in
community structure can somehow indicate how it has been progressing [110]. Therefore,
we can understand the types of pathogens based on determining the types of diseases and
improve the accuracy of diagnosis to outline potential target therapies. At present, most
of the detection methods of pathogenic microorganisms in hospitals are still traditional
identification methods, including Gram staining, microbial culture and biochemical tests.
However, for the complexity of oral microenvironment, traditional methods are not well
qualified for multi-species identification, community analysis and other aspects, let alone
judging the risk of disease and prognosis. As a highly-stable, high-resolution, simple, and
intuitive nucleic acid probe technology, FISH can effectively facilitate the application of
such functions. However, more detailed databases are still needed to support accurate
diagnosis due to inadequate personalized research and global data sets.

Clinically, FISH can be used to detect and analyze various disease-causing factors,
such as HIV and Epstein-Barr virus, providing a faster way to diagnose such conditions.
However, due to the spreading of the new COVID-19 pandemic, nucleic acid testing has
become a part of people’s lives, so we urgently need a more rapid and more convenient
way to detect the virus. Hepp et al. developed a rapid FISH protocol capable of quanti-
tatively detecting influenza virus, avian infectious bronchitis virus, and SARS-CoV-2 in
approximately 20 minutes by combining nasal and throat swabs with the added virus
in virus cultures. This rapid and simple method can be used both as a commonly used
detection technique in the laboratory and to aid the future diagnosis of enveloped viruses
with accessible genomes [62].

Modern research shows considerable differences in the type, proportion, and struc-
ture of oral microbiota between healthy and pathological states, which can be used as
breakthrough points to diagnose the actual causes of the disease. FISH was initially used
to detect relatively single and known pathogenic microorganisms, but with the develop-
ment of new technology, a variety of microorganisms can now be detected simultaneously.
Clinicians and researchers use FISH to detect microbes’ information, such as species, and
community structure, after extracting samples from patients. This kind of data is included
in the databases and also used as feedback to clinicians to develop more accurate treatment
plans. Taking oral lichen planus (OLP) as an example, there are significant differences in
microflora between OLP patients and healthy controls. By applying FISH, Zheng et al. [91]
and Wang et al. [92] revealed species, location, and average optical density (AOD) variations
of oral microorganisms between OLP patients and healthy individuals. These significant
differences might all become targets for diagnosis and treatment in the future.

In addition to being used in the diagnosis of diseases, the results of FISH can be
used in the formulation of treatment options. Take the most common and inconvenient
form of bad breath as an example. Bernardi et al. visualized and quantified the dorsal
biofilm through the combination of FISH and CLSM and stained eubacteria, Streptococcus
spp., and F. nucleatum using specific fluorescent probes. In their experiment, they found a
significantly higher proportion of F. nucleatum and Streptococcus spp. in the biofilm of the
halitosis group. It was concluded that the relative ratio of total microorganisms to these
two bacteria could be considered a relevant factor in causing bad breath; hence it can be
included in the treatment goals [93].

Apart from oral diseases, FISH is also used for microbial detection of lesions of other
diseases. For example, it has been found that there are many common oral bacteria in
oral squamous cell carcinoma [111]. Although oral microorganisms are also found in
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atherosclerotic plaques [112] and Alzheimer’s disease patients’ brains [113], the detection
method used is PCR. Therefore, FISH is almost equal to PCR in determining whether there is
a certain bacterium or not. Nevertheless, considering that FISH technology does not depend
on the isolation and culture of bacteria and that not all laboratories have the experimental
conditions for FISH, the specific method to choose eventually depends on the experimenters.
However, if we want to expand the detection scope to more species, community distribution,
and even predicting risk and prognosis, FISH will be more advantageous.

3.2. Oral Microecology

Currently, research focus on oral microecology occupies an important position in
stomatology [114], and many past research results showed that oral microbes remain a
major cause of a variety of oral diseases [63]. Many contemporary studies indicate that FISH
is a powerful tool for studying oral microecology [115]. In recent years, due to the rapid
development of this technique, it has become a highly automated process with two major
functions, microbial species identification and community monitoring [116]. Furthermore,
with the continuous combination with other molecular biology techniques, it has been
shown that FISH can even be used to detect the effects of different external factors on
colonies and interactions between them [15].

According to the Expanded Human Oral Microbiome Database (eHOMD), only 57%
of oral microorganisms can be cultivated and formally named, 13% of oral bacteria can
be cultivated but not named, and 30% of the oral microorganisms fail to be separated
from the biofilm, hence hindering the study of oral micro-ecological research [117]. FISH,
which does not require bacteria culture, can identify microbial populations into genera
and species by using fluorescently labeled specific oligonucleotide fragments as probes to
hybridize with DNA molecules in the environmental genome. This feature helps to avoid
the limitations of traditional culture methods for identification and counting. It has high
application value in identifying oral microflora, bringing a new detection method for some
diseases caused by bacterial infection.

Annett et al. detected the presence of Treponema pallidum in the tissue samples of
syphilis patients by a specific 16S rRNA FISH probe against T. pallidum. Their effective
methodology avoided possible false results of serological identification in HIV-positive pa-
tients and provided a faster and more effective technique for disease monitoring [90]. Using
similar methods, Fernandes et al. identified bacteria in pulp infections by FISH and con-
firmed the involvement of bacteria such as Pyramidobacter piscolens and Fretibacterium
fastidiosum. These two bacteria are also challenging to detect in endodontic infections be-
cause they are difficult to separate and culture [96]. In addition, FISH can also visualize oral
colonies with a confocal laser scanning microscope (CLSM), thus locating microorganisms’
data in clinical samples and assisting in speculating the process of invasion, colonization,
and transmission. Bertl et al. successfully monitored the position of the oxygenic pathogens
in the biofilm of the vocal cord prosthesis by the combination of FISH and CLSM, support-
ing that they were not the cause of the breakdown of vocal cord prosthesis equipment [97].
In contrast, in Zangeneh et al.’s experiment, they used PCR-DGGE to detect only the type
and number of bacteria in the oral cavity of multiple sclerosis patients [79]. This shows that
compared to traditional microbial detection techniques such as PCR, FISH not only has
the advantage of being a simple and fast process, but by combining it with other detection
methods, more information about the colonies can be obtained.

Due to its ability to display location information apart from identifying species, re-
searchers have increasingly applied FISH to monitor microbial communities in recent
years. The technique can be used to study colonies that are difficult to cultivate and clearly
present the overall microbial environment without requiring additional bias-prone steps
such as extraction and amplification. FISH can accurately and quickly reflect the in-situ
distribution of microbial communities in various systems, avoiding the complex process of
other community analysis methods [118]. Through FISH, we can quickly and efficiently
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analyze the microbial communities in pathological conditions and then compare them with
the normal ones to assist doctors with disease diagnosis.

Bring et al. spotted the distribution of TM7 bacteria, which is difficult to culture in
the oral microecology through FISH and further reveals the mechanism of their metastatic
infection [59]. Shi et al. created a micron-scale map of the location and identity of hundreds
of microbial species in a complex microbial community by high-phylogenetic-resolution
microbiome mapping by fluorescence in situ hybridization (HiPR-FISH), based on spectral
imaging and decoding. Their findings revealed the disruption of the spatial network in
the mouse gut microbiota by antibiotic treatment and the longitudinal stability of the
spatial structure in the oral plaque microbiota, providing a framework for the spatial
analysis of microbial communities at single-cell resolution [89]. By testing the oral microbial
community at different times, FISH plays an essential role in static detection; it dynamically
observes the changes of the microbial community in the mouth and monitors the occurrence
and progression of the disease.

Using the combination of FISH and CLSM, AI-Ahmad et al. measured microflora
changes in oral plaque within eight weeks with a particular focus on individuals with poor
oral hygiene [57]. Combining with other different molecular biological technologies, the
quantity, location, and morphological changes of different microbial communities in the
biofilm could be dynamically observed, which further yields the influence of various factors
on specific bacteria and the interaction between microbial communities. Similarly, Esteves
et al. used FISH to detect the interactions of different microbial communities in dental
plaque, revealing the impact of these interactions on the generation and development of
paradentosis [98]. Moreover, FISH combined with flow cytometry for detecting microbes is
a promising technology to diagnose and evaluate microbial community structure and its
dynamics. Its highly automated operation makes it more suitable than other methods for
frequent and rapid monitoring of specific colonies [119].

Because of its two effective features for species identification and community detection,
FISH is often used to study dental plaque biofilm. Mature dental plaque consists of multiple
species of biofilms and contains more than 500 different bacteria, causing common oral
diseases such as periodontitis, dental caries, and gingivitis [120]. Combined with CLSM,
this technique allows the visualization of biofilm systems, and the dynamic monitoring
of plaque biofilms can assist doctors in the judgment of disease progression while avoid-
ing the traditional post-culture detection, identification, and quantification. For instance,
Gmür et al. identified and analyzed single microbial cells in the dental plaque through
immunofluorescence and FISH [94]. Karygianni et al. found that combining CLSM and
FISH could create high-resolution 3D images of individual bacteria in their natural environ-
ment to better visualize bacterial communities in dental plaque, allowing professionals to
effectively monitor the 3D spatial distribution of many different bacteria in oral biofilms.
After obtaining high-resolution images, image processing and data analysis can quantify
the biomass of different targets in oral biofilms [95]. Dige et al. successfully applied FISH
to analyze spatial relationships in dental plaque and the changes of specific microflora over
time [64]. Welch et al. used CLASI-FISH to discover a distinctive, multigenic consortium
in the microbiome of supragingival dental plaque, which consisted of a radially arranged,
nine-taxon structure organized around cells of filamentous corynebacteria. The size of
this consortium varies from ten to hundreds of microns and follows a trend that promotes
the spatial distribution of its flora. It was found that anaerobic taxa tend to be located
in the interior, while parthenogenic or exclusively aerobic bacteria tend to be distributed
in the periphery. Based on this finding, they propose a new morphological model of the
microbial community in dental plaque biofilms [121]. In summary, FISH can accomplish
both the identification of individual strains and achieve dynamic monitoring of the colony
system. By combining with CLSM, it is even possible to visualize information such as
the location of a particular strain in the biofilm, which cannot be achieved by traditional
detection methods.
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3.3. Effectiveness Evaluation

The purpose of studying oral microorganisms is to maintain a healthy oral microecol-
ogy, so scientists make efforts to establish a fairly complete effectiveness evaluation system.
At present, the research topics related to using FISH as one of the detection methods mainly
include molecules, oral materials, and the establishment of models and methods.

3.3.1. Evaluation of the Effectiveness of Molecules

In the long history of people dealing with oral pathogens, researchers have found that
some molecules can specifically inhibit some of these pathogens and promote the reproduc-
tion of probiotics. The first kind of molecules are part of our daily lives, and it is commonly
known that some have medicinal properties, such as salicylic acid, podophyllotoxin, and
vinblastine. Hannig et al. [99] suggested that gargling with some polyphenol beverages
and ingesting related foods could reduce the adhesion of initial bacteria to dental enamel
and might help prevent diseases caused by oral biofilm. Similarly, Hertel et al. [100] used
FISH to observe the anti-acid effect of Inula viscosa and its effect on the initial formation of
oral biofilm and found that flushing with Inula viscosa for more than 8h had an effect on
bacterial colonization on the enamel surface, but no effect on the anti-acid performance of
the biofilm.

The second kind of molecule is related to the artificial synthesis and improvement of
natural compounds. Lyu et al. [101] studied the effect of LCG-N25 (a new small molecule
exploited from known inartificial lead compounds) on the constituent parts of multi-species
biofilm by using species-specific FISH. Their results showed that with good anti-bacterial
activity and low cytotoxicity, this molecule cut down the proportion of Streptococcus
mutans, Streptococcus sanguinis and Streptococcus gordonii but did not induce drug
resistance to cariogenic S. mutans, manifesting that LCG-N25 could be a hopeful adjuvant
for the treatment of caries.

After exploring the role of individual molecules, our team identified that it was equally
important to understand the effects of the interaction of different molecules on our results,
so a new series of experiments was carried out. Cheng et al. [102] investigated the combined
impact of arginine and fluoride on oral bacteria and spotted that arginine might increase the
ecological benefit of fluoride by enhancing the alkali-producing bacteria in plaque biofilm,
playing a synergistic role with fluoride in the control of caries. In addition to the interaction
of medicinal molecules, the gain effects of medicinal molecules on functional but non-
medicinal molecules were also previously studied by other scholars. Liu et al. [103] added
dimethylaminododecyl methacrylate (DMADDM) to a root canal sealant called EndoREZ
and detected the composition of multi-strain biofilm by FISH and RT-qPCR. It was unveiled
that when the mass fraction of DMADDM increased to 5%, the cytotoxicity, apical sealing
ability, antibacterial, and solubility of the sealant were considerably distinguished from the
control group. Therefore, it was concluded that the EndoREZ sealant containing DMADDM
could be used for clinical prevention and treatment of persistent periapical periodontitis.

In addition to FISH, other technologies are also widely utilized, such as using PCR
to explore the effects of terminalia chebula extracted from ethylalcohol on S. mutans [122],
using DNA microarray to study the effect of secondary carbon dioxide laser irradiation
on S. mutans [123], and so on. However, because PCR can only provide data analysis
and can not show the results more intuitively, and DNA microarray can only be used to
study the species that have been identified, FISH is more advantageous in evaluating the
effectiveness of molecules.

3.3.2. Evaluation of the Bacteriostatic Effect of Oral Materials

The oral cavity is an essential human structure closely related to food nutrition absorp-
tion, gas exchange, and speech expression. Consequently, dental materials are required to
have biosafety, biocompatibility, and biofunction. However, the biofilm formed by microbes
attached to the material surface can lead to drug-resistant infection and the contamination
of medical devices [124]. Accordingly, the scientific community has explored different
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means to make bacteriostatic dental materials. In the field of dental implant materials,
for instance, the development of bacteria-driven mucosal inflammation and peri-implant
inflammation may lead to the failure of treatment. Al-Ahmad et al. [104] used FISH to
detect the thickness, surface coverage, and oral Streptococcus spp. content in the biofilm,
revealing that the surface roughness of the zirconia surface of the oral implant with low
roughness was similar to that of titanium surface in terms of initial bacterial adhesion or
oral Streptococcus spp. content in the biofilm. Similarly, PCR was used to unveal how TiO2
in the form of nanotube inserted into GIC affect S. mutans [125], but it was limited to gene
expression analysis. If FISH can be used in this study, researchers can further analyze the
morphological changes and distribution of bacteria.

3.3.3. Verification of the Establishment of Models and Methods

The model method is a bridge between scientific theory, an effective means of success-
ful scientific research, and a carrier for the sublimation of creative thinking. The research
community has been exploring this method and expanding the knowledge about it each
day, shedding light on the crucial role it can play in modern medicine. Many important ex-
perimental results have been achieved via teaching models in the classroom, experimental
animal models and cell models, bioreactors, computer-aided 3D modeling, and mathemat-
ical modeling. At present, the model research on oral diseases caused by oral microbes
can be divided into in vivo and in vitro models. For in vivo models, more clinically signifi-
cant indicators such as plaque index and alveolar bone resorption are often used to judge
whether the model is successful or not. As for the in vitro models, especially when the
results are verified by FISH, the bioreactor is widely used to simulate the physiological or
pathological environment. Different models, including an oral biofilm model of dental pulp
disease established on hydroxyapatite and dentin disc [105], a repeatable and easy-to-use
model for cultivating oral multi-species biofilms in a flow chamber system [106], a model
combining in vivo and in vitro oral biofilm growth [107], and an in vitro “submucosal”
biofilm model for peri-implantitis [108] have been established by in situ identification
using FISH. It is believed that more different ones will be developed in the future, bringing
upgrades into the scientific community and strengthening clinic knowledge.

If the model method is an up-to-date summary of the major findings of systematic
research, then the establishment of the new methodology represents the improvement or
subversive creation of the existing methods. However, the improvement or innovation of
oral microbiological research methods requires more convincing proof methods, e.g., con-
ventional slide detection, immunological methods, and molecular biology techniques [126],
which makes FISH stand out as a technology with reasonable specificity, fast detection,
and strong visibility. For instance, a microscopic method for macroscopic non-invasive
monitoring of oral biofilms was created by Karygianni to depict the spatial distribution
of biofilms on the bovine enamel surface (BES), and used FISH to verify the effectiveness
of this new method. In this specific study, microbes were stained using specific-FISH
probes, and signals were captured by CLSM and monitored by Scan∧R [109]. Analogously,
Jackson et al. [127] used RT-qPCR to assist validation and establish a three-dimensional oral
tissue model to study HPV. This model is of vital essence for the prevention and treatment
of HPV-related diseases. If FISH can be introduced in the subsequent use to analyze the
distribution and dynamic changes of HPV, the research results will be more meaningful.

4. Discussion and Perspectives

In recent years, FISH has significantly impacted clinical and microbiological detection
methods due to its high specificity and efficiency, making it one of the most promising
methods for clinical microbiological detection. In addition, FISH is commonly used in
daily life experiments and may become a standardized experimental method in future
research. Multiple optimizing standpoints of FISH have spawned numerous variants.
Based on four fundamental procedures, innovations in probe design have been success-
fully put into practice, greatly expanding the applications of this methodology. Regarding
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potential applications, the specific fields are featured with diagnosis assistance, oral microe-
cology research, and effectiveness evaluation, manifesting the great applicability of FISH in
oral microbiology.

Although the multimolecular affinity and good biocompatibility of FISH make it
capable of providing a new and effective method for detecting oral microorganisms, the
method still has its shortcomings, especially when it comes to potential interference with
false-negative results due to signal loss. Albeit multiple variants of FISH have been
improved from several perspectives, the ensuing more complex procedures and higher
demands on experimental manipulation and equipment limit their practical applications.
For basic FISH, the probes present the problem of the inability to achieve 100% hybridization
rate, especially with cDNA probes which are complementary to mRNA. The detection of
mRNA is mainly used for transcriptomic analysis but the level of mRNA does not fully
reflect the level of expressed proteins. In addition, a lack of standardized processes for
the analysis of FISH results exists, which leads to the need for experienced analysts to
ensure relatively correct judgment, which undoubtedly brings extra training costs. At
present, some disease sites only use detection technology to confirm the existence of oral
microorganisms, and most of the research on FISH detection of oral microorganisms focuses
on the impact on oral diseases, lacking research on other diseases that have been proved to
be related to oral microorganisms. Therefore, FISH and its variants can be used in the future
to analyze the community structure, dynamic evolution process, interaction with other
cells and the relationship with disease occurrence and development of oral microorganisms
in these lesions, so as to help doctors and researchers better develop and use drugs and
other interventions.

With the advent of the era of precision medicine, microbiome and its precise regulation
are exceedingly important in the research of microbial-related diseases. Thereby, the
common application with other technologies and the innovation of FISH itself has become
a general trend within the scholarly community, and the emergence of CLASI-FISH and
HiPR-FISH are relevant examples. The emergence of these new technologies enables us
to understand the interaction among genes, metabolites, and signal pathways in the oral
microbial community from an ecological point of view rather than the previous relatively
single interpretation [128].

Altogether, the future direction of FISH can be divided into two categories: (1) The
improvement of FISH itself. For example, the further improvement of the accuracy of
probes, the way to expand the variety and total number of probes while reducing the
interference effect, and cost reduction. (2) The cooperative application of FISH and other
technologies. For instance, to develop a full-process automated FISH experimental device
by combining the image recognition technology of machine learning and deep learning and
using FISH to analyze the three-dimensional models of oral microorganisms with real-time
and dynamic monitoring. Hypothetically, if the ideas get actualized and widely accepted
in the future, problems that need to be discussed from the perspective of “microorganism-
host-system” can be studied more conveniently, quickly, and accurately. For instance, the
establishment of a dynamic competitive ecological model of dominant bacteria in oral cavity,
study on the evolution of pathogenic bacteria in hotbeds such as dental plaque, and the
potential ways of oral pathogens to invade other parts of the body. Based on the dynamic
three-dimensional database of oral microecology obtained by FISH, we can further explore
the fundamental relationship between oral microorganisms and tumors, atherosclerosis,
Alzheimer’s disease and other diseases, so as to develop monitoring equipment for oral
microbial detection based on FISH probes to cooperate with other auxiliary tests to predict
the risk of disease, determine the degree of disease development and judge the prognosis.
This flourishing research field will scale to new heights based on these achievements.
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Abstract: The intricate interplay between oral microbiota and the human host extends beyond the
confines of the oral cavity, profoundly impacting the general health status. Both periodontal dis-
eases and respiratory diseases show high prevalence worldwide and have a marked influence on
the quality of life for the patients. Accumulating studies are establishing a compelling association
between periodontal diseases and respiratory diseases. Here, in this review, we specifically focus on
the key periodontal pathogenic bacteria Porphyromonas gingivalis and Fusobacterium nucleatum and
dissect their roles in the onset and course of respiratory diseases, mainly pneumonia, chronic obstruc-
tive pulmonary disease, lung cancer, and asthma. The mechanistic underpinnings and molecular
processes on how P. gingivalis and F. nucleatum contribute to the progression of related respiratory
diseases are further summarized and analyzed, including: induction of mucus hypersecretion and
chronic airway inflammation; cytotoxic effects to disrupt the morphology and function of respiratory
epithelial cells; synergistic pathogenic effects with respiratory pathogens like Streptococcus pneumoniae
and Pseudomonas aeruginosa. By delving into the complex relationship to periodontal diseases and pe-
riodontopathogens, this review helps unearth novel insights into the etiopathogenesis of respiratory
diseases and inspires the development of potential therapeutic avenues and preventive strategies.

Keywords: oral microbiota; systemic disease; periodontal disease; respiratory disease; Porphyromonas
gingivalis; Fusobacterium nucleatum; microbial interaction

1. Oral Microbiota and Systemic Diseases

As the second largest human microbial community, the oral cavity harbors more than
700 kinds of microbes, including bacteria, fungi, protozoa, mycoplasmas, and viruses [1,2].
The colonization of oral microbiota starts during birth [3]. Moreover, the unique physio-
logical conditions of the oral cavity provide a favorable environment for microorganisms
to grow and reproduce [4,5]. As humans grow, the host interacts with oral microbiota,
gradually forming stable oral biofilms called dental plaques that attach to the tooth surface
and consist of oral microbes and a surrounding extracellular matrix [6]. Under normal
conditions, dental plaque biofilms contribute to stimulation of the immune system and
maintain oral health locally. However, the dysbiosis or imbalance of oral biofilms caused
by internal or external factors can give rise to oral diseases such as dental caries, gingivitis,
and periodontitis [7]. Research has increasingly suggested that oral microbial imbalance
not only contributes to the above-mentioned oral diseases but is also associated with the
occurrence and development of many systemic diseases, such as respiratory diseases [8–12],
digestive system diseases [12–15], cardiovascular disease [16], rheumatoid arthritis [17],
Alzheimer’s disease [18], preterm birth [19], and diabetes mellitus [20].
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Currently, researchers have proposed different pathways for oral microbiota to reach
other organs. The most feasible and plausible mechanism is that oral microbes and in-
flammatory factors locally produced in periodontal tissues can translocate into systemic
circulation and spread throughout the body with the blood [21,22]. Additionally, as specific
to different diseases, there may be different mechanisms for oral microbes to disseminate to
extra-oral sites due to disparity in the physiological anatomy of body organs. Among respi-
ratory diseases, periodontopathogens may arrive within the respiratory tract and lungs via
the aspiration of saliva [23]. Apart from the above, oral pathogenic bacteria can reach the
gastrointestinal tract during swallowing, which may be related to intestinal microbial disor-
ders, intestinal-mediated systemic inflammatory response, and the occurrence of colorectal
cancer [20,24]. Phoebus et al. [25] found that certain oral bacteria can cross the placental
barrier into the amniotic fluid and fetal circulation, and this may elevate the risk of preterm
birth in pregnant women. A recent study has identified Porphyromonas gingivalis, one of
several hundred oral bacterial species, in the brain of patients with Alzheimer’s disease,
indicating that periodontal microorganisms can access the brain through the blood–brain
barrier [26].

Under the influence of factors such as poor oral hygiene, there is a gradual and
dramatic shift in the composition of the oral microbial community originally in a symbiotic
state with the host [7]. The dysbiotic oral microbial communities can induce periodontal
tissues to produce a variety of proinflammatory cytokines, such as tumor necrosis factor
alpha (TNF-α), interleukin-1 alpha (IL-1 α), interleukin-1 beta (IL-1 β), and interleukin-
6 (IL-6) [27]. These proinflammatory cytokines disseminate through the hematologic
system to reach other sites in the body, potentially exacerbating pre-existing systemic
inflammation [28]. The low concentrations of bacteria lipopolysaccharide (LPS) may cause
a systemic inflammatory response, leading to intravascular coagulation abnormalities and
organ dysfunction [29]. Furthermore, some Gram-negative bacteria such as P. gingivalis
provide complex long-range delivery systems for LPS and other toxins by secreting outer
membrane vesicles (OMVs) [30].

2. Periodontal Diseases and Respiratory Diseases

Periodontal diseases are chronic inflammatory diseases that result from the dysbio-
sis of oral microbiota and the disorder of host inflammatory response, characterized by
the resorption of alveolar bone and the destruction of periodontal tissues [31]. Diverse
groups of microbes in the oral cavity play differential functional roles in the pathogenesis
of periodontal diseases in different individuals, but it has been determined that some
bacteria have a critical role in the pathogenesis of periodontal diseases, such as P. gingivalis,
Fusobacterium nucleatum, etc. [32]. These periodontal pathogenic bacteria can induce the
production of pro-inflammatory cytokines in the gums and bone tissues, causing a chronic
immune inflammatory response that leads to the destruction of the structural components
of periodontal tissues and eventual manifestations of gingivitis and periodontitis [31].

P. gingivalis is a Gram-negative anaerobic bacterium that mainly colonizes the peri-
odontal pockets. As a member of the red complex, P. gingivalis is strongly associated with
the development and progression of periodontal diseases [33]. Its pathogenic capacity
mainly results from the following aspects: (1) Adhesion and invasion abilities mediated
by fimbriae, hemagglutinins, and proteins [34]; (2) Induction of peripheral CD4+ T helper
cells to produce proinflammatory cytokines, such as IL-1 and IL-6 [35]; (3) Activation of
T lymphocyte immune response and promotion of receptor activator of nuclear factor-κB
(NF-κB) ligand (RANKL)-induced osteoclast activation [36]; (4) Attenuation of dendritic
cell-induced chemokine responses [37]; (5) Production and secretion of gingipains such
as arginine- and lysine-specific cysteine proteases [38]; (6) Secretion of OMVs to deliver
virulence factors [39].

F. nucleatum is a Gram-negative anaerobe widely found in the oral cavity of both
healthy and diseased individuals. F. nucleatum possesses multiple adhesins that allow it to
co-aggregate with almost all periodontal pathogenic bacteria, thus playing a profoundly
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important role in the transition of the oral microbial community from a healthy to a diseased
state [40,41]. The adhesins RadD, Fap2, and FomA are major outer membrane proteins
for F. nucleatum-mediated interspecies interactions [42–44], while Fusobacterium adhesion
A (FadA), the best-characterized virulence factor of F. nucleatum, mediates F. nucleatum
adhesion to and invasion of host cells [45]. Furthermore, Fusobacterium nucleatum-associated
β-defensin inducer (FAD-I) can bind to toll-like receptors on gingival epithelial cells, which
induces β-defension-2 production [46,47]. Similarly, RadD and Fap2 can stimulate the
secretion of cytokines such as IL-6, IL-8, and TNF-α [48].

Respiratory diseases are among the leading causes of both morbidity and mortality
across the world, and their lesions mainly occur in the trachea, bronchial tubes, lungs,
and chest cavity [49]. Lower respiratory tract infections, chronic obstructive pulmonary
disease (COPD), and lung cancer are all very prevalent respiratory diseases. Pneumonia,
the leading disease of lower respiratory tract infections, is an inflammatory disorder of the
lung frequently caused by bacterial or viral infections [50]. In 2019, a total of 489 million
incident cases of lower respiratory infection occurs globally, and 2.5 million people die
due to pneumonia [51]. The sudden outbreak of COVID-19 in recent years has attracted
even more extensive global attention and research. COPD, as one of the main causes of
morbidity and mortality worldwide, accounts for 49.1 deaths per 100,000 [52,53]. Lung
cancer is cancer leading to the highest mortality rate, with 18 deaths per 100,000 population
as a result [54].

In terms of anatomical relationship, the oral cavity and the lower respiratory tract
are continuous, making the oral cavity a major source of microbiota in the lung [55]. The
sophisticated and efficient immune and mechanical defense mechanisms of the airways
prevent microbes from colonizing the lower respiratory tract so that the lung flora of
healthy individuals is only partially identical to the oral flora with lower bacterial concen-
trations and less diversity [56]. However, when the host defense system is impaired to
promptly clear microbes entering the lungs, oral microbes colonize the lungs and affect
lower respiratory and lung diseases [57]. Alternatively, oral microorganisms may enter
the lungs and affect respiratory disease when large inoculums of microorganisms exceed
the clearance capacity of the defense system [58]. Accumulating studies have indicated
that periodontal diseases are associated with respiratory diseases. Through a comparative
analysis of the periodontal health status and lung function status among patients with
COPD, it was observed that the prevalence of periodontitis was significantly elevated in
COPD patients [59]. Additionally, COPD patients with periodontitis exhibited poorer lung
function compared to those without periodontitis [59]. Furthermore, upon evaluating the
periodontal status in both pneumonia and non-pneumonia patients, it was found that
individuals with periodontal diseases were susceptible to developing pneumonia in com-
parison to those without periodontal disease [60]. A meta-analysis conducted by Zeng
et al. [61] demonstrated that patients with periodontal diseases had a significantly higher
incidence of concurrent lung cancer, which illustrates that periodontal inflammation may
affect respiratory epithelial cells and promote carcinogenesis.

Considering the critical roles played by P. gingivalis and F. nucleatum in the pathogene-
sis of periodontal diseases and relatively more literature reporting their involvement in
respiratory infection, inflammation, and diseases, this review next focuses on the effects of
both of two periodontal pathogenic bacteria on the development of respiratory diseases.

3. Specific Respiratory Diseases Relating to P. gingivalis and F. nucleatum

So far, a considerable amount of studies have accumulated to establish the links
between P. gingivalis, F. nucleatum, and multiple respiratory diseases, including pneumonia,
COPD, lung cancer, asthma, and so on (Table 1).
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Table 1. P. gingivalis and F. nucleatum correlate with respiratory diseases.

Periodontopathogen Respiratory Disease Correlation References Year

Porphyromonas
gingivalis

Pneumonia

P. gingivalis was cultured from the lung
aspirates of patients with

aspiration pneumonia.
[62,63] 1974, 2005

P. gingivalis was detected in subglottic lavage
samples from intubated and mechanically

ventilated patients.
[64] 2021

COPD

Patients with higher IgG titers for
P. gingivalis-related antibodies had fewer

exacerbations and a lower rate of frequent
exacerbations than those with normal IgG titers.

[65] 2012

1. P. gingivalis detected in tracheal aspirates
from AECOPD patients was highly

homologous to the strains present in the
corresponding dental plaque.

2. The levels of P. gingivalis were higher in
tracheal aspirates than in oral samples from

AECOPD patients.

[66] 2014

The abundance of P. gingivalis was significantly
higher in COPD than in non-COPD patients. [67] 2017

Patients with COPD showed a statistically
remarkable negative correlation between

FEV1% and P. gingivalis content.
[68] 2019

Lung Cancer

1. P. gingivalis-stained sections were
significantly more frequent and intense in

cancerous tissues of small cell lung cancer, lung
adenocarcinoma, and lung squamous cell

carcinoma, compared with adjacent
lung tissues.

2. Lung cancer patients with P. gingivalis
infection also had significantly lower survival

rates and median survival times.

[69] 2021

The risk of developing lung cancer shows a
positive correlation with the serum levels of
IgG antibodies directed against P. gingivalis.

[70,71] 2023

Asthma

Higher IgG concentrations of
P. gingivalis-related antibodies were

significantly associated with a diminished
prevalence of asthma.

[72] 2006

Subcutaneously injected P. gingivalis reduces
airway responsiveness in ovalbumin-induced

asthma mice.
[73] 2010

Other Respiratory
Diseases

The presence of P. gingivalis has been detected
in the BALF of certain emphysema patients. [74] 2011

A case of subcutaneous chest wall abscess
caused by P. gingivalis infection is reported. [75] 2022
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Table 1. Cont.

Periodontopathogen Respiratory Disease Correlation References Year

Fusobacterium nucleatum

Pneumonia

A total of 54.8% of lower respiratory tract
specimens of patients with bacterial pneumonia

tested positive for F. nucleatum by
real-time PCR.

[76] 2017

F. nucleatum was found in the blood culture of
patients with orotracheal intubation and

demonstrated higher values in
mini-bronchoalveolar lavage, potentially

contributing to VAP.

[77] 2018

Reports the case of a patient who suffered from
pneumonia with chest wall invasion by

F. nucleatum.
[78] 2021

Reports four cases of F. nucleatum bacteremia
associated with coronavirus pneumonia. [79] 2021

The pharyngeal F. nucleatum was significantly
increased in COVID-19 patients and was higher

in male than female patients.
[80] 2021

COPD

1. A total of 60.8% of individuals with
AECOPD had F. nucleatum present in their

tracheal aspirates.
2. FEV1% of AECOPD patients gradually

decreased as the number of F. nucleatum rose.

[81] 2020

Lung Cancer

The presence of F. nucleatum is associated with
the risk of developing systemic cancers,

especially lung cancer among
postmenopausal females.

[82] 2016

Airway-enriched F. nucleatum before anti-PD-1
treatment was associated with resistance to

anti-PD-1 response in lung cancer.
[83] 2022

F. nucleatum was detected within pleural
effusions of lung cancer patients. [84] 2023

The risk of developing lung cancer shows a
positive correlation with the serum levels of
IgG antibodies directed against F. nucleatum.

[71] 2023

Other Respiratory
Diseases

IgA antibody levels against F. nucleatum in the
sputum of patients with acute exacerbations of

chronic bronchitis were on average 3.5 times
higher than in healthy controls.

[85] 2003

Examination of sputum from cystic fibrosis
patients utilizing 16S rRNA gene sequencing

illuminated that the relative abundance of
F. nucleatum exceeded 50%.

[86] 2015

COPD, chronic obstructive pulmonary disease; AECOPD, acute exacerbation of COPD; FEV1%, forced expiratory
volume in 1 s; BALF, bronchoalveolar lavage fluid; VAP, ventilator-associated pneumonia.

3.1. Pneumonia

It is widely acknowledged that dental plaque releases bacteria into saliva, which
can potentially be inhaled into the lower respiratory tract, leading to the development of
pneumonia [87]. Various types of oral anaerobic and facultative bacteria, such as P. gingivalis
and F. nucleatum, have been isolated from infected lung fluid [88].

As a primary pathogen of chronic periodontitis [89], P. gingivalis has been cultured from
the lung aspirates of approximately 40% of patients with aspiration pneumonia [63,90,91]
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and is similarly found in many lung infections leading to abscesses, necrotizing pneumonia,
and pulmonary edema [92]. Aspiration pneumonia is considered a major health problem in
the elderly [93,94] and poses a higher risk for patients with concomitant cognitive disorders
such as Alzheimer’s disease [95]. Furthermore, although the underlying route of infection
is not fully elucidated, the oropharyngeal tract is generally considered to be the most com-
mon route of infection in ventilator-associated pneumonia (VAP) [96]. Morillo et al. [64]
detected the presence of P. gingivalis obtained in subglottic lavage samples from intubated
and mechanically ventilated patients, suggesting a potential causal relationship between
P. gingivalis and the development of VAP. A moderate amount of evidence shows that im-
proved oral hygiene may reduce the risk of aspiration pneumonia in high-risk patients [97],
which offers a potential perspective on preventing aspiration pneumonia.

The association between F. nucleatum and pneumonia has been suggested in recent
studies. Hoffmeister et al. [78] reported a specific case of pneumonia where F. nucleatum
infection was identified as the causative agent and inferred that the patient’s inadequate
performed dental procedures were the likely source of the F. nucleatum infection. This
finding implies that F. nucleatum, present in the oral cavity, may potentially migrate to the
lungs and result in pneumonia. Moreover, in a study involving patients diagnosed with
bacterial pneumonia, more than half (54.8%) of lower respiratory tract specimens tested
positive for F. nucleatum by real-time PCR, further highlighting its potential involvement in
pneumonia pathogenesis [76]. Moreover, recent studies have demonstrated the potential
role of F. nucleatum to cause pneumonia in specific individuals. For patients with orotracheal
intubation, F. nucleatum was found in their blood culture and demonstrated higher values
in mini-bronchoalveolar lavage [77]. This finding demonstrates that F. nucleatum can be
transmitted not only through the respiratory tract but also through the blood circulation
to the lungs, potentially contributing to VAP [77]. What’s more, Bao et al. [80] reported
that the pharyngeal F. nucleatum was significantly increased in COVID-19 patients and
was higher in male than female patients, indicating that clinicians should pay careful
attention to the potential F. nucleatum coinfection when treating COVID-19 patients. In
addition, Wolff et al. [79] reported four cases of F. nucleatum bacteremia associated with
coronavirus pneumonia. According to their study, pulmonary inflammation secondary to
SARS-CoV-2 infection might promote the translocation of F. nucleatum, potentially leading
to anaerobe bacteremia. Thus, by assessing the association between F. nucleatum and
SARS-CoV-2, researchers may further understand the specific, synergistic, additive, or
antagonistic actions between SARS-CoV-2 and other oral microorganisms, which may affect
the outcomes of SARS -Cov-2 infection [98].

3.2. COPD

Studies have indicated that the lung microbiome samples are enriched with bacteria or
bacterial products common to the oral cavity in patients with COPD [99,100]. Wu et al. [67]
found that the abundance of Porphyromonas spp. was significantly higher in COPD than in
non-COPD patients. And another study further specifically showed that the prevalence
of P. gingivalis was higher in COPD patients than in the control participants [68]. Notably,
P. gingivalis detected in tracheal aspirates from acute exacerbation of COPD (AECOPD) pa-
tients was highly homologous to the strains present in the corresponding dental plaque [66].
Moreover, the levels of P. gingivalis were higher in tracheal aspirates than in oral sam-
ples [66]. This evidence suggests that P. gingivalis colonizing the lower respiratory tract and
lung is of oral origin and strongly associated with exacerbations of COPD. Additionally,
patients with COPD showed a statistically significant negative correlation between forced
expiratory volume in 1 s (FEV1%), the important index of lung function, and P. gingivalis
content [68]. Thus, the presence of P. gingivalis may accelerate the decrease in lung function
in COPD patients. Furthermore, Takahashi et al. [65] discovered that a normal IgG titer
for P. gingivalis-related antibody can be used to predict frequent exacerbations. According
to their study, patients with higher IgG titers had fewer exacerbations and a lower rate of
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frequent exacerbations than those with normal IgG titers [65], also suggesting the negative
correlation between P. gingivalis and COPD.

Li et al. [81] conducted a study revealing a correlation between respiratory infections
caused by F. nucleatum and the failure of antibiotic therapy as well as acute exacerbations
of COPD. The researchers identified F. nucleatum in the tracheal aspirates of 60.8% of indi-
viduals experiencing AECOPD. Notably, similar to the observations made with P. gingivalis,
the study found that as the quantity of F. nucleatum increased, patients’ FEV1% gradually
declined [81]. These findings suggest a potential association among F. nucleatum infections,
impaired response to antibiotic treatment, AECOPD, and a progressive decrease in lung
function among affected individuals. Further research on the microbiological connection
between periodontopathogens like P. gingivalis and F. nucleatum and COPD will make it
possible to develop novel methods for identifying, monitoring, and treating COPD.

3.3. Lung Cancer

It has been shown that P. gingivalis may engage in the occurrence and development
of multiple tumors, including lung cancer [101,102]. Perrone et al. [103] noted that the
invasion of microorganisms to the respiratory tract as well as the lung can influence the
pathogenesis, progression, and outcome of lung cancer. P. gingivalis-stained sections were
significantly more frequent and intense in cancerous tissues of small cell lung cancer,
lung adenocarcinoma, and lung squamous cell carcinoma, compared with adjacent lung
tissues [69]. This may result from the microenvironment of lung cancer tissues, which is
more favorable for P. gingivalis colonization and survival, thus causing an increase in the
abundance of P. gingivalis [69]. Furthermore, lung cancer patients with P. gingivalis infection
also had significantly lower survival rates and median survival times [69]. Moreover,
through the assessment of IgG antibodies specific to P. gingivalis within the serum of lung
cancer patients, a positive correlation has been established between the levels of these
antibodies and the susceptibility to developing lung cancer when contrasted with a cohort
of healthy controls [70,71]. This intriguing link between the level of antibodies targeting
P. gingivalis and the associated risk of lung cancer highlights a potential role of P. gingivalis
in lung cancer pathogenesis.

In addition, statistical analysis showed a correlation between the presence of F. nuclea-
tum and the risk of developing systemic cancers, especially lung cancer [82]. In a manner
akin to the observations made regarding P. gingivalis, there exists a positive correlation
between serum levels of IgG antibodies targeting F. nucleatum and the occurrence of lung
cancer [71]. This alignment between the antibody levels and lung cancer underscores
a potential association between F. nucleatum and the pathogenesis of lung cancer, merit-
ing further investigation. Chu et al. [83] found that airway-enriched F. nucleatum before
anti-PD-1 treatment was associated with resistance to anti-PD-1 response in lung cancer,
suggesting F. nucleatum may not only be related to the development of lung cancer, but
also increase the resistance of cancer tissue to immunotherapy. While some investigations
have documented the detection of F. nucleatum within pleural effusions of lung cancer
patients [84], specific evidence establishing a direct correlation between F. nucleatum and
lung cancer remains relatively limited. In broader terms, there exists a need for further
extensive research to delve into the potential role of periodontopathogens in the intricate
process of carcinogenesis.

3.4. Asthma

Examination of IgG antibody levels against P. gingivalis within serum samples has
highlighted an observation—higher concentrations of IgG antibodies were significantly
associated with a diminished prevalence of asthma [72]. Notably, a study involving an
asthma mouse model, induced using ovalbumin, further substantiated this notion. The
mice, sensitized with ovalbumin, were subsequently introduced to P. gingivalis subcuta-
neously. Interestingly, while P. gingivalis infection did not impact the inflammatory state
of the mice, it did exhibit the ability to reduce airway responsiveness [73]. This intriguing
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finding provides support for a potentially negative correlation between P. gingivalis and the
occurrence of asthma. This inverse association aligns harmoniously with the hypothesis
suggesting that early infections could potentially act as preventive measures against allergic
diseases [104].

3.5. Other Respiratory Diseases

The presence of P. gingivalis has been detected in the bronchoalveolar lavage fluid
(BALF) of certain emphysema patients who have undergone lung transplantation [74].
Furthermore, a documented case highlighted a subcutaneous chest wall abscess attributed
to P. gingivalis, as reported by Akane et al. [75]. An examination of sputum from cystic
fibrosis patients utilizing 16S rRNA gene sequencing has illuminated a substantial colo-
nization of F. nucleatum within the airways, with a relative abundance exceeding 50% [86].
Furthermore, an investigation into the levels of IgA antibodies against F. nucleatum within
sputum from patients experiencing acute exacerbations of chronic bronchitis revealed a
noteworthy finding. The antibody levels were, on average, 3.5 times higher in patients
with acute exacerbations in comparison to healthy controls [85]. These cumulative observa-
tions shed light on the multifaceted interactions between P. gingivalis and F. nucleatum and
respiratory health.

4. Potential Pathogenic Mechanisms of P. gingivalis and F. nucleatum in
Respiratory Diseases
4.1. Induction of Mucus Hypersecretion and Airway Inflammation

Mucus hypersecretion and persistent airway inflammation are common pathologi-
cal features of several respiratory diseases, such as pneumonia [105], COPD [106], and
asthma [107]. In healthy individuals, airway mucus acts as an extracellular barrier to protect
the tract from physical, chemical, and biological irritants [108]. However, in the case of lung
infection, the large amount of mucus secreted from the airways and lungs can seriously
affect the ventilation function of the airways and the exchange of oxygen in the alveoli,
leading to hypoxemia and even asphyxia, which is one of the important causes of death in
severe respiratory diseases [109]. Moderate inflammation of the organism can clear bacteria
and protect the lower respiratory tract and lung in the face of bacterial invasion, but long-
term chronic inflammation can cause irreversible damage to the organism [110]. Excessive
inflammatory responses have even been linked to the development of cancer [111].

MUC5AC is a mucus-forming mucin widely found in the human respiratory tract [112].
Both F. nucleatum and P. gingivalis enhance the expression of the MUC5AC gene and protein
in the lungs of mice [113,114] (Figure 1A), and the increased concentration of MUC5AC
contributes to the development and exacerbation of COPD [115].

Heat-inactivated P. gingivalis can induce IL-6 and IL-8 mRNA expression in human
bronchial epithelial cells and pharyngeal epithelial cells via toll-like receptor 2 (TLR-2),
thereby promoting the production of proinflammatory cytokines [9] (Figure 1C). Similar
results have been observed in animal models. TNF-α, IL-6, monocyte chemoattractant
protein-1 (MCP-1), and C-reactive protein (CRP) levels in peripheral blood were dramati-
cally increased in mice 24 h after injection of P. gingivalis into the trachea [116] (Figure 1C).
IL-6 is a pleiotropic cytokine that promotes T-helper 2 (Th2) cell- and Th17 cell-mediated
immune responses. IL-8, a pro-inflammatory cytokine, promotes the production of extra-
cellular matrix by lung fibroblasts, in addition to promoting the chemotaxis of neutrophils
to the site of injury [117]. Elevated levels of IL-6 and IL-8 expression in sputum and plasma
of COPD patients may be associated with severe acute exacerbations of COPD [118,119].
TNF-α is a potent NF-κB activator that amplifies neutrophil inflammation and activates
macrophages, which may be associated with the development of COPD and lung can-
cer [120,121]. MCP-1 is an activator of monocytes, T-lymphocytes, and B-lymphocytes
involved in the recruitment and activation of airway inflammatory cells [122]. CRP refers
to a group of proteins that rise sharply in plasma when the body is exposed to infection or
tissue damage and is a biomarker for assessing secondary infections in pneumonia and
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acute exacerbations of COPD [123–125]. It is worth noting that the production of these
pro-inflammatory cytokines may be closely related to gingipain. Mice inoculated with
P. gingivalis strains with knockout gingipain-related genes developed only transient and
mild lung inflammation, without alterations in the levels of TNF-α, IL-6, and MCP-1, while
all mice inoculated with wild-type P. gingivalis developed respiratory failure [116].
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Figure 1. Separate pathogenic effects of P. gingivalis and F. nucleatum. (A) Both P. gingivalis (P.g)
and F. nucleatum (F.n) can promote the expression of MU5AC genes and proteins thereby causing
increased mucus in the lungs. (B) F. nucleatum invades the lung and induces the production of
IL-1β, IL-6, TNF-α, MMP-9, and MMP-12, leading to lung inflammation and degradation of the
extracellular matrix and basement membrane of the airways and lungs. (C) P. gingivalis invades the
lung and induces the production of IL-6, IL-8, TNF-α, MCP-1, and CRP, leading to lung inflammation.
(D) Outer membrane vesicles (OMVs) secreted by P. gingivalis containing a variety of virulence factors,
such as LPS, fimbriae, and C-terminal domain (CTD) proteins, on the one hand, cause changes in
cell morphology and promote apoptosis. On the other hand, OMVs can disrupt the tight junctions
between cells and destroy the respiratory barrier.

Similar to P. gingivalis, heat-inactivated F. nucleatum strongly induced IL-6 and IL-8
production in bronchial epithelial cells, pharyngeal epithelial cells, and alveolar epithelial
cells in a density-dependent manner [126,127] (Figure 1B). And analogous results were
found in another study of respiratory epithelial cells treated with F. nucleatum culture
supernatants [128]. Li et al. [129] showed that F. nucleatum could upregulate the secre-
tion of IL-1β, IL-6, and TNF-α in alveolar epithelial cells (Figure 1B). The mechanism
by which F. nucleatum mediates the production of inflammatory mediators by multiple
respiratory epithelial cells may be jointly dependent on heme secretion [127]. IL-1β is
associated with macrophage activation and neutrophil inflammation. NOD-, LRR-, and
pyrin domain-containing protein 3 (NLRP3) inflammasomes may induce an acute exacer-
bation of the respiratory inflammatory response by increasing IL-1β expression [130,131].
Matrix metalloproteinases (MMPs) can break down the extracellular matrix and basement
membrane of the airways and lungs, thus participating in the reconstruction of the airways
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and lungs [132]. On top of that, MMPs regulate the activity of other proteases and cy-
tokines [133]. Thus, MMPs play an essential role in the pathogenesis of respiratory diseases
such as pneumonia [132] and COPD [134]. After the administration of F. nucleatum into the
lung and trachea of mice, an increase in the expression of MMP-9 [135] and MMP-12 [136]
was observed in the BALF of mice (Figure 1B). F. nucleatum induces MMPs expression
potentially via activated mitogen-activated protein kinases (MAPKs) and NF-κB in human
alveolar epithelial cells [135].

4.2. Cytotoxic Effects

As fundamental cellular processes, a balance must be maintained between autophagy
and apoptosis to maintain basic cellular functions and tissue homeostasis [137]. OMVs of
P. gingivalis induce cellular morphological changes such as cell shrinkage, membrane bleb-
bing, and cytoplasmic expulsion in alveolar epithelial cells (Figure 1D), thereby reducing
cellular activity and promoting apoptosis in a dose- and time-dependent manner [138,139].
Additionally, OMVs produced by P. gingivalis can also disrupt the intact distributions of
tight junctions between cells [138] (Figure 1D), which may cause damage to the respiratory
barrier, thereby leading to pneumonia, COPD, and other lung diseases [140–142]. OMVs
are bilayer spherical vesicles formed and secreted by P. gingivalis and contain a variety of
virulence factors of P. gingivalis, such as LPS [143], fimbriae [144], and C-terminal domain
(CTD) proteins [145]. OMVs protect proteins from hydrolysis and transport to other parts
of the body, and also act synergistically with other bacterial products [30]. Therefore,
P. gingivalis can still exert toxic effects via OMVs even in areas that P. gingivalis cannot reach.
Elevated perforin was detected in the BALF of mice inoculated with F. nucleatum [136].
Natural killer (NK) cells can kill autologous lung epithelial cells via the perforin–granzyme
pathway [146].

4.3. Synergistic Pathogenic Effects with Respiratory Pathogens

Since both P. gingivalis and F. nucleatum are obligate anaerobic bacteria, they have
difficulty surviving in the aerobic environment of the lungs for long periods. Neither P. gin-
givalis nor F. nucleatum infection alone can cause significant lung disease in mice [129,147].
However, P. gingivalis and F. nucleatum may interact with other respiratory pathogens to
promote the development of lung diseases.

4.3.1. P. gingivalis and Streptococcus pneumoniae

P. gingivalis culture supernatant promotes S. pneumoniae adhesion to cells by induc-
ing increased platelet-activating factor receptor (PAFR) expression in alveolar epithelial
cells [148] (Figure 2A). Moreover, among the main components of P. gingivalis culture
supernatant (LPS, fimbriae, and gingipain), only Arg-gingipain enhanced the adhesion
of S. pneumoniae [148]. PAFR is a transmembrane G protein-coupled receptor that not
only binds to PAF, and thus mediates inflammation [149], but also a primary receptor
for S. pneumoniae adhesion and invasion of the lung [150]. Increased PAFR expression in
respiratory epithelial cells has been proven to be associated with a variety of lung diseases
such as pneumonia [150], COPD [151], and lung cancer [152]. Mixed infection with P. gingi-
valis and S. pneumoniae enhanced gene as well as protein expression of pro-inflammatory
cytokines and chemokines such as IL-1β, TNF-α, and IL-17 in mouse lungs compared with
S. pneumoniae infection alone [147] (Figure 2A). In contrast, P. gingivalis culture supernatant
infection alone did not induce an inflammatory response in the lungs of mice [147], so
P. gingivalis may play an indirect role in pneumonia by enhancing the inflammation caused
by S. pneumoniae.
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Figure 2. Synergistic pathogenic effects of P. gingivalis and F. nucleatum with respiratory pathogens.
(A) P. gingivalis (P.g) induced the expression of platelet-activating factor receptor (PAFR), which
promoted the invasion of respiratory epithelial cells by Streptococcus pneumoniae (S.p). Mixed infection
with both bacteria significantly increased the levels of IL-1β, TNF-α, and IL-17 in the lungs, compared
with S. pneumoniae infection alone. (B) P. gingivalis and P. aeruginosa (P.a) co-cultures can mutually
invade respiratory epithelial cells, although P. gingivalis inhibited P. aeruginosa-induced apoptosis
via the STAT3 signaling pathway during the early stage of co-infection. (C) F. nucleatum (F.n) and
P. aeruginosa co-aggregate to form more complex biofilms and jointly invade respiratory epithelial
cells. Co-infection of the two species effectively increased the levels of IL-1β, TNF-α, and IL-6 in
the lungs.

4.3.2. P. gingivalis and Pseudomonas aeruginosa

P. gingivalis and P. aeruginosa co-cultures can mutually invade alveolar epithelial cells,
but, interestingly, P. gingivalis inhibits P. aeruginosa-induced apoptosis in the early stages
of infection [153] (Figure 2B). P. gingivalis may help P. aeruginosa cause long-term chronic
infection in the lung by delaying the apoptosis of host cells. The signal transducer and
activator of transcription 3 (STAT3), a DNA-binding protein, is involved in the regulation
of various cellular processes such as proliferation, survival, differentiation, and angio-
genesis [154]. P. gingivalis regulates P. aeruginosa-induced apoptosis through the STAT3
signaling pathway [153].

4.3.3. F. nucleatum and P. aeruginosa

F. nucleatum can promote the proliferation of P. aeruginosa and co-form with it a more
structurally and functionally diverse biofilm [81] (Figure 2C). When F. nucleatum and
P. aeruginosa were co-cultured, F. nucleatum could survive and reproduce under aerobic
conditions [81]. This may be because P. aeruginosa growth consumes dissolved oxygen in
the medium, thus creating anaerobic conditions for F. nucleatum [155]. When F. nucleatum
and P. aeruginosa co-infected with alveolar epithelial cells, the two bacteria could adhere
to the alveolar epithelial cells after co-aggregation and also enhanced the invasive ability
of both bacteria [129] (Figure 2C). F. nucleatum increased P. aeruginosa-induced secretion
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of IL-1β, TNF-α, and IL-6 in pulmonary epithelial cells and also amplified the cytotoxic
effects of P. aeruginosa on pulmonary epithelial cells [129] (Figure 2C). The coexistence
of F. nucleatum and P. aeruginosa appears to exacerbate the detrimental impact on the
lungs of individuals with COPD. This observation potentially elucidates why patients
who are co-infected with both F. nucleatum and P. aeruginosa experience a more accelerated
decline in lung function [81]. Furthermore, it has been observed that as the quantity of
F. nucleatum increases, the decrease in lung function becomes more pronounced [81]. These
findings suggest that the presence of F. nucleatum amplifies the deleterious effects caused
by P. aeruginosa, contributing to a more rapid deterioration of lung function in COPD
patients. In dual-species biofilms, the characteristic adhesin FadA of F. nucleatum can
reduce the antibiotic sensitivity of biofilms [81], which may be one of the underlying factors
contributing to the increased risk of exacerbations and poorer outcomes in COPD patients
with P. aeruginosa co-infection. [156].

5. Discussion and Perspectives

In vitro cellular experiments and animal studies together provide ample evidence
that P. gingivalis and F. nucleatum adversely affect respiratory diseases through a variety
of possible mechanisms. P. gingivalis and F. nucleatum and their products may reach the
lower respiratory tract and lung through saliva aspiration and blood circulation, causing
chronic inflammation and apoptosis in the respiratory system. On the one hand, interacting
with other respiratory pathogens exerts stronger virulence on the lungs. P. gingivalis
and F. nucleatum can hardly survive in the lungs alone for a long time in an aerobic
environment but may colonize the lungs in synergy with other respiratory pathogenic
bacteria such as P. aeruginosa. In turn, colonized P. gingivalis and F. nucleatum can enhance the
virulence of respiratory pathogens (including the induction of apoptosis in inflammation).
Chronic, low-grade, unresolved inflammation underlies the development of multiple
diseases throughout the body including respiratory and periodontal diseases [157,158]. The
potential function of P. gingivalis and F. nucleatum links periodontal diseases and respiratory
diseases. More studies are still needed to clarify the mechanisms of the role of P. gingivalis
and F. nucleatum in the pathogenesis of respiratory diseases. Considering the critical role
played by P. gingivalis and F. nucleatum in the pathogenesis of periodontal diseases, future
research could focus on the link between periodontal diseases and respiratory diseases by
specific periodontal pathogenic bacteria.

More importantly, the achievements of basic research should be translated into
clinical applications, providing a theoretical basis for the development of new treat-
ment options for periodontal and respiratory diseases. Although there are randomized
controlled trials demonstrating that periodontal treatment improves lung function and
reduces the frequency of pulmonary disease exacerbations [159–164], there is no clear
evidence that the treatment against P. gingivalis and F. nucleatum reduces the risk or inci-
dence of respiratory diseases. Gingipains and FadA are, respectively, the main virulence
factors of P. gingivalis and F. nucleatum that induce the production of pro-inflammatory
cytokines in the lower respiratory tract and lung and act synergistically with other respi-
ratory pathogenic bacteria [165,166]. Thus, targeted therapy against key virulence factors
produced by P. gingivalis and F. nucleatum, such as gingipains and FadA, may ameliorate
respiratory diseases.
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Abstract: Background: Neuronal apoptosis is a major contributor to Alzheimer’s disease (AD). Peri-
odontitis is a significant risk factor for AD. The periodontal pathogens Porphyromonas gingivalis and
Treponema denticola have been shown to initiate the hallmark pathologies and behavioral symptoms of
AD. Studies have found that T. denticola infection induced Tau hyperphosphorylation and amyloid
β accumulation in the hippocampi of mice. Aβ accumulation is closely associated with neuronal
apoptosis. However, the roles of T. denticola in neuronal apoptosis remain unclear and its roles in AD
pathology need further study. Objective: This study aimed to investigate whether oral infection
with T. denticola induced alveolar bone loss and neuronal apoptosis in mice. Methods: C57BL/6
mice were orally administered with T. denticola, Micro-CT was employed to assess the alveolar
bone resorption. Western blotting, quantitative PCR, and TUNEL staining were utilized to detect
the apoptosis-associated changes in mouse hippocampi. N2a were co-cultured with T. denticola to
verify in vivo results. Results: Mice infected with T. denticola exhibited more alveolar bone loss
compared with the control mice. T. denticola oral infection induced neuronal apoptosis in hippocampi
of mice. Consistent results of the apoptosis-associated protein expression were observed in N2a
cells treated with T. denticola and Aβ1–42 in vitro. However, the Aβ inhibitor reversed these results,
suggesting that Aβ1–42 mediates T. denticola infection-induced neuronal apoptosis. Conclusions: This
study found that oral infected T. denticola caused alveolar bone loss, and induced neuronal apopto-
sis by promoting Aβ accumulation in mice, providing evidence for the link between periodontitis
and AD.

Keywords: Treponema denticola; Alzheimer’s disease; chronic periodontitis; neuronal apoptosis;
amyloid-β accumulation; Porphyromonas gingivalis

1. Introduction

Alzheimer’s disease (AD) is a progressive and irreversible neurodegenerative disorder
characterized by memory and cognitive decline, disorientation, and personality changes [1].
It is a chronic disease with a high incidence of 10–50% in people over age 65, affects 43.8 mil-
lion people worldwide, and is the fifth leading cause of death in the world [2,3]. Senile
plaques composed of Aβ, neurofibrillary tangles (NFTs) formed by hyperphosphorylated
tau, and progressive loss of synapses and neurons [4] are pathological hallmarks of AD.
The causes of AD are unclear. However, patients with AD exhibit neuroinflammation
associated with infection, including microglial cell activation and altered inflammatory
factor profiles, implying that infection may be an etiology of AD [5].
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Chronic periodontitis is a common and widespread oral infectious disease [6]. Peri-
odontal pathogens and their virulence factors, such as Porphyromonas gingivalis (P. gingivalis)
and Treponema denticola (T. denticola), can enter distant organs through the circulatory sys-
tem via erosive and swollen periodontal tissue, resulting in the onset and progression of
a variety of systemic diseases [7]. Chronic periodontitis has been identified as a major
risk factor for AD [8–10]. Epidemiological investigations have shown that the degree of
cognitive impairment in patients with severe periodontitis is three times greater than that
of patients with mild periodontitis or without periodontitis [11]. In the elderly with normal
cognitive function, alveolar bone resorption is positively correlated with Aβ deposition
in brain tissues [12]. Studies have shown that P. gingivalis can enter the brain tissue of AD
patients, and induce Aβ accumulation [13,14], tau hyperphosphorylation, neuroinflamma-
tion, and neuron loss [15,16]. Furthermore, as a predominant spirochete in the subgingival
plaque of the gingival crevice and periodontal pocket, a possible link between T. denticola
and AD has been reported [17]. One study demonstrated that spirochetes were found
in 91 percent of 495 brain and blood samples from AD patients, but 0 percent of 185 samples
from controls [18]. T. denticola has also been detected in the postmortem brain tissues of
AD patients using PCR [19]. Our previous research demonstrated that oral infections of
T. denticola could promote AD pathology in the hippocampi of mice, including an increase
in Aβ burden [20], tau hyperphosphorylation, and neuroinflammation [21]. However,
further studies are needed to determine the relationship between T. denticola and AD.

Neuronal apoptosis is a major contributor to neurodegenerative disorders such as AD,
Parkinson’s disease, and amyotrophic lateral sclerosis [22]. Johnson reported on the po-
tential role of neuronal apoptosis in AD in 1994 [23]. Numerous studies have found
the relationship between Aβ and neuronal apoptosis in AD [24,25]. Aβ accumulation,
in particular, contributes to neurodegeneration by activating pro-apoptotic proteins to
induce mitochondrial dysfunction [26]. Zhao and Huang et al. discovered that intracellular
Aβ aggregation occurred in the early stages of AD, and Aβ aggregation in the cytoplasm
might cause structural damage in synapses, functional abnormalities, and neuronal apopto-
sis [27]. Kawahara reported that Aβ oligomers caused neuronal cell death in the later stage
of AD [28]. The most common subtypes of Aβ, Aβ1–40, and Aβ1–42 are neurotoxic and play
key roles in neuronal apoptosis and cognitive impairment in AD [29]. T. denticola infection
induced Aβ1–40 and Aβ1–42 accumulation in mouse hippocampi in our previous study [20].
Therefore, we hypothesized that T. denticola infection might induce neuronal apoptosis and
accelerate the pathological progression of AD by increasing the Aβ burden.

In this study, a mouse model was used to investigate whether oral infection with
T. denticola induced alveolar bone resorption and neuronal apoptosis in the hippocampi.
Mouse neuroblastoma N2a cells were incubated with T. denticola suspension in vitro to
validate the pro-apoptotic effect and underlying mechanisms.

2. Results
2.1. T. denticola Induced Alveolar Bone Resorption and Neuronal Apoptosis in the Mouse Hippocampi

T. denticola and P. gingivalis were detected in the saliva of all mice administered
the specific bacteria orally, indicating that the bacteria colonized successfully (Figure S2).
ABL was measured as the distance from the cementoenamel junction (CEJ) of the second
maxillary molar to the alveolar bone crest (ABC) in three-dimensional reconstruction
images. The Micro-CT images revealed that mice infected with T. denticola and P. gingivalis
exhibited significantly more ABL than control mice (Figure 1A). TUNEL staining results
revealed that hippocampi of mice in the T. denticola infection group and the P. gingivalis
infection group exhibited significantly higher apoptosis rates than those in the blank
control group (Figure 1B). The expression of cleaved caspase-3 was determined by western
blotting. As shown in Figure 1C, the level of cleaved caspase-3 was significantly higher
in the hippocampi of the T. denticola and the P. gingivalis infection groups compared with
the blank control group.
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Figure 1. Oral infection with T. denticola induced alveolar bone resorption and neuronal apoptosis
in the hippocampi of mice. (A) Morphometric evaluation of total horizontal ABL in mice. The yellow
dotted line indicates the area between the CEJ of the maxillary molar and the ABC; (B) The apop-
tosis rate in the hippocampi of mice was examined using TUNEL staining, n = 4 mice per group.
(C) The protein levels of cleaved caspase-3 in the mouse hippocampus were examined by western
blotting, n = 3 mice per group. Results are presented as the mean ± SD, ***: p < 0.001, ****: p < 0.0001.

2.2. T. denticola Oral Infection Regulated the Expressions of Apoptosis-Associated Genes
and Proteins

The hippocampi of T. denticola- or P. gingivalis- infected mice had higher levels of
BCL2-like 11 (Bim) and BCL2-associated X protein (Bax), and lower levels of B cell leukemia/
lymphoma 2 (Bcl2) and Bclw compared with the sham group (Figure 2A). Furthermore, Bclw
showed the greatest change. Gene expression levels of Jnk2, Jnk3, and Smac were examined,
and the results revealed that the expression levels of Jnk2 and Smac were significantly
up-regulated (Figure 2A). Moreover, BCL-W protein was significantly down-regulated,
whereas SAPK/JNK and SMAC were significantly up-regulated in the hippocampi of
the T. denticola- or P. gingivalis-infected groups (Figure 2B).
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Figure 2. T. denticola oral infection regulated the expression levels of apoptosis-associated genes
and proteins. (A) The gene expression levels of Bclw, Bcl2, Bik, Bax, Bak, Bad, Jnk2, Jnk3, and Smac
in the hippocampi of mice were measured using Quantitative real-time PCR (qRT-PCR). The values
are shown as the mean ± SD of three independent experiments, n = 4 mice per group. (B) The protein
levels of BCL-W, SAPK/JNK, and SMAC in the mice hippocampi were examined by western blotting,
and the results were quantitatively analyzed. Results are presented as the mean ± SD, n = 3 mice per
group *: p < 0.05, **: p < 0.01, ***: p < 0.001.

2.3. Amyloid-β1–42 Mediated T. denticola Infection-Induced Neuronal Apoptosis

To test if T. denticola directly promoted neuronal apoptosis, N2a cells were cultured
with T. denticola. The results showed that apoptosis and the protein level of cleaved
caspase-3 were significantly higher in N2a cells co-cultured with T. denticola than those
in the control group, which was consistent with the results in vivo (Figure 3A,B). To further
explore the potential mechanisms, N2a cells were stimulated with Aβ1–40, and Aβ1–42.
The apoptosis rates were significantly increased in the Aβ1–42- and T. denticola-treated
groups, whereas there was no statistical difference between the Aβ1–40 group and the con-
trol group (Figure 3A). The levels of cleaved caspase-3 of Aβ1–42- and T. denticola-treated
groups were significantly higher than in the control group (Figure 3B). The expression
levels of SAPK/JNK and SMAC proteins were increased, while the expression of BCL-
W protein was decreased in both the Aβ1–42- and T. denticola-treated groups (Figure 3C).
The expression levels of cleaved caspase-3 and BCL-W changed after Aβ1–40 treatment,
while the expression levels of SAPK/JNK and SMAC did not differ between the Aβ1–40
and control groups (Figure 3B,C).
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Figure 3. T. denticola and Aβ1–42 induced apoptosis in N2a cells via a similar mechanism. (A) N2a
cells were co-cultured with T. denticola, Aβ1–40, and Aβ1–42, and the apoptosis rate was examined
using TUNEL staining. (B) The protein levels of cleaved caspase-3 in N2a cells in each group were
examined by western blotting, and the results were quantitatively analyzed. (C) The protein levels
of SAPK/JNK, BCL-W, and SMAC in N2a cells in each group were examined by western blotting,
and the results were quantitatively analyzed. Results are presented as the mean ± SD, *: p < 0.05,
***: p < 0.001, n = 3 per experiment.

Moreover, the N2a cells were pretreated with an Aβ inhibitor KMI1303, then cocul-
tured with T. denticola. The apoptosis rate was significantly decreased following KMI1303
treatment (Figure 4A). Compared with the T. denticola-treated group, the levels of cleaved
caspase-3, SMAC, and SAPK/JNK were significantly decreased, and the level of BCL-W,
was significantly increased in N2a cells pretreated with KMI1303 (Figure 4B). All the results
suggest that Aβ1–42 mediates T. denticola infection-induced neuronal apoptosis.
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Figure 4. Amyloid-β mediated the effect of T. denticola infection on neuronal apoptosis. (A) N2a
cells were pretreated with KMI1303, then co-cultured with T. denticola, and the apoptosis rate was
examined using TUNEL staining. (B) The protein levels of cleaved caspase-3, BCL-W, SAPK/JNK,
and SMAC in N2a cells in each group were assessed by western blotting, and the results were
quantitatively analyzed. Results are presented as the mean ± SD, *: p < 0.05, **: p < 0.01, ***: p < 0.001,
n = 3 per experiment.

3. Discussion

Chronic periodontitis has been identified as a significant risk factor for AD [12]. In-
fection with periodontal pathogens, such as P. gingivalis and T. denticola, promotes AD
pathogenesis in the hippocampi of mice, including Aβ accumulation, tau hyperphosphory-
lation, and inflammatory responses [13,14,16]. Noguchi and Moore reported that T. denticola
could infect the cerebral cortex and cause atrophic dementia, cortical atrophy, and local
amyloidosis as early as 1913 [30]. Increasing numbers of studies have suggested that T. den-
ticola may contribute to AD pathogenesis [17,31–33]. Our previous study found that oral
T. denticola infection caused bacterial invasion in the brain and increased the Aβ burden
in the hippocampi of mice. Aβ accumulation is closely associated with neuronal apoptosis,
which is a key factor in the pathological process of AD [22]. In this study, we aimed to
explore how T. denticola induces neuronal apoptosis in AD.

We found an increased neuronal apoptosis rate following T. denticola exposure in vivo
and in vitro. Based on our previous study, P. gingivalis infection was used as a positive
control for apoptosis in mouse hippocampi. Our findings were consistent with previous
research that found apoptotic changes in AD brain tissue slices, with apoptosis rates
in patients with AD up to 50 times higher compared to those in the control group [34,35].
The caspase family of proteins is a primary apoptosis effector, among which cleaved
caspase-3 is a marker of early apoptosis [36–38]. Therefore, we measured the expression of
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cleaved caspase-3 both in vivo and in vitro. The results showed that the levels of cleaved
caspase-3 were significantly higher in the hippocampi of mice infected with T. denticola
and in N2a cells stimulated with T. denticola. These findings indicated that T. denticola oral
infection could induce neuronal apoptosis.

To investigate the potential mechanism by which T. denticola oral infection triggered
apoptosis in the hippocampi of mice, we further looked at the mRNA levels of Bcl2 and its
family members, Jnk2, Jnk3, and Smac, which are important in regulating the mitochondrial
pathway in apoptosis. The BCL-2 protein family regulates cellular life and death signals and
mediates intrinsic apoptotic pathways [39]. Studies have reported that aberrant expression
of BCL-2 family proteins is closely related to AD [40]. Pro-survival (e.g., BCL-2, BCL-XL,
BCL-W) and pro-death (e.g., BAK, BAX, BID, BIM, BIK) proteins are members of the BCL-2
family. We found that Bcl-2 and Bclw were down-regulated and Bax and Bim were up-
regulated, with Bclw showing the most significant change. BCL-W is an anti-apoptotic
protein that protects against AD pathology in vivo and in vitro [41]. In addition, BCL-W
has been shown to protect neurons from Aβ-induced neuronal apoptosis by inhibiting
the mitochondrial release of SMAC [42]. Consistent with these findings, our study provided
further evidence of the role of BCL-W in neuronal apoptosis.

SAPK/JNK, a distant member of the mitogen-activated protein kinase (MAPK) super-
family, has previously been shown to trigger neuronal degeneration and death in different
brain pathological conditions and diseases [43,44]. JNK has three isoforms (JNK1, 2, and 3)
that can play different roles in the regulation of apoptosis [45]. JNK activation has been
linked to transcriptional regulation of BCL-2 family members and plays a critical role in neu-
ron death, senile plaque formation, and tau phosphorylation in AD [46–48]. Moreover,
Yao et al. reported that Aβ reduced BCL-W protein levels via a JNK-dependent mecha-
nism [46]. A previous study found that SMAC/DIABLO, a mitochondrial protein that may
promote apoptosis by neutralizing one or more members of the IAP family of apoptosis
inhibitory proteins [49]. SMAC was released from the mitochondrial inner membrane
space into the cytoplasm to bind and activate caspases under pro-apoptotic conditions and
in response to mitochondrial outer membrane permeabilization [50]. However, BCL-W
inhibited the release of SMAC from mitochondria and prevented apoptosis [51]. Stud-
ies have suggested that downregulation of BCL-W and subsequent SMAC release might
be key components in the pathway of Aβ-induced neuronal apoptosis [46]. Consistent
with these findings, we discovered that in response to T. denticola infection, BCL-W was
down-regulated, while SAPK/JNK and SMAC were up-regulated, implying that T. denticola
may induce neuronal apoptosis via activation of the JNK pathway, down-regulation of
the anti-apoptotic protein BCL-W, and release of the pro-apoptotic protein SMAC. However,
further studies are needed to address the role of T. denticola infection in neuronal apoptosis
in AD.

Aβ aggregation is a key step in the pathological process of AD. Previous research has
shown that Aβ accumulated primarily extracellularly in brain tissue [52]. An increasing
number of studies have found evidence for intracellular accumulation of Aβ [53–55]. In our
previous study, we found that T. denticola can enter the mouse hippocampus and directly
induce intra- and extracellular Aβ1–40 and Aβ1–42 accumulation in the hippocampus [20].
As Aβ is known to be neurotoxic and may mediate neuronal apoptosis through endogenous
pathways, we hypothesized that T. denticola infection and Aβ might promote neuronal
apoptosis through similar mechanisms. In the present study, Aβ1–42- and T. denticola-treated
N2a cells showed increased apoptosis, up-regulation of cleaved caspase-3, SAPK/JNK,
and SMAC, and down-regulation of BCL-W. Moreover, an Aβ inhibitor reversed the T. den-
ticola-induced N2a cell apoptosis. KMI1303 is an inhibitor of β-secretase known to inhibit T.
denticola-inducing Aβ production. In our previous study, we confirmed that the expression
of Aβ1–42 in the KMI1303-treated group is significantly lower than that in the coculture
group [20]. These results suggested that Aβ1–42 was involved in the effect of T. denticola
infection on neuronal apoptosis. Aβ aggregation was found to be the initiating factor
in neuronal degeneration in mice, and intracerebral injection of Aβ1–42 induced neuronal
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damage and caspase cleavage in the hippocampi of rats [56–58]. Mitochondrial apoptotic
pathways that trigger mitochondrial dysfunction and DNA damage in Aβ-exposed cells
are likely involved in the Aβ neuronal toxicity cascade [59]. Furthermore, Aβ induced
apoptosis by modulating the expression of apoptosis-related genes, such as the BCL-2
family of proteins [60]. Longpre et al. observed JNK activation in Aβ-treated neurons and
inhibition of JNK activation significantly attenuated Aβ-induced neuronal toxicity [61].
These results suggested that Aβ1–42 might mediate the effect of T. denticola on neuronal
apoptosis by reducing BCL-W expression via JNK activation, resulting in SMAC release
(Figure 5).
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Figure 5. Schematic overview of T. denticola-induced neuronal apoptosis. T. denticola infection induces
Aβ accumulation in hippocampi, Aβ induces neuronal apoptosis via activation of the JNK pathway,
down-regulation of the anti-apoptotic protein BCL-W, and release of the pro-apoptotic protein SMAC.

It is worth noting that previous studies have provided evidences that P. gingivalis plays
a critical role in the pathogenesis of AD by inducing Aβ accumulation, Tau hyperphospho-
rylation, neuronal apoptosis, and neuroinflammation in mice [13–16]. Therefore, we set
P. gingivalis-infection group as positive control, and the results showed that T. denticola-
and P. gingivalis-infection groups had no significant difference in neuronal apoptosis, thus
we did not set a P. gingivalis-infection in vitro experiments and mainly focused on the impact
and mechanism of T. denticola infection in AD.

Further studies are needed to determine how oral T. denticola treatment could induce
intracranial infection and neuro-amyloidosis. Several studies have revealed the relationship
between chronic periodontitis or periodontal pathogens and blood-brain barrier (BBB)
damage [62–64]. Pathogens and/or their virulence factors entering the brain facilitate BBB
disruption in AD, which may be an early feature of the disease [65]. Future research needs
to explore whether T. denticola infection disrupts the integrity of the hippocampal BBB
and whether virulence factors of T. denticola can enter the hippocampus and play a role
in the pathogenesis of AD.

4. Materials and Methods
4.1. Bacterial Strains and Culture Conditions

T. denticola ATCC 35405 was cultured in a new oral spirochete (NOS) medium in an
anaerobic system as described previously [20]. P. gingivalis ATCC 33277 was cultured
in a brain-heart infusion medium (OXOID, Basingstoke, UK) supplemented with defib-
rinated sheep blood, hemin (0.5 mg/mL), and menadione (10 mg/mL) in an anaerobic
system (Gene Science, Cambridge, MA, USA) [15]. Bacterial were collected and washed
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twice with PBS. Bacterial concentrations were measured using a spectrophotometer at
an optical density of 600 nm, then diluted with PBS containing 3% carboxymethyl cellulose
(CMC) to a concentration of 109 CFU/mL.

4.2. Mouse Treatment

All animal experiments were conducted at the State Key Laboratory of Oral Diseases
and were approved by the Research Ethics Committee of West China Hospital of Stom-
atology (WCHSIRB-D-2019-013). Fifteen 8-week-old male C57BL/6 mice (20–22 g) were
purchased from the Animal Experiment Center of Sichuan University. All the animal
studies were reported following the ARRIVE guidelines. Mice were housed in individu-
ally ventilated cages in a standard environment (24–26 ◦C room temperature, 55% ± 10%
humidity) under specific-pathogen-free conditions on a 12-h light/dark cycle with free
access to water and food. They were randomly divided into three groups: sham-infection
(blank control), T. denticola-infection (experimental group), and P. gingivalis-infection (pos-
itive control). (n = 5 in each group). G*Power 3.1 software (Düsseldorf, Germany) was
used to calculate the sample size [66], which was based on the data from our previous
study. According to the difference between two independent groups (t-test), the sample
size was calculated based on the expression levels of Aβ1–40 in the hippocampi of two
groups (Mean = 305.2, SD = 7.395/Mean = 553.8, SD = 100.2) with an alpha level of 0.05
(type II error) and a power of 95% (type I error). The sample size was calculated to be
4. Considering the possibility of unexpected death during the experiment, 5 mice were
included in each group.

To suppress endogenous oral microorganisms, all mice were given 1 mg/mL of
kanamycin in drinking water for 3 days before the first oral administration of periodontal
bacteria. The experimental and positive control groups were orally administered the ap-
propriate bacterium (109 CFU/mL/50 µL) for 24 weeks at a frequency of three times per
week [14,67], while the blank control group received an equal volume of PBS with 3% CMC
solution. The mice were anesthetized with pentobarbital sodium euthanasia one week after
the final treatment, and their hearts were quickly perfused with chilled PBS (0.1 M, pH 7.3)
(Figure S1A). The hippocampi were dissected, and the left hemispheres were fixed with 4%
paraformaldehyde and the right hemispheres were stored at −80 ◦C.

4.3. PCR

A DNeasy Blood & Tissue Kit (Qiagen, Los Angeles, CA, USA) was used to extract
genomic DNA from saliva. DNA amplification was performed with a PCR amplification kit
(Takara, Tokyo, Japan). Briefly, the PCR mixture was made up of 12.5 µL Taq PCR Master
Mix, 100 ng (100 ng/µL) DNA sample, 1 µL forward primer, 1 µL reverse primer, and 9.5 µL
sterilized ddH2O. The reaction was carried out at 94 ◦C for 4 min, 40 cycles of 94 ◦C for 30 s,
55 ◦C for 5 s and 72 ◦C for 30 s/60 s; and 72 ◦C for 2 min. The amplified DNA products were
electrophoresed on a 2% agarose gel at 100 V for 30 min. To determine whether the sam-
ples contained T. denticola ATCC 35405 or P. gingivalis ATCC 33277, the specific bands of
the samples were compared to those in the positive group. The PCR primer sequences were
as follows: (1) T. denticola: forward, 5′-TAATACCGAATGTGCTCATTTACAT-3′; reverse,
5′-CTGCCATATCTCTATGTCATTGCTCTT-3′; product, 860 bp; (2) P. gingivalis: forward,
5′-AGGCAGCTTGCCATACTGCG-3′; reverse, 5′-ACTGTTAGCAACTACCGATGT-3′;
product, 405 bp (Sangon Biotech Co., Ltd., Shanghai, China).

4.4. Measurement of Alveolar Bone Loss

The maxilla was extracted and fixed in 4% paraformaldehyde for 48 h. Scanning was
done with a Micro-CT instrument (Scanco Medical, Zurich, Switzerland) under the fol-
lowing conditions: samples were placed to make the long axis of the tooth parallel to
the scanning ray, current 145 mA, voltage 55 kVp, resolution 12 µm, integration time
300 ms. Materialise Mimics software was used to perform the three-dimensional reconstruc-
tion. The distance from the CEJ to the ABC of the second maxillary molar was measured
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at three different sites (the distal root, root furcation groove, and mesial root) on the lin-
gual side with ImageJ software. The alveolar bone level of the maxilla was calculated by
averaging the values from these three sites.

4.5. Cell Culture and Treatment

N2a cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum in a humidified (5% CO2, 37 ◦C) incubator. Following
confirmation of cell status, cells were plated in 6-well or 24-well tissue culture plates.
The experimental groups were co-incubated with T. denticola (multiplicity of infection
(MOI) 1:100) or 25 µM Aβ1–40, 25 µM Aβ1–42 for 2 h, while the control group was incubated
with DMEM containing 10% FBS. The medium was then replaced with an equal volume of
fresh medium, and the cells were cultured at 37 ◦C for 12 h (Figure S1B).

To investigate the role of Aβ in T. denticola-induced apoptosis, N2a cells in the experi-
mental groups were pretreated with 1 µM KMI1303 (Bioss, Beijing, China) for 4 h before
being incubated with the T. denticola for 2 h. The medium was then replaced with an equal
volume of fresh medium, and the cells were cultured at 37 ◦C for 12 h (Figure S1C).

4.6. TUNEL Staining

TUNEL staining was carried out as described previously with some modifications
using a TUNEL kit (Roche, Basel, Switzerland) [68]. Briefly, the left hippocampus was
paraffinized and sectioned, then deparaffinized in xylene, rehydrated using an ethanol
gradient (100%, 95%, 90%, 80%, and 70%; 3 min per rehydration step), washed in PBS
(5 min), and incubated with 20 µg/mL proteinase K in 10 mM Tris-HCl, pH 7.4–7.8 at 37 ◦C
for 20 min in a humidified chamber. TUNEL staining was used to detect DNA fragmen-
tation [69]. The slides were incubated with a TUNEL reaction mixture in a humidified
chamber at 37 ◦C for 60 min before being rinsed with PBS three times. The slides were
incubated with converter-POD in a humidified chamber at 37 ◦C for 30 min, then with
PBS three times. One hundred microliters of DAB (5 µL 20× diaminobenzidine 3 + 1 µL
30% H2O2 + 94 µL PBS) substrate was added to the slides and allowed to react at 15–25 ◦C
for 10 min. The slides were rinsed with PBS and counterstained with hematoxylin. After
washing with running water, the slides were dehydrated, cleared, and sealed with neutral
balsam. Images were captured using a fluorescence microscope.

4.7. Western Blotting

Western blotting was performed as described in a previous study with some mod-
ifications [20]. Protein extracts from cells or hippocampi were prepared in a modified
RIPA buffer supplemented with protease inhibitors (200612, Signalway Antibody, Green-
belt, MD, USA). The BCA method was used to determine the concentration of protein.
The protein extracts were boiled after being diluted in SDS-PAGE protein loading buffer
(5×) (Beyotime, Shanghai, China) at a ratio of 4:1. Following separation, the proteins were
transferred to polyvinylidene difluoride membranes and blocked in TBST buffer (20 mM
Tris–HCl, pH 7.4, 137 mM NaCl, and 0.1% Tween-20) with 5% non-fat milk at 37 ◦C for
1 h, and incubated at 4 ◦C with primary rabbit polyclonal antibodies (cleaved caspase-3,
49500, 1:500, Signalway Antibody; BCL-W, 40641, 1:1000, Signalway Antibody; SAPK/JNK
(pThr183), 11249, 1:500, Signalway Antibody; SMAC/DIABLO, 39330, 1:500, Signalway
Antibody; GAPDH, 21612, 1:3000, Signalway Antibody) overnight. After extensive rinsing,
the membranes were incubated with the appropriate HRP-conjugated secondary antibody,
then visualized using Super ECL Plus reagents. The gray values of the protein bands were
quantified by the optical density using ImageJ software (1.41v, US National Institutes of
Health, Bethesda, MD, USA).

4.8. qRT-PCR

The procedure was carried out in accordance with the MIQE guidelines [70]. To-
tal RNA was extracted from mouse hippocampi or cells using an RNApure total RNA
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fast isolation kit (BioTeke, Beijing, China), then reverse-transcribed using an Evo M-MLV
RT kit with gDNA Clean for qPCR II (Accurate Biology, Changsha, China) according to
the manufacturer’s instructions. The resulting cDNA served as a template for quanti-
tative PCR analysis using gene-specific primers (TSINGKE, Beijing, China). Real-time
quantitative polymerase chain reactions were performed with TB Green Premix Ex Taq II
(TAKARA, Tokyo, Japan) using an Applied Biosystems QuantStudio 6 Flex Real-Time PCR
System. The cycling conditions were as follows: initial denaturation at 95 ◦C for 30 s, then
40 cycles of 95 ◦C for 5 s, and 60 ◦C for 30 s, followed by 95 ◦C for 15 s, 60 ◦C for 1 min, then
95 ◦C for 15 s. The fluorescence intensity was monitored at the end of each amplification
step. Quantitative measurements of the target gene levels were normalized to GAPDH
and the results were expressed as fold changes of the threshold cycle (Ct) value relative to
control using the 2−∆∆Ct method. Primers and amplicon size were shown in Table 1.

Table 1. Specific primer pairs used in qRT-PCR.

Gene
Name Forward Primer (5′-3′) Reverse Primer (5′-3′) Amplicon

Size
Genebank Accession

Number

Bcl-2 GAGAGCGTCAACAGGGAGATG CCAGCCTCCGTTATCCTGGA 108 bp AH001858
Bcl-w ACTGAACAGGGTTTTGTGACTT CCAGTTATTCCCCTTAGCAAGGT 105 bp U59746
Bax CCGGCGAATTGGAGATGAACT CCAGCCCATGATGGTTCTGAT 229 bp AB029557
Bak CAGCTTGCTCTCATCGGAGAT GGTGAAGAGTTCGTAGGCATTC 108 bp Y13231
Bad TGAGCCGAGTGAGCAGGAA GCCTCCATGATGACTGTTGGT 154 bp NM_001285453
Bik ACGTGGACCTCATGGAGTG TGTGTATAGCAATCCCAGGCA 129 bp NM_007546

Smac TCTTGGCTAACTCTAAGAAACGC TGCTTCGTTACTGAGAGACTGA 140 bp NM_023232
Jnk2 AGAACCAAACGCACGCAAAG GCTGAATGCAGATGCTTGATG 250 bp AB005664
Jnk3 CCATGTCTGTGTTCTTTCTCACG TTGGTTCCAACTGTGAAGAGTC 118 bp AB005665

Gapdh TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA 178 bp AY618199

4.9. Statistical Analysis

Data were presented as the mean ± standard deviation (SD) and analyzed using SPSS
16.0 statistical software (SPSS Inc., Chicago, IL, USA). The student’s t-test was used to ana-
lyze statistical differences. Differences were considered significantly different if the p-value
was <0.05.

5. Conclusions

In conclusion, this study showed that T. denticola oral infection could induce alveolar
bone loss and neuronal apoptosis in mice. The potential mechanism might be related
to the intrinsic mitochondrial pathway mediated by Aβ. These findings provided novel
insights into the important role of T. denticola in AD pathogenesis and suggested that
prevention and treatment of periodontitis may be beneficial for preventing and slowing
the progression of AD.
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Abstract: Dysbiosis of the oral microbiome has been found to play a key role in the genesis and
progression of oral cancer (OC). Tobacco chewing, a risk factor for oral cancer, is also associated with
oral dysbiosis. Since tobacco chewing is a lifestyle habit in the South Asian subcontinent, including
India, and contributes to one-third of the global oral cancer burden; we aimed to identify the oral
bacterial diversity of Indian oral cancer patients and tobacco chewers. We used 16S rRNA amplicon
sequencing to study the composition of oral microbiota in OC patients and tobacco chewers in India
and compared it with healthy controls. The abundance of predominant phyla, Firmicutes, and Bac-
teroidetes varied between the study groups. Our study identified Leptotrichia, Treponema, Lautropia,
and Cardiobacterium as significantly enriched in tobacco chewers, whereas genera Pseudomonas,
Capnocytophaga, and Mycoplasma were enriched in oral cancer, which could be potential biomarkers
for the Indian population. Furthermore, the functional prediction revealed that genes involved in
lipid biosynthesis and fatty acid elongation were upregulated in the oral cancer group, whereas those
for the reductive TCA cycle were upregulated in the tobacco group. As the role of bacteria in oral
cancer is becoming more evident, identification of bacterial diversity and biomarkers for tobacco
chewers and OC patients can aid in the early diagnosis of OC in high-risk individuals.

Keywords: oral cancer; dysbiosis; tobacco; biomarker; diagnosis; 16S rRNA

1. Introduction

Cancer of the oral cavity is one of the most common malignancies, especially in Asia,
where it contributes to approximately 66% of the global oral cancer (OC) burden, with an
estimated 248,360 new cases and 131,610 deaths every year. The incidence of OC appears
to be increasing worldwide, and this common cancer is most prevalent among males in
India [1]. Despite advances in surgical methods, adjuvant radiation, and chemotherapy, the
overall 5-year survival rate of OC patients is approximately 50–60%. OC treatment success
rates can be improved by early identification and interdisciplinary therapy [2].

The most well-established risk factors associated with OC include chewing tobacco,
betel quid, smoking cigarettes, alcohol consumption, and HPV-16/18 [3–5]. Over 90%
of the worldwide smokeless tobacco usage burden is believed to be in Southeast Asia,
with over 100 million individuals using smokeless tobacco in India and Pakistan alone [6].
Moreover, it was shown that the combination of smoking, drinking alcohol, and poor oral
hygiene increases the risk of OC onset due to chronic inflammation and infection, which
are the main factors in cancer pathogenesis, influencing the resident microbiota involved
in the oral environment’s homeostasis [7,8]. Several metagenomic investigations of the
microbiome have revealed microbial pattern changes in OC, which further vary depending
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on the stage of OC, malignant lesions, and diseases of the oral cavity, according to reports
published [9].

Along with dysbiosis in OC, reports also suggest bacterial alterations due to tobacco
chewing, thereby making an individual prone to bacterial infections by inducing bacte-
rial virulence, deregulation of host immune functions, and physiological and structural
changes in the human oral cavity [10]. Increased abundance of pathogenic bacterial genera
such as Fusobacterium, Cardiobacterium, Synergistes, Selenomonas, Haemophilus, and
Pseudomonas has been observed in tobacco users, depicting early acquisition and colo-
nization of pathogens in oral biofilms due to tobacco exposure [11]. Even though most OC
cases arise from the Indian subcontinent and tobacco chewing is a common lifestyle habit
associated with OC in the population, there is a dearth of information on the microbiome in
Indian groups of subjects. Especially, the microflora in the oral cavity of healthy individuals,
tobacco chewers, and oral cancer patients has not been investigated.

In the current study, we aim to identify the bacterial diversity in the oral cavity of OC
patients and long-term tobacco chewers from India. We hypothesize that the variations in
oral microbiomes between tobacco chewers, OC patients, and healthy people are expressed
in oral rinse samples, which may be detected by 16S rRNA gene amplicon sequencing.
These variations might subsequently be linked to cancer development and exploited as a
biomarker panel to predict tobacco chewers with a high risk of OC in the Indian population
in a clinical setting with effective diagnostic accuracy.

2. Materials and Methods
2.1. Subject Recruitment

A total of 120 participants in the study were divided into three study groups, con-
sisting of 40 participants each healthy controls (C), patients suffering from oral squamous
cell carcinoma (OC), and long-term tobacco chewers (T). The sample size was calculated
using power analysis. Individuals without any documented disorders in the oral cavity, as
determined by earlier clinical evaluation, were considered healthy controls. Participants
categorized as long-term tobacco chewers were those who had been chewing tobacco for at
least 5 years. Biopsy and pathology results validated all diagnoses among OC participants.
The clinical examination of the participants’ oral cavities was performed by a maxillofacial
prosthodontist and a surgical oncologist. At the time of sample collection, the participants
were devoid of any antibiotic treatment for a week prior to sample collection. Exclusion cri-
teria included individuals under the age of 18, those medically compromised/unfit to give
consent, subjects who were completely edentulous, and those who received oncotherapy
earlier. All the samples were collected in the period from January 2018 to March 2020, in
Mumbai, India. The oral cancer samples were collected from patients admitted at Somaiya
Ayurvihar-Asian Cancer Institute, Mumbai.

The work described has been carried out in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki). Medical history, age, gender,
employment, cigarette and alcohol consumption habits, and general oral hygiene questions
were all documented for participating individuals. All individuals provided written,
informed permission prior to the sample collection. For the study, ethics approval was
obtained from SVKM’s Institutional Ethics Committee (NMIMS/IEC/008/2016) and the
Ethics Committee of K. J. Somaiya Medical College and Hospital, Mumbai.

2.2. Sample Collection, DNA Isolation and Sequencing

Oral rinse samples were collected from study participants as mentioned earlier [12,13].
Briefly, during the sample collection procedure, patients were asked to rinse their mouths
for 30 s with sterile normal saline and spit into a sterile tube, of 50 mL. Participants were
advised to abstain from eating, drinking, and doing oral hygiene procedures for at least
one hour before sample collection. Salivary samples were collected in well-labeled sterile
falcon tubes, stored at 4 ◦C, and processed within 48 h.
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DNA extraction, V6–V8 hypervariable region amplification, sequencing, and process-
ing of reads have been carried out as mentioned in our recent publication [13]. DNA was
isolated using the Invitrogen PureLink™ Genomic DNA Kit (Cat no. K182002), according
to the manufacturer’s recommendation. The PCR amplification of bacterial 16S rRNA
hypervariable region V6-V8 was carried out using primers B969F (ACG CGH NRA ACC
TTA CC) and BA1406R (ACG GGC RGT GWG TRC AA). The whole sequencing process
was performed using Illumina (Illumina, San Diego, CA, USA), and MiSeq libraries were
quantified and then subjected to 300-nucleotide paired-end multiplex sequencing on an
Illumina MiSeq sequencer.

2.3. OTU Assignment and Diversity Analyses

The quality of the reads from the sequencer was assessed using FASTQC. The resulting
pairs of reads from each sample were merged to obtain longer reads to improve the quality
of reads (Phred score Q > 30) and taxonomy classification using VSEARCH. The standard
QIIME2 (v. 2021.2) pipeline was used to analyze microbial diversity [14]. A closed reference-
based OTU selecting technique, with 97% sequence similarity to the Greengenes database
(gg_13_5), was utilized to cluster readings into operational taxonomic units (OTUs) and
assign taxonomy to the OTUs at different taxonomic levels.

QIIME2 was used to assess alpha and beta diversity indices. Alpha diversity was
assessed by indices such as ACE indicator, Chao1 index, Goods coverage, observed OTUs,
pielou_e, Shannon index, and Simpson index. Whereas, beta diversity was assessed using
phylogenetic (weighted and unweighted) and non-phylogenetic (Bray-curtis and Jaccard)
Linear Discriminant Analysis (LDA) matrices and plots created using PhyloToAST [15].

2.4. Identification of Biomarkers and Prediction of Metagenomes

In order to identify the potential biomarker, LDA effect size (LEfSe) (https://huttenhower.
sph.harvard.edu/galaxy/) (accessed on 1 May 2022) was performed to find out the differen-
tially enriched taxa among the groups. The threshold for discriminative features was set to 2.0,
and the results were displayed in a cladogram and histogram. The functional prediction of
microbiota was performed with PICRUSt2 to obtain MetaCyc pathway abundances between
the study groups.

2.5. Statistical Analyses

The relative abundance of bacteria and alpha diversity indices were compared and
displayed using GraphPad Prism 8.0.2 (GraphPad Software, Inc., La Jolla, CA, USA). A
one-way ANOVA followed by Tukey’s multiple comparison test was performed to evaluate
the significance of alpha diversity indices. MANOVA/Wilks lambda was used to test for
the significance of LDA clustering. The Lda Effect Size (LEfSe) was analyzed using the
Kruskal Wallis test. The statistical analysis of predicted pathways obtained after PICRUSt2
in between the groups revealed significant findings using STAMP (version 2.1.3) after
testing using Student’s t-test followed by Bonferroni correction. In all mentioned tests, a
p-value < 0.05 was considered statistically significant.

3. Results
3.1. Characterization of Study Participants

The study cohort was composed of 40 participants belonging to each study group,
i.e., healthy controls (C), long-term tobacco chewers (T), and histopathologically confirmed
oral squamous cell carcinoma patients (OC). The clinical characteristics of the participants
are included in Table S1 (Supplementary Materials). Of these 120 samples, 3 samples from
the control, 1 sample from the tobacco group, and 4 samples from the OC group failed the
sequencing procedure, and therefore their data is not included in the results below. The
16S rRNA amplicon sequencing data from this study have been deposited in the NCBI
BioProject under accession number PRJNA751046.

57



Pathogens 2023, 12, 78

3.2. OTU Assignment and Taxonomic Analyses of Bacterial Diversit

A total of 6,296,186 sequencing reads, ranging from 5458 to 155,742 per sample, were
generated from the V6-V8 hypervariable region of the 16S rRNA gene. After strict quality
and size filtering, 5,407,163 reads were retained, with an average of 48,278 reads per sample,
and assigned to 6733 OTUs using the Greengenes database (gg_13_5). Rarefaction curves
demonstrate that a species richness plateau (up to 500 OTUs) was reached in approximately
5000 readings per sample. To minimize sample variability, approximately 5000 reads were
chosen as the minimum sampling depth to estimate diversity. Furthermore, the shape of
the species accumulation curve derived from our dataset indicates that the community was
well sampled because the specimens we gathered held significant information regarding
total species richness.

Overall, these OTUs were assigned to 9 phyla, 17 classes, 30 orders, 55 families, and
94 genera. Among the 5 most abundant phyla, Bacteroidetes dominated in all three groups,
followed by Proteobacteria (Figure 1a). The next dominant phyla were Firmicutes, followed
by Actinobacteria and Fusobacteria. The abundance of phyla consisting of Gram-negative
organisms (Bacteroidetes and Proteobacteria) was higher in OC and tobacco samples than in
healthy individuals, whereas that of Gram-positive organisms (Firmicutes and Actinobacte-
ria). The five most abundant genera observed in all groups were Streptococcus, Prevotella,
Neisseria, Rothia, and Haemophilus, which constituted up to 50% of total abundance at the
genus level in all 3 study groups. The abundance of major genera Streptococcus, Neisseria,
Rothia, Veillonella, and Leptotrichia was higher in the control population, followed by
the tobacco group, and least in the OC group, whereas that of Prevotella, Haemophilus,
Fusobacterium, Capnocytophaga, and Aggregatibacter was higher in OC and decreased
in the control population (Figure 1b). When examined closely, the genera Pseudomonas,
Morganella, Alloscardovia, Aeromonas, Bacteroides, and Propionibacterium were found
only in the OC group (Figure 2).
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3.3. Microbial Biomarkers in Control, Tobacco and OC Individuals

The unique bacterial community composition associated with the oral rinse was
investigated using LEfSe analysis to compare the relative abundance of taxa across the C,
T, and OC groups (Figure 3a). A total of 27 bacterial genera were observed to be different
in the 3 study groups. Leptotrichia, Treponema, Lautropia, Tannerella, Selenomonas,
Filifactor, Campylobacter, and Cardiobacterium were identified as potential biomarkers
for the tobacco group. On the other hand, Pseudomonas, Capnocytophaga, Mycoplasma,
Bifidobacterium, Peptostreptococcus, and Paludibacter were associated as biomarkers
for OC. Bacteria belonging to the genera Rothia, Neisseria, Actinobacillus, Veillonella,
and Corynebacterium were identified as potential biomarkers for the control population.
Furthermore, the cladogram could be used to determine the branch evolution connection,
which also depicts the biomarkers identified in the OC group mainly belonging to phyla
Bacteroidetes (Figure 3b).

3.4. Diversity of Microbiota Associated with Tobacco Chewing and OC

Alpha diversity matrices were generated using observed OTUs, the Ace index, Chao1,
Goods coverage, Shannon and Simpson indices, and Pielou_e to understand the species
richness and diversity of the samples (Figure 4). Good’s coverage was >96% for sequences
in all the study groups, indicating that the sequences measured in each sample represented
almost all the bacterial sequences in the sample. A significantly higher number of mean
OTUs was observed in tobacco chewers and control populations compared to the OC
group. Other alpha diversity indices, such as hose of species richness (ACE/Chao1) and
diversity index (Shannon index) also depict statistically higher alpha diversity observed in
tobacco chewers and control populations as compared to the OC group, thereby indicating
the lowest alpha diversity in the OC group. Beta diversity was studied using various
parameters depicted in Figure 5. To advocate for the beta-diversity results obtained to assess
community dissimilarity, the Bray-Curtis matrix, the Jaccard matrix, and the Weighted
and Unweighted Unifrac matrices were compared (Figure 5). All beta-diversity matrices
affirm the bacterial communities in the OC group and the controls-tobacco group clustered
discretely, suggesting the overall structures of the bacterial communities in the groups were
significantly different.

3.5. Functional Prediction of Bacterial Communities Related Tobacco Chewing and OC

We used the Phylogenetic Investigation of Communities by Reconstruction of Unob-
served States (PICRUSt2) method to envisage oral microbial roles linked to the formation
of OSCC, and MetaCyc pathways were constructed for the study groups. PICRUSt2 esti-
mates which gene families are present using an extended ancestral-state reconstruction
technique, and then joins gene families to provide a comprehensive metagenome of the
data. Significantly upregulated pathways related to amino acid biosynthesis (aspartate,
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lysine, methionine, threonine, isoleucine, valine), sugar fermentation (glycolysis, Entner-
Doudoroff, pyruvate), and pyrimidine salvage and biosynthesis were detected in healthy
controls as compared to the OC group (Figure 6). Conversely, pathways related to Co-
enzyme A (p = 0.024), aspartate, asparagine (p = 0.023), lipid biosynthesis (p = 0.042), and
fatty acid elongation (p = 0.038) were upregulated in the OC group as compared to controls.
The tobacco group revealed upregulated pathways related to the reductive TCA cycle
(p = 0.010) and pyrimidine biosynthesis (p = 7.95 × 10−3) as compared to the OC group.
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Figure 3. Distinct taxa were identified in the C, T, and OC groups using LEfSe analysis. (a) LDA
scores showed significant bacterial differences within groups at the genus level; (b) a Cladogram was
constructed using the LEfSe method to indicate the phylogenetic distribution of bacteria that were
remarkably enriched in the control, tobacco, and OC groups; (c) and the mean relative abundance of
biomarker taxon across all study groups.
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(a) depicts significant pathways upregulated in healthy control samples as compared to oral cancer
samples, which includes amino acid biosynthesis (aspartate, lysine, methionine, threonine, isoleucine
and valine), sugar fermentation (glycolysis, Entner Doudoroff, pyruvate) and pyrimidine salvage
and biosynthesis pathways. (b) depicts pathways significantly upregulated in oral cancer samples as
compared to healthy control samples, which include co-enzyme A, aspartate, asparagine and lipid
biosynthesis pathways. (c) depicts pathways upregulated in the tobacco group as compared to the
oral cancer group which include reductive TCA and pyrimidine biosynthesis pathways.

4. Discussion

Numerous oral microbiome-based research studies have been conducted throughout
the world to better understand bacterial dynamics in the context of diverse external factors
and diseases, mainly cancer. However, the population of the Indian sub-continent is highly
diverse in terms of ethnicity, culture, lifestyle, geographic location, and food. The Indian
population is exposed to a wide variety of lifestyle factors, including tobacco chewing,
smoking, and alcohol consumption, and ranks first in the incidence of males suffering from
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OC across the globe [16]. Thereby, the Indian population acts as a suitable demography
to study the OC microbiome due to the high incidence rate as well as exposure to the
risk factors. Handful studies regarding the Indian oral microbiome have been published,
but this is the first report comparing the oral microbiome of healthy controls and tobacco
chewers with OC patients.

In this study, we have analyzed a larger population group for accurate information
regarding the study population compared to an earlier published report [13]. The present
study reveals five phyla and 23 genera contributing to approximately 90% of the total oral
microbiome composition. The abundance of Bacteroidetes and Proteobacteria observed
was highest in the OC group as compared to the other two study groups. These phyla
are composed mainly of Gram-negative bacteria, whereas Proteobacteria includes mainly
Gram negative pathogenic bacteria [17]. The increased presence of Gram-negative bacteria
in the oral microbiota of OC patients has been previously reported [18]. Apart from the
five major phyla, the abundance of phyla Spirochaetes was highest in the tobacco group,
and the presence of phyla Tenericutes was observed in tobacco and OC groups only,
which could be attributed to the presence of periodontal pathogens in tobacco chewers
and diseased conditions in OC [19]. The abundance of genera Streptococcus, Rothia,
Veillonella, and Neisseria was found to decrease in individuals suffering from OC compared
to those in healthy controls, owing to the mentioned genera being part of the healthy oral
microbiota in humans. Therefore, their high abundance in controls is due to a healthy
oral cavity, whereas their decreased abundance in OC and tobacco chewers could be
due to dysbiosis in the oral cavity of the said individuals. On the other hand, genera
such as Prevotella, Haemophilus, and Fusobacterium are known pathogens of the oral
cavity, thereby justifying their increased counts in the OC and tobacco chewing [20]. The
increased abundance of Prevotella and Fusobacterium in tobacco chewers leads to the
synergistic activity of toxins from the bacteria and nicotine, thereby leading to detrimental
health effects [10]. Fusobacterium spp. Has been linked to cell adhesion, tumorigenesis,
epithelial-to-mesenchymal transition, inflammasomes, the cell cycle, and other aspects of
oral cancer [21,22].

Along with being residents of the human body, some microorganisms can also cause
host damage. Any kind of damage can cause inflammation, which is a defense mechanism
to eliminate harmful metabolites and damaged tissues and is followed by the initiation
of wound healing [23]. The use of smokeless tobacco is another source of tissue damage
that can disrupt the wound-healing process. Recent studies have provided a hypothesis
that human immunity has emerged as an entity that can control the damage exerted to
host tissues by the inflammation process and also manage the microbes present inside and
around the human body for nutrition [24]. Tobacco chewing, along with microbial dysbiosis,
can lead to chronic inflammation that can initiate and progress toward the development
of oral cancer. Because the role of microbiota and lifestyle habits such as tobacco chewing
are linked to inflammation, identifying microbial biomarkers can help in the recognition of
inflammation markers and related molecular pathways. Genus Leptotrichia, a biomarker
for tobacco chewers, has been previously linked to tobacco chewing habits [25]. Leptotrichia
and Campylobacter have been linked to the core OC microbiota [26]. Similarly, genera
Treponema and Tannerella are well-known periodontal pathogens that play a crucial role
in the formation of a red complex periodontitis [27]. Therefore, the increased abundance
of these bacteria in the tobacco-chewing population can be attributed to a higher risk of
periodontitis development in these individuals. The presence of other tobacco biomarkers,
such as Lautropia, Filifactor, and Selenomonas, has been linked to the occurrence of OC in
different populations [9]. Filifactor bacteria have been shown to secrete proinflammatory
cytokines, activate specific oncogenes, and maintain an inflammatory state [28]. Although
the genus Cardiobacterium has been associated with endocarditis and oral mucositis [29],
we report a significant increase in the genus Cardiobacterium in tobacco chewers for the
first time.
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On assessing the OC microbiome, Pseudomonas and Bacteroides were found solely in
the OC patients, previously reported as a part of OC microbiota [30] can be used for early
clinical diagnosis by using simple, specific, non-invasive methods for identification pur-
poses [12]. Pseudomonas can convert salivary nitrite to nitric oxide (NO), which modulates
various cancer-related appearances such as apoptosis, cell cycle, angiogenesis, invasion,
and metastasis [31]. Similarly, concurring with the previous study, Capnocytophaga and
Peptostreptococcus were enriched in OC patients, whereas the abundance of Bifidobac-
terium is upregulated in our study in the OC group as opposed to previous reports [32].
Similar to increased abundances of tobacco and OC biomarkers, decreased populations of
healthy control biomarkers can also be used to diagnose dysbiosis, thereby predisposing
individuals to diseased conditions.

Apart from the biomarkers identified, a few genera, such as Acinetobacter, My-
coplasma, and Desulfovibrio, have been found only in the tobacco and OC populations.
The proportions of Mycoplasma and Desulfovibrio were observed to be higher in oral
cancer patients as compared to tobacco chewers, respectively, and are well reported [33].
Since Mycoplasma is already identified as a biomarker, and Desulfovibrio also shows
similar patterns of existence, these can be an important choice of bacteria to monitor the
initiation and progression of oral cancer in tobacco chewers. Similarly, bacteria belonging
to the genus Morganella, Alloscardovia, Aeromonas, and Propionibacterium, along with
Pseudomonas and Bacteroides have been identified only in the OC population. For the first
time in our study, Aeromonas, Alloscardovia, and Morganella have been identified as part
of the OC oral microbiota and therefore need to be studied in more detail. Furthermore,
the predicted functions enriched in the OC samples depict increased lipid and fatty acid
synthesis. These molecules have inflammatory functions and have been reported to initiate
and aggravate oral cancer [34].

When the bacterial makeup of the three research groups is compared, it is observed
that the abundance of major genera in tobacco chewers lies in between that of the control
and OC populations. Similarly, beta diversity plots display the clustering of control and
tobacco samples together, compared to OC samples that cluster away. Considering all of the
parameters, it can be concluded that the composition of tobacco chewers is comparable to
both the control and OC populations in several aspects, indicating the transitional phase of
the tobacco chewers’ oral microbiota. Apart from OC, there are a few reports on the oral mi-
crobiota of oral potentially malignant disorders (OPMD). OPMD progresses to oral cancers
through a series of histopathological stages, beginning with hyperkeratosis/hyperplasia
and progressing to various degrees of dysplasia. Similar to the microbiota of tobacco chew-
ers and the oral cancer identified in this study, the abundance of the phyla Bacteroidetes
and Proteobacteria were higher, whereas that of Firmicutes was lower in the OPMD group.
At the genus level, Alloprevotella, Leptotrichia, Fusobacterium, Campylobacter, Neisseria,
Gemella, and Granulicatella were found in higher abundance in OPMD, similar to tobacco
chewers and OC patients as compared to the control group reported in this study [26,35].

Based on the subject demographic, the study may have certain limitations. Male
participants are more numerous in oral cancer and tobacco group than female participants.
This is partly because males are more likely than females to use tobacco products, and
more men than women are diagnosed with mouth cancer. Additionally, because age is
a confounding risk factor for malignancies, including oral cancer, the study population
includes participants in the OC group who are older than those in the control and tobacco
chewing groups, potentially creating an age-related bias. The study may be limited by the
inability to control the aforementioned variables; thus, this should be taken into account.

In conclusion, a compositionally distinct microbiota is identified using oral saline
rinse in healthy, tobacco-chewing, and OC patients in the Indian population. Oral cancer
is frequently thought to be a complicated illness caused by a number of interdependent
host–environment interactions. As a result, using a single biomarker to identify oral cancer
is exceedingly improbable. The present study used a non-invasive method for sample
collection and NGS analysis for the identification of an array of oral microbial biomarkers,
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which can be useful for the early diagnosis of OC, especially in individuals susceptible
to OC due to lifestyle habits such as tobacco chewing. Since the present study focused
on the Indian population, where such information is scarce, this can serve as a reference
and basis for future microbiome analysis and oral microbial biomarker studies related to
oral cancer. This study provides the first epidemiological evidence for the association of
Cardiobacterium in tobacco chewers and Aeromonas, Alloscardovia, and Morganella with
OC. In addition to the presented data, it is necessary to investigate the role of differentially
abundant taxa and discovered pathways in the development and progression of OC.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pathogens12010078/s1, Table S1: Clinical characteristics of participants.
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Abstract: Background: Cleft palate (CP) patients have a higher prevalence of oral and respiratory
tract bacterial infections than the general population. Nevertheless, characteristics of bacterial differ-
ences induced by CP-related anatomical heterogeneity are unknown. Methods: In this study, we sys-
tematically described the characteristics of bacteria in the oral and nasal niches in healthy children, CP
children, healthy adolescents, CP adolescents, and postoperative adolescents by 454-pyrosequencing
technology (V3–V6) to determine bacterial differences induced by CP. Results: Due to the CP-induced
variations in spatial structure, the early establishment of microecology in CP children was different
from that in healthy children. Nasal bacterial composition showed greater changes than in the
saliva. Moreover, such discrepancy also appeared in CP and postoperative adolescents who had
even undergone surgery > 10 years previously. Interestingly, we found by Lefse analysis that part of
bacterial biomarkers in the nasal cavity of CP subjects was common oral flora, suggesting bacterial
translocation between the oral and nasal niches. Therefore, we defined the oral–nasal translocation
bacteria as O-N bac. By comparing multiple groups, we took the intersection sets of O-N bacs selected
from CP children, CP adolescents, and postoperative adolescents as TS O-N bacs with time–character,
including Streptococcus, Gemella, Alloprevotella, Neisseria, Rothia, Actinomyces, and Veillonella. These
bacteria were at the core of the nasal bacterial network in CP subjects, and some were related to
infectious diseases. Conclusions: CP would lead to significant and long-term differences in oral and
nasal flora. TS O-N bacs migrating from the oral to the nasal might be the key stone causing nasal
flora dysbiosis in the CP patients.

Keywords: cleft palate; oral bacteria; nasal bacteria; 16S ribosomal RNA; bacterial translocation;
spatial heterogeneity; high-throughput sequencing

1. Introduction

Cleft palate (CP) is a common congenital defect with approximately 0.2% incidence,
which might cause bacterial disorders and a higher prevalence of infectious complications
in the respiratory tract and oral cavity [1]. Accumulating evidence has demonstrated that
the incidence of respiratory-tract-related infectious diseases is high in patients with max-
illofacial dysplasia. The incidence of lower respiratory tract infections in infants with cleft
lip and palate (11.9%) and cleft lip (14.3%) is higher than that in normal children [2]. CP
is also associated with an increased risk of hospitalization for bronchiolitis [3]. Moreover,
studies have shown that CP patients suffer higher caries incidence [4–8], poorer periodontal
conditions, and more severe gingivitis [9,10]. It has been demonstrated in numerous studies
that CP patients might suffer from a higher prevalence of infectious complications which
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bacteria contribute to [11,12]. The anatomical structure and functions of the oral and nasal
cavity are affected by CP [13]. As anatomical rearrangement might greatly affect the charac-
teristics of flora by changing the microenvironment [14], CP-related changes in anatomical
niches might significantly influence the oral and nasal bacteria. Culture and sequencing
methods have demonstrated an increased proportion of opportunistic pathogens in the
oral cavity of CP patients, such as Staphylococcus aureus and Klebsiella pneumoniae, with a
disrupted function of the bacterial community [12,15–18].

Cleft palate repair can restore the normal structure and function of the oronasopharynx
by closing the defect, which will restore the ecological environment and influence the
composition of bacteria [19]. However, the incidence rate of otitis media and respiratory
tract infection in postoperative population is still high [20,21]. Few studies have explained
such a phenomenon from the perspective of bacterial infection. Moreover, few studies
have ever systematically explored the characteristics of CP-related changes in oral and
nasal flora.

Ectopic colonization of opportunistic pathogens caused by oral flora migration may be
an important cause of some medical conditions, such as atherosclerotic disease, rheumatoid
arthritis, inflammatory bowel disease, and colorectal cancer [22,23]. In addition, the cleft
palate increases the opportunity for oral and nasal microbial communication. In a previous
study, Zhang et al. have briefly described the abnormal migration of microorganisms
between the two cavities [11]. However, more in-depth and comprehensive research needs
to be carried out.

The present study aimed to systematically describe changes in CP-related oral and
nasal bacteria and explore the possible causes of the high incidence of infectious diseases in
CP and postoperative individuals from a bacteriological aspect. We hypothesized that CP
establishes a pathological channel between the oral and nasal cavities, increasing the possi-
bility of bacterial translocation between these two ecological niches. 454-pyrosequencing
technology was used to systematically explore the characteristics of microbial flora changes
in CP patients. Meanwhile, we also identified TS O-N bacs, a group of oral–nasal transloca-
tion bacteria detected in CP children, CP adolescents, and postoperative adolescents, which
might partly explain CP-related infectious diseases.

2. Results
2.1. Differences in Oral and Nasal Bacterial Communities between Healthy and CP Children

Salivary and nasal samples were collected from 10 CP children and 10 matched healthy
children. There were no significant differences in mean age, gender composition, and tooth
eruption status between the two groups (Table S1).

2.1.1. Effect of CP on Nasal Bacteria in Children Was Greater than That of Oral Bacteria

Ace, Chao 1, and Shannon indexes showed a significantly higher bacterial abundance
and diversity in the nasal samples in CP children (Chao 1 index: 140.20 vs. 114.60, p < 0.05;
Shannon index: 2.68 vs. 2.18, p < 0.05), with no difference in salivary samples between
the two groups (Figure 1A and Table S2). The principal coordinates analysis (PCoA)
demonstrated a separate trend in nasal bacteria in the two groups, with no apparent trend
in the saliva (Figure 1B). These findings suggested that CP-related spatial heterogeneity
could induce a greater impact on nasal bacterial diversity than the saliva in children.
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Figure 1. Characteristics of oral and nasal bacterial community in CP children and healthy children. 
(A) Shannon index and (B) Principal coordinate analysis based on Bray–Curtis of salivary and nasal 
bacteria in the CP and healthy children. (C) The circos demonstrates the community structure via 
the relative abundance of the top 15 genus of salivary and nasal bacteria in the two groups. The p 
values were obtained by analysis of variance (* p < 0.05). HC: healthy children. CPC: cleft palate 
children. 

2.1.2. Cleft Palate Changed the Composition of Oral and Nasal Flora in Children  
The distribution of the high relative abundance of bacteria at the genus level in the 

nasal cavity of the two groups is described in Figure 1C. The top three genera in the nasal 
cavity in relative abundance were Pseudomonas, Dolosigranulum, and Moraxella in healthy 
children, with Pseudomonas, Serratia, and Streptococcus in CP children. The communication 
between the oral and nasal cavities caused by CP provided more possibilities for the trans-
location of bacteria between these two ecological niches. To further explore CP-related 
bacterial changes, linear discriminant analysis effect size (LEfSe) was performed based on 
the linear discriminant analysis (LDA) score. The results identified special bacterial bi-
omarkers at the genus level of CP/healthy children (LDA score >2.0, p < 0.05) (Figures 2A, 
2B and Table S3). At the genus level, ten taxa in nasal were overabundant in CP children 
including Granulicatella, Actinomyces, Atopobium, Gemella, Veillonella, Rothia, Prevotella, Hae-
mophilus, Staphylococcus, and Streptococcus, and five taxa in oral were overabundant in 
healthy children (Table S3). Interestingly, we found that bacterial biomarkers such as 
Streptococcus, Gemella, Veillonella, Prevotella, and Haemophilus in the nasal cavity of CP chil-
dren were the dominant bacteria in the oral cavity (relative abundance >1%). However, 
little or none of them occurred in the nasal cavity of healthy children in our data (Figure 
1C and Table S3). Significantly, Streptococcus even became the third most abundant bacte-
rial species in the nasal cavity of CP children. In general, all the results showed that some 

Figure 1. Characteristics of oral and nasal bacterial community in CP children and healthy children.
(A) Shannon index and (B) Principal coordinate analysis based on Bray–Curtis of salivary and nasal
bacteria in the CP and healthy children. (C) The circos demonstrates the community structure via the
relative abundance of the top 15 genus of salivary and nasal bacteria in the two groups. The p values
were obtained by analysis of variance (* p < 0.05). HC: healthy children. CPC: cleft palate children.

2.1.2. Cleft Palate Changed the Composition of Oral and Nasal Flora in Children

The distribution of the high relative abundance of bacteria at the genus level in the
nasal cavity of the two groups is described in Figure 1C. The top three genera in the
nasal cavity in relative abundance were Pseudomonas, Dolosigranulum, and Moraxella in
healthy children, with Pseudomonas, Serratia, and Streptococcus in CP children. The com-
munication between the oral and nasal cavities caused by CP provided more possibilities
for the translocation of bacteria between these two ecological niches. To further explore
CP-related bacterial changes, linear discriminant analysis effect size (LEfSe) was performed
based on the linear discriminant analysis (LDA) score. The results identified special bac-
terial biomarkers at the genus level of CP/healthy children (LDA score > 2.0, p < 0.05)
(Figure 2A,B and Table S3). At the genus level, ten taxa in nasal were overabundant in
CP children including Granulicatella, Actinomyces, Atopobium, Gemella, Veillonella, Rothia,
Prevotella, Haemophilus, Staphylococcus, and Streptococcus, and five taxa in oral were over-
abundant in healthy children (Table S3). Interestingly, we found that bacterial biomarkers
such as Streptococcus, Gemella, Veillonella, Prevotella, and Haemophilus in the nasal cavity
of CP children were the dominant bacteria in the oral cavity (relative abundance > 1%).
However, little or none of them occurred in the nasal cavity of healthy children in our data
(Figure 1C and Table S3). Significantly, Streptococcus even became the third most abundant
bacterial species in the nasal cavity of CP children. In general, all the results showed that
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some oral resident bacteria had an abnormally high abundance in the nasal cavity of CP
children, which might significantly interfere with the nasal microecosystem.
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2.2. Differences in Oral and Nasal Bacterial Communities between Healthy, CP, and
Postoperative Adolescents

In order to assess the effect of CP repair on oronasal microecology, salivary and
nasal samples of 5 CP adolescents, 10 postoperative adolescents (having undergone
palatoplasty > 10 years previously), and 10 healthy adolescents at the same age (12–18)
were collected for sequencing. There were no significant differences in mean age, gender
composition, and DMFT between the three groups (Table S4).

2.2.1. The Bacteria of Postoperative Adolescents Were Similar to CP Adolescents

Figure 3A and Table S5 show the α diversity index of salivary and nasal bacteria in
each group. Compared with healthy adolescents, the Shannon index of nasal bacteria in CP
and postoperative adolescents was higher (2.82 vs. 2.33, p < 0.05; 2.66 vs. 2.33, p > 0.05).
However, salivary bacteria showed an opposite trend (3.29 vs. 3.71, p > 0.05; 3.02 vs. 3.71,
p < 0.05). Then, the similarity of the microbial community structures between the three
groups was evaluated by PCoA (Figure 3B). For the nasal cavity, compared with the healthy
group, the bacterial community structures of the CP and postoperative groups were more
similar. For the oral cavity, salivary samples of these three groups exhibited a similar trend.
As with children, cleft palate caused differences in the diversity of nasal cavity flora in
healthy and unrepaired CP adolescents (Figure 3B and Table S5). Such difference was also
shown between healthy and postoperative adolescents (Table S5).
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Figure 3. Characteristics of oral and nasal bacterial community in CP, postoperative and healthy
adolescents. (A) Shannon index and (B) Principal coordinate analysis based on Bray–Curtis of salivary
and nasal bacteria in the three groups. (C) The circlize demonstrates the community structure via
the relative abundance of the top 15 species of salivary and nasal bacteria in the three groups. The
p values were obtained by analysis of variance (* p < 0.05). HA: healthy adolescents. CPA: cleft palate
adolescents. Post A: postoperative adolescents.

2.2.2. Taxonomic Composition of Nasal and Oral Bacterial Communities in CP,
Postoperative, and Healthy Adolescents

Figure 3C shows the bacterial community structure at the genus level in each group. In
detail, as for nasal bacteria, the top three genera in different groups were Pseudomonas, Serratia,
and Stenotrophomonas in healthy adolescents; Pseudomonas, Serratia, and Achromobacter in post-
operative adolescents; and Pseudomonas, Serratia, and Staphylococcus in CP adolescents. As for
salivary bacteria, the top three genera in different groups were Streptococcus, Pseudomonas,
and Serratia in healthy adolescents; Streptococcus, Neisseria, and Prevotella in postoperative
adolescents; and Streptococcus, Neisseria, and Gemella in CP adolescents. LEfSe was also
used to identify the special microbial biomarkers at the genus level in nasal and salivary
bacteria in the three groups (Figure 4A–C, Tables S6 and S7). Importantly, in the nasal cavity,
21 genera in CP adolescents and 14 genera in postoperative adolescents showed higher
abundance than in healthy adolescents (LDA score > 2.0, p < 0.05). Among them, there were
11 genera biomarkers shared by the two groups, including Streptococcus, Gemella, Rothia,
Alloprevotella, Campylobacter, Catonella, Porphyromonas, Dialister, Peptostreptococcus, Parvimonas,
and Oribacterium. Moreover, our data showed that Atopobium, Rothia, Veillonella, Gemella,
and Prevotella belonging to common oral bacteria (relative abundance > 1%) were constant
biomarkers of nasal microbe, with no difference in CP children, CP adolescents, or postopera-
tive adolescents, implying that these biomarkers might have bacterial translocation between
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oral and nasal cavities. Moreover, it was independent of the growth and development or
cleft palate repair.
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bacteria. There are only 4 genera with greater relative abundance in the CP group than postoperative
group. H: healthy. CP: cleft palate. Post: postoperative.

2.3. Oral–Nasal Bacterial Translocation in CP Patients

In both children and adolescents, our findings showed that some common oral bacteria
occurred with abnormally high abundance in nasal microecology of CP subjects, indicating
possible bacterial migration between the oral and nasal niches. Therefore, we attempted
to confirm the specific taxon participating in and potentially inducing changes in the
CP-related bacteria in the nasal cavity. Here, we defined several common oral bacteria
as the oral–nasal translocation bacteria (O-N bac). They met the following conditions in
our study: (1) genera colonized at a high rate in the oral cavity as reported [24,25], not
found in the nasal cavity of the healthy group but found in the CP group; (2) the content
of bacteria in the nasal cavity of the healthy group was <0.01%, while that in the saliva
was >0.01%; (3) the bacteria were non-dominant (<1%) in the nasal cavity of the healthy
group and dominant in the nasal cavity of the CP group (>1%). The definition of nasal–oral
translocation bacteria (N-O bac) was as follows: (1) genera colonized at a high rate in the
nasal cavity as reported, not found in the oral cavity of the healthy group but found in the
CP group; (2) the content of bacteria in the oral cavity of the healthy group was <0.01%,
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while that in the nasal cavity was >0.01%; (3) the bacteria were nondominant (<1%) in the
oral cavity of the healthy group and dominant in the oral cavity of the CP group (>1%). Our
data showed that the nasal bacterial ecosystem was affected at a higher rate than that of the
saliva by CP; therefore, we directed more attention to the nasal cavity and the O-N bacs.
According to the criteria above, we screened a series of O-N bacs in CP children and CP
adolescents, as shown in Tables S8 and S9. In CP children and adolescents, 9 and 36 genera
were identified as O-N bacs, respectively. Interestingly, even if the cleft palate had been
closed for >10 years, 29 O-N bacs were still retained in the postoperative adolescents, with
24 overlapping with the O-N bacs in the CP adolescents. Then we added the Table S10 of
the oral dominant bacteria in each group with O-N bacs. In order to explore the temporal
characteristics of these migrating bacteria, we took the intersection sets of O-N bacs selected
from CP children, CP adolescents, and postoperative adolescents (Figure 5A). The bacteria
at the intersection of the three were defined as TS O-N bacs. We speculated that these
bacteria might migrate from the oral cavity to the nasal cavity through the cleft during
childhood in CP patients and establish a bacterial community in the nasal cavity. Cleft
palate repair also failed to reverse such bacterial community changes. Our results revealed
that Streptococcus, Gemella, Alloprevotella, Neisseria, Rothia, Actinomyces, and Veillonella were
TS O-N bacs (Figure 5A). Next, we primarily described changes in the relative abundance
of TS O-N bacs in all the groups. All the TS O-N bacs showed higher relative abundance in
CP-related nasal bacteria than healthy subjects, independent of the age or cleft palate repair
(Figure 5B). Then, we carried out a network analysis (Figure 6), which demonstrated the
interaction of bacteria in five nasal samples, with TS O-N bacs highlighted in yellow. The
results showed that the correlation of nasal bacteria in adolescents was more complex than
in children. Moreover, the microbial networks in the nasal cavity of CP and postoperative
adolescents were more complicated compared with healthy individuals. Importantly, Rothia,
Gemella, and Alloprevotella, some TS O-N bacs, developed a “solid” network structure in CP
adolescents. Meanwhile, Gemella, Streptococcus, Neisseria, Rothia, and Actinomyces similarly
served as central hubs and formed an intricate network relationship with other bacteria.
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Figure 5. Characteristics of TS O-N bacs in children and adolescents. (A) Venn diagram revealed there
were seven TS O-N bacs in children and adolescents. (B) Changes in relative abundance of seven
TS O-N bacs in nasal of five populations (CP and healthy children; CP, healthy, and postoperative
adolescents). The p values were obtained by LEfSe (* p < 0.05, α = 0.05, log10 LDA score > 2.0).
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Figure 6. Correlation network analysis of nasal bacteria in five groups (CP and healthy children;
CP, healthy, and postoperative adolescents). Correlation network analysis graphs contain nodes and
edges. Nodes represent bacterial genera, and edges represent spearman correlation coefficient. Blue
edges represent positive correlation and green represent negative correlation. Significant correlations
(p < 0.05) with a coefficient of at least 0.6 are exhibited.

3. Discussion

Landscape ecology considers that the potential spatial heterogeneity in geomorphic
and environmental characteristics affect the structure and functional spatial pattern of
the bacterial community. Bacteria from different ecological sites, such as the nose, mouth,
and throat, communicate with each other or spread to the distal parts of the organism.
For example, adenoids might become a reservoir of pathogens for middle ear infections
through the eustachian tube [26]. Palate fractures result in morphological communication
at the junction of ecological sites in the oronasal cavity. The structure and function of
the flora are influenced by changes in the ecological landscape [27]. In our study, CP
patients’ nasal and oral ecosystems were characterized by a degree of dysbiosis. There
were some changes in microbial composition compared with healthy subjects. Consistent
with previous findings [11], the relative abundance of common bacteria in children’s nasal
cavities, such as Dolosigranulum and Moraxella [28], decreased, but that of some bacteria
such as Streptococcus increased relatively.

This study showed that CP significantly affected the bacteria of the two ecological sites,
and the effect on nasal bacterial flora was more significant, consistent with a previous work
based on the polymerase-chain-reaction-denaturing gradient gel electrophoresis (PCR-
DGGE) [11]. Zhou et al. investigated the temporal stability of 22 habitats by sequencing
analysis. They found that the oral habitat had the most stable bacterial flora with the
highest alpha diversity, which might be one reason why salivary bacteria of CP patients
were not easily disturbed by the environment [29]. The community succession pattern in
the nasal cavity is a substitute form, i.e., new species appear and replace the old species.
For instance, Staphylococcus and Corynebacterium dominance in infancy was replaced by
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Moraxella or Alloiocococus spp. dominance with age. Various invaders possess different
abilities to replace the dominant strains [30]. Such an easily replaced community might
explain why CP influences the nasal cavity more significantly.

The composition and function of the bacteria play important roles in human health
and disease [31]. The invasion of heterologous bacteria may disturb the balance and cause
diseases [32]. In the digestive system, because of the impairment of intestinal barrier
function in patients with liver cirrhosis or obesity, intestinal bacteria and their metabolites
are transferred from the intestine to the blood or other organs, causing infection [33]. Recent
studies have also revealed that the translocation of vaginal bacteria is associated with
uterine health [32]. Pathogens might migrate from the oral cavity to all parts of the body.
Systemic diseases, including atherosclerotic disease, rheumatoid arthritis, inflammatory
bowel disease, and colorectal cancer, have been demonstrated to be associated with the
ectopic colonization of oral pathogens [22,23]. Interestingly, we found that part of the nasal
bacterial biomarkers in CP patients were common oral bacteria, indicating that certain
oral bacteria might migrate through the enlarged cleft to the nasal cavity. According to
our setting, we observed that 9, 36, and 29 genera called O-N bacs migrated from the oral
cavity to the nasal cavity in CP children, CP adolescents, and postoperative adolescents,
respectively. Especially, our results revealed that a large number of salivary bacteria
such as Streptococcus, Prevotella, Veillonella, Actinomyces, etc., were colonized in the nasal
cavity of CP patients. In previous studies, the increase in Streptococcus spp. and Prevotella
salivae in nose/throat has been proved to be related to susceptibility to influenza virus
infection [34]. Veillonella dispar was enriched in the salivary bacteria of chronic rhinosinusitis
patients [35]. Furthermore, Rothia, Actinomyces, Neisseria, and Veillonella in the nasal cavity
might be important in the causal pathway of otitis media [36]. In this study, increased
colonization of the bacteria above in the nasal cavity might cause a dysbiosis of CP patients’
nasal microbiota and increase the possibility of patients suffering from infectious diseases.
Although these genera are not considered pathogens of infectious diseases, they may be
important in the causal pathway. Palate fracture enlarged the space of the oral and nasal
connecting passage. We speculate that after sucking, swallowing, and other functions,
bacteria were exchanged between the saliva and nasal secretions through the cleft palate in
two sites, enhancing the possibility of bacterial exchange, ectopic colonization, and mutual
influence in two habitats. However, further evidence is required to determine whether this
migration of flora actually occurs and whether it will increase the incidence of respiratory
diseases in patients with cleft palate.

Cleft palate repair can restore the normal structure and function of the oronasopharynx
by closing the abnormal fissures [37]. At the same time, it can modify the ecological envi-
ronment and affect the composition of bacteria. Prior works have identified the bacterial
differences in nasal, sublingual, and oropharyngeal surfaces in CP patients before or after
reconstructive surgery. Cleft palate closure significantly reduced Klebsiella, Enterobacter
species, and Staphylococcus aureus counts [19,38]. We compared the oral and nasal bacteria
of CP, postoperative, and healthy adolescents. However, the results demonstrated that
compared to the healthy adolescents, the bacterial composition of saliva and the nasal
cavity in the CP and postoperative adolescents was more similar. In addition, in the present
study, changes in the bacterial community diversity and bacterial biomarkers identified
by LEfSe showed that some changes in the flora caused by cleft palate in childhood were
also reflected in adolescence, independent of cleft palate repair. Therefore, we speculated
that the changes in microflora induced by CP in childhood had a far-reaching impact on
the development of the host’s oral and nasal bacteria. To further explore the temporal
characteristics of O-N bacs, we defined TS O-N bacs located at the intersection center of the
O-N bacs in three categories, including Streptococcus, Gemella, Alloprevotella, Neisseria, Rothia,
Actinomyces, and Veillonella. TS O-N bacs translocated from the oral cavity to the nasal
cavity during childhood colonized the nasal cavity, possibly affecting the development
of nasal microbiota and even becoming dominant in the CP adolescents’ nasal bacteria.
Moreover, the effect of TS O-N bacs on nasal flora would not be greatly disturbed by cleft
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palate repair. Therefore, CP adolescents and postoperative adolescents had a relatively
similar nasal ecosystem. More importantly, some of these TS O-N bacs, such as Streptococcus,
Rothia, Actinomyces, Neisseria, and Veillonella, etc., were associated with respiratory tract
infections and otitis media [34–36]. The study of O-N bacs and TS O-N bacs provides a new
explanation for the dysbiosis of nasal microbiota in the CP patients; that is, such dysbiosis
may come from the ectopic colonization of oral bacteria in the nasal cavity. Understanding
the source of dysbiosis can help us to consider the etiology from multiple perspectives and
provide combined treatment for CP patients suffering from respiratory infectious diseases.
Nasal flora dysbiosis in CP patients may be one of the reasons for increased susceptibility
to respiratory infectious diseases or otitis media. In fact, this hypothesis needs to be further
explored in a case–control study in the CP patients with or without respiratory infectious
diseases. The study of nasal and oral microbiota can help predict the risk of suffering from
respiratory diseases in CP patients and prevent or treat diseases from the perspective of
flora intervention.

However, there are still some limitations in this research. The genus “Serratia” was
detected in most nasal samples and occupied a high relative abundance, which was different
from the previous research results [39]. Serratia is usually detected in the environment [40],
as well as in the oral cavity [41] and skin [42] of some specific people, but is mentioned
in only two examples from the literature related to the nasal microbiome [43,44]. As for
the source of Serratia, we proposed the following possibilities: (1) the high abundance
of Serratia is one of the nasal microbiome characteristics in our subjects, because the
composition of the nasal microbiome is affected by many factors, including age of subjects,
region, climate, and individual differences [39,45–47]; (2) the sequencing platform we used
was the Roche Genome Sequencer FLX + platform with 1% error rate [48]. We cannot
rule out that this phenomenon may be caused by sequencing errors. Furthermore, due to
the limitation of the sequencing platform (Roche Genome Sequencer FLX +), there was
a 1% error rate in the sequencing results [48] and a low annotation rate at species level.
Our analysis of the data was limited to the genus level. In the future, studies related to
high-throughput sequencing of CP patients’ oral and nasal microbiome should be carried
out on a platform with more optimized performance. In addition, this study is limited by
the small number of subjects, so the results may not be applicable to other CP patients. It
will be more scientific to investigate more samples in each group.

4. Materials and Methods
4.1. Study Design and Procedures

This study was approved by the Medical Ethics Committee of West China Stomatology
Hospital of Sichuan University (Protocol Number: WCHSIRB-ST-2013-069). Informed
consent was obtained from the subjects and their legal guardians. The sample consisted
of 45 individuals visiting West China Stomatology Hospital or West China Women’s and
Children’s Hospital of Sichuan University, including 10 CP children, 10 healthy children,
5 CP adolescents, 10 postoperative adolescents, and 10 healthy adolescents. Children
and adolescents with CP were in the corresponding age group (1–2 and 12–18 years
old), diagnosed with nonsyndromic complete CP with or without a cleft lip, and had
not undergone palatoplasty. The postoperative adolescents were diagnosed similarly
and had undergone surgery > 10 years previously without complications. All subjects in
postoperative group received palatoplasty at their 10m–1y. Exclusion criteria of children
included: being non-Han; teeth have not yet erupted; presence of active oral or respiratory
infectious diseases; presence of acute infectious diseases; presence of systemic diseases;
having used antibiotic treatments in 3 months before the study. Exclusion criteria of
adolescents included: being non-Han; being in mixed dentition; has received or is receiving
removable or fixed orthodontic treatment; presence of oral or respiratory infectious diseases;
presence of acute infectious diseases; presence of systemic diseases; having used antibiotic
treatments in 3 months before the study; having complications such as palate fistula and
dehiscence, etc., after cleft palate repair operation.
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Demographic information (age, gender, and delivery mode) was collected from the
subjects and their legal guardians by trained investigators. Diagnostic and surgical informa-
tion was collected from the attending physician for these subjects. We performed a simple
oral examination on the subjects. The incidence of teeth eruption of the included children
was examined. The DMFT (decayed, missing, and filled teeth) index of adolescents was
calculated by trained investigators. The relevant information of the subjects was displayed
in Tables S1 and S3.

4.2. Sample Collection

Sampling methods conformed to the NIH human microbiology program (www.
hmpdacc.org/doc/HMP_ClinicalProtocol.pdf, accessed on 30 March 2009). After fast-
ing for 2 h before sampling, 1 mL of unstimulated saliva was collected from the oral cavity
floor of the subjects with a disposable sterile pipette and transferred into the centrifuge
tube. After gently rotating on the nasal cavity’s vestibular wall, the sterile nylon flocking
swab was immersed in a centrifuge tube filled with 750 µL of PBS buffer and shaken for
10 s. Then, the swab was attached to the centrifuge tube wall several times. The swab
was released into the buffer as much as possible. The collected specimens were frozen at
−80 ◦C until use within 2 hours after transportation under an ice bath.

4.3. DNA Extraction and 16S rRNA Gene Amplicon Sequencing

Microbial DNA was extracted from 90 samples using the E.Z.N.A.®Soil DNA Kit
(Omega Bio-Tek, Norcross, GA, USA). The V3–V6 region of the bacteria 16S ribosomal
RNA gene was amplified by polymerase chain reaction (95 ◦C for 2 min, followed by
25 cycles at 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s, and a final extension
at 72 ◦C for 5 min) using primers 341F:5’-CCTACGGGAGGCAGCAG-3’ and 1073R:5’-
ACGAGCTGACGACARCCATG-3’. PCR reactions were performed in a 20 µL mixture
containing 4 µL of ×5 FastPfu Buffer, 2 µL of 2.5 mm dNTPs, 0.8 µL of each primer (5 µM),
0.4 µL of FastPfu Polymerase, and 10 ng of template DNA. EmPCR products were prepared
using the Roche emPCRAmp-Lib_L Kit (Roche, Indianapolis, IN, USA) designed by Roche
and sequenced using GS FLX+_ Sequencing Method Manual_XL+ Kit (Roche, Indianapolis,
IN, USA) on the Roche Genome Sequencer FLX + platform (Roche, Indianapolis, IN, USA).

4.4. Bioinformatics Analysis and Statistical Analysis

The optimized sequence data were obtained by discarding sequences with
lengths < 200 bp, a fuzzy base number > 0, and average sequence quality < 25.

Sequence bioinformatics analysis was performed using the Usearch analysis plat-
form (version 7.1, http://drive5.com/uparse/, accessed on 8 July 2016). After extracting
nonrepetitive sequences and removing single sequences, the sequences were clustered to
operational taxonomical units (OTU) at a 97% similarity level. RDP Bayesian Classifier
algorithm was applied to sequence homology alignment and species taxonomic identifica-
tion of 97% similar OTU representative sequences. Qualified sequences were submitted
to the Silva database (Release119, http://www.arb-silva.de, accessed on 8 July 2016) for
taxonomic alignment. Alpha diversity ACE, Chao 1, and Shannon index were determined
to evaluate the diversity and abundance of the community. Beta diversity (distance between
samples based on differences in OTUs present in each sample) was measured using the
Bray–Curtis distance. The relative abundance of the top 15 genera in each group was
shown by circos diagrams. Linear discriminant analysis effect size (LEfSe) was used to de-
termine the biomarker genera that best characterized each group. We considered taxa with
a linear discriminant analysis score of > 2 and p < 0.05 significant. Correlation networks
were developed based on microbial profiles at the genera level (Spearman’s correlation
coefficient > 0.6, p < 0.05). Each genus was represented as a network node, and Spearman’s
correlation coefficient was defined as the edge weight. Networks were visualized using
Gephi (version 2021.0.9.2, Oracle, Austin, TX, USA). The average age, gender distribution,
birth mode, and the number of erupted teeth in the child groups were compared by the
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Mann–Whitney U test and Fisher’s exact test, and the diversity indexes were tested by t-test.
The average age, gender distribution, and DMFT in adolescent groups were compared
by the independent-sample Kruskal–Wallis test and Fisher’s exact test, and the diversity
indexes were tested by one-way ANOVA. We set the p-value threshold at 0.05. Statistical
analyses were carried out by SPSS (version 19.0, IBM, Armonk, NY, USA). Graphpad Prism8
(GraphPad Software, San Diego, CA, USA) and Oringin2021b (OriginLab, Northampton,
MA, USA) were used for some drawings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pathogens11070771/s1, Table S1: Basic information of included
children, Table S2: Comparison of α-diversity index in oral and nasal samples of two groups in
children, Table S3: Basic information of included adolescents, Table S4: Comparison of α-diversity
index in oral and nasal samples of three adolescence groups, Table S5: Microbial biomarkers of
oronasal bacteria of children, Table S6: Microbial biomarkers in the nasal cavity of adolescents,
Table S7: Microbial biomarkers in the saliva of adolescents, Table S8: Translocation bacteria between
oral and nasal cavity CP children, Table S9: Translocation bacteria between oral and nasal cavity in
CP adolescents, Table S10: Dominant oral bacteria (>1%) in each group.
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Abstract: (1) Background: Enterococcus faecalis and Candida albicans are often isolated from infected
root canals. The interaction between these two species is not clear enough. Therefore, the objective of
this study was to investigate the effect of E. faecalis on the biofilm formation, hyphal morphogenesis
and virulence gene expression of C. albicans. (2) Methods: We used the culture supernatant of
E. faecalis (CSE) to treat the biofilms of C. albicans. Then, crystal violet staining and colony-forming
unit (CFU) counting were performed to evaluate biofilm biomass. Scanning electron microscopy
(SEM) and confocal laser scanning microscope (CLSM) were applied to observe fungal morphology.
Subsequently, exopolymeric substances (EPS) production, cellular surface hydrophobicity (CSH) and
adhesion force of biofilms were investigated by CLSM, water–hydrocarbon two-phase assay and
atomic force microscopy (AFM), respectively. Finally, the expression of C. albicans virulence genes
(ALS1, ALS3, HWP1 and EFG1) were measured by RT-qPCR assay. (3) Results: The exposure of
CSE promoted the biofilm formation and hyphal morphogenesis of C. albicans, increased the EPS
production, CSH and adhesion force of C. albicans biofilms, and increased the expression level of
EFG1. (4) Conclusions: Our data indicated that CSE promoted the hyphal morphogenesis and biofilm
formation of C. albicans.

Keywords: Enterococcus faecalis; Candida albicans; interaction; supernatant; biofilm

1. Introduction

Enterococcus faecalis is a common species in secondary infected root canals and associ-
ated with the failure of endodontic treatment [1,2]. The detection rate of E. faecalis in failed
root canal therapy varies from 12% to 90%, depending on different methodologies [3,4].
In vitro studies demonstrated that E. faecalis could penetrate into the dentin tubules up to
100 µm, and E. faecalis inoculated into root canals could be revived after 12 months, making
the elimination difficult [5,6]. Candida albicans was the most frequently isolated fungus
in infected root canals [7]. In addition to root canals, E. faecalis and C. albicans co-exist
in the gastrointestinal tract and urogenital tract [8,9]. C. albicans can form a thick biofilm
structure, which is more than 200 µm in depth, to resist antifungal treatment and to evade
the immune system. The biofilm formation process of C. albicans contains four major steps:
adherence, proliferation, maturation and dispersal [10]. C. albicans mature biofilms contain
yeast and hyphal cells which are encased in exopolymeric substances (EPS). The hyphal
cells form a complicated network to increase the robustness of the biofilm [11].

There are increasing studies focusing on the interaction between C. albicans and bac-
teria. Many bacterial species have been found to exhibit a synergic relationship with C.
albicans, including Staphylococcus aureus, Streptococcus mutans, Streptococcus gordonii and
Bacteroides fragilis [12–16]. However, the interaction between E. faecalis and C. albicans is
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still controversial. On the one hand, a bacteriocin from E. faecalis, EntV, was reported to
suppress the hyphal formation, biofilm formation and virulence of C. albicans [17]. On
the other hand, E. faecalis was found to increase the tissue invasion of C. albicans with an
organotypic oral epithelial model [18]. Therefore, the cross-kingdom interaction between
these two species is more complicated than what we understand, and more studies are
required to better clarify it. The objective of this study was to analyze the effect of E. faecalis
on the biofilm formation of C. albicans in vitro, providing more evidence to explain the
interaction between these two microorganisms.

2. Results
2.1. Culture Supernatant of E. faecalis (CSE) Could Promote the Biofilm Formation of C. albicans

We measured the effect of culture supernatant of E. faecalis (CSE) and boiled CSE on
C. albicans biofilm formation by crystal violet staining. As shown in Figure 1A, the CSE
and the boiled CSE treated groups showed more biofilm biomass than the control group.
The stereomicroscope images also showed thicker biofilms in the CSE and the boiled CSE
treated groups (Figure 1B). To quantify the live cells in C. albicans biofilms, we applied a
colony-forming unit (CFU) counting assay. The data showed that both CSE and boiled
CSE increased the CFUs in biofilms significantly (Figure 1C), which was consistent with
the results of crystal violet staining. Then we investigated E. faecalis cells and intracellular
content on the biofilm formation of C. albicans. Interestingly, both the cells (Supplementary
Figure S1) and the intracellular content (Supplementary Figure S2) of E. faecalis exhibited
no effect on C. albicans biofilms.
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Figure 1. The effect of the culture supernatant of E. faecalis (CSE) on biofilm formation of C. albicans. 
(A) Biofilm biomass under the effect of CSE and boiled CSE (means ± SD) measured by crystal violet 
staining. (B) Crystal violet stained biofilms obtained by a stereomicroscope. (C) The mean CFU 
counts of C. albicans biofilms in one well (means ± SD). * p < 0.05. Control: 50% YNBB + 50% BHI. 
CSE: 50% YNBB + 50% CSE. Boiled CSE: 50% YNBB + 50% boiled CSE. C. albicans was grown in CSE 
or boiled CSE for 24 h. 

2.2. CSE Promoted Hyphal Morphogenesis of C. albicans 
Given that C. albicans biofilms contain yeast and hyphal cells, hyphal morphogenesis 

could affect the biofilm biomass. To observe the morphology of C. albicans, we performed 
Scanning electron microscopy (SEM) and Confocal laser scanning microscopy (CLSM) 
assays. The images showed that CSE promoted hyphal formation of C. albicans (Figure 
2A,B). 

Figure 1. The effect of the culture supernatant of E. faecalis (CSE) on biofilm formation of C. albicans.
(A) Biofilm biomass under the effect of CSE and boiled CSE (means ± SD) measured by crystal violet
staining. (B) Crystal violet stained biofilms obtained by a stereomicroscope. (C) The mean CFU
counts of C. albicans biofilms in one well (means ± SD). * p < 0.05. Control: 50% YNBB + 50% BHI.
CSE: 50% YNBB + 50% CSE. Boiled CSE: 50% YNBB + 50% boiled CSE. C. albicans was grown in CSE
or boiled CSE for 24 h.

2.2. CSE Promoted Hyphal Morphogenesis of C. albicans

Given that C. albicans biofilms contain yeast and hyphal cells, hyphal morphogenesis
could affect the biofilm biomass. To observe the morphology of C. albicans, we performed
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Scanning electron microscopy (SEM) and Confocal laser scanning microscopy (CLSM) as-
says. The images showed that CSE promoted hyphal formation of C. albicans (Figure 2A,B).
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morphogenesis. (A) Scanning electronic microscope (SEM) images of C. albicans. (B) Confocal laser 
scanning microscope (CLSM) images of C. albicans. Control: 50% YNBB + 50% BHI. CSE: 50% YNBB 
+ 50% CSE. C. albicans was grown in CSE for 24 h. 
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(green) and Alexa Fluor 647 to label exopolymeric substances (EPS) (red). The CLSM 
images showed that there were more hyphae and more EPS in the CSE treated biofilms 
(Figure 3A). Meanwhile, the statistical analysis revealed that CSE increased the EPS/cell 
ratio in biofilms. (Figure 3B) 
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2.3. CSE Increased the EPS Production of C. albicans Biofilms

To investigate the EPS production of C. albicans biofilm, we used SYTO 9 to label
cells (green) and Alexa Fluor 647 to label exopolymeric substances (EPS) (red). The CLSM
images showed that there were more hyphae and more EPS in the CSE treated biofilms
(Figure 3A). Meanwhile, the statistical analysis revealed that CSE increased the EPS/cell
ratio in biofilms. (Figure 3B)

2.4. CSE Altered CSH of C. albicans

Adherence and morphogenesis are two crucial stages in the C. albicans biofilm develop-
ment process [19], the first of which is positively associated with cell surface hydrophobicity
(CSH) [20]. Therefore, we performed a water–hydrocarbon two-phase assay to evaluate the
CSH of C. albicans. We found the CSH to be 0.147 in the control group and 0.319 in the CSE
treated group (Figure 4), indicating that CSE increased the CSH of C. albicans.

2.5. CSE Increased the Adhesion Force of C. albicans Biofilms

The adhesion force of C. albicans biofilms were calculated from force–distance curves
measured by Atomic force microscopy (AFM). As expected, CSE increased the adhesion
force of C. albicans biofilms (Figure 5). The adhesion force was found to be 5.546 nN in the
control group and 11.718 nN in the CSE treated group (Figure 5A). In the control group,
the adhesion force mainly varied from 4 to 8 nN. However, in the CSE treated group, the
adhesion force mainly varied from 8 to 12 nN (Figure 5B).
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2.6. CSE Altered Gene Expression in C. albicans

We measured the expression of genes associated with biofilm formation (ALS1, ALS3,
HWP1 and EFG1) by RT-qPCR. The data showed that the expression level of EFG1 was
upregulated, while the expression level changes of genes ALS1, ALS3 and HWP1 were not
statistically significant (Figure 6).
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2.7. The pH Values of CSE and Boiled CSE

To exclude the effects of pH on the morphogenesis and biofilm formation of C. albicans,
we examined the pH of CSE, boiled CSE, CSE + YNBB and boiled CSE + YNBB. The pH
values of CSE and boiled CSE decreased significantly. However, when mixed with YNBB no
significant differences in pH were observed among CSE, boiled CSE and control (Figure 7).
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3. Discussion

The microbiology analysis revealed that E. faecalis and C. albicans were highly associ-
ated with the persistence of root canal infections [21]. Therefore, the interaction between
these two species has been questioned. A previous study found that E. faecalis attenuated
the hyphal morphogenesis and biofilm formation of C. albicans by bacteriocin EntV [17].
However, the interactions between C. albicans and bacteria are complex, involving direct
cell to cell contact, secretion of small molecules, the use of metabolic by-products, changes
in the host environment or a combination of these [22]. In the present study, we found that
E. faecalis promoted the hypha and biofilm formation of C. albicans. Meanwhile, we found
that the molecule which mediated the interaction was secreted to extracellular space, since
CSE promoted the biofilm formation of C. albicans (Figure 1A), but the bacterial cells and
intracellular content of E. faecalis did not exhibit this effect (Figures S1 and S2). From the
perspective of this study, it is not clear if E. faecalis ATCC 19433 produced EntV or not. We
hypothesize that strain-specific molecules produced by different strains of E. faecalis could
exhibit different effects to C. albicans, which need to be verified in future studies.

E. faecalis can produce lactic acid in BHI medium and lowers the pH [23]. The growth
and morphogenesis of C. albicans can be influenced by a change in pH [24,25]. In the
present study, CSE and boiled CSE were mixed with equal volumes of YNBB medium
to treat C. albicans. Therefore, the pH values of CSE and boiled CSE mixed with 50% of
YNBB were measured. As shown in Figure 7, CSE and boiled CSE exhibited obviously
lower pH values. However, when mixed with equal volumes of YNBB, there were no
significant differences in pH among CSE, boiled CSE and control. Therefore, the hypha and
biofilm formation of C. albicans were not influenced by the pH change of CSE. Moreover,
the concentration of lactic acid itself also needed to be considered. We also measured the
effect of the supernatant of another two lactic acid bacteria, Streptococcus gordonii (CSSg)
and Streptococcus salivarius (CSSs), on C. albicans biofilm formation [26,27]. We verified that
S. gordonii and S. salivarius produced acid in their supernatants, and the pH change could
be buffered by YNBB (Figure S3). As shown in Figure S4, CSSg and CSSs exhibited no
obvious effect on C. albicans biofilm. Therefore, the presence of lactic acid in CSE might be
unrelated with the promotion of the hyphal morphogenesis and biofilm formation of C.
albicans. However, there was a limitation in the study that no direct evidence supported the
presence of lactic acid in CSSg and CSSs, even though the pH decrease was observed. Thus,
we should apply caution to this result. Meanwhile, we found that the boiled supernatant
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also clearly promoted biofilm formation of C. albicans, indicating that the effective substance
is heat stable and unlikely to be a protein, which will be further studied by our group.

C. albicans mature biofilms consist of yeast, hyphae and EPS [11]. To explore if CSE
increased the hyphal morphogenesis or cell quantity in C. albicans biofilms, CFU counting,
SEM and CLSM assays were conducted. Unsurprisingly, both hyphal morphogenesis and
cell quantity were increased. Hyphae are important in C. albicans biofilm development
and maintenance, since they contribute to the adhesion and architectural stability of the
biofilm [10]. Moreover, hyphal morphogenesis of C. albicans contributes to its invasion into
oral mucosa [28]. Therefore, the interaction between E. faecalis and C. albicans might lead to
increased microbial invasion into oral mucosa, which was demonstrated in a recent study
using an organotypic oral epithelial model [18]. Additionally, EPS also plays an important
role in C. albicans biofilms. In the mature biofilms, EPS acts as an adhesive glue to connect
the overall biofilm structure together [11]. Our data also showed that CSE increased the EPS
production of C. albicans, which might be one of the mechanisms that E. faecalis activated to
increase C. albicans biofilm biomass.

As adhesion is a critical step in C. albicans biofilm formation and pathogenicity, we
subsequently investigated the adhesion force of C. albicans biofilms by AFM. The results
showed that the adhesion force in the CSE treated group was obviously increased. We put
forward two hypotheses to explain this phenomenon. First, EPS acts as a crucial factor
which mediates the adhesion of C. albicans [29]. Therefore, the increase of EPS production
might contribute to the increase of adhesion force. Second, compared with yeast cells,
the adhesion force in the surface of hyphal cells was significantly higher [30]. Therefore,
CSE might increase the adhesion force by promotion of hyphal morphogenesis. Moreover,
we investigated CSH to assess the adhesion ability. CSH has been generally used as an
indicator of C. albicans adhesion [31–33]. Consistent with the result of the AFM assay, our
data indicated that CSE increased the CSH. These results converged to prove that E. faecalis
promoted the adhesion of C. albicans, which was essential in biofilm formation.

To clarify the mechanism of the interaction, RT-qPCR was performed in this study. The
data showed that CSE upregulated the expression of gene EFG1. Efg1, a transcriptional factor,
acts as a regulator in initializing hyphal formation, adherence and biofilm maturation [34,35].
Therefore, the upregulation of gene EFG1 may contribute to C. albicans biofilm biomass
increase. In the present study, the RNA was extracted from mature biofilms. Als1, Als3 and
Hwp1 are cell wall adhesins, promoting adherence during biofilm formation [35]. Therefore,
the gene expression of ALS1, ALS3 and HWP1 might not increase in the maturation stage
of biofilm formation. However, the exact mechanisms by which CSE promoted the hyphal
morphogenesis and biofilm formation of C. albicans are still unclear and need further study.

4. Materials and Methods
4.1. Strains and Growth Condition

E. faecalis ATCC19433, C. albicans SC5314 (ATCC MYA-2876), S. salivarius ATCC13419
and S. gordonii ATCC10558 used in our study were obtained from State Key Laboratory
of Oral Diseases (Sichuan University, China). E. faecalis, S. salivarius and S. gordonii were
grown individually in a brain–heart infusion (BHI; Oxoid, Basingstoke, UK) agar medium
at 37 ◦C anaerobically (5% H2, 5% CO2, and 90% N2) for 48 h to form single colony. A
single colony was transferred to a 15 mL centrifugal tube containing 5 mL of BHI liquid
medium. The bacterial suspension was incubated anaerobically at 37 ◦C overnight to about
3 × 109 CFU/mL for subsequent experiments.

C. albicans was grown in a Yeast Extract Peptone Dextrose (YPD; 1% yeast extract, 2%
peptone, and 2% D-glucose) agar medium at 35 ◦C in an aerobically condition for 48 h to
form single colony. A single colony was transferred to a 15 mL centrifugal tube containing
5 mL of YPD liquid medium. The fungal suspension was incubated anaerobically at 37 ◦C
overnight to about 3 × 107 CFU/mL for subsequent experiment. YNBB (0.67% YNB, 75 mM
Na2HPO4-NaH2PO4, 2.5 mM N-acetylglucosamine, 0.2% casamino acids, and 0.5% sucrose)
medium was used for C. albicans biofilm formation [36].
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4.2. Supernatant Collection and pH Measurement

Overnight cultured E. faecalis, S. salivarius and S. gordonii were diluted to 1 × 107 CFU/mL
and incubated at 37 ◦C for another 24 h anaerobically. Subsequently, CSE, CSSg and CSSs
were collected by centrifugation at 5000 rpm for 10 min and then filter-sterilized using a
0.22-µm pore size filter. When needed, CSE were boiled for 1 h.

Since the biofilm of C. albicans was grown in a mixed medium (50% BHI + 50% YNBB,
50% CSE + 50% YNBB, and 50% boiled CSE + 50% YNBB), we measured the pH value of
CSE and boiled CSE along with, or supplemented with, an equal volume of YNBB. BHI
was set as control. Briefly, 4 mL of BHI, CSE and boiled CSE with or without 50% of YNBB
was added to centrifuge tubes, and the pH values were measured with a pH meter (Mettler
Toledo, Shanghai, China). Each sample was analyzed in triplicate.

4.3. Biofilm Formation and Biomass Analysis

Overnight cultured C. albicans was diluted to 1 × 107 CFU/mL with YNBB. Then, 0.1 mL of
the diluted suspensions was inoculated to 24-well plates containing 0.5 mL CSE + 0.4 mL YNBB,
or 0.5 mL boiled CSE + 0.4 mL YNBB in each well. The negative control contained 0.5 mL BHI
and 0.4 mL YNBB in each well. The plates were incubated at 37 ◦C for 24 h anaerobically.

Crystal violet staining was performed to investigate the biofilm formation according
to a previous study, with some modifications [37]. In brief, the supernatant in each well
was removed. Then, the biofilms were gently rinsed three times with sterile phosphate
buffer saline (PBS) and dried in the air. To fix the biofilms, 95% methanol was added. After
15 min, the methanol was removed and the biofilms were washed with PBS and dried
in the air again. Subsequently, the biofilms were stained with 0.1% (w/v) crystal violet
for 15 min, followed by removing the crystal violet solution, washing the biofilms with
PBS and air drying. The images of biofilms stained by crystal violet were obtained by a
stereomicroscope (Leica, Wetzlar, Germany). Then, 100% ethanol was added to each well
to extract the crystal violet in biofilms. After 15 min, the ethanol was transferred to another
24-well plate and the optical density at 595 nm was detected using a spectrophotometer
(Thermo, Waltham, MA, USA).

4.4. CFU Counting

C. albicans was grown as described above. After incubation, the supernatant was
removed and the biofilms were gently rinsed with sterile PBS. Then the biofilms were
scraped and separated by sonication in PBS buffer. Subsequently, the suspension was
serially diluted to 102-fold to 104-fold in PBS buffer. A total volume of 30 µL of each diluent
was then inoculated to YPD agar plates and incubated aerobically at 35 ◦C for 48 h. The
plates with a CFU count of 30 to 300 were selected for CFU counting.

4.5. Scanning Electron Microscopy (SEM)

C. albicans was grown as described above, and glass slides were added to the bottom
of plates prior to inoculation. A previously described protocol of SEM assay was applied,
with some modifications [38]. Briefly, the supernatant was removed and biofilms were
gently washed with PBS. Then, the biofilms were fixed with 1 mL of 2.5% glutaraldehyde
(v/v) under 4 ◦C for 4 h. Then, the glutaraldehyde was removed and the biofilms were
washed with PBS, followed by dehydration with a graded ethanol solutions series (30%,
50%, 70%, 80%, 85%, 90%, 95%, 100%, v/v) for 15 min. The glass slides covered with biofilms
were stored in 100% ethanol until subsequent analysis. Finally, the samples were taken out
and coated with gold and scanned using a scanning electron microscope (Inspect F, FEI,
Eindhoven, The Netherlands).

4.6. Confocal Laser Scanning Microscopy

C. albicans was grown as described above, and glass slides were added to the bottom
of plates prior to inoculation. After incubation, the supernatant was removed and the
biofilms were washed with 0.9% NaCl. In order to observe the morphology of C. albicans,
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SYTO-9 green fluorescent nucleic acid (excitation 485 nm/emission 498 nm; Invitrogen,
Carlsbad, CA, USA) was used to stain the cells at room temperature for 20 min [39]. In
order to investigate the biomass of C. albicans and its EPS, SYTO 9 nucleic acid was added
to stain the cells at room temperature for 20 min, followed by the addition of EPS dye Alexa
Fluor 647 (excitation 650 nm/emission 668 nm; Invitrogen, Waltham, MA, USA) to label
the EPS at room temperature for 30 min [40]. Finally, the excess stains were removed and
the glass slides covered with biofilms were taken out for subsequent analysis. The samples
were observed under a confocal laser scanning microscope (CLSM; Olympus, FV3000,
Tokyo, Japan) with 60× oil immersion objective lens. IMARIS 9.6.0 software was used for
three-dimensional reconstruction. The quantification of EPS/cell ratio was analyzed using
Image J COMSTAT software (NIH, Bethesda, MD, USA), according to fluorescence intensity.
At least three different positions of each sample were randomly selected for observation.
The whole staining procedure was performed in the dark.

4.7. Cellular Surface Hydrophobicity (CSH) Assay

CSH was measured by a water–hydrocarbon two-phase assay according to a previous
study [32]. C. albicans was grown as described above. After incubation, the biofilms were
collected and separated by sonication in PBS buffer. Subsequently, the fungal cells were
harvested by centrifugation at 4000× g for 10 min at 4 ◦C and re-suspended in YPD medium.
The OD600nm was adjusted to 1.0 with YPD medium. Then, 1.2 mL of the fungal suspension
was added into an Eppendorf tube. Subsequently, 0.3 mL of octane was added to the top
of each tube. The tubes were vortexed for 180 s to intensively mix octane with fungal
suspension. Then the tubes were left to stand for another 180 s to separate the aqueous
phase and hydrocarbon. Then, the OD600nm of the aqueous phase was measured. For each
group, the OD600nm for the group without the supplement with octane was set as inner
control. At least three independent experiments were performed. Relative hydrophobicity
was obtained from the formula: (OD600nm of inner control–OD600nm mixed with octane)/
OD600nm of inner control.

4.8. Atomic Force Microscopy (AFM)

AFM was performed to determine the adhesion force of C. albicans biofilms as de-
scribed earlier with some modifications [30,41]. C. albicans was grown as described above,
and glass slides were added to the bottom of plates prior to inoculation. After incubation,
the supernatant was removed and the biofilms were washed with PBS. The glass slides
covered with biofilms were taken out for AFM analysis. The surface adhesion force of C.
albicans biofilms was measured using a SHIMADZU STM9700 system (Shimadzu, Kyoto,
Japan) with tipless AFM probes (0.05 N/m). The adhesion force was examined under a
contact model. For each group, 10 different positions were randomly selected and at least
10 force–distance curves at each position were collected.

4.9. Real-Time Quantitative PCR (RT-qPCR)

To investigate the gene expression in C. albicans biofilms, an RT-qPCR assay was
performed according to a previous study [42]. In brief, C. albicans was grown as described
above. After incubation, the supernatant was removed and the biofilms were immersed in
PBS. Then, the biofilms were scraped and collected into Eppendorf tubes. Cells were har-
vested by centrifugation at 4000× g for 10 min at 4 ◦C, and the supernatant was discarded.
Pellets were washed 3 times with sterile PBS. Then, the fungal cells were lysed using
Yeast Processing Reagent (Takara, Japan). RNAiso Plus kit (Takara, Japan) was used for
RNA extraction. PrimeScript RT Reagent kit (Takara, Japan) was used for cDNA synthesis.
The cDNA and RNA qualities were evaluated with a NanoDrop 2000 spectrophotometer
(Thermo, Waltham, MA, USA). The cDNA was stored at −20 ◦C until real-time quantitative
PCR (RT-qPCR) analysis. C. albicans gene ACT1 was set as internal control [43]. The primers
used in this study are listed in Table 1. The RT-qPCR was carried out with the TB Green
Premix Ex Taq II Kit (Takara, Japan) in a LC480 system (Roche, Basel, Switzerland). The
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cycling procedure started with an initial incubation at 95 ◦C for 30 s, followed by 40 cycles
of 5 s denaturation at 95 ◦C, 30 s annealing at 55 ◦C and 30 s extension at 72 ◦C. The relative
transcript level of the studied genes was determined with the 2−∆∆CT method. For each
sample, three repeats were performed.

Table 1. C. albicans primers sequence used in this study for real-time quantitative PCR (RT-qPCR) analysis.

Gene Forward Primer Reverse Primer

ACT1 GCGGTAGAGAGACTTGACCAACC GACAATTTCTCTTTCAGCACTAGTAGTG
ALS1 CCAAGTGTTCCAACAACTGAA GAACCGGTTGTTGCTATGGT
ALS3 CTAATGCTGCTACGTATAATT CCTGAAATTGACATGTAGCA
HWP1 TGGTGCTATTACTATTCCGG CAATAATAGCAGCACCGAAG
EFG1 TATGCCCCAGCAAACAACTG TTGTTGTCCTGCTGTCTGTC

4.10. Data Analysis

Each experiment was independently repeated at least three times. The data were
analyzed with GraphPad Prism 8.0 (GraphPad, La Jolla, CA, USA). One-way analysis
of variance (ANOVA) was used to analyze the result of crystal violet staining, CFU and
RT-qPCR assay, and post hoc test was applied for multiple testing. Student t test was used
to analyze the result of the CLSM, AFM and CSH assays. The difference was considered as
statistically significant when p < 0.05.

5. Conclusions

E. faecalis has traditionally been considered to suppress the hyphal morphogenesis
and biofilm formation of C. albicans by its secreted bacteriocin EntV. Recently, E. faecalis
was found to enhance C. albicans invasion in an organotypic oral epithelial model. In this
study we found that the supernatant of E. faecalis enhanced the hyphal morphogenesis
and biofilm formation of C. albicans in vitro. EPS, CSH, adhesion force and the expression
of genes related with biofilm formation were all increased. Therefore, the current study
suggests that E. faecalis is able to promote the hyphal morphogenesis and biofilm formation
of C. albicans. Nevertheless, further studies are needed to clarify the molecular mechanism
of the promotion effect.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pathogens11101177/s1, Figure S1: The effect of E. faecalis cells
on C. albicans biofilm formation; Figure S2: The effect of E. faecalis intracellular contents on C.
albicans biofilm formation; Figure S3: The pH values of CSSg and CSSs with or without 50% YNBB;
Figure S4: The effect of the culture supernatant of S. gordonii (CSSg) and S. salivarius (CSSs) on C.
albicans biofilm formation. References [44,45] are cited in the Supplementary Materials.
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Abstract: Data from systematic reviews and meta-analyses show that probiotics positively impact
clinical parameters of oral diseases such as gingivitis, dental caries, and periodontitis. However, the
working mechanism of probiotics is not fully understood, but is hypothesized to be mediated by direct
and indirect interactions with the oral microbiota and the human host. In the present narrative review,
we focused on the microbiological effect of probiotic supplements based on data retrieved from
randomized clinical trials (RCTs). In addition, we assessed to what extent contemporary molecular
methods have been employed in clinical trials in the field of oral probiotics. Multiple RCTs have been
performed studying the potential effect of probiotics on gingivitis, dental caries, and periodontitis, as
evaluated by microbial endpoints. In general, results are conflicting, with some studies reporting a
positive effect, whereas others are not able to record any effect. Major differences in terms of study
designs and sample size, as well as delivery route, frequency, and duration of probiotic consumption,
hamper comparison across studies. In addition, most RCTs have been performed with a limited
sample size using relatively simple methods for microbial identification, such as culturing, qPCR,
and DNA–DNA checkerboard, while high-throughput methods such as 16S sequencing have only
been employed in a few studies. Currently, state-of-the-art molecular methods such as metagenomics,
metatranscriptomics, and metaproteomics have not yet been used in RCTs in the field of probiotics.
The present narrative review revealed that the effect of probiotic supplements on the oral microbiota
remains largely uncovered. One important reason is that most RCTs are performed without studying
the microbiological effect. To facilitate future systematic reviews and meta-analyses, an internationally
agreed core outcome set for the reporting of microbial endpoints in clinical trials would be desirable.
Such a standardized collection of outcomes would most likely improve the quality of probiotic
research in the oral context.

Keywords: probiotics; microbiota; periodontitis; dental caries; gingivitis; oral health

1. Background

Oral health is shaped by the symbiotic relationship between the oral microbiota
and the host [1], with the oral microbiota being critically involved in transitions from
oral health towards the three major oral diseases—gingivitis, periodontitis, and dental
caries [2–4]. Hence, treatment and prevention of oral diseases have traditionally had a
strong microbiological focus, targeting oral biofilms [5,6].

Probiotics are defined by the World Health Organization (WHO) as live microorgan-
isms which, when administrated in adequate amounts, confer health benefits to the host [7].
Probiotics, mainly Lactobacillus and Bifidobacterium species, have been demonstrated to have
potential beneficial effects in the gastrointestinal area, including food allergy [8]. While the
mode of action of probiotics is not completely understood in detail, one of the main desired
actions is antimicrobial activity against pathogenic bacteria [9]. Hence, when considering
the global burden of antibiotic resistance [10], probiotics are an attractive antimicrobial
alternative to antibiotics.

Pathogens 2024, 13, 419. https://doi.org/10.3390/pathogens13050419 https://www.mdpi.com/journal/pathogens93



Pathogens 2024, 13, 419

Probiotics have been extensively tested in prevention and/or treatment of oral diseases,
with results being conflicting. For example, two recent meta-analyses from 2022 and
2023 concluded that probiotics influenced clinical periodontal parameters such as bleeding
on probing and probing pocket depth [11,12]. On the contrary, two other meta-analyses of
ten and four clinical trials, respectively, did not show any effect of probiotics on bleeding
on probing in patients with gingivitis [13,14]. In dental caries, a meta-analysis from 2023,
based on 17 clinical trials, concluded that probiotics reduced incidence and progression
of dental caries in preschool children [15], which is in concert with another meta-analysis
from 2022 [16]. The major discrepancies observed in clinical parameters underscore the
necessity to include microbiological endpoints in clinical studies, as knowledge on the
microbiological mode of action of probiotics is essential for interpretation of the potential
clinical effect observed.

In recent decades, there has been a tremendous development in molecular microbio-
logical methods, which can be used to characterize the oral microbiota [17]. For example,
moving from culturing procedures to culture-independent techniques, such as cloning and
sequencing some 20 years ago, enabled identification of a substantial part of the uncul-
tured and, therefore hitherto, unknown members of the oral microbiota [18]. Moreover,
advancement to high-throughput next-generation sequencing methods facilitated taxo-
nomic characterization of the oral microbiota in health and disease [19]. In continuation,
metagenomic sequencing has enabled strain-level taxonomic resolution [20]. Also, ad-
vanced methods such as metatranscriptomics and metaproteomics have accelerated the
transition from studies on microbial composition toward functional characterization of
the oral microbiota [21,22]. Finally, whole-genome sequencing together with metagenome-
assembled genomes provide the opportunity for detailed characterization of complete
bacterial genomes [23,24]. As such, the molecular toolbox is now heavily equipped with
the instruments needed for an in-depth analysis of probiotic strains and their potential
impact on the oral microbiota. The question is whether these methods have found their
way into the area of probiotics.

The purpose of the present study was to review the literature, with primary em-
phasis on the microbiological effect of probiotic supplements observed as compared to
placebo in randomized clinical trials (RCTs). Secondly, the aim was to evaluate to which
extent contemporary molecular methods are employed in clinical trials in the field of oral
probiotics.

2. Periodontitis

Periodontitis is a multifactorial disease, which is the consequence of an imbalance
of the oral microbiota and the host immune system, mediated by compositional changes
of the subgingival microbiota and dysregulation of the host response, conditioned by
heredity and environmental risk factors such as smoking. The ultimate oral consequence of
periodontitis is tooth loss and edentulism, whereas periodontitis is also associated with in-
creased risk of chronic inflammatory conditions such as type 2 diabetes and cardiovascular
diseases [3]. Specifically, the subgingival environment in the established periodontal lesion
is characterized by microbial dysbiosis, including compositional changes such as a higher
abundance of proposed periodontal pathogens, which are predominantly Gram-negative
anaerobic rods [25]. Along this line, studies have demonstrated that non-surgical periodon-
tal treatments induce compositional changes to the subgingival microbiota, as illustrated
by a higher abundance of Gram-positive rods and cocci in combination with a decrease in
abundance of Gram-negative anaerobic bacteria [26,27]. As the most feasible application of
probiotics in periodontal treatment is as a supplement to non-surgical treatment, probiotics
should ideally augment the effect of this treatment on the subgingival microbiota.

In the last few decades, multiple RCTs with microbiological endpoints have been
performed in periodontology ([28–36], Table 1), in which probiotic supplements were
used either as an adjunct to non-surgical periodontal treatment [28–30,32–36], or without
additional instrumentation [31]. In most cases, Lactobacillus and Bifidobacterium species were
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used as probiotic strains, being delivered in different forms, including mouthwash [28,36],
capsules [29], suspensions [31], gels [30], and lozenges [30,32,34,35]. In addition to mode
of delivery, there are other significant discrepancies in terms of sample size and study
design, with some studies testing the short-term effect after 14 days [28] and others the
long-term effect after 12 months [34]. Moreover, different microbiological methods have
been used, including culturing, qPCR, and DNA–DNA checkerboard [28–36]. Naturally,
the heterogenicity observed hampers the possibility of comparing data across the studies
included.

From a microbiological point of view, the results seem conflicting, with some studies
reporting no effect of the tested probiotic, irrespective of the microbiological endpoint
[29–31,33,36]. Among the positive effects being reported, these include a significant de-
crease in Treponema denticola and Tannerella forsythia in the subgingival plaque as evaluated
by PCR [28], a significant decrease in red complex bacteria in the subgingival plaque moni-
tored by DNA–DNA checkerboard [32], a significant decrease in the percentage of obligate
anaerobic bacteria in the subgingival plaque identified by culturing [34], and a significant
reduction in salivary, supragingival and subgingival levels of Porphyromonas gingivalis as
quantified by qPCR [35]. While the positive microbiological results can be seen as proof
of principle, demonstrating an effect of the tested probiotic in vivo, it is important to re-
member that periodontitis is a complex disease with a polymicrobial etiology [25]. Hence,
a probiotic impact evaluated solely as the effect on one or a few preselected proposed
pathogens might not necessarily be of clinical importance.

From a technical perspective, the microbial methods employed for studies on probi-
otics in RCTs in periodontology are all relatively simple using either culturing techniques
or early molecular methods, such as qPCR and DNA–DNA checkerboard. The common
denominator of the methods used is that they are all close-ended, meaning that they are
targeting a few specific proposed pathogens (culturing and qPCR) and up to a total of
40 pre-selected oral bacterial species (DNA–DNA checkerboard). To the best of our knowl-
edge, no single study examining probiotics in periodontology has used high-throughput
open-ended methods, such as 16S sequencing or metagenomics, which would have pro-
vided an in-depth characterization of the potential effect of probiotics on the subgingival
microbiota, as expressed by alpha and beta diversity, as well as compositional changes.
In addition, contemporary sophisticated methods, including metatranscriptomics and
metaproteomics, have not been employed, which means that the impact of probiotics on the
phenotypic profile of the subgingival microbiota in terms of functional information, such as
gene expression, remains unknown. In the last decade, advanced molecular methods have
found their way into studies on the general microbiology of periodontitis [19,37], providing
detailed insight into the etiological role of the subgingival microbiota in health and disease.
Importantly, the current perception of the role of the subgingival microbiota in the patho-
genesis of periodontitis has greatly moved from a narrow focus on specific bacterial species
toward a more comprehensive view on the total biofilm community, including synergistic
and antagonistic interactions between members of the biofilm and interactions with the
human host in different ecological conditions [25]. Preferably, future probiotic studies in pe-
riodontology with microbial endpoints should employ state-of-the-art molecular methods,
providing detailed compositional and functional effects mediated by the probiotic tested.

3. Dental Caries

Dental caries is a complex disease, which in essence is the biochemical consequence of
prolonged microbial carbohydrate metabolism, resulting in continuous pH drops in mature
dental biofilms, facilitated by frequent exposure to dietary sugars [4,38]. Historically, the
prime microbial focus in the field of dental caries has been on specific oral bacterial species
with proficient carbohydrate metabolism, such as oral streptococci [39] and Lactobacillus
species [40], with special emphasis on Streptococcus mutans due to the versatile armamentar-
ium of caries-associated virulence factors [41]. In addition, studies have reported a positive
correlation of salivary levels of S. mutans with caries experience [42], and salivary carriage
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of S. mutans has been suggested as a risk factor of future caries activity [43]. From a clinical
perspective, probiotics could have multiple areas of application in the field of dental caries,
but most importantly it would be suitable for non-invasive treatment of non-cavitated
lesions, as well as in the prevention of the development of new lesions.

In the field of dental caries, a substantial number of RCTs have been performed testing
the microbiological effect of probiotics in both children and adult populations ([44–61],
Table 1). As is the case in periodontology, the probiotic strains used in cariology are
almost exclusively Lactobacillus and Bifidobacterium species, being delivered in various
ways, including mouthwash [44], yoghurt [45,46], milk [50–53,58,60,61], tablets [47,48,56],
ice cream [49,59], oil [54], and cereals [55]. There are considerable differences in the
RCTs with regard to study designs, with some studies evaluating the short-term effect after
7–14 days of consumption [44,45,47,51,60], and others the impact of long-term consumption
between 6 and 9 months [50,52,61]. In addition, two studies have monitored the effect
of consumption of probiotics during the first year after birth, in 9-year-olds [54,55]. In a
substantial amount of these studies, culturing of S. mutans and/or Lactobacillus species from
supragingival plaque and/or saliva samples was the only microbial analysis performed.
Likewise, several studies have used chairside detection of S. mutans and/or Lactobacillus
species. While very similar microbial endpoints provide the option for comparison across
studies, these will obviously be heavily influenced by differences in study design, delivery
modes and composition of cohorts.

In adults, a positive effect of probiotics, as evaluated by a significant decrease in S.
mutans and/or Lactobacillus species in supragingival plaque and/or saliva samples, has
been reported in multiple studies [19,44–47]. Importantly, studies reporting a positive
microbiological effect in adults tested the short-term effect of the probiotics, as these were
used for 14 days, with the microbial effect being evaluated after 14–30 days. In children
and adolescents, the results are more diverging, with some studies reporting a positive
effect of probiotic consumption on supragingival and salivary levels of S. mutans and/or
Lactobacillus species [44,50–53,58,59,61], with other studies reporting no effect of the tested
probiotic [54–57,60]. Notably, a common feature in studies reporting a positive effect was
the evaluation of the probiotic effect immediately after short-term (7–14 days) [51,58,59],
intermediate (3 months) [53] and long-term (6–9 months) [50,52] consumption of probiotics.
In contrast, most studies showing no effect performed microbial evaluation several months
to years after having stopped consuming the probiotic compound [54–57].

Collectively, studies which evaluated the microbial effect of probiotics immediately
after a short, intermediate, or long-term consumption in children and adults were able to
demonstrate an impact on supragingival and salivary levels of S. mutans and/or Lactobacil-
lus species, which suggests that probiotic strains, including Lactobacillus and Bifidobacterium
species, have a potential short-term impact on oral levels of proposed caries pathogens in
the period of consumption. On the other hand, a persisting effect as evaluated months to
years after consumption could not be detected. Hence, microbial data point towards the
fact that prolonged consumption is needed to sustain a microbial effect of probiotics in the
context of dental caries.

From a technical perspective, it is conspicuous that studies on the microbial effect
of probiotics in the context of dental caries are based almost solely on culturing methods
targeting proposed caries pathogens such as S. mutans and Lactobacillus species. Importantly,
epidemiological studies have reported that while colonization with S. mutans is associated
with increased risk of dental caries, S. mutans is not detected in a substantial part of dental
caries cavities [62–64]. In addition, recent studies using contemporary molecular methods
have demonstrated taxonomic and functional differences between the supragingival and
salivary microbiota in dental caries versus oral health, which is not limited to S. mutans and
Lactobacillus species [65–67]. Along this line, studies have demonstrated that other members
of the oral microbiota, such as Veillonella species and Streptococcus sobrinus, may be better
predictors of dental caries than S. mutans and Lactobacillus species [68,69]. Consequently,
future probiotic studies in the field of dental caries that are performed using contemporary
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molecular methods are urgently needed, which will enable a shift in analysis towards
focusing on taxonomic and functional characterization of the oral microbiota instead of the
hitherto narrow focus on S. mutans and Lactobacillus species.

4. Gingivitis

Gingivitis is the most prevalent oral disease [70], with the microbial component as the
central act in the pathogenesis of gingivitis being known since the 1960s [71]. Gingivitis,
which is the consequence of undisturbed supragingival biofilm formation and maturation,
is considered the predecessor of periodontitis [3], but not all cases of gingivitis will progress
to periodontitis [72]. Due to its strong microbial etiology, prevention and treatment of
gingivitis, i.e., professional dental cleaning, focus on supra- and subgingival plaque control.
Hence, probiotics could be used to augment the microbiological effect of professional dental
cleaning in the treatment of gingivitis.

Few RCTs have tested the microbiological effect of probiotics in the treatment of gin-
givitis ([73–77], Table 1). In gingivitis, different Lactobacillus species, including L. rhamnosus,
L. curvatus, L. plantarum, L. brevis, and L. reuteri, have been delivered as tablets [74–77]
or lozenges [73], either during experimental gingivitis [73,76] or as treatment of estab-
lished gingivitis [74,75,77]. The microbiological effect has been evaluated in supragingival
plaque [73,76], saliva [74], subgingival plaque [75], and simultaneously in subgingival
plaque and saliva samples [77], using 16S sequencing [73,74], qPCR [75,77], and DNA–
DNA checkerboard [76] immediately after probiotic consumption for 28 days to 8 weeks.
In general, the comparable study designs, the almost similar study cohorts, as well as
less heterogenicity in terms of delivery mode and duration of probiotic intake, assisted
comparison of data across studies, while the use of different molecular methods together
with different microbial samples being analyzed hampered comparison of data.

Microbiologically, some studies have reported the positive effects of probiotics on
the microbial endpoints tested, including microbial resilience to experimental gingivitis in
supragingival plaque [73], a significant reduction in subgingival levels of T. forsythia [75],
and a significant reduction in P. gingivalis in subgingival plaque together with a significant
reduction in total anaerobic counts and Prevotella intermedia in saliva [77]. In one study,
no effect was observed on the composition of the salivary microbiota as evaluated by 16S
sequencing [74], whereas another study failed to identify any effect on the supragingival
microbiota during experimental gingivitis based on DNA–DNA checkerboard analysis [76].

As compared to research on probiotics in periodontology and cariology, two stud-
ies have employed modern high-throughput molecular methods for characterization of
the salivary and the supragingival microbiota in gingivitis [73,74]. Hence, more detailed
knowledge is available on the effect of these probiotic strains in the context of gingivitis, as
compared to what could have been retrieved by culturing or use of close-ended methods
targeting a limited number of pre-selected species. In addition, the use of 16S provided the
opportunity to characterize the effect of the probiotics as evaluated by microbial diversities
and relative abundances. Yet, sophisticated methods, such as metatranscriptomics and
metaproteomics, which enable focus on bacterial functions and metabolic activity, rather
than taxonomic composition, have not been used. Interestingly, a recent study demon-
strated that virulence-related genes were upregulated in the transition from oral health to
gingivitis, and that these changes were mediated by individual expression by specific bac-
terial species, underscoring the complexity of biofilm adaptation to the ecological changes
accompanying the transition from health to gingivitis [78]. Along this line, two recent
studies have reported different clinical trajectories of experimental gingivitis, which is not
explained by the magnitude of clinical biofilm formation [79,80]. Taking these findings
together, it is important that future studies testing the impact of probiotics on experimental
gingivitis stratify and analyze the effect of the probiotic strains in individuals with different
response patterns to experimental gingivitis, and subsequently use advanced molecular
methods to illuminate bacterial gene expression inflicted by the probiotic tested.
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5. Oral Health

The oral microbiota is the second most complex found in the human organism [81],
with studies showing that the oral microbiota expresses both short- and long-term com-
positional stability if the ecological balance of the oral cavity is not disturbed [82,83]. On
the contrary, external perturbations such as inadequate oral hygiene [84], frequent sugar
intake [85], and use of systemic antibiotics [86] rapidly induce compositional changes to the
oral microbiota. Hence, from a preventive perspective, if probiotics are to be used by orally
healthy individuals, the aim should be to support compositional stability and resilience of
the oral microbiota, when faced with stressful conditions.

Several probiotic RCTs with a microbial endpoint have been performed in orally
healthy individuals ([87–94], Table 1), testing Lactobacillus, Bifidobacterium, and Streptococcus
strains delivered as either tablets [91–94], lozenges [87,88,90] or gel [89] after consumption
for 4–12 weeks. Microbial evaluation was performed immediately in either supragingival
plaque, saliva, or subgingival plaque by means of different molecular methods, including
16S sequencing [87–89], qPCR [90,91,94], Human Oral Microbe Identification Microarray
(HOMIM) [92], and DNA–DNA checkerboard [93]. The comparable study designs and
the similar study cohorts together with the immediate evaluation of microbial endpoints
facilitated the comparison of data, with different microbial identification methods and the
use of various probiotic strains being the main confounding factors.

Table 1. Probiotic randomized clinical trials in periodontitis, dental caries, gingivitis and oral health.

Author, Year, Reference Country Sample Size Probiotic Strains Delivery Mode Microbial Sampling and Analysis Authors Reported Results

Periodontitis

Tapashetti et al., 2022, [28] India N = 20

Lactobacillus acidophilus
Lactobacillus rhamnosus
Bifidobacterium longum
Saccharomyces boulardii

Mouthwash
2 times per day, 14 days

qPCR
subgingival plaque

Significant decrease in
Treponema denticola and

Tannerella forsythia

De Oliveira et al., 2022, [29] Brazil N = 48 3 Lactobacillus spp.
2 Bifidobacterium spp.

Capsule
1 capsule per day, 30 days

DNA–DNA checkerboard
Subgingival plaque No significant changes

Pudgar et al., 2021, [30] Slovenia N = 40 Lactobacillus brevis
Lactobacillus plantarum

Gel and lozenges
1 time per day, 3 months

Culturing
Subgingival plaque No significant changes

NĘdzi-GÓra et al., 2020, [31] Poland N = 51 Lactobacillus salivarius SGL03 Suspension
1 time per day, 30 days

Culturing
Supragingival plaque No significant changes

Invernici et al., 2018, [32] Brazil N = 41 Bifidobacterium animalis subsp. lactis (B.
lactis) HN019

Lozenges
1 time per day, 30 days

DNA–DNA checkerboard
Subgingival plaque

Significant decrease in red
complex bacteria

Morales et al., 2018, [33] Chile N = 47 Lactobacillus rhamnosus SP1 Sachet
1 time per day, 3 months

DNA–DNA checkerboard
Culturing

Subgingival plaque
No significant changes

Tekce et al., 2015, [34] Turkey N = 40 Lactobacillus reuteri Lozenges
2 times per day, 3 weeks

Culturing
Subgingival plaque

Significant decrease in % of
obligate anaerobes

Teughels et al., 2013, [35] Belgium N = 30 Lactobacillus reuteri Lozenges
2 times per day, 12 weeks

qPCR
Saliva, supragingival and subgingival

plaque

Significant decrease in
Porphyromonas gingivalis in
saliva, supragingival and

subgingival plaque

Tsubaru et al., 2009, [36] Japan N = 54 Bacillus subtilis Mouthwash
2 times per day, 1 month

BANA test/hybridization
Supragingival plaque No significant changes

Dental Caries in adults

Krupa et al., 2022, [44] India N = 30

Lactobacillus acidophilus-R 0052
Lactobacillus rhamnosus-R 0011
Bifidobacterium longum-R 00175

Bacillus coagulans-SNZ 1969
Saccharomyces boulardii

Mouthwash
2 times per day, 14 days

Culturing
Supragingival plaque

Significant decrease in
Streptococcus mutans

Javid et al., 2020, [45] Iran N = 66 Bifidobacterium lactis Bb12 Yoghurt
1 time per day, 14 days

Culturing
Saliva

Significant decrease in
Streptococcus mutans and

Lactobacillus spp.

Ghamesi et al., 2017, [46] Iran N = 50 Lactobacillus acidophilus Yoghurt
1 time per day, 3 weeks

Culturing
Saliva

Significant decrease in
Streptococcus mutans

Nishihara et al., 2014, [47] Japan N = 64 Lactobacillus salivarius WB21
Lactobacillus salivarius TI 2711

Tablets
3 times per day, 14 days

Culturing
Saliva

Significant decrease in
Streptococcus mutans

Chuang et al., 2011, [48] China N = 78 Lactobacillus paracasei GMNL-33 Tablets
3 timers per day, 14 days

SM and LB strip
Saliva No significant changes

Caglar et al., 2008, [49] Turkey N = 24 Bifidobacterium animalis subsp. lactis
BB-12

Ice cream
1 time per day, 10 days

SM and LB strip
Saliva

Significant decrease in
Streptococcus mutans

Dental Caries in children/adolescents

Krupa et al., 2022, [44] India N = 30

Lactobacillus acidophilus-R 0052
Lactobacillus rhamnosus-R 0011
Bifidobacterium longum-R 00175

Bacillus coagulans-SNZ 1969
Saccharomyces boulardii

Mouthwash
2 times per day, 14 days

Culturing
Supragingival plaque

Significant decrease in
Streptococcus mutans
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Table 1. Cont.

Author, Year, Reference Country Sample Size Probiotic Strains Delivery Mode Microbial Sampling and Analysis Authors Reported Results

Manmontri et al., 2020, [50] Thailand N = 487 Lactobacillus paracasei Milk
3 times per week, 6 months

qPCR
Culturing

Saliva, supragingival plaque

Significant decrease in
Streptococcus mutans and

Lactobacillus spp.

Patil et al., 2019, [51] India N = 30 Lactobacillus casei Milk
1 time per day, 7 days

Culturing
Saliva

Significant decrease in
Streptococcus mutans

Villavicencio et al., 2018,
[52] Colombia N = 363 Lactobacillus rhamnosus

Bifidobacterim longum
Milk

5 days per week, 9 months
Culturing

Saliva
Significant decrease in

Lactobacillus spp.

Pahumunto et al., 2018, [53] Thailand N = 124 Lactobacillus paracasei SD1 Milk
1 time per day, 3 months

Culturing
Saliva

Significant decrease in
Streptococcus mutans

Stensson et al., 2014, [54] Sweden N = 113 Lactobacillus reuteri strain ATCC 55370 Oil
5 drops per day, 1 year

Culturing
Saliva, supragingival plaque No significant changes

Hasslöf et al., 2013, [55] Sweden N = 179 Lactobacillus paracasei F19 Cereals
1 time per day, 9 months

Culturing
Saliva No significant changes

Taipale et al., 2013, [56] Finland N = 163 Bifidobacterium animalis subsp. lactis
BB-12

Tablets
1 time per day, 2 years

Culturing
SM strip

Supragingival plaque
No significant changes

Burton et al., 2013, [57] New
Zealand N = 100 Streptococcus salivarius M18 Lozenges

2 times per day, 3 months
Culturing

Saliva No significant changes

Juneja et al., 2012, [58] India N = 40 Lactobacillus rhamnosus hct 70 Milk
1 time per day, 3 weeks

Culturing
Saliva

Significant decrease in
Streptococcus mutans

Singh et al., 2011, [59] India N = 40 Bifidobacterium lactis Bb12
Lactobacillus acidophilus La5

Ice cream
1 time per day, 10 days

SM and LB strip
Saliva

Significant decrease in
Streptococcus mutans

Lexner et al., 2010, [60] Denmark N = 18 Lactobacillus rhamnosus LB21 Milk
1 time per day, 14 days

DNA–DNA checkerboard
Culturing

Saliva
No significant changes

Näse et al., 2001, [61] Finland N = 594 Lactobacillus rhamnosus GG Milk
5 days per week, 7 months

Culturing
Saliva, supragingival plaque

Significant decrease in
Streptococcus mutans

Gingivitis

Lundtorp Olsen et al., 2023,
[73] Denmark N = 80 Lactobacillus rhamnosus PB01, DSM 14869

Lactobacillus curvatus EB10, DSM 3230
Lozenges

2 times per day, 28 days
16S sequencing

Supragingival plaque
Significant impact on resilience
of the supragingival microbiota

Keller et al., 2018, [74] Denmark N = 47 Lactobacillus rhamnosus PB01, DSM 14869
Lactobacillus curvatus EB10, DSM 3230

Tablets
2 times per day, 28 days

16S sequencing
Saliva No significant changes

Montero et al., 2017, [75] Spain N = 59
Lactobacillus plantarum,
Lactobacillus brevis and
Pediococcus acidilactici

Tablets
2 times per day, 6 weeks

qPCR
Subgingival plaque

Significant decrease in
Tannerella forsythia

Hallström et al., 2013, [76] Sweden N = 18 Lactobacillus reuteri (ATCC55730 and
ATCC PTA5289)

Tablets
2 times per day, 3 weeks

DNA–DNA checkerboard
Supragingival plaque No significant changes

Iniesta et at., 2012, [77] Spain N = 40 Lactobacillus reuteri Tablets
1 time per day, 8 weeks

qPCR
Culturing

Significant decrease in
Porphyromonas gingivalis and

Prevotella intermedia

Oral Health

Lundtorp Olsen et al., 2021,
[87] Denmark N = 110 Lactobacillus rhamnosus PB01, DSM 14869

Lactobacillus curvatus EB10, DSM 3230
Lozenges

2 times per day, 12 weeks
16S sequencing

Supragingival plaque No significant changes

Lundtorp Olsen et al., 2021,
[88] Denmark N = 80 Lactobacillus rhamnosus PB01, DSM 14869

Lactobacillus curvatus EB10, DSM 3230
Lozenges

2 times per day, 28 days
16S sequencing

Saliva
Significant decrease in

Streptococcus spp.

Ferrer et al., 2020, [89] Spain N = 59 Streptococcus dentisani 7746 Gel
1 time per day, 1 months

16S sequencing
Supragingival plaque

Significant change in
microbiota composition

Alanzi et al., 2018, [90] Kuwait N = 108 Lactobacillus rhamnosus GG (LGG)
Bifidobacterium lactis BB-12

Lozenges
2 times per day, 4 weeks

qPCR
Saliva, supragingival plaque

Significant decrease in
Aggregatibacter

actinomycetemcomitans,
Porphyromonas gingivalis and

Fosubacterium nucleatum

Tobia et al., 2018, [91] Japan N = 16 Lactobacillus crispatus KT-11 strain (KT-11) Tablets
1 time per day, 4 weeks

qPCR
Saliva

Significant decrease in
Porphyromonas gingivalis

Toiviainen et al., 2015, [92] Finland N = 60
Lactobacillus rhamnosus GG

Bifidobacterium animalis subsp. lactis
BB-12

Tablets
1 time per day, 4 weeks

HOMIM
Culturing

Saliva
No significant changes

Sinkiewitz, et al., 2010, [93] Sweden N = 23 Lactobacillus reuteri ATCC 55730 and
ATCC PTA 5289

Tablets
1 time per day, 12 weeks

DNA–DNA checkerboard
Culturing

Saliva
No significant changes

Mayanagi et al., 2009, [94] Japan N = 66 Lactobacillus salivarius WB21 Tablets
1 time per day, 4 weeks

qPCR
Supragingival plaque

Significant decrease in
periopathogens

Microbiologically, a handful of studies have reported a positive effect of the probi-
otic tested, such as significant compositional changes in the supragingival and salivary
microbiota as characterized by 16S sequencing [88,89], and significant reductions in the
proposed periodontal pathogens in plaque and saliva quantified by qPCR [90,91,94]. On
the contrary, other studies failed to show an effect on supragingival plaque and saliva
composition and levels of selected species as evaluated by means of 16S sequencing [87],
HOMIM and culturing [93] and qPCR [94].

From a biological perspective, it is noteworthy that a considerable number of clinical
trials performed in orally healthy individuals have focused primarily on the supragingival
and salivary levels of proposed periodontal pathogens, when considering that salivary
and supragingival carriage of these specific species is reported as relatively low in healthy
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adults [95–98]. Hence, one could argue that specific pathogenic species are not the most
appropriate target for probiotics used in orally healthy individuals. In continuation, in
two studies, where high-throughput sequencing demonstrated a significant impact of
probiotics on the salivary [88] and the supragingival microbiota [89], the compositional
changes were primarily driven by alterations in relative abundance of Streptococcus species
in saliva, and supragingival abundance of the proposed cariogenic pathogen, Scardovia
wiggsiae. While high-throughput molecular methods have already been used to study the
effect of probiotics on the healthy oral microbiome, the working mechanisms remain to be
uncovered, as no studies have employed methods which enable functional characterization
of the microbiota.

6. Discussion

The present review of the literature has identified significant microbiological short-
comings in the research area of probiotics, as most RCTs do not have a microbiological
endpoint. Indeed, this is a concern when considering that, from a theoretical perspective,
some of the main proposed working mechanisms of probiotics, irrespective of body site, are
direct and indirect interactions with the resident microbiota ([99,100], Figure 1). Arguably,
microbiological data are therefore essential when interpreting clinical endpoints in clinical
probiotic trials.

Figure 1. Oral probiotics aim to interact with the host microbiome to support oral health and halt the
progression of oral diseases.

From a legislative point of view, probiotics are categorized as food supplements, which
means that the extensive battery of rules and regulations from the pharmaceutical area
does not apply to the probiotics industry. In other words, it is possible to produce and
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sell probiotics without having provided data showing the safety and clinical efficacy of
the product. To the best of our knowledge, only one study has been conducted aimed
specifically at testing the clinical and microbiological safety of a probiotic compound [87].
Certainly, this is surprising, considering that the global probiotics market is estimated
to reach USD 85.4 billion in 2027 (https://www.marketsandmarkets.com/, accessed on
14 March 2024), meaning that it should be financially possible to thoroughly test probiotic
products before being released to the market. Importantly, the effects on the oral microbiota
of other oral care products, such as toothpaste and dentifrices, have been analyzed by means
of advanced molecular methods, despite the fact that these products, like probiotics, are
also not categorized as medical compounds [101,102]. Naturally, it is a great advantage that
solid evidence is available, assisting dental professionals when they advise their patients
which oral health care products to use, including probiotics.

Technically, the first step of screening for probiotic strains is performed using in vitro
laboratory analysis, focusing on the effect of the probiotics on specific predefined microbial
pathogens [103,104], which might explain why most probiotic RCTs solely investigate
oral levels of specific predefined pathogens. While an effect observed in the laboratory
is a prerequisite for further analysis, it is important to acknowledge that data generated
using culturing and other in vitro setups represent a simplified version, as compared to the
in vivo condition, where the probiotic will be in competition with the resident microbiota
and influenced by the host. Hence, it is pivotal to address the impact of the probiotic not
only on the preselected pathogens, but also on the total microbial community, requiring
more sophisticated methods than culturing, qPCR, and DNA–DNA checkerboard, which
until now are the techniques predominantly used for studies on probiotics in RCTs.

From a molecular perspective, oral health may be composed of different microbial and
metabolomic profiles [105]. In addition, the composition of the oral microbiota is highly
site-specific [106], and influenced not only by oral health status, but also by general medical
disorders and age [107–109]. Moreover, frequency and mode of delivery are of critical
importance, as probiotic supplements will most likely have the most pronounced effect
in situations where the oral biofilm is also being mechanically disrupted. In addition, the
probiotic supplement should ideally be present in the oral cavity for a prolonged time to
have maximal effect. Hence, the ideal frequency and mode of delivery will most likely not
be the same in the context of dental caries, gingivitis, and periodontitis. Consequently, it
is critically important when choosing a probiotic to counterweigh the expected beneficial
effects at diseased sites against potential adverse effects at other oral sites, or in predisposed
individuals. With that in mind, it is staggering that almost identical probiotic strains have
been tested in both periodontitis and caries, when considering that proposed pathogens
of the two diseases are critically different in terms of their ecological preferences (pH and
O2) and metabolic profile [110]. Hence, from a theoretical point of view, caries probiotics
could potentially favor periodontal pathogens and vice versa. Importantly, epidemiologi-
cal evidence suggests different individual predispositions to the development of dental
caries and periodontitis [111], which is in line with recent data on experimental gingivitis,
showing different inflammatory reaction patterns to biofilm formation [79,80]. Hence, from
a biological perspective, we speculate that the same probiotic strain could have different
microbiological effects based on parameters such as baseline microbial composition, age,
gender, as well as oral and general health status. Accordingly, this call for action, with
various probiotics being used in individuals with different oral health risk profiles, is part
of an individualized oral precision medicine strategy, as known from other areas such as
oncology [112].

A substantial number of probiotic studies focus on the abundance of specific prede-
fined pathogens, such as S. mutans and P. gingivalis, thereby adhering to key elements
of the specific plaque hypothesis, which was rejected in the mid-1990s and substituted
by the ecological plaque hypothesis [113]. As initiated by the red complex theory [114],
and further developed by the keystone pathogen hypothesis [115], P. gingivalis has at-
tracted considerable attention as an etiological agent of periodontitis, which is biologically
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grounded, as P. gingivalis possesses a wide variety of periodontitis-associated virulence
factors [116]. While the former perception of P. gingivalis was that virulence was primarily
the consequence of high subgingival abundance, recent literature using state-of-the-art
molecular methods points towards P. gingivalis being highly pathogenic even in low num-
bers, as the pathogenicity is mediated through interactions with the resident microbiota
and the human complement system [117,118]. Consequently, P. gingivalis can potentially
still orchestrate prolonged disease activity, despite being deprived in number by a probiotic.
However, this will not be identified using simple molecular methods focusing solely on
levels of P. gingivalis or other specific bacteria. Interestingly, recent literature has employed
metatranscriptomics to portray in detail microbial activity in periodontitis, as quantified
not only by bacterial gene expression of P. gingivalis [119], but also resident members of the
oral microbiota such as oral streptococci [37]. As such, contemporary data could be used
in future development of next-generation probiotics in periodontology, focusing on both
depressing pathogenic gene expression and augmenting natural counterbalancing gene
expression of the resident oral microbiota.

The focus of the present review is solely on the effect of probiotic supplements on the
oral microbiota, which is why studies on prebiotics, synbiotics, and postbiotics were not
included. However, it is important to stress that studies have demonstrated the potential
of using prebiotics such as arginine and non-cariogenic sugars in the prevention of dental
caries [120,121], as well as dietary fibers in the prevention of periodontitis [122], thereby
illuminating a preventive potential of prebiotics in oral care.

7. Concluding Remarks

One of the main expected working mechanisms of probiotics is through direct and
indirect interactions with the resident oral microbiota. Yet, most clinical oral probiotic RCTs
have not addressed the microbial effect of the probiotic tested. Hence, to facilitate future
systematic reviews and meta-analyses, microbial endpoints should ideally be considered
mandatory in all probiotic clinical trials. In addition, an internationally agreed best practice
guideline on clinical trials on oral probiotics should be developed by the probiotic scientific
community, inspired by important guidelines such as the STROBE guidelines [123] and the
PRISMA guidelines [124]. Setting an international standard in terms of study design, with
time of delivery as well as mode of delivery depending on the clinical condition, as well as
core outcomes for the reporting of microbial endpoints in clinical trials, would be desirable,
as such a standardized international guideline would most likely improve the quality of
probiotic research in the oral context.
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Abstract: Dental caries, as a common oral infectious disease, is a worldwide public health issue. Oral
biofilms are the main cause of dental caries. Streptococcus mutans (S. mutans) is well recognized as the
major causative factor of dental caries within oral biofilms. In addition to mechanical removal such
as tooth brushing and flossing, the topical application of antimicrobial agents is necessarily adjuvant
to the control of caries particularly for high-risk populations. The mainstay antimicrobial agents for
caries such as chlorhexidine have limitations including taste confusions, mucosal soreness, tooth
discoloration, and disruption of an oral microbial equilibrium. Antimicrobial small molecules are
promising in the control of S. mutans due to good antimicrobial activity, good selectivity, and low
toxicity. In this paper, we discussed the application of antimicrobial small molecules to the control of
S. mutans, with a particular focus on the identification and development of active compounds and
their modes of action against the growth and virulence of S. mutans.

Keywords: small molecules; Streptococcus mutans; drug repurposing; sortase A; glucosyltransferases (Gtfs)

1. Introduction

Dental caries is a chronic infectious disease across all ages of human beings [1], which
seriously endangers human oral and general health and affects the quality of life [2]. Under
normal conditions, the oral flora maintains a symbiotic relationship with the host [3].
However, under cariogenic conditions, such as frequent sugar intake, cariogenic bacteria
compete with oral commensals and cause microbial dysbiosis. The dysbiosis of oral
biofilm metabolizes carbohydrates and produces excessive acid, leading to pH declination
and consequently tooth demineralization and tooth decay [4–6]. Among oral biofilms,
Streptococcus mutans (S. mutans) is well recognized as the major cariogenic species due
to its acidogenicity and aciduricity. Besides, S. mutans synthesizes exopolysaccharides
(EPSs), which mediate the adhesion between cells and the tooth surface and contribute to
the formation of oral biofilms and the development of dental caries [7,8]. Compared to
planktonic cells, microbial biofilms show higher tolerance to acid and higher resistance to
antimicrobial drugs [9]. Therefore, the control of S. mutans, particularly in its biofilm forms,
is in great urgency.

Mechanical plaque removal and the application of chemotherapeutics are commonly
used for the control of dental caries. Daily mechanical plaque control including tooth
brushing and flossing is commonly used at all age groups for the prevention of dental
caries. However, in the high-risk group for caries, the topical application of antimicrobials
is necessary [10]. Broad-spectrum antimicrobials such as chlorhexidine digluconate (CHX)
are widely used to control cariogenic pathogens [11]. However, CHX has limitations such
as taste confusions, mucosal soreness, tooth discoloration, and drug resistance [12,13].
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Therefore, new strategies or agents to control caries are needed. Small molecules are
compounds with a molecular weight of less than 1000 Da [14]. Recently, small molecules
have become promising alternatives for the control of oral biofilms due to good cell
permeability, good stability, low cost, and low toxicity [15,16]. Various antimicrobial
small molecules from natural products and synthetic compounds have been identified
and developed. In this review, we aim to discuss antimicrobial small molecules against
S. mutans based on the way they are developed, with a particular focus on their modes of
action and mechanisms against the growth and virulence of S. mutans.

2. Drug Repurposing

Drug repurposing, also known as drug repositioning, is a commonly used drug
development approach. Compared to new drug development, drug repurposing has many
advantages including lower drug development cost, lower toxicity, and faster benchtop-to-
clinic transition [17]. Besides, due to the long-term use of broad-spectrum antimicrobial
agents, drug resistance is becoming increasingly prevalent in S. mutans [18]. Repositioning
existing drugs as antibiotics is necessary for saving manpower and material sources. Small-
molecule compounds exhibiting antimicrobial activity against other microorganisms have
been widely screened for new uses against S. mutans.

Screening FDA-approved drugs is an effective way to identify old drugs with new
therapeutic effects against S. mutans. Saputo et al. screened 853 FDA-approved drugs
and identified 126 candidates that exhibit antimicrobial activity against planktonic growth
of S. mutans, among which 24 drugs inhibit biofilm formation, 6 drugs kill pre-existing
biofilms, and 84 drugs exhibit both bacteriostatic and bactericidal effects against S. mutans
biofilms. The 126 candidates were further classified into 6 categories, including antibacteri-
als, ion channel effectors, antineoplastic drugs, antifungals, stains and disulfiram, many of
which are small molecules such as biapenem, cefdinir, and zinc pyrithione [19]. Among
the 126 candidates, a class of derivatives of the fat-soluble secosteroid vitamin D shows
activity against S. mutans. One of the vitamin D derivatives, namely calcitriol, inhibits
both planktonic cells and preforms S. mutans biofilms. Doxercalcierol, a synthetic vitamin
D2 analog, reduces pre-existing biofilms and shows synergistic effects with bacitracin,
a polypeptide that interferes with cell wall synthesis [20]. Gliptins is a common anti-
human-dipeptidyl peptidase (DPP IV) drug for the treatment of type II diabetes. X-prolyl
dipeptidyl peptidase (Sm-XPDAP) coded by the pepX gene is an analogous enzyme of DPP
IV [21]. Sm-XPDAP plays a nutritional role in S. mutans [22]. The pepX-deficient strain
of S. mutans produces fewer biofilms, suggesting that Sm-XPDAP is a potential target for
the inhibition of S.mutans biofilms [23]. Considering the similarity between Sm-XPDAP
and DDP IV, saxagliptin has been repurposed to inhibit S. mutans, which shows potent
inhibitory effects on the biofilm formation of S. mutans [23].

Reserpine, another FDA-approved blood pressure medicine, has also been repurposed
as an efflux pump inhibitor which suppresses acid tolerance and inhibits the glycosyltrans-
ferase activity of S. mutans and thus represents a promising treatment against cariogenic
biofilms [24]. Screening drugs that target key metabolic processes is also commonly used.
Folate metabolism is important for the syntheses of DNA, RNA, and amino acids in all
organisms. Bedaquiline, an active drug firstly used to inhibit the ATP-synthase of mycobac-
teria [25], also shows a great antimicrobial activity against cariogenic bacteria in the acidic
environment. In addition, bedaquiline can effectively inhibit the biofilm proliferation of
oral pathogens, especially S. mutans [26].

Toremifene, an FDA-approved drug for the treatment of breast cancer, and zafir-
lukast, an antiasthma drug that has been approved in Europe and the USA, have also
been repurposed to inhibit the growth and biofilm formation of S. mutans [27,28]. An-
other anticancer drug napabucasin (NAP), which is in phase III clinical trials for cancer
treatment, shows antibacterial activity against Escherichia coli, Streptococcus faecalis, and
Staphylococcus aureus [29,30]. Our group repurposed NAP against oral streptococci and
found that NAP exhibits good antimicrobial activity against S. mutans biofilms [31]. In
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addition, by using NAP as a lead compound, we designed a novel small molecule, namely
LCG-N25, which exhibits a good antibacterial activity and low cytotoxicity and induces no
drug resistance of cariogenic S. mutans [32]. Repurposing existing antimicrobial drugs or
antimicrobial groups is also a promising approach to the control of S. mutans. Nitrofuran
has been reported to inhibit oral bacteria such as S. mutans and Enterococcus faecalis [33,34].
Based on the antimicrobial activity of nitrofuran against S. mutans, our group synthesized
a novel water-soluble hybrid of indolin-2-one and nitrofuran, ZY354, which shows a good
antimicrobial activity and selectivity against S. mutans [35]. Small molecules identified by
drug repurposing are summarized in Table 1.

Table 1. Small molecules identified by drug repurposing.

Small Molecules Chemical Structure Mechanisms References

Bedaquiline
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sources of phenotypic screening [36]. High-throughput drug screening based on probable
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used in in silico screening. Besides in silico screening, small molecules can be screened by
culture-based approaches.

S. mutans colonizes on the tooth surface and forms biofilms, which not only elevates its
virulence, but also protects it from external influence such as antimicrobial treatment [38].
Key factors such as antigens I/II, glucosyltransferases (Gtfs), sortase A (SrtA), and quorum
sensing (QS) systems are essential for S. mutans biofilms formation [39–41]. Screening
small molecules against these biofilm-related factors is a promising strategy to identify
new drugs that inhibit S. mutans. S. mutans adheres to the oral surface via two mechanisms,
i.e., sucrose-independent and sucrose-dependent [42]. The sucrose-independent adhesion
is mainly mediated by antigens I/II, which is also known as PAc [43–45], while the sucrose-
dependent adhesion is mainly mediated by Gtfs including GtfB, GtfC, and GtfD [46], which
also mediate the interspecies coaggregation and play a critical role in the development
and maturation of oral biofilms [47,48]. Rivera-Quiroga et al. screened 883,551 molecules
from the library “Small” and identified three molecules, namely ZINC19835187 (ZI-187),
ZINC19924939 (ZI-939), and ZINC 19924906 (ZI-906), which inhibit S. mutans adhesion on
polystyrene microplates by targeting antigens I/II [49]. Chen et al. screened a library of
oxazole derivatives and identified a molecule called 5H6[2-(4-chlorophenyl)-4-{[(6-methyl-
2-pyridinyl)amino]methylene}-1],3-oxazole-5(4H)-1, which is able to reduce the production
of EPSs and inhibit S. mutans biofilms by inhibiting GtfC and GtfB [50]. Wu et al. screened
a small-molecule library of 506 compounds and identified an active molecule, namely
2A4, which selectively inhibits S. mutans in multispecies biofilms modestly and inhibits
both S. mutans planktonic cells and single-specie biofilms by downregulating virulence
genes and inhibiting the production of antigens I/II and Gtfs [51]. The same group by
using a structure-based virtual screening of 500,000 compounds against the GtfC cat-
alytic domain identified a lead compound G43, which selectively bonds GtfC and thus
inhibits the biofilm formation and cariogenicity of S. mutans [52]. Ren et al. also screened
15,000 molecules based on the structure of the S. mutans GtfC protein domain and found
a quinoxaline derivative,2-(4-methoxyphenyl)-N-(3-{[2-(4-methoxyphenyl)ethyl]imino}-
1,4-dihydro-2-quinoxalinylidene)ethanamine, which selectively bonds GtfC, reduces the
synthesize of insoluble glucans and biofilms of S. mutans and thus inhibits the development
of caries in vivo [53]. SrtA is a membrane-bound transpeptidase that anchors antigens
I/II to the cell wall and thus contributes to the biofilm formation of S. mutans [41,54].
Samanli et al. screened 178 small molecules from a library and identified a SrtA inhibitor,
namely CHEMBL243796 (kurarinone), which shows better a binding affinity with SrtA
than CHX and exhibits a better pharmacokinetic activity toward S. mutans [55]. Luo et al.
screened the ZINC library and the TONGTIAN library and identified several potential
inhibitors of SrtA including benzofuran, thiadiazole, and pyrrole, which are able to bind
to and inhibit SrtA. These SrtA inhibitors are promising for the control of S. mutans
biofilms [56]. The QS system is a communication system that regulates S. mutans bio-
logical behaviors such as biofilm formation and dispersal [57,58]. Ishii et al. screened
164,514 small molecules against the peptidase domain of ComA, a key component of
S. mutans QS, and identified 6 compounds that inhibit biofilm formation without repress-
ing the cell proliferation of S. mutans [59].

Acid tolerance is another important phenotypic trait associated with the cariogenicity
of S. mutans [60]. The proton pump F1F0-ATPase (H+-ATPase) is an important enzyme
in the acid tolerance of S. mutans [61]. Sekiya et al. screened F1F0-ATPase inhibitors
against S. mutans and found that piceatannol, curcumin, and desmethoxycurcumin (DMC;
a curcumin analog) show marked activity against F1F0-ATPase of S. mutans and thus inhibit
its growth and survival in acidic conditions, suggesting a potential anticaries strategy by
inhibiting F1F0-ATPase [62].

In addition to the aforementioned molecules that have been proven to inhibit spe-
cific factors associated with the cariogenicity of S. mutans, an increasing number of small
molecules have also been screened and identified to inhibit both planktonic cells and
biofilms of S. mutans. Chen et al. screened about 2600 compounds from the MCE library and
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identified an antagonist of a calcium-sensing receptor, namely NPS-2143, which exhibits
antimicrobial activity against methicillin-resistant S. aureus (MRSA) [63]. Further modifica-
tions of NPS-2143 yields a compound, namely II-6s, which shows a potent antimicrobial
activity against both methicillin-resistant and methicillin-sensitive S. aureus [63]. Our group
screened the derivatives of NPS-2143 and identified a small-molecule II-6s that effectively
inhibits the growth and EPS generation of S. mutans. In addition, II-6s shows lower cytotox-
icity relative to CHX, significantly inhibits the demineralization of tooth enamel induced by
S. mutans and induces no drug resistance in S. mutans after 15 passages [64], representing
a promising alternative to the control of oral biofilms. Kim et al. synthesized a series of
pyrimidinone or pyrimidindione-fused 1,4-naphthoquinones with antibacterial effects via
pharmacophore hybridization, and they identified some derivatives with notable bacte-
riostatic and bactericidal effects against S. mutans in both resistant strains and sensitive
strains [65]. Simon et al. [66] screened a library of 75 synthetic cyclic dipeptides (CDPs),
which are a kind of stable metabolites from microorganisms [67], and identified 5 CDPs
that inhibit S. mutans adhesion and biofilm formation. Zhang et al. screened a library
containing 100 trimetrexate (TMQ) analogs and identified 3 compounds with selectively
inhibitory effects against S. mutans [68]. Garcia et al. screened an antibiofilm library of
2-Aminoimidazole (2-AI) derivatives and identified a small molecule 3F1, which specif-
ically disturbs S. mutans biofilms without dispersing biofilms of nonmutans Streptococci
and reduces dental caries in rats [16]. Small molecules screened from molecule libraries are
summarized in Table 2.

Table 2. Small molecules screened from molecule libraries.

Small Molecules Chemical Formula Mechanisms References
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2019 [70]. Natural products provide a large library for the identification of antimicrobials
with lower cytotoxicity.

Tea (Camellia sinensis) has many health benefits with antimicrobial, anti-inflammatory,
and cancer-preventive activity [71,72]. The tea polyphenols epigallocatechin gallate (EGCG)
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has shown antimicrobial activity against S. mutans for decades. EGCG can inhibit the viru-
lence of S. mutans including acid production, aciduricity, and biofilm formation. EGCG
can reduce acid production of S. mutans by inhibiting the expression and activity of lactate
dehydrogenase, suppress aciduricity by inhibiting F1F0-ATPase, and reduce the biofilm
formation by inhibiting Gtfs activity and downregulating gtf genes [73–75]. A recent
study investigated the effect of EGCG on the phosphoenolpyruvate-dependent phospho-
transferase system (PEP-PTS) of both S. mutans and non-mutans streptococci and found
that EGCG exhibits excellent inhibitory effects against the acid production of oral strep-
tococci [76]. Melok et al. screened and identified a lipid-soluble green tea polyphenols
based on EGCG, namely epigallocatechin-3-gallate-stearate (EGCG-S) with better stabil-
ity and an antibiofilm activity equivalent to chlorhexidine gluconate [77]. In addition,
the EGCG treatment showed lower cytotoxicity and better anti-inflammatory effects on
S. mutans-stimulated odontoblast-like cells compared with CHX [78], indicating a potential
application of EGCG to the management of dental caries.

Propolis is a hard, resinous, nontoxic natural product from plants with a history of
being used as a dietary supplement. Propolis has shown a good antimicrobial activity
against S. mutans for decades [79,80]. Koo et al. identified two small-molecule com-
pounds from propolis extracts, namely apigenin and trans-trans farnesol (tt-farnesol),
which exhibit distinguished biological activities against dental caries [81,82]. Apigenin, a
4β,5,7-trihydroxyflavone, can effectively inhibit Gtfs, specifically GtfB and GtfC. tt-farnesol,
which is the most effective antibacterial compound in propolis, can reduce cell viability by
disrupting membrane integrity and destabilizing oral biofilms rather than affecting Gtfs
activities [81,83]. Moreover, tt-farnesol can reduce the intracellular iodophilic polysaccha-
rides (IPS) accumulation of S. mutans and thus reduces the severity of smooth surface caries
in rats [81,84]. The mechanism of tt-farnesol is likely attributed to the lipophilic moiety
interaction with the bacterial membrane [84]. The combinatory use of apigenin, tt-farnesol,
and fluoride can effectively reduce the biofilms and acidogenicity of S. mutans [84]. Caffeic
acid phenethyl ester (CAPE), which is extracted from propolis, shows a broad-spectrum
antimicrobial activity against Enterococcus faecalis, S. aureus, Bacillus subtilis, Pseudomonas
aeruginosa, and other species [85]. A recent study has shown that CAPE not only affects
the thickness of S. mutans biofilms, but also inhibits its biofilm formation and maturation,
particularly by reducing EPS production [86,87].

In addition to the well-characterized tea catechins and propolis, other small molecules
obtained from natural resources have also been shown to inhibit S. mutans planktonic
cells and biofilms. He et al. showed that trans-cinnamaldehyde (TC) inhibited the acid
production and aciduricity of S. mutans and downregulated virulence genes of S. mutans
including gtfD [88]. Besides, TC showed synergistic effects with CHX on the inhibition of
S. mutans biofilms and virulence by regulating genes related to metabolism, QS, bacteriocin
expression, stress tolerance, and biofilm formation [89]. Ursolic acid has shown inhibitory
effects on the EPS synthesis and the biofilm formation of S. mutans [90,91]. Resveratrol can
inhibit the acid production, acid tolerance, and EPS production of S. mutans [92]. Ficin, a
sulfhydryl protease isolated from the latex of fig trees, can inhibit the total protein and the
biofilm formation of S. mutans and reduce the virulence of S. mutans [93]. Baicalin, another
plant-derived molecule, can reduce the sucrose-dependent biofilm formation of S. mutans
likely by inhibiting Gtfs. Baicalin can also downregulate virulence genes and inhibit the acid
production of S. mutans [94]. Piceatannol, a kind of stilbene, can target the GtfC domain,
inhibit glucans production and thus reduce S. mutans biofilm formation. Piceatannol
can also inhibit S. mutans colonization in a sucrose-dependent drosophila colonization
model [95]. β-sitosterol from Kemangi (Ocimum basilicum L.) can inhibit SrtA and thus
suppresses S. mutans biofilm formation [96]. Astilbin, a flavonoid from Rhizoma Smilacis
Glabtar, can inhibit the activity of SrtA and the biofilm formation of S. mutans without
repressing its growth [97]. Abietic acid, a natural product derived from pine rosin, also
exhibits inhibitory effects on the acid production and the biofilm formation of S. mutans [98].
Rhodiola rosea, a traditional Chinese medicine, can inhibit the biofilm formation likely
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via downregulating gtf genes and genes associated with the QS system of S. mutans [99].
α-mangostin (αMG) extracted from tropical plants shows antimicrobial effects against
planktonic cells of S. mutans [100] and can disrupt S. mutans biofilms by inhibiting the
enzyme activity of GtfB, GtfC, and F1F0-ATPase [101]. N-arachidonoylethanolamine (AEA),
a kind of endocannabinoids (ECs) [102], in combination with poly-L-lysine can inhibit
S.mutans biofilm formation [103]. Small molecules screened from natural products are
summarized in Table 3.

Table 3. Small molecules screened from natural products.

Small Molecules Chemical Formula Mechanisms References

Apigenin and
trans-trans farnesol
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5. Target-Based Designing

Small molecules developed by target-based designing approaches can specifically
inhibit S. mutans, which is expected to reduce the cariogenicity of oral biofilms without
significantly disturbing other commensal bacteria. Key virulence factors of S. mutans, such
as SrtA, antigens I/II, and Gtfs, are usually exploited as the targets for specific drug design.
Small molecules designed by target-based approaches are summarized in Table 4.

5.1. SrtA and Antigens I/II Inhibitor

SrtA can catalyze antigens I/II and thus initiates the subsequent sucrose-independent
adhesion and biofilm formation of S. mutans [42,54,97]. Recently, a series of SrtA inhibitors
have been identified from natural products and synthetic compounds [104,105]. Many
flavonoids have shown inhibitory effects on SrtA in Gram-positive bacteria [105]. A recent
study using molecular docking demonstrated that myricetin is able to target the binding
site of SrtA and thus inhibits SrtA activity and reduces the adhesion and biofilm formation
of S. mutans [106]. Charles et al. synthesized several peptides spanning residues 803–185
of antigens I/II and identified a synthetic peptide p1025 that is able to inhibit antigens
I/II binding to salivary receptors by forming an adhesion epitopes in a dose-dependent
way. The study showed that Q1025 and E1037 of p1025 may be the two vital residues
in the adhesion of p1025 toward antigens I/II. The effect of p1025 against S. mutans was
tested by using a Streptococcal model in vitro, and p1025 shows moderate stability and
selectivity against S. mutans recolonization to the tooth surface [107]. Li et al. also showed
that dentifrice containing p1025 is able to prevent S. mutans recolonization in vitro and
in vivo [108,109].

5.2. Gtfs Inhibitor

In the sucrose-dependent adhesion process, Gtfs synthesize EPS and allow S. mutans
to adhere to oral surfaces and coaggregate with other microbes to form biofilms [110].
Molecules specifically targeting Gtfs can inhibit S. mutans biofilm formation and are promis-
ing for caries control. Flavonols show antibiofilm activities and inhibitory effects against
S. mutans Gtfs [97,111]. Bhavitavya et al. screened a group of synthetic precursors of
flavonols which consist of 14 hydroxychalcones, and several of them exhibit selectively
effects against S. mutans biofilms. Based on compound 9 which is identified from a biofilm
assay, 9b, a Z isomer of compound 9, shows better inhibition on S. mutans. 9b as a lead
compound also exhibits selectivity against S. mutans biofilms by inhibiting Gtfs in a dose-
dependent way [112]. Wu et al. screened and identified a Gtf inhibitor, namely G43, which
showed notable effects on S. mutans biofilm formation [52]. Recently, this group further
developed 90 analogs of G43 based on the structure activity relationship (SAR) of G43 and

117



Pathogens 2021, 10, 1540

identified several new biofilm inhibitors with enhanced potency and selectivity. Different
modifications based on G43 resulted in derivatives such as IIIA6, IIIA8, IIIF1, IIIF2, and
IIIF8, which show an equally antibiofilm activity with G43 by inhibiting Gtfs. One of
the leads compounds, IIIF1, selected after the comprehensive evaluation of SAR studies
and zymogram results, can also inhibit S.mutans as a Gtf inhibitor, exhibit low toxicity to
bacteria and have less effects on bacterial colonization compared to G43. The in vivo study
showed a marked reduction of dental caries in rats, representing a promising adjuvant to
the control of dental caries [113].

Table 4. Small molecules designed by target-based approaches.

Small Molecules Chemical Formula Mechanisms References

Compound IIIF1
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Small molecules are promising in this field due to their good antimicrobial activity, good
selectivity, and low toxicity. Drug repurposing, drug screening from either small-molecule
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development of small molecules that can effectively inhibit S. mutans and consequently
benefit caries control. However, many issues have yet to be solved. First, the cytotoxicity of
the novel molecules needs comprehensive evaluation before clinical translation, particularly
for the synthetic molecules. Although drug repurposing has advantages such as lower cost,
shorter development timelines, and relatively higher safety, how to reduce its known side
effects and adverse reactions still needs further exploration. In addition, the application
of reused drug is limited because of their original effects, and the indication of reused
drugs is narrow compared to antibiotics. Second, although the mode of actions such as
the inhibition of Gtfs and the suppression of acid production have been demonstrated for
many small molecules, the underlying molecular mechanisms of these compounds are still
not clear. Third, since oral biofilms consisted of numerous microorganisms, how to increase
the selectivity of small molecules that specifically target S. mutans without interfering with
other normal flora is one of the future directions for drug development. Specific inhibitors
against S. mutans still need comprehensive validation in complex microbial consortia.
Finally, the development of drug resistance by oral bacteria is still a concern that needs
a long-term evaluation in both in vitro and in vivo models. Nevertheless, antimicrobial
small molecules represent a promising approach to the effective inhibition of S. mutans and
will benefit the management of dental caries.
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Abstract: Based on the ecological plaque hypothesis, suppressing opportunistic pathogens within
biofilms, rather than killing microbes indiscriminately, could be a biofilm control strategy for man-
aging dental caries. The present study aimed to evaluate the effects of irresistin-16 (IRS-16) on
competitive dual-species biofilms, which consisted of the conditional cariogenic agent Streptococ-
cus mutans (S. mutans) and oral commensal bacteria Streptococcus sanguinis (S. sanguinis). Bacterial
growth and biofilm formation were monitored using growth curve and crystal violet staining, re-
spectively. The microbial proportion was determined using fluorescence in situ hybridization. A 2,
5-diphenyltetrazolium bromide assay was used to measure the metabolic activity of biofilms. Bacte-
rial/extracellular polysaccharide (EPS) dyeing, together with water-insoluble EPS measurements,
were used to estimate EPS synthesis. A lactic acid assay was performed to detect lactic acid generation
in biofilms. The cytotoxicity of IRS-16 was evaluated in mouse fibroblast L929 cells using a live/dead
cell viability assay and cell counting kit-8 assay. Our results showed that IRS-16 exhibited selective
anti-biofilm activity, leading to a remarkable survival disadvantage of S. mutans within competitive
dual-species biofilms. In addition, the metabolic activity, EPS synthesis, and acid generation of dual-
species biofilms were significantly reduced by IRS-16. Moreover, IRS-16 showed minimal cytotoxicity
against mouse fibroblast L929 cells. In conclusion, IRS-16 exhibited remarkable regulatory effects on
dual-species biofilms composed of S. mutans and S. sanguinis with low cytotoxicity, suggesting that it
may have potential for use in caries management through ecological biofilm control.

Keywords: irresistin-16; dual-species biofilms; Streptococcus mutans; Streptococcus sanguinis; regulatory
effect; cariogenic virulence

1. Introduction

Dental caries is a significant public health problem worldwide, and it imposes a heavy
economic burden on individuals and society [1]. In 2017, the global age-standardized
prevalence rate of permanent teeth with untreated caries was 34.1%, affecting 2.5 billion
people globally [2]. Therefore, caries control remains an enormous challenge for the global
health service.

Based on the extended ecological plaque hypothesis, caries are caused by the acid-
ification of the dental biofilm ecosystem, which selectively increases the proportion of
acidogenic and aciduric species in the microbiota composition, leading to an imbalance
between the demineralization and remineralization processes that work toward net min-
eral loss [3]. This hypothesis inspired us to attempt to selectively eliminate conditional
cariogenic microorganisms while sustaining salutary microorganisms within the flora in
order to investigate whether these tactics could effectively regulate biofilms to further
control caries. Among the complex microbial communities, Streptococcus mutans is well
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known as one of the predominant cariogenic agents in caries formation. The cariogenic
potential of S. mutans mainly involves its ability to produce glucosyltransferases (Gtfs)
that synthesize extracellular polysaccharides (EPS), its capacity to generate organic acids
via carbohydrate metabolism (acidogenicity), and its potential to survive under low-pH
conditions (aciduricity) [4,5].

Unlike S. mutans, S. sanguinis is a model commensal bacterium that is typically as-
sociated with the absence of dental caries and can interfere with S. mutans colonization
by producing H2O2 via pyruvate oxidase SpxB [6]. Although both species coexist in the
human oral biofilm, they have an antagonistic and competitive relationship, with a high
level of one bacterium related to a low level of another [7]. It has been reported that the
ratio of S. mutans to S. sanguinis is positively correlated with caries risk [8]. Therefore, a
strategy of regulating biofilms with a relatively high level of S. sanguinis, or the suppression
of opportunistic cariogenic bacteria, such as S. mutans, would be beneficial for the control
of caries.

In recent years, despite most effective way to clean teeth manually using a brush, dif-
ferent types of antimicrobial agents have been used for dental plaque biofilm management
to control caries. Chlorhexidine, with its broad-spectrum antimicrobial activity and plaque
inhibitory potential, is well known as the gold standard oral antiseptic. However, it is
associated with cytotoxicity, tastes bad, and has the possibility to reversible stain [9]. In ad-
dition, a simultaneous association with drug resistance and tolerance has been reported. For
instance, reports suggest that chlorhexidine induces drug resistance in S. mutans, and the
fungus Candida albicans may produce persisters after treatment with chlorhexidine [10,11].
In addition, the indiscriminate bactericidal effect of chlorhexidine would dramatically affect
the microecology of oral microflora.

Quaternary ammonium compounds, such as MDPB and DMAHDM, have also been
studied in recent years. These nonreleasing antimicrobial agents exhibit long-term contact
inhibition against bacteria. However, the high-concentration application of quaternary
ammonium monomers results in significant cytotoxicity in mammalian cells [12]. It has
desirable long-term antibacterial and anti-biofilm effects through a contact-killing mecha-
nism when incorporated into dental composites [13,14]. However, quaternary ammonium
salts can also induce persisters within S. mutans biofilms [15]. Therefore, despite the fa-
vorable results of these agents in terms of the antibiofilm effect described above, the side
effects cannot be ignored. These drawbacks necessitate the need for a novel antimicrobial
agent with a preponderance for selective inhibition and good biocompatibility without side
effects, such as drug resistance and tolerance, to regulate biofilm formation.

Irresistin-16 (IRS-16), a derivative of SCH-79797 with broad-spectrum antimicrobial
properties, which possesses increased antimicrobial activity and reduced toxicity when
compared to SCH-79797, is a potent and promising antibiotic candidate [16]. It is a dual-
targeting compound with a pyrroloquinazolinediamine core with a biphenyl group target-
ing folate metabolism inhibition, and a biphenyl group on one side targeting membrane
integrity disruption (Structures of IRS-16 was shown in Supplementary Materials Figure
S1). Because of its unique dual-targeting mechanism of action, IRS-16 shows a remarkable
capacity to suppress Gram-negative and Gram-positive pathogenic bacteria, albeit with
undetectable antibiotic resistance using representative pathogens without Streptococcus
spp. Meanwhile, it has been confirmed that IRS-16 displays enhanced efficacy and a ro-
bust capacity to eliminate infection in a mouse vaginal Neisseria gonorrhea (N. gonorrhea)
model, with N. gonorrhea showing one of highest levels of drug resistance of all pathogens.
However, to the best of our knowledge, no study has yet evaluated the effect of IRS-16
on biofilms. This study aimed to investigate the effects of this compound on dual-species
biofilms with competitive relationships made up of S. mutans and S. sanguinis to further
assess if it had similar function as arginine, which could regulate biofilm in an ecological
way to manage dental caries potentially [17].
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2. Results
2.1. IRS-16 Showed Disparate Efficiency on Two Types of Single-Species Biofilms

Results of crystal violet staining showed that IRS-16 at the concentrations of 0.061 and
0.122 µM exhibited marked anti-biofilm formation activity against S. mutans, whereas it
had no remarkable anti-biofilm effect on S. sanguinis, even at high concentrations (Figure 1).
These results indicated that IRS-16 exerted anti-biofilm formation activity in a species-
dependent manner and had biofilm-regulating potential.
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2.2. IRS-16 Modulated the Microbial Constitution of Dual-Species Biofilm

FISH-labeled biofilms showed that the proportion of S. sanguinis increased within
dual-species biofilms as the concentration of IRS-16 increased (Figure 2a). The coverage-
based quantitative results show that the proportion of S. mutans was significantly decreased
by IRS-16 compared to the control group. According to these results, IRS-16 caused the
numbers of S. mutans to decrease, thereby impacting the proportion of S. sanguinis. As a
result, IRS-16 changed the microbial composition of dual-species biofilms.
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2.3. IRS-16 Decreased Metabolic Activity of Dual-Species Biofilms

The effects of IRS-16 on the metabolic activity of biofilms using the MTT assay are
shown in Figure 3. In dual-species biofilms, IRS-16 concentrations of 0.03 µM, 0.061 µM
and 0.122 µM all demonstrated significantly reduced OD values. Similarly, when treated
with different concentrations of IRS-16, S. mutans biofilms exhibited a noteworthy reduction
in OD values with increasing compound concentrations. However, S. sanguinis biofilms
showed no remarkable changes.
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2.4. IRS-16 Inhibited Lactic Acid Generation of Dual-Species Biofilms

The lactic acid generation within the biofilms is shown in Figure 4. In dual-species
biofilms, the IRS-16 treatment groups produced significantly less lactic acid than the control
group (p < 0.05). Likewise, in the S. mutans biofilm, 0.03 µM IRS-16 had already exhibited
marked suppressive effects on lactic acid production. Moreover, at IRS-16 concentrations
of 0.061 µM and 0.122 µM, almost no lactic acid was produced. On the other hand, no
significant difference was found in lactic acid production after IRS-16 treatment in S.
sanguinis biofilms. Thus, lactic acid production was significantly inhibited by IRS-16 in
dual-species biofilms.
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2.5. IRS-16 Reduced EPS Synthesis in Dual-Species Biofilms

Figure 5a shows bacterial and EPS distribution within the dual-species biofilms. Bacte-
ria and EPS were dyed green and red, respectively. In the control and DMSO groups, more
microorganisms and EPS were observed. In the IRS-16-treated groups, bacteria and EPS
decreased significantly. The results of the quantitative analysis of water-insoluble glucans
synthesis in dual-species biofilms are shown in Figure 5b. Compared to the control and
DMSO groups, water-insoluble glucans production was significantly reduced in 0.03, 0.061,
0.122 µM IRS-16-treated groups. Moreover, abundant water-insoluble glucans production
was observed in the control and DMSO groups in the S. mutans biofilm. This was almost
absent in the IRS-16-treated group (Figure 5c). Conversely, regardless of treatment, only
a small amount of water-insoluble glucans was detected in S. sanguinis biofilms, and this
was significantly elevated in the 0.122 µM IRS-16-treated group (Figure 5d). These results
imply that IRS-16 could reduce EPS generation by bacteria in dual-species biofilms.
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2.6. IRS-16 Influenced the Bacterial Growth of the Two Species

When exposed to various concentrations of IRS-16 (0.030, 0.061 and 0.122 µM), the
bacterial growth of S. mutans was inhibited significantly when compared to that of blank
control and solvent control (Figure 6a). In contrast, IRS-16 concentrations of 0.030 and
0.061 µM hardly affected the proliferation of S. sanguinis, but the 0.122 µM IRS-16 concen-
tration displayed a partial inhibitory effect (Figure 6b). These results indicate that IRS-16
had a greater impact on the growth of S. mutans than S. sanguinis.
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2.7. IRS-16 Exhibited No Remarkable Toxicity to L929 Cells

The cytotoxicity of IRS-16 was assessed using mouse fibroblast L929 cells under
different treatments. As shown in Figure 7a–e, in the live/dead cell assay, viable cells (green)
were detected in abundance in all the concentration groups, and dead cells (red) were scarce.
The CCK-8 assay (Figure 7f) indicated that IRS-16 did not induce significant cytotoxicity in
L929 cells among the experimental and control groups. The results demonstrate that IRS-16
has low cytotoxicity, and potential for use in clinical biofilm control applications.
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3. Discussion

Dental caries is a biofilm-mediated chronic disease. Therefore, efficient biofilm man-
agement is key to dental caries control. Antimicrobial agents have been used as an in-
dispensable supplement for the control of dental plaques for many years [18]. However,
with the discovery of drawbacks such as drug tolerance and resistance in recent years, the
application of antimicrobial agents has been somewhat limited. Furthermore, as reported
by Marsh et al., control without killing based on the ecological plaque hypothesis would be
a good approach to control caries through biofilm regulation [19].

Our in vitro investigations explored for the first time the effects of IRS-16 on dual-
species biofilms developed by the opportunistic pathogen S. mutans and commensal mi-
crobe S. sanguinis. We found that IRS-16 regulated the biofilm by not only changing its
composition, but also by suppressing cariogenic virulence, including acid and EPS syn-
thesis. The biofilm regulatory effect of IRS-16 was similar to that of arginine which could
also regulate biofilm in an ecological way [17]. Both the minimum inhibitory concentration
(MIC) and the minimum biofilm inhibitory concentration (MBIC) of IRS-16 against S. san-
guinis (1.953 µM for MIC, 1.953 µM for MBIC) were much higher than those of S. mutans
(0.122 µM for MIC, 0.061 µM for MBIC). Furthermore, for S. mutans biofilms, IRS-16 signifi-
cantly inhibited biofilm formation, as well as metabolic activity and virulence, including
lactic acid and EPS generation. In contrast, IRS-16 had little impact on the growth and cario-
genic virulence of S. sanguinis biofilms at the corresponding concentrations. The dissimilar
sensitivities of S. mutans and S. sanguinis to IRS-16 were partly due to the different levels of
bacterial growth inhibition. This selective antibacterial effect implied that the application
of IRS-16 might have the potential of selectively suppressing cariogenic pathogens such as
S. mutans and sustaining a relative intact micro-ecosystem instead of eliminating microflora
simultaneously [18]. From an ecological caries-prevention perspective, the competitive
advantage of commensal S. sanguinis over cariogenic S. mutans relates to the transition of
the microbial equilibrium in biofilms from a high cariogenic risk to a healthy state, and
enables a reduction in the synthesis of cariogenic virulence factors that contribute to the
dysbiosis of dental plaque biofilm in situ [20,21].

EPS, which can be synthesized by streptococcal Gtfs by utilizing sucrose, is recognized
as a critical cariogenic factor because it can help bacteria adhere to the tooth, create a
distinct acidic architecture for microbes to persist, provide protection from antimicrobials,
and aid in nutrient acquisition [22]. Therefore, the precise inhibition of EPS biosynthesis
has been recommended as an effective and specific strategy to disrupt biofilm formation,
and thus suppress dental caries development [22,23]. Our results revealed that IRS-16
could significantly reduce EPS, especially water-insoluble glucan production in single S.
mutans and dual-species biofilms. According to previous studies, in the initial colonizing
community, S. mutans was the main producer of EPSs in the presence of sucrose among
other organisms [5,23,24]. Therefore, the altered compositions of S. sanguinis and S. mutans,
and the inhibition of the EPS synthesis of S. mutans alone caused by IRS-16, were probably
responsible for the decrease in total EPS synthesis in dual-species biofilms. Interestingly, a
significant increase in water-insoluble glucan synthesis was detected in S. sanguinis biofilms
when they were treated with a concentration of 0.122 µM of IRS-16. This might be due to the
fact that S. sanguinis produced more exopolysaccharide matrix to encase the biofilm cells
and increase the diffusive resistance, thus helping it resist the stress induced by IRS-16 [25].
Moreover, total EPS reduction might also be associated with the reduction in the metabolic
activity of the S. mutans biofilm [26].

It is well known that bacterial acidogenicity is a primary virulence factor related to
cariogenicity [26]. A low pH could swing the balance of the dissolution reaction for hy-
droxyapatite to demineralization and cause the subsequent formation of caries [27]. When
subjected to excessive amounts of sugar, S. mutans produces lactic acid by metabolizing
fermentable carbohydrates through glycolysis [28]. In the present study, IRS-16 had the
capacity to depress lactic acid generation in S. mutans and dual-species biofilms but had
no significant effect on S. sanguinis biofilms. Although S. sanguinis can also produce lac-
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tic acid by metabolizing glucose, S. mutans has a higher adenosine triphosphate-glucose
phosphotransferase activity, with a stronger acid generation ability than S. sanguinis [29].
Therefore, the stronger inhibitory effect of IRS-16 on S. mutans resulted in a reduction in
lactic acid production in biofilms containing S. mutans. In addition, lactic acid generation
may indicate biofilm metabolic activity to some extent [30,31]. The similar trends between
these two parameters, along with their well-established biocompatibility, further support
the biomedical application potential of IRS-16 to inhibit the metabolic activity of cariogenic
biofilms.

The specific mechanisms underlying the selective antibacterial effects of IRS-16 on
dual-species biofilms in this study remain largely unknown. According to Martin et al. [16],
the antimicrobial mechanisms behind IRS-16 are enhanced membrane targeting activity
and increased dihydrofolate reductase inhibition. These unique dual-targeting mechanisms
of action endow IRS-16 with potent antibacterial properties and inhibited Gram-negative
(such as N. gonorrhea, Escherichia coli) and Gram-positive (Bacillus subtilis, Staphylococcus
aureus, Enterococcus faecalis) pathogens [16]. A separate study screened three new analogs
based on trimetrexate, a human dihydrofolate reductase inhibitor, and indicated that the
compounds could selectively inhibit the S. mutans biofilm while failing to suppress S.
sanguinis and S. gordonii biofilm formation [32]. The findings were consistent with the
results of this study to some extent, suggesting that IRS-16 might also selectively inhibit
S. mutans partly resulting from targeting dihydrofolate reductase [32]. GH12, a newly
designed antimicrobial peptide, whose possible antimicrobial mechanism was influencing
the cell membrane, showed a stronger antibacterial effect on S. mutans than S. sanguinis [33].
The dissimilar susceptibility of these two species against IRS-16 in this study might be
partly similar to their different sensitivity to GH12, which probably due to their differences
in cell membrane composition [33]. Another possible ecological reason for the changes
in the composition of the dual-species biofilm might be that IRS-16 helped S. sanguinis to
inhibit competing species, thereby allowing S. sanguinis to gain the advantage of initial
colonization over S. mutans. However, the specific molecular mechanisms of IRS-16 in the
selective inhibition of S. mutans biofilm remain to be investigated. Furthermore, whether
oral bacteria including S. mutans and S. sanguinis would induce drug resistance is needed
to be further studied. Although IRS-16 showed a regulatory effect on dual-species biofilms
consisting of S. mutans and S. sanguinis, the defined biofilm model did not effectively
represent extremely complicated dental plaque. A comprehensive study estimating the
ecological effects of IRS-16, such as arginine, is needed [34].

4. Materials and Methods
4.1. Microbial Strains and Culture Conditions

S. mutans UA159 and S. sanguinis ATCC 10556 were incubated overnight in Brain
Heart Infusion Broth (BHI, Oxoid, Basingstoke, UK) for bacterial proliferation (37 ◦C, 5%
CO2). Commercially acquired IRS-16 was dissolved in dimethyl sulfoxide (DMSO) at a
concentration of 25 mM as a stock solution. For construction of the growth curve, we used
BHI as the culture media. For biofilm formation, BHI medium together with 1% sucrose
(m/v) was used.

For the crystal violet assay, 106 CFU/mL of overnight bacterial culture was added
to a 96-well plate together with gradient IRS-16 for 24 h (200 µL culture volume). For
other biofilm formation associated assays, sterile glass slides were placed in the 24-well
plate, and bacterial solutions of S. mutans, S. sanguinis or their mixture were inocu-
lated at 106 CFU/mL (2 mL culture volume) together with different concentrations
of IRS-16 for 24 h. A group cultured without IRS-16 (0.0 mM) was used as the blank
control, and 1% DMSO was used as the solvent control. IRS-16 was synthesized from
PharmaAdvance, China.
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4.2. Crystal Violet Test

A crystal violet test was performed to investigate the biofilm biomass [35]. Briefly,
single-species biofilms formed in 96-well plates were settled in methanol (15 min), fol-
lowed by air-drying at room temperature. After biofilms were stained with 100 µL 0.1%
(w/v) crystal violet solution (20 min), nonspecific staining was cleaned with poly butylene
succinate (PBS). Biofilms were then observed under a stereomicroscope (Nikon SMZ800,
Nikon Corporation, Tokyo, Japan). For quantification analysis, 33% acetic acid (200 µL) was
applied to dissolve the dyed crystal violet, and the absorbance at 590 nm was determined
(SpectraMax M5, Molecular Devices, San Jose, CA, USA).

4.3. Fluorescence In Situ Hybridization (FISH)

FISH was conducted to monitor biofilm composition [26]. In brief, dual-species
biofilms were fixed with 4% paraformaldehyde for 12 h, rinsed twice with distilled water,
and dried at 46 ◦C. Then, the samples were treated with lysozyme solution (50 mM EDTA,
100 mM Tris−HCl, 30 mg/mL lysozyme, pH 8.0) for 30 min at 37 ◦C. After being dehy-
drated in gradient ethanol (50%, 80%, and 96%) for 3 min each and dried at 46 ◦C for 10 min,
they were treated with hybridization buffer containing species-specific probes (Invitrogen
Investment, Shanghai, China) and incubated for 90 min at 46 ◦C away from light (Nu-
cleotide Sequences of species-specific probes are listed in Table 1). A confocal laser scanning
microscope (CLSM, Nikon A1, Nikon Corporation, Japan) with a 60× oil immersion lens
was employed to observe the stained biofilms. Five random fields of each biofilm were
used for the semiquantitative analysis. Biofilm quantification was performed according
to the coverage area using Image-Pro Plus software (version 6.0, Media Cybernetics, Inc.,
Silver Spring, MD, USA).

Table 1. Nucleotide Sequences of species-specific probes.

Probes Nucleotide Sequence (5′–3′) Reference

S. mutans
S. sanguinis

Alexa Fluor 488-5′-ACTCCAGACTTTCCTGAC-3′

Alex Fluor 594-5′-GCATACTATGGTTAAGCCAC
AGCC-3′

[36]

4.4. MTT Assay

A 2, 5-diphenyltetrazolium bromide (MTT) assay was used to detect the vitality of
biofilms, as previously described [37]. After washing with PBS twice, the 24 h biofilms were
placed into another 24-well plate. Aliquots of 1 mL of 0.5 mg/mL MTT were then added to
cover the biofilm. After 1 h of incubation in 5% CO2 at 37 ◦C, the biofilms were transferred
to another 24-well plate. Next, 1 mL of dimethyl sulfoxide (DMSO) was incubated with
the MTT-stained biofilm for 20 min. Finally, the OD of aliquots of 200 µL solubilized MTT
solution at 540 nm were read using a microplate reader spectrophotometer in a 96-well
plate (SpectraMax M5, Molecular Devices, USA).

4.5. Lactic Acid Detection

Lactic acid measurements were conducted to monitor lactic acid generation [38]. After
24 h of biofilm formation, the biofilm slides were rinsed with cysteine peptone water and
then placed into a new 24-well plate. Aliquots of 1.5 mL buffered peptone water (BPW)
containing 0.2% sucrose were used to produce acid for 3 h in 5% CO2 at 37 ◦C. The lactate
concentration in the BPW solution was detected via the lactate dehydrogenase reaction,
for which, 190 µL reaction buffer (0.45 M glycine, 0.36 M hydrazine sulfate, and 2.73 mM
NAD+) was mixed with 10 µL BPW solution containing lactate in 96-well plates, and the
absorbance was read at 340 nm. Then, 10 µL LDH solution (1 mg/mL) was added, and
incubation was performed at room temperature for 1 h, followed by absorbance reading at
340 nm. The difference in the OD values between before and after 1 h of incubation was
used to compute the final lactic acid production with standard curves.
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4.6. Bacterial/Extracellular Polysaccharide (EPS) Dye

Bacterial/EPS dye was prepared as previously described [39]. Briefly, bacteria were
cultured with Alexa Fluor 647-dextran conjugate (2.5 µM, Invitrogen Molecular Probes,
Carlsbad, CA, USA) for 24 h in EPS dye. Then, bacterial cells within biofilms were stained
with SYTO-9 (2.5 µM, Invitrogen Molecular Probes, Carlsbad, CA, USA) for 30 min, and
then scanned with a layer thickness of 1 µm, and a three-dimensional (3D) image was
reestablished using confocal laser scanning microscopy (Nikon A1, Nikon Corporation,
Japan). Polysaccharides and bacteria were stained red and green independently within the
3D biofilms.

4.7. Water-Insoluble Exopolysaccharide Determination

The anthrone method was applied for the quantitative analysis of water-insoluble
EPS generation in 24 h biofilms, as described previously [40]. In brief, after the collection
of biofilms by centrifugation (4000 rpm, 10 min), sediments were resuspended in 0.4 M
NaOH (1 mL) followed by another centrifugation (4000 rpm, 10 min). The supernatant
(300 µL) was reacted with 900 µL anthrone reagent for 6 min at 95 ◦C in a water bath. The
absorbance at 625 nm was detected using a microplate reader (SpectraMax M5, Molecular
Devices, USA). Water-insoluble exopolysaccharides were displayed based on the standard
curves.

4.8. Growth Curve

The growth curve was used to investigate the effect of IRS-16 on the growth of S.
mutans and S. sanguinis [41]. Briefly, bacteria were overnight cultured. Then, they were
added in a 96-well microtiter plate and exposed to IRS-16, yielding a final concentration of
106 cell-forming cells (CFU)/mL at a final volume of 200 µL. After that, they were incubated
for 24 h. The OD was spectrophotometrically monitored at 600 nm every 2 h for up to 24 h,
using a microplate reader (SpectraMax M5, Molecular Devices, USA).

4.9. Live/Dead Cellular Viability Assay

The cytotoxicity of IRS-16 was determined using a live/dead viability assay [23].
Briefly, 1 × 105 cells/well mouse fibroblast L929 cells were cultured overnight in a 96-
well plate in Dulbecco’s modified eagle’s medium (DMEM, Gibco, Eggenstein, Germany)
together with 10% fetal bovine serum (Gibco, Eggenstein, Germany). After the cells attached
to the 96-well plate, they were exposed to IRS-16 and DMSO solution for 24 h. Then, each
well was treated with the Calcein-AM/PI double staining kit (Dojindo, Tokyo, Japan)
according to the manufacturer’s instructions. The stained L929 cells were assessed using
fluorescence microscopy (Axio Vert.A1, ZEISS, Jena, Freistaat Thüringen, Germany), in
which vital cells and dead cells appeared green and red, respectively.

4.10. CCK-8 Assay

A Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) was used to quantify the
viability of cells treated with IRS-16 [42]. Briefly, mouse fibroblast L929 cells were seeded in
the same manner as the live/dead cellular viability assay. After treatment with different
concentrations of IRS-16 and DMSO solution for 24 h, the CCK-8 was incubated with the
cell culture for 1 h. The absorbance was determined at 450 nm (SpectraMax M5, Molecular
Devices, USA), and the survival rate was calculated based on the 0 µM IRS-16 group.

4.11. Statistical Analysis

All tests were conducted at least thrice. Statistical analysis was performed using
one-way analysis of variance (ANOVA), followed by Tukey’s multiple-comparison test.
Values denoted by disparate letters indicated a significant difference (p < 0.05). Statistical
analyses were performed using the SPSS software 16.0 (IBM Corp., Armonk, NY, USA).
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5. Conclusions

IRS-16 has selective inhibition and latent regulatory effect on dual-species biofilms
consisting of S. mutans and S. sanguinis, including microbial composition modification,
and the inhibition of critical cariogenic virulence factors. In addition, it exhibited low
cytotoxicity against mouse fibroblast L929 cells. Based on the findings of this study, IRS-16
has great potential for ecological applications in the control of dental caries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pathogens11010070/s1, Figure S1: Structures of IRS-16.
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Abstract: The objective of this study was to develop novel modified giomers by incorporating
the antibacterial quaternary ammonium monomers (QAMs), dimethylaminododecyl methacrylate
(DMADDM) or dimethylaminohexadecyl methacrylate (DMAHDM) into a commercial giomer.
The material performances including mechanical properties, surface characteristics, color data,
cytotoxicity and fluoride release of the novel giomers were evaluated. Antibacterial activity against
severe early childhood caries (S-ECC) saliva-derived biofilms was assessed by lactic acid production
measurement, MTT assay, biofilm staining and 16S rRNA sequencing. A rat model was developed and
the anti-caries effect was investigated by micro-CT scanning and modified Keyes’ scoring. The results
showed that the material properties of the QAMs groups were comparable to those of the control
group. The novel giomers significantly inhibited lactic acid production and biofilm viability of S-ECC
saliva-derived biofilms. Furthermore, caries-related genera such as Streptococcus and Lactobacillus
reduced in QAMs groups, which showed their potential to change the microbial compositions. In the
rat model, lesion depth, mineral loss and scoring of the QAMs groups were significantly reduced,
without side effects on oral tissues. In conclusion, the novel giomers incorporated with antibacterial
QAMs could inhibit the cariogenic biofilms and help prevent secondary caries, with great potential
for future application in restorative treatment.

Keywords: early childhood caries; secondary caries; biofilms; giomers; antibacterial quaternary
ammonium monomers

1. Introduction

Early childhood caries (ECC) is a health problem worldwide, and can severely affect
children’s oral and systemic health. It has been reported that 48% of overall preschool
children are affected by ECC, and currently the prevalence in China is 71.9% among
five-year-olds [1,2]. ECC may impair children’s masticatory function, influence pronuncia-
tion, induce facial esthetic problems, and increase the risk of caries and malocclusion in
permanent dentition [2–4].
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A common treatment against ECC is to remove the carious lesions and place dental
restorations. However, even after restorative treatment, recurrences of lesions at the
margins of existing restorations, known as secondary caries, are commonly reported [5,6].
Children with many risk factors are particularly susceptible to secondary caries [7]. The
most significant reasons for ECC in young children are poor oral hygiene and excessive
dietary sugar intake. These habits are conducive to the accumulation and growth of
cariogenic biofilms [5,7–9]. Furthermore, placing restorations for children at young ages is
challenging due to limited cooperation, which consequently leads to a rise in secondary
caries [7,10]. Once secondary caries occur, retreatment and additional dental tissue removal
are usually required [11]. Currently, the limited ability of conventional restorative materials
in inhibiting secondary caries is still a problem [7]. Thus, developing novel anti-caries
restorative materials for children is of great importance.

Giomers have been widely used in restorative treatment against ECC on account
of their excellent mechanical, esthetic and handling properties [12,13]. They are hybrid
materials containing pre-reacted glass fillers in the resin matrix, thus possessing the ability
to release fluoride [13]. However, the fluoride release and recharge levels of giomers were
not enough to inhibit the formation and acid production of biofilms [14–16]. Therefore, it
is beneficial to improve the antibacterial effects of giomers in order to inhibit cariogenic
biofilms and better prevent secondary caries in children.

Many attempts have been made to improve the antibacterial activity of restorative mate-
rials. One was the incorporation of antibacterial agents, especially immobilized agents. Qua-
ternary ammonium monomers (QAMs) are cationic compounds showing “contact-killing”
effects [17,18]. QAMs such as dimethylaminododecyl methacrylate (DMADDM) and
dimethylaminohexadecyl methacrylate (DMAHDM) are able to co-polymerize with the
resin matrix by the methacrylate groups, and exhibit non-releasing and long-term antimi-
crobial effects [18–20] (the molecular structures of DMADDM and DMAHDM were shown
in Supplementary Material Figure S1). They have been incorporated into dental materials such
as composites, adhesives and denture resins. The QAMs-modified materials showed enhanced
anti-biofilm activity with comparable mechanical properties and biocompatibility [17,21–24].
To our knowledge, very few studies have been done on the modification of giomers by
antibacterial agents. In particular, no previous study has investigated the QAMs-modified
giomers on their potential in the treatment and prevention for ECC.

In this study, we investigated the potential of QAMs-modified giomers for the pre-
vention of secondary caries in children. Novel giomers incorporated with DMADDM and
DMAHDM were developed, and a severe early childhood caries (S-ECC) saliva-derived
biofilm model was established to imitate the cariogenic biofilms in children. Our hypothesis
was that the novel modified giomers had a significant antibacterial effect and could inhibit
the secondary caries, with good material performances and biocompatibility in oral tissues.
They also had the potential to change the compositions of the cariogenic biofilms.

2. Results
2.1. Mechanical Properties

The results of flexural strength and elastic modulus are shown in Figure 1A,B. No
statistically significant difference in either flexural strength or elastic modulus was discov-
ered after incorporation of 1.25% or 2.5% DMADDM/DMAHDM (p > 0.05). Furthermore,
the flexural strength of each specimen in the 1.25% and 2.5% QAMs groups was higher
than 80 MPa, a minimal value according to the criteria of ISO 4049/2000 [25]. How-
ever, significantly reduced flexural strength and elastic modulus were discovered in the
5.0% DMADDM group (p < 0.05). The 5.0% DMAHDM group also showed reduced flexural
strength (p < 0.05).
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Figure 1. Material performances. (A) Flexural strength. (B) Elastic modulus. (C) Surface charge density.
(D) Contact angle. (E) Surface roughness. (F) Color change (∆E*) between each group and the control
group. Data are presented as mean ± SD; n = 6. In each plot, bars with the same letter(s) indicate no
significant difference between the groups (p > 0.05), while bars without the same letter(s) indicate
significant difference between the groups (p < 0.05).

2.2. Surface Characteristics

The surface charge density, contact angle and average roughness of each group are
presented in Figure 1C–E. After the incorporation of DMADDM/DMAHDM, significantly
higher surface charge densities were observed (p < 0.05). The contact angle values were
slightly lower in the 2.5%DMAHDM group (p < 0.05). The representative images of contact
angles are shown in Figure S2. In addition, no significant difference in surface roughness
was found between each QAMs group and the control group (p > 0.05). The representative
3D images are shown in Figure S3.

2.3. Colorimetric Analysis

The color data and a three-dimensional scatter diagram are presented in Figure S4.
Increased L* values were observed in two DMAHDM groups (p < 0.05). Increased a* values
were observed in the 2.5% DMADDM, 1.25% DMAHDM and 2.5% DMAHDM group
(p < 0.05). Furthermore, b* values decreased in the 1.25% DMADDM, 2.5% DMADDM and
2.5% DMAHDM groups (p < 0.05). The color difference between each QAMs group and the
control group was statistically significant (p < 0.05), as shown in Figure 1F. However, all
samples were considered to be clinically acceptable (∆E* < 3.3) [26].

2.4. Cytotoxicity Test of the Eluants

The cytotoxicity test of the eluants at each concentration is demonstrated in Figure S5.
The results showed no significant differences in cell viability in all groups (p > 0.05).

139



Pathogens 2022, 11, 578

2.5. Fluoride Release and Recharge

The initial fluoride release (d1–d21) and re-release (d22–d28) are presented in
Figure 2. All groups exhibited similar ion release patterns (Figure 2A). The accumulated ion
release either during d1–d21 (Figure 2B) or during d22–d28 (Figure 2C) was comparable in
all groups (p > 0.05).
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Figure 2. Fluoride release measurement. (A) The daily fluoride release curves. (B) Accumulation of
initial fluoride release from d1 to d21. (C) Accumulation of fluoride re-release from d22 to d28. Data
are presented as mean ± SD; n = 6. In plot (B,C), bars with the same letter indicate no significant
difference between the groups (p > 0.05).

2.6. Antibacterial Activity

Lactic acid production and MTT assay results at 24 h, 48 h and 72 h of incubation are
shown in Figure 3. The lactic acid production and the biofilm metabolic activity at each
time period significantly reduced after incorporation of 1.25% or 2.5% QAMs (p < 0.05).
The lactic acid production and biofilm metabolic activities were lower in the DMAHDM
groups than in the DMADDM groups at the same concentrations of QAMs (p < 0.05).
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Figure 3. Antibacterial activity of giomers. (A–C) Lactic acid production in 24 h (A), 48 h (B) and 72 h
(C) biofilms. (D–F) MTT absorbance in 24 h (D), 48 h (E) and 72 h (F) biofilms. Data are presented as
mean ± SD; n = 6. In each plot, bars with the same letter indicate no significant difference between
the groups (p > 0.05), while bars with different letters indicate significant difference between the
groups (p < 0.05).

The live/dead staining images (Figure 4) revealed that in the control group, the biofilm
growth and viability were very high since the bacteria were mostly stained green. In the
QAMs groups, biofilm formation was reduced and most of the bacteria were stained red.

To investigate the compositions of the biofilms, we used 16S rRNA sequencing to
analyse the 72 h-biofilms. The rarefaction curves reached the plateaus (Figure S6A) and
a total of 116, 129, 156, 170, 173 OTUs were found in the control group, 1.25% DMADDM
group, 2.5% DMADDM group, 1.25% DMAHDM group and 2.5% DMAHDM group
respectively (Figure S6B). There was no significant difference in Chao index between
each QAMs group and the control group (Figure 5A). Figure 5F shows the community
heatmap of the biofilms in each group. The PCoA analysis (Figure 5B) demonstrated
that the 1.25% DMADDM group nearly clustered with the control group, while other
QAMs groups were separated from the control group. There were three genera in varied
proportions among groups, as displayed in Figure 5C–E. The 1.25% DMADDM group
showed comparable levels of Streptococcus, Lactobacillus, and Veillonella to the control group.
In the 2.5% DMADDM and 1.25% DMAHDM groups, levels of Lactobacillus and Veillonella
were comparable to those in the control group, while Streptococcus was less abundant
than in the control group (p < 0.01). The 2.5% DMAHDM group showed a lower level of
Lactobacillus (p < 0.001) but a higher level of Veillonella than the control group (p < 0.01). The
percentage of Streptococcus in the 2.5% DMAHDM group was lower than that in the control
group, but not statistically significant (p > 0.05). It is noteworthy that Aggregatibacter and
Haemophilus were detected in high proportions in the DMAHDM groups, but hardly found
in other groups, as shown in Figure S6C,D.
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Figure 4. Representative live/dead staining images of S-ECC saliva-derived biofilms. (A–C) the control,
(D–F) 1.25% DMADDM, (G–I) 2.5% DMADDM, (J–L) 1.25% DMAHDM and (M–O) 2.5% DMAHDM.
Scale bars = 50 µm.
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Figure 5. 16S rRNA sequencing results. (A) Chao index. (B) PCoA analysis. (C–E) Proportions of
Streptococcus (C), Lactobacillus (D) and Veillonella (E). Data are presented as mean ± SD; n = 6. In
each plot, bars with the same letter(s) indicate no significant difference between the groups (p > 0.05),
while bars without the same letter(s) indicate significant difference between the groups (p < 0.05).
(F) Community heatmap at genus level.

143



Pathogens 2022, 11, 578

2.7. Secondary Caries in a Rat Model

HE staining images of the soft tissues are shown in Figure S7. No evident inflammatory
response was observed in all groups. The representative images of maxillary specimens are
demonstrated in Figure 6A–E. The modified Keyes’ scores of the lesions are presented in
Figure 6F–H. In the S-plane and M-plane, the scoring method showed significantly lower
scores in the QAMs groups (p < 0.05). In the X-plane, two samples from the control group
were scored “1”, and all QAMs groups had scores of “0”, but no significant difference was
discovered in all groups (p > 0.05). The micro-CT measurement demonstrated that in the
mineral volume curves of enamel and dentin, all groups had similar trends (Figure 7A,B).
The lesion depth and total mineral loss in the QAMs groups were significantly lower than
those in the control group (Figure 7C,D), p < 0.05).
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Figure 6. Evaluation of secondary caries by modified Keyes’ scoring. (A–E) Representative images of
maxillary specimens: the control (A), 1.25% DMADDM (B), 2.5% DMADDM (C), 1.25% DMAHDM
(D) and 2.5% DMAHDM (E). The carious lesions were dyed red (red arrow). Scale bars = 1 mm.
(F–H) Modified Keyes’ scoring of the lesions in the S-plane (F), M-plane (G) and X-plane (H). Data
are presented as scatter plots; n = 12. In each plot, groups with the same letter indicate no significant
difference between them (p > 0.05), while groups with different letters indicate significant difference
between them (p < 0.05).
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Figure 7. Evaluation of secondary caries by micro-CT. (A,B) Mineral volume curves of enamel (A)
and dentin (B). (C) Lesion depth in rat teeth. (D) Total mineral loss in rat teeth. Data are presented as
mean ± SD; n = 12. In plot (C,D), bars with the same letter indicate no significant difference between
the groups (p > 0.05) while bars with different letters indicate significant difference between the
groups (p < 0.05).
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3. Discussion

With an increasing burden of ECC worldwide and high failure rate of restorative
treatment, there is a need for new restorative materials with enhanced antibacterial per-
formance that can effectively inhibit secondary caries in children. In the present study, we
incorporated two QAMs, viz. DMADDM and DMAHDM, into conventional giomers to
obtain novel antibacterial giomers. We expected that these QAMs-modified giomers would
be appropriate for the treatment of ECC.

The investigation on the material performances demonstrated that incorporation of
1.25% or 2.5% DMADDM/DMAHDM did not influence the mechanical properties such
as flexural strength and the elastic modulus of the giomers. It has been concluded in
the previous studies that incorporating QAMs in proper proportions did not impair the
mechanical properties of dental materials, and that DMADDM and DMAHDM, which
contained methacrylate groups in their molecules, could be co-polymerized to the resin
matrix [21,27,28]. However, in the present study, significantly reduced flexural strength
in the 5.0% QAMs groups and reduced elastic modulus in the 5.0% DMADDM group
were observed. Thus, considering that improvements of giomers should not impair the
mechanical properties of the parent materials, the 5.0% QAMs groups were excluded from
the following studies.

The pathogenic process of caries is primarily dependent on the formation of cariogenic
biofilms [5,29]. The surface characteristics are critical in bacterial adhesion. As reflected
in the surface charge test, the surfaces of the novel giomers were adequately positively-
charged after incorporation of the cationic QAMs which had been chemically bonded
to the resin matrix of the giomers, thus showing stronger antimicrobial potency [21,30].
Meanwhile, their roughness was comparable to the commercial control. We also discovered
that adding QAMs slightly influenced the wettability of the parent giomers. As can be
observed from Figure 1D, the hydrophilicity increased in the 2.5% DMAHDM group.
However, all contact angles were greater than 65◦, indicating that all specimens could
be considered as very hydrophobic [31]. Although some studies concluded that bacteria
preferred to adhere to more hydrophilic surfaces [32,33], diminished bacterial adhesion
on more hydrophobic surfaces was not reported in some other studies [34–36]. In this
study, reduced biofilm formation was observed on the 2.5% DMAHDM-modified giomer
specimens (Figure 4M–O). On the contrary, thick and extensive biofilms were observed on
the commercial control (Figure 4A–C). We speculated that under the present experimental
conditions, biofilm adhesion was mainly influenced by the antibacterial activity.

By means of colorimetric analysis, we found that the overall color changes in all QAMs
groups were clinically acceptable according to a boundary value of 3.3 [26]. The cytotoxicity
test revealed that the QAMs-modified giomers exhibited good biosafety. More prominently,
the QAMs-modified giomers not only showed excellent non-releasing antibacterial potency,
but also well preserved fluoride release and recharge functions. This is of importance
because fluoride is effective in arresting and remineralizing carious lesions [37]. Clinically,
a restoration with such double anti-caries effects would be very prominent (Figure 8).

To investigate the antibacterial effect of the QAMs-modified giomers, and to provide
an in-vitro model that can effectively simulate cariogenic biofilms of ECC, an S-ECC
saliva-derived biofilm model was originally established. The biofilms were incubated on
tested specimens in the SHI medium, which was reported to be capable of incubating
a diversified oral microbial community in vitro [38,39]. As has been reported, the microbial
communities of ECC-affected children exhibited higher metabolic activities than those
of caries-free children [40]. Based on our results, the growth and metabolic activities of
S-ECC saliva-derived biofilms were significantly inhibited by QAMs-modified giomers.
This indicated that the novel giomers had strong antibacterial activity against S-ECC related
species. We also noticed that DMAHDM-modified giomers showed comparatively better
antibacterial activity than DMADDM-modified giomers, which was in good agreement
with the results reported by other researchers that QAMs with longer chain length would
exhibit stronger penetrating effects against bacterial membranes [41–43].
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Furthermore, the compositions of the 72 h-biofilms on QAMs-modified giomer speci-
mens were analyzed. Some researchers have reported an elevation of species richness in
caries-affected subjects [44,45]. In our study, we found no significant difference in species
richness between each QAMs group and the control group, as has been shown in the Chao
index. Interestingly, however, in the PCoA analysis, the 2.5% DMADDM, 1.25% DMAHDM
and 2.5% DMAHDM groups were separated from the control group, demonstrating that
QAMs-modified giomers also had the potential to regulate the microbial compositions
of the S-ECC saliva-derived biofilms. We found the percentages of Streptococcus, which
has been reported to play a fundamental role in the development of ECC [46,47], sig-
nificantly reduced in the 2.5% DMADDM group and the 1.25% DMAHDM group. The
2.5% DMAHDM group also showed a slightly lower level of Streptococcus, though it was
not statistically significant. Moreover, in the 2.5% DMAHDM group, a reduced proportion of
Lactobacillus was detected. Some studies have demonstrated that Lactobacillus was also
related to ECC and mainly implicated in caries progression [46,48]. We also noticed that
Veillonella was detected in a higher level in the 2.5% DMAHDM group than in the control
group. Veillonella is a commensal microbe in the oral cavity and its role in ECC is still
unclear. Some researchers found that Veillonella could consume lactic acids and help alle-
viate the demineralization of dental tissues, while others found that its consumption of
acids produced by Streptococcus might facilitate the growth of Streptococcus and biofilm
formation [46,47]. The elevation in the relative abundance of Veillonella for the 2.5% DMAHDM
group might be attributed to the reduction of other genera, especially Lactobacillus. In addi-
tion, Aggregatibacter and Haemophilus were detected in high proportions in several samples
from the DMAHDM groups, but were rarely found in other groups. As has been concluded
by some researches, Aggregatibacter and Haemophilus were more abundant in caries-free
children and might be associated with caries-free status [46,49]. The mechanisms inducing
these microbial changes are still unclear and require further studies. In addition, we real-
ized that since bacterial cell death in the live/dead staining of the saliva-derived biofilms,
was observable at 72 h, some dead bacterial cells might be retained in the biofilms, and
their DNA would be extracted along with live cells. Therefore, in the 16S rRNA sequencing,
retention of dead bacteria might make it difficult to clearly identify the compositions of
live bacteria in the biofilm, and might to some extent influence the sequencing results.
Even so, based on the preliminary results of the present study, we prudently speculated
that QAMs-modified giomers, especially DMAHDM-modified giomers, have created an
environment favorable to some health-related species but disadvantageous to caries-related
species. Consequently, the communities of saliva-derived biofilms would be less cariogenic.
Thus, the QAMs-modified giomers exhibited great potential to regulate the compositions
of cariogenic biofilms.
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In the rat model, no evident inflammatory response was observed in the buccal/palatal
mucosae (Figure S6), showing acceptable biocompatibility of DMADDM/DMAHDM,
which has been reported previously [21,50,51]. By comparing the severity of secondary
caries in the control group and in the QAMs groups, the efficacy of the QAMs-modified
giomers to inhibit secondary caries was evidently demonstrated. The range and depth of
carious lesions were reduced in QAMs groups, as can be reflected in the lower modified
Keyes’ scores. This anti-caries ability of QAMs-modified giomers was further confirmed by
the micro-CT scanning, which showed significantly lower lesion depth and mineral loss in
the QAMs groups, indicating minor caries invasion and less demineralization of the dental
hard tissues. Therefore, the present results implied that the novel QAMs-modified giomers
have great potential in restorative treatment against ECC.

4. Materials and Methods
4.1. Fabrication of DMADDM (Dimethylaminododecyl Methacrylate)/DMAHDM (Dimethyla
Minohexadecyl Methacrylate) Modified Giomers

DMADDM and DMAHDM were synthesized referring to the previous studies [52–54].
DMADDM/DMAHDM was then added into a commercial giomer (Beautifil II F00 A1,
SHOFU Inc., Kyoto, Japan) at mass fractions of 1.25%, 2.5% and 5.0%, respectively. The
commercial giomer without DMADDM/DMAHDM served as the control.

4.2. Mechanical Properties

A computer-controlled Universal Testing Machine (5500 R, MTS, Cary, NC, USA) was
used and the three-point bending tests were carried out to measure the flexural strength
and elastic modulus of bar-shaped specimens (25 mm in length, 2 mm in width and 2 mm
in thickness, 6 for each group). The flexural strength was calculated by FS = 3PmaxL/(2bh2),
while the elastic modulus was calculated by E = (P/d)(L3/(4bh3)) [55].

4.3. Surface Characterizations
4.3.1. Surface Charge Density

A fluorescein dye method was used to measure the surface charge densities of giomer
specimens [21,56]. Typically, six specimens were prepared and light-cured using a 96-well
plate lid (approximately 8 mm in diameter and 0.5 mm in depth) and were tested for
each group. The disks were put in a 48-well plate, added with 10 mg/mL fluorescein
sodium salt in deionized (DI) water. The disks were left in the dark for 10 min at room
temperature, then rinsed with DI water to remove the fluorescein solution. Thereafter
the disks were transferred to a new 48-well plate to which was added 0.1% (by mass) of
cetyltrimethylammonium chloride (CTMAC) in DI water, and this was shaken in the dark
for 20 min at room temperatures. The bound dye was thus desorbed and the CTMAC
solution was supplemented with 10% (by volume) of 100 mM phosphate buffer at pH 8.
The absorbance was read at 501 nm using a microplate reader (SpectraMax M5, Molecular
Devices, Sunnyvale, CA, USA). The fluorescein concentrations of the disks were calculated
by Beers Law with an extinction coefficient of 77 mM−1 cm−1. The surface charge densities
were then calculated.

4.3.2. Contact Angle

Six specimens fabricated using a 96-well plate lid were tested for each group. A droplet
of distilled water was placed on each disk and the contact angles on both sides of the droplet
were measured by a drop shape analyzer (DSA100, KRÜSS, Hamburg, Germany). The
contact angle value reported for each specimen was the average of the right and left contact
angles.
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4.3.3. Surface Roughness

Specimens were prepared using a round mold (10 mm in diameter, 1 mm in depth, six
for each group). The surface morphology of each specimen was evaluated by an Atomic
Force Microscope (SPM-9600; Shimadzu, Kyoto, Japan) and the surface roughness was
calculated over an area of 10 µm × 10 µm [57]. The surface roughness (Ra) values in
different groups were then compared.

4.4. Colorimetric Analysis

A spectrophotometer (VITA Easyshade Advance, Vita Zahnfabrik, Bad Säckingen,
Germany) was used and three random regions of each specimen (10 mm in diameter and
1 mm in depth, six for each group) were measured. The Uniform Color Space (UCS) system
was used in the present study, and L* (movement in the white-black direction), a* (movement
in the red-green direction), b* (movement in the yellow-blue direction) were recorded [58].
The color data of control group served as a baseline. The color difference was calculated via
the equation as follows: E* = ((L*2 − L*1)2 + (a*2 − a*1)2 + (b*2 − b*1)2) 1/2, where L*1, a*1
and b*1 corresponded to the mean values of specimens in the control group, while L*2, a*2
and b*2 represented the measurements of each specimen in the other four groups.

4.5. Cytotoxicity Test

The specimens fabricated using a 96-well plate lid were rinsed in distilled water to
remove uncured monomers and sterilized with ethylene oxide at 37 ◦C. Six specimens
were immersed in 10 mL of Dulbecco’s Modified Eagle Medium (DMEM) with 2% fetal
bovine serum, 100 IU/mL penicillin, and 100 IU/mL streptomycin, then agitated for
24 h at 37 ◦C to acquire the original eluants. The original eluants were serially diluted
at 32-fold, 64-fold and 128-fold according to previous studies [21,59], and the specimen
volume/solution volume ratios were 0.12, 0.24 and 0.47 mm3/mL, respectively. Human
oral keratinocyte (HOK, JENNIO, Guangzhou, China) cells were inoculated in 96-well
plates at 5000 cells/well with 100µL eluant-containing medium at 37 ◦C (5% CO2). After
48 h, the cell viability was finally measured by the CCK-8 (Cell Counting Kit-8, APExBIO,
Houston, TX, USA) assay following the manufacturer’s instructions.

4.6. Fluoride Release and Recharge

Six specimens (10 mm in diameter, 1 mm in depth) were placed in 12-well plates,
respectively. Each disk was dipped in 2 mL of distilled/deionized water at 37 ◦C for
24 h. Next, the specimens were removed and 2 mL of total ionic strength adjustment
buffer II (TISAB II) was added into each well. A fluoride ion-selective electrode (7102,
Fangzhou Technology, Beijing, China) was used to evaluate the fluoride releasing capacity
at time intervals of one day for 21 days in total.

After the 21-day initial fluoride release, all specimens were rinsed in deionized water
and dried. Fluoride recharge was carried out with a commercial fluoride varnish containing
5% sodium fluoride (NovaBright, Nanova Biomaterials Inc., Columbia, MO, USA) and the
specimens were soaked for 4 min. The specimens were then rinsed with distilled/deionized
water and dried before they were placed in new 12-well plates. The ion re-release after
fluoride recharge was measured as described above in the following seven days.

4.7. Antibacterial Activity Assessment
4.7.1. Saliva Sampling and Biofilm Formation

Saliva sampling was authorized by the Ethics Committee of West China Hospital of
Stomatology, Sichuan University (WCHSIRB-D-2021-500). Ten preschool children diag-
nosed as S-ECC who had not taken any antibiotics in three months were recruited as saliva
donors. Guardians of each child had signed an informed consent before saliva sampling.
An equal volume of collected saliva from each subject was pooled together and diluted
two-fold with sterile 50% glycerol, then stored at −80 ◦C [60,61].
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48-well plate lid molded specimens (six for each group) were rinsed in distilled water
to remove uncured monomers and sterilized with ethylene oxide at 37 ◦C. For saliva-
derived biofilm formation, the disks were placed into 24-well plates and immersed in
1.5 mL of SHI medium [38]. The saliva-glycerol stock was then seeded (1:30 final dilution)
into each well and incubated at 37 ◦C anaerobically (90% N2, 5% CO2, 5% H2). The growth
medium was refreshed every 24 h.

4.7.2. Lactic Acid Production by S-ECC Saliva-Derived Biofilms

24 h, 48 h and 72 h biofilms were incubated on specimen disks. Six disks were
measured for each group at each time period. The disks were then washed with PBS and
immersed in 1.5 mL of buffered peptone water (BPW) supplemented with 1.0% sucrose
and incubated at 37 ◦C in 5% CO2 for 4 h. The lactic acid production was then measured
using a lactic acid assay kit (A019-2-1, Jiancheng Bioengineering Institute, Nanjing, China)
following the manufacturer’s instructions, and the absorbance at 530 nm was measured.

4.7.3. MTT Assay

A MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was
performed to determine the metabolic activities of S-ECC salivary derived biofilms [62].
Disks with 24 h, 48 h and 72 h biofilms (n = 6) were transferred to new 24- well plates, and
each sample was incubated with 1 mL MTT dye (0.5 mg/mL MTT in PBS) for another 1 h.
During this period, metabolically active bacteria would metabolize the yellow-color MTT to
purple-color formazan. The samples were then transferred to new 24- well plates filled with
1 mL of dimethyl sulfoxide (DMSO), which can solubilize the formazan crystals. The plates
were incubated with gentle shaking for 20 min at room temperatures. The absorbance at
540 nm was measured and compared.

4.7.4. Biofilm Imaging

Live/dead staining was carried out to observe the biofilm growth and viability. Disks
with 24 h, 48 h and 72 h saliva-derived biofilms were washed with sterile water, then stained
with 2.5 µM SYTOTM 9 (Molecular Probes, Invitrogen, Carlsbad, CA, USA) and 2.5 µM
propidium iodide (Molecular Probes, Invitrogen, Carlsbad, CA, USA) for 15 min according
to the manufacturer’s instructions. A confocal laser scanning microscopy (FV3000 confocal
laser scanning microscope, Olympus Corp, Tokyo, Japan) was used to acquire the images
of biofilms. Live bacteria will emit a green fluorescence while dead bacteria will emit a
red fluorescence.

4.7.5. 16S rRNA Gene Sequencing

Six disks with 72 h-biofilms in each group were prepared for 16S rRNA gene sequenc-
ing on the Illumina MiSeq platform (Majorbio, Shanghai, China) [57]. The raw data was
available in the NCBI Sequence Read Archive (SRA) database (BioProject: PRJNA808624).
The microbial community analysis was performed on the Majorbio I-Sanger Cloud Platform.

4.8. Evaluation of Secondary Caries in a Rat Model

A rat model was used to assess the inhibition effect of QAMs-modified giomers on
secondary caries by reference of a previous study [63]. In brief, specific-pathogen-free
female Wistar rats (Dossy Experimental Animals Co., Ltd., Chengdu, China) at the age of
21 days were used, and after cavity preparation in their first grooves of the maxillary first
molars, all cavities were restored with tested giomers used in this study. A total of 60 dental
restorations from 30 rats (six for each group) were performed. After a three-day bacteria-
scrubbing using a culture of Streptococcus mutans UA159 (108 CFU/mL, 0.3 mL), all rats
were orally infected. The rats then followed a cariogenic diet 2000 (Trophic Diet, Trophic
Animal Feed, Suzhou, China) and drank 5% sucrose-containing water for four weeks to
produce secondary caries. The rats were then sacrificed and their maxillaries were obtained.
The soft tissues were fixed using 4% paraformaldehyde, then paraffin-embedded and
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subjected to HE staining for histopathological analysis. The restoratives of the maxillaries
were removed (for better observation and dyeing) before they were subjected to a micro-CT
scanning [57]. The micro-CT settings were as follows: medium resolution, with parameters
70 kVp, 200 µA, Al 0.5 mm, 1 × 300 ms, Voxel size 10 µm. A line was chosen as the region of
interest (ROI) [63] for analysis. Thereafter, the maxillaries were dyed with 0.4% ammonium
purpurate for 12 h, and hemi-sectioned in the mesiodistal direction and finally scored
using a modified Keyes’ scoring method to evaluate the penetration of a lesion at three
planes: the S-plane (slight), M-plane (moderate) and X-plane (extensive) [63]. The animal
experiments were conducted following the guiding principles of the Ethics Committee of
the West China Hospital of Stomatology, Sichuan University (WCHSIRB-D-2021-333).

4.9. Statistical Analysis

In the present study, one-way analysis of variance (ANOVA) with Tukey’s multi-
ple comparisons was performed to compare the data. It was considered as statistically
significant when the p-value < 0.05.

5. Conclusions

This study developed new giomers by incorporating DMADDM and DMAHDM
into a commercial giomer. The QAMs-modified giomers provided good mechanical and
surface properties, esthetic performance, cytotoxity and fluoride release. In the in-vitro
S-ECC biofilm model, the new giomers exhibited excellent antibacterial activity and great
potential to regulate the compositions of biofilms. DMAHDM-modified giomers showed
better antibacterial activity than DMADDM-modified giomers. The modified giomers were
efficient in inhibiting secondary caries in a rat model. Therefore, QAMs-modified giomers
are promising as novel restorative materials in inhibiting cariogenic biofilms and secondary
caries in children.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pathogens11050578/s1, Figure S1: The molecular structures of
DMADDM and DMAHDM; Figure S2: Contact angle. (A–E) Representative images of the control
(A), 1.25% DMADDM (B), 2.5% DMADDM (C), 1.25% DMAHDM (D) and 2.5% DMAHDM (E).
Scale bars = 1 mm; Figure S3: Surface roughness. (A–E) Representative 3D images of the control
(A), 1.25% DMADDM (B), 2.5% DMADDM (C), 1.25% DMAHDM (D) and 2.5% DMAHDM (E);
Figure S4. Colorimetric analysis. (A–C) Values of the L* (A), a* (B), b* (C). Data are presented as
mean ± SD; n = 6. In each plot, bars with the same letter(s) indicate no significant difference between
the groups (p > 0.05). Bars without the same letter(s) indicate significant difference between the
groups (p < 0.05). (D) The three-dimensional scatter diagram (L*, a*, b*); Figure S5: The cytotoxicty
test of the eluants against HOK cells. Data are presented as mean ± SD; n = 6. There were no
significant difference in all groups (p > 0.05); Figure S6: 16S r RNA sequencing. (A) Rarefaction
curves. (B) Venn gram. (C,D) Proportion of Aggregatibacter (C) and Haemophilus (D) in each sample;
Figure S7: Representative histologic images of buccal mucosae: the control (A), 1.25% DMADDM (C),
2.5% DMADDM (E), 1.25% DMAHDM (G) and 2.5% DMAHDM (I). Representative histologic images
of palatal mucosae: the control (B), 1.25% DMADDM (D), 2.5% DMADDM (F), 1.25% DMAHDM (H)
and 2.5% DMAHDM (J). Scale bars = 100 µm.

Author Contributions: Conceptualization, Y.C., J.L. and L.C.; methodology, J.L., L.C. and H.H.K.X.;
software, Y.C. and J.L.; validation, J.L., L.C. and X.Z.; formal analysis, Y.C. and Q.Z.; investigation,
Y.C., B.Y., H.L. and Y.H.; writing—original draft preparation, Y.C.; writing—review and editing, J.L.,
L.C. and J.Z.; supervision, J.L., J.Z and X.Z. funding acquisition, L.C., J.Z. and Q.Z. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number:
81870759 (L.C.), 82170947 (J.Z.), and the Technological Innovation and Development Project of
Chengdu Bureau Science and Technology, grant number: 2021-YF05-01980-SN (Q.Z.).

151



Pathogens 2022, 11, 578

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Ethics Committee) of West China Hospital of Stomatology,
Sichuan University (WCHSIRB-D-2021-500). The animal study protocol was approved by the Ethics
Committee) of West China Hospital of Stomatology, Sichuan University (WCHSIRB-D-2021-333).

Informed Consent Statement: Informed consent was obtained from guardians of all children in-
volved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author (J.L. and J.Z.).

Acknowledgments: We are grateful to Liying Hao and Qiang Guo for their support in AFM and
micro-CT measurement. We also appreciate the assistance of Qizhao Ma, Qiyuan Yang and Jingwei
Cao during the study period.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Uribe, S.E.; Innes, N.; Maldupa, I. The global prevalence of early childhood caries: A systematic review with meta-analysis using

the WHO diagnostic criteria. Int. J. Paediatr. Dent. 2021, 31, 817–830. [CrossRef] [PubMed]
2. Zheng, H.; Xie, T.; Li, S.; Qiao, X.; Lu, Y.; Feng, Y. Analysis of oral microbial dysbiosis associated with early childhood caries.

BMC Oral Health 2021, 21, 181. [CrossRef] [PubMed]
3. Phantumvanit, P.; Makino, Y.; Ogawa, H.; Rugg-Gunn, A.; Moynihan, P.; Petersen, P.E.; Evans, W.; Feldens, C.A.; Lo, E.;

Khoshnevisan, M.H.; et al. WHO Global Consultation on Public Health Intervention against Early Childhood Caries.
Community Dent. Oral Epidemiol. 2018, 46, 280–287. [CrossRef]

4. Jiang, S.; McGrath, C.; Lo, E.C.; Ho, S.M.; Gao, X. Motivational interviewing to prevent early childhood caries: A randomized
controlled trial. J. Dent. 2020, 97, 103349. [CrossRef] [PubMed]

5. Hajishengallis, E.; Parsaei, Y.; Klein, M.; Koo, H. Advances in the microbial etiology and pathogenesis of early childhood caries.
Mol. Oral Microbiol. 2017, 32, 24–34. [CrossRef] [PubMed]

6. Mjör, I.A.; Toffenetti, F. Secondary caries: A literature review with case reports. Quintessence Int. 2000, 31, 165–179. [PubMed]
7. Askar, H.; Krois, J.; Göstemeyer, G.; Bottenberg, P.; Zero, D.; Banerjee, A.; Schwendicke, F. Secondary caries: What is it, and how it

can be controlled, detected, and managed? Clin. Oral Investig. 2020, 24, 1869–1876. [CrossRef] [PubMed]
8. Palmer, C.; Kent, R., Jr.; Loo, C.; Hughes, C.; Stutius, E.; Pradhan, N.; Dahlan, M.; Kanasi, E.; Vasquez, S.A.; Tanner, A. Diet and

Caries-associated Bacteria in Severe Early Childhood Caries. J. Dent. Res. 2010, 89, 1224–1229. [CrossRef]
9. Cooper, A.M.; O’Malley, L.; Elison, S.N.; Armstrong, R.; Burnside, G.; Adair, P.; Dugdill, L.; Pine, C. Primary school-based

behavioural interventions for preventing caries. Cochrane Database Syst. Rev. 2013, 31, CD009378. [CrossRef]
10. Demarco, F.F.; Collares, K.; Correa, M.B.; Cenci, M.S.; Moraes, R.R.; Opdam, N.J. Should my composite restorations last forever?

Why are they failing? Braz. Oral Res. 2017, 31 (Suppl. S1), e56. [CrossRef]
11. Metz, I.; Rothmaier, K.; Pitchika, V.; Crispin, A.; Hickel, R.; García-Godoy, F.; Bücher, K.; Kühnisch, J. Risk factors for secondary

caries in direct composite restorations in primary teeth. Int. J. Paediatr. Dent. 2015, 25, 451–461. [CrossRef] [PubMed]
12. Colceriu Burtea, L.; Prejmerean, C.; Prodan, D.; Baldea, I.; Vlassa, M.; Filip, M.; Moldovan, M.; Antoniac, A.; Prejmerean, V.; Ambrosie, I.

New Pre-reacted Glass Containing Dental Composites (giomers) with Improved Fluoride Release and Biocompatibility. Materials
2019, 12, 4021. [CrossRef] [PubMed]

13. Kaya, M.S.; Bakkal, M.; Durmus, A.; Durmus, Z. Structural and mechanical properties of a giomer-based bulk fill restorative in
different curing conditions. J. Appl. Oral Sci. 2018, 26, e20160662. [CrossRef] [PubMed]

14. Francois, P.; Fouquet, V.; Attal, J.-P.; Dursun, E. Commercially Available Fluoride-Releasing Restorative Materials: A Review and
a Proposal for Classification. Materials 2020, 13, 2313. [CrossRef] [PubMed]

15. Bansal, R.; Bansal, T. A Comparative Evaluation of the Amount of Fluoride Release and Re-Release after Recharging from
Aesthetic Restorative Materials: An in vitro Study. J. Clin. Diagn. Res. 2015, 9, ZC11-4. [CrossRef]

16. Cury, J.A.; de Oliveira, B.H.; dos Santos, A.P.; Tenuta, L.M. Are fluoride releasing dental materials clinically effective on caries
control? Dent. Mater. 2016, 32, 323–333. [CrossRef]

17. Wang, H.; Wang, S.; Cheng, L.; Jiang, Y.; Melo, M.; Weir, M.D.; Oates, T.W.; Zhou, X.; Xu, H.H.K. Novel dental composite with
capability to suppress cariogenic species and promote non-cariogenic species in oral biofilms. Mater. Sci. Eng. C Mater. Biol. Appl.
2019, 94, 587–596. [CrossRef]

18. Ge, Y.; Wang, S.; Zhou, X.; Wang, H.; Xu, H.H.K.; Cheng, L. The Use of Quaternary Ammonium to Combat Dental Caries.
Materials 2015, 8, 3532–3549. [CrossRef]

19. Zhou, C.; Weir, M.D.; Zhang, K.; Deng, D.; Cheng, L.; Xu, H.H.K. Synthesis of new antibacterial quaternary ammonium monomer
for incorporation into CaP nanocomposite. Dent. Mater. 2013, 29, 859–870. [CrossRef]

20. Balhaddad, A.; Garcia, I.; Mokeem, L.; Ibrahim, M.; Collares, F.; Weir, M.; Xu, H.; Melo, M. Bifunctional Composites for Biofilms
Modulation on Cervical Restorations. J. Dent. Res. 2021, 100, 1063–1071. [CrossRef]

152



Pathogens 2022, 11, 578

21. Liang, J.; Li, M.; Ren, B.; Wu, T.; Xu, H.H.K.; Liu, Y.; Peng, X.; Yang, G.; Weir, M.D.; Zhang, S.; et al. The anti-caries effects of
dental adhesive resin influenced by the position of functional groups in quaternary ammonium monomers. Dent. Mater. 2018, 34,
400–411. [CrossRef] [PubMed]

22. Zhang, K.; Ren, B.; Zhou, X.; Xu, H.H.K.; Chen, Y.; Han, Q.; Li, B.; Weir, M.D.; Li, M.; Feng, M.; et al. Effect of Antimicrobial
Denture Base Resin on Multi-Species Biofilm Formation. Int. J. Mol. Sci. 2016, 17, 1033. [CrossRef] [PubMed]

23. Zhou, W.; Peng, X.; Zhou, X.; Bonavente, A.; Weir, M.D.; Melo, M.A.S.; Imazato, S.; Oates, T.W.; Cheng, L.; Xu, H.H.K. Novel
Nanocomposite Inhibiting Caries at the Enamel Restoration Margins in an In Vitro Saliva-Derived Biofilm Secondary Caries
Model. Int. J. Mol. Sci. 2020, 21, 6369. [CrossRef] [PubMed]

24. Zhang, N.; Zhang, K.; Melo, M.A.S.; Weir, M.D.; Xu, D.J.; Bai, Y.; Xu, H.H.K. Effects of Long-Term Water-Aging on Novel
Anti-Biofilm and Protein-Repellent Dental Composite. Int. J. Mol. Sci. 2017, 18, 186. [CrossRef]

25. ISO 4049:2000; Dentistry—Polymer-Based Filling, Restorative and Luting Materials. ISO: Geneva, Switzerland, 2000.
26. Ruyter, I.; Nilner, K.; Möller, B. Color stability of dental composite resin materials for crown and bridge veneers. Dent. Mater.

1987, 3, 246–251. [CrossRef]
27. Wang, S.; Zhang, K.; Zhou, X.; Xu, N.; Xu, H.H.K.; Weir, M.D.; Ge, Y.; Wang, S.; Li, M.; Li, Y.; et al. Antibacterial Effect of Dental

Adhesive Containing Dimethylaminododecyl Methacrylate on the Development of Streptococcus mutans Biofilm. Int. J. Mol. Sci.
2014, 15, 12791–12806. [CrossRef]

28. Cheng, L.; Weir, M.D.; Zhang, K.; Wu, E.J.; Xu, S.M.; Zhou, X.; Xu, H.H.K. Dental plaque microcosm biofilm behavior on calcium
phosphate nanocomposite with quaternary ammonium. Dent. Mater. 2012, 28, 853–862. [CrossRef]

29. Bowen, W. Dental caries—Not just holes in teeth! A perspective. Mol. Oral Microbiol. 2016, 31, 228–233. [CrossRef]
30. Chen, H.; Han, Q.; Zhou, X.; Zhang, K.; Wang, S.; Xu, H.H.K.; Weir, M.D.; Feng, M.; Li, M.; Peng, X.; et al. Heat-Polymerized

Resin Containing Dimethylaminododecyl Methacrylate Inhibits Candida albicans Biofilm. Materials 2017, 10, 431. [CrossRef]
31. Vogler, E.A. Structure and reactivity of water at biomaterial surfaces. Adv. Colloid Interface Sci. 1998, 74, 69–117. [CrossRef]
32. Busscher, H.J.; Rinastiti, M.; Siswomihardjo, W.; Van Der Mei, H.C. Biofilm Formation on Dental Restorative and Implant

Materials. J. Dent. Res. 2010, 89, 657–665. [CrossRef] [PubMed]
33. Almaguer-Flores, A.; Olivares-Navarrete, R.; Wieland, M.; Ximénez-Fyvie, L.A.; Schwartz, Z.; Boyan, B.D. Influence of topography

and hydrophilicity on initial oral biofilm formation on microstructured titanium surfaces in vitro. Clin. Oral Implant. Res. 2012,
23, 301–307. [CrossRef] [PubMed]

34. Gyo, M.; Nikaido, T.; Okada, K.; Yamauchi, J.; Tagami, J.; Matin, K. Surface Response of Fluorine Polymer-Incorporated Resin
Composites to Cariogenic Biofilm Adherence. Appl. Environ. Microbiol. 2008, 74, 1428–1435. [CrossRef] [PubMed]

35. Barkarmo, S.; Longhorn, D.; Leer, K.; Johansson, C.B.; Stenport, V.; Franco-Tabares, S.; Kuehne, S.A.; Sammons, R. Biofilm
formation on polyetheretherketone and titanium surfaces. Clin. Exp. Dent. Res. 2019, 5, 427–437. [CrossRef] [PubMed]

36. Grivet, M.; Morrier, J.J.; Benay, G.; Barsotti, O. Effect of hydrophobicity on in vitro streptococcal adhesion to dental alloys. J. Mater.
Sci. Mater. Med. 2000, 11, 637–642. [CrossRef]

37. González-Cabezas, C.; Fernandez, C.E. Recent Advances in Remineralization Therapies for Caries Lesions. Adv. Dent. Res. 2018,
29, 55–59. [CrossRef]

38. Tian, Y.; He, X.; Torralba, M.; Yooseph, S.; Nelson, K.; Lux, R.; McLean, J.; Yu, G.; Shi, W. Using DGGE profiling to develop a novel
culture medium suitable for oral microbial communities. Mol. Oral Microbiol. 2010, 25, 357–367. [CrossRef]

39. Edlund, A.; Yang, Y.; Hall, A.P.; Guo, L.; Lux, R.; He, X.; Nelson, K.E.; Nealson, K.H.; Yooseph, S.; Shi, W.; et al. An in vitro biofilm
model system maintaining a highly reproducible species and metabolic diversity approaching that of the human oral microbiome.
Microbiome 2013, 1, 25. [CrossRef]

40. Zhao, Y.; Zhong, W.-J.; Xun, Z.; Zhang, Q.; Song, Y.-Q.; Liu, Y.-S.; Chen, F. Differences in carbon source usage by dental plaque in
children with and without early childhood caries. Int. J. Oral Sci. 2017, 9, e6. [CrossRef]

41. Murata, H.; Koepsel, R.R.; Matyjaszewski, K.; Russell, A.J. Permanent, non-leaching antibacterial surface—2: How high density
cationic surfaces kill bacterial cells. Biomaterials 2007, 28, 4870–4879. [CrossRef]

42. Tiller, J.C.; Liao, C.-J.; Lewis, K.; Klibanov, A.M. Designing surfaces that kill bacteria on contact. Proc. Natl. Acad. Sci. USA 2001,
98, 5981–5985. [CrossRef] [PubMed]

43. Li, F.; Weir, M.D.; Xu, H.H.K. Effects of quaternary ammonium chain length on antibacterial bonding agents. J. Dent. Res. 2013,
92, 932–938. [CrossRef] [PubMed]

44. Ximenes, M.; De Armas, R.D.; Triches, T.C.; Cardoso, M.; Vieira, R.D.S. Structure of the Bacterial Community in Different Stages
of Early Childhood Caries. Oral Health Prev. Dent. 2018, 16, 369–373.

45. Schoilew, K.; Ueffing, H.; Dalpke, A.; Wolff, B.; Frese, C.; Wolff, D.; Boutin, S. Bacterial biofilm composition in healthy subjects
with and without caries experience. J. Oral Microbiol. 2019, 11, 1633194. [CrossRef] [PubMed]

46. Wang, Y.; Zhang, J.; Chen, X.; Jiang, W.; Wang, S.; Xu, L.; Tu, Y.; Zheng, P.; Wang, Y.; Lin, X.; et al. Profiling of Oral Microbiota in
Early Childhood Caries Using Single-Molecule Real-Time Sequencing. Front. Microbiol. 2017, 8, 2244. [CrossRef]

47. Chen, Y.; Li, Y.; Zou, J. Intrageneric and Intergeneric Interactions Developed by Oral Streptococci: Pivotal Role in the Pathogenesis
of Oral Diseases. Curr. Issues Mol. Biol. 2019, 32, 377–434. [CrossRef]

48. Lapirattanakul, J.; Nomura, R.; Okawa, R.; Morimoto, S.; Tantivitayakul, P.; Maudcheingka, T.; Nakano, K.; Matsumoto-Nakano, M.
Oral Lactobacilli Related to Caries Status of Children with Primary Dentition. Caries Res. 2020, 54, 194–204. [CrossRef]

153



Pathogens 2022, 11, 578

49. Belstrøm, D.; Holmstrup, P.; Fiehn, N.-E.; Kirkby, N.; Kokaras, A.; Paster, B.J.; Bardow, A. Salivary microbiota in individuals with
different levels of caries experience. J. Oral Microbiol. 2017, 9, 1270614. [CrossRef]

50. Li, F.; Weir, M.D.; Fouad, A.F.; Xu, H.H.K. Time-kill behaviour against eight bacterial species and cytotoxicity of antibacterial
monomers. J. Dent. 2013, 41, 881–891. [CrossRef]

51. Ge, Y.; Ren, B.; Zhou, X.; Xu, H.H.K.; Wang, S.; Li, M.; Weir, M.D.; Feng, M.; Cheng, L. Novel Dental Adhesive with Biofilm-
Regulating and Remineralization Capabilities. Materials 2017, 10, 26. [CrossRef]

52. Antonucci, J.M.; Zeiger, D.N.; Tang, K.; Lin-Gibson, S.; Fowler, B.O.; Lin, N.J. Synthesis and characterization of dimethacrylates
containing quaternary ammonium functionalities for dental applications. Dent. Mater. 2012, 28, 219–228. [CrossRef] [PubMed]

53. Cheng, L.; Weir, M.D.; Zhang, K.; Arola, D.D.; Zhou, X.; Xu, H.H.K. Dental primer and adhesive containing a new antibacterial
quaternary ammonium monomer dimethylaminododecyl methacrylate. J. Dent. 2013, 41, 345–355. [CrossRef] [PubMed]

54. Tao, S.; Su, Z.; Xiang, Z.; Xu, H.H.K.; Weir, M.D.; Fan, M.; Yu, Z.; Zhou, X.; Liang, K.; Li, J. Nano-calcium phosphate and
dimethylaminohexadecyl methacrylate adhesive for dentin remineralization in a biofilm-challenged environment. Dent. Mater.
2020, 36, e316–e328. [CrossRef] [PubMed]

55. Zhou, X.; Wang, S.; Peng, X.; Hu, Y.; Ren, B.; Li, M.; Hao, L.; Feng, M.; Cheng, L.; Zhou, X. Effects of water and microbial-based
aging on the performance of three dental restorative materials. J. Mech. Behav. Biomed. Mater. 2018, 80, 42–50. [CrossRef]

56. Zhou, H.; Li, F.; Weir, M.D.; Xu, H.H.K. Dental plaque microcosm response to bonding agents containing quaternary ammonium
methacrylates with different chain lengths and charge densities. J. Dent. 2013, 41, 1122–1131. [CrossRef]

57. Liang, J.; Liu, F.; Zou, J.; Xu, H.H.K.; Han, Q.; Wang, Z.; Li, B.; Yang, B.; Ren, B.; Li, M.; et al. pH-Responsive Antibacterial Resin
Adhesives for Secondary Caries Inhibition. J. Dent. Res. 2020, 99, 1368–1376. [CrossRef] [PubMed]

58. Wei, S.L.; Lin, D.J.; Yen Uan, J. Novel dental resin composites containing LiAl-F layered double hydroxide (LDH) filler: Fluoride
release/recharge, mechanical properties, color change, and cytotoxicity. Dent. Mater. 2019, 35, 663–672. [CrossRef] [PubMed]

59. Zhang, K.; Cheng, L.; Imazato, S.; Antonucci, J.M.; Lin, N.J.; Lin-Gibson, S.; Bai, Y.; Xu, H.H. Effects of dual antibacterial agents
MDPB and nano-silver in primer on microcosm biofilm, cytotoxicity and dentine bond properties. J. Dent. 2013, 41, 464–474.
[CrossRef] [PubMed]

60. Li, B.; Ge, Y.; Wu, Y.; Chen, J.; Xu, H.H.K.; Yang, M.; Li, M.; Ren, B.; Feng, M.; Weir, M.D.; et al. Anti-Bacteria and Microecosystem-
Regulating Effects of Dental Implant Coated with Dimethylaminododecyl Methacrylate. Molecules 2017, 22, 2013. [CrossRef] [PubMed]

61. Li, F.; Weir, M.D.; Fouad, A.F.; Xu, H.H. Effect of salivary pellicle on antibacterial activity of novel antibacterial dental adhesives
using a dental plaque microcosm biofilm model. Dent. Mater. 2014, 30, 182–191. [CrossRef]

62. Chen, C.; Weir, M.D.; Cheng, L.; Lin, N.J.; Lin-Gibson, S.; Chow, L.C.; Zhou, X.; Xu, H.H.K. Antibacterial activity and ion release
of bonding agent containing amorphous calcium phosphate nanoparticles. Dent. Mater. 2014, 30, 891–901. [CrossRef] [PubMed]

63. Wu, T.; Li, B.; Zhou, X.; Hu, Y.; Zhang, H.; Huang, Y.; Xu, H.H.K.; Guo, Q.; Li, M.; Feng, M.; et al. Evaluation of Novel Anticaries
Adhesive in a Secondary Caries Animal Model. Caries Res. 2018, 52, 14–21. [CrossRef] [PubMed]

154



MDPI AG
Grosspeteranlage 5

4052 Basel
Switzerland

Tel.: +41 61 683 77 34

Pathogens Editorial Office
E-mail: pathogens@mdpi.com

www.mdpi.com/journal/pathogens

Disclaimer/Publisher’s Note: The title and front matter of this reprint are at the discretion of the . The

publisher is not responsible for their content or any associated concerns. The statements, opinions and

data contained in all individual articles are solely those of the individual Editor and contributors and

not of MDPI. MDPI disclaims responsibility for any injury to people or property resulting from any

ideas, methods, instructions or products referred to in the content.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-7258-2117-4


