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Editorial on the Research Topic

Saliva and Oral Microbiota: From Physiology to Diagnostic and Therapeutic Implications

Saliva is a remarkably complex fluid with many properties and functions which are essential for
both oral and general health. In the last years, technological advancements, especially in “-omics”
studies and bioinformatics tools, recognized saliva as a pool of biological markers. Saliva represents
a safe and non-invasive source of potentially useful information that could help to evaluate the
state of health and the presence of disease (Dawes and Wong, 2019). Furthermore, the new
developments in the field of cancer biology suggest that the so called “salivaomics” is a promising
approach for early detection of cancer, first and foremost the oral cancer. However, the importance
of the “classic” function of saliva is attested by the important consequences on quality of life
suffered by subject with hyposalivation and xerostomia and by the efforts made in strategies for
restoring salivary gland function in patients with parenchyma and ducts anomalies (Togni et al.).
Moreover, the demographic transition in western countries is leading to the progressive aging of
the population, increasing the number of elderlies that may experience occlusal and masticatory
problems that in turns may imbalance water transportation in salivary gland as seen in the animal
model (Saito et al.).

The extensive investigations of saliva highlight the specific characteristics of oral
microenvironment with its bacterial population and its relationship with the whole body. In
the last years, there has been a growing interest in understanding oral microbiota and its
relationship with the oral health status and with local and systemic diseases. The study of oral
microbial ecology represents another emerging connection between oral and systemic health,
opening up the possibility for new diagnostic and therapeutic perspectives. Oral microbiota
represents a heterogeneous group of microbial species colonizing all the oral cavity surfaces. About
700 bacterial species have been identified in oral cavity with 35% of them have not been cultured.
To determine bacterial ecosystem, high-throughput sequencing methods have been developed,
representing a leap toward characterization of oral microbial community and their host interaction
(He et al., 2018). Recently, results from studies based on genome sequencing have started shedding
light on the existence of site-specific microbial patterns that might be considered as “healthy oral
microbiota.” The main obstacle to this definition is the highly variable composition of microbial
communities. Nevertheless, ecological imbalance of microbial community, called dysbiosis, has
been extensively studied both in human and animal models. It is characterized by the loss of
beneficial microbes, expansion of pathogenic microbes, and general loss of microbial diversity.

An increasing number of studies have shown that oral microbiota plays a role in the
development of oral diseases, such as dental caries, periodontal disease, and oral stomatitis. The
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salivary microbial species could help to discriminate patients
with treated, well-maintained chronic periodontitis from
healthy controls with similar gingival inflammation levels.
Several species, such as Treponema spp., Prevotella spp., and
Capnocytophaga spp., have been significantly associated with
treated and well-maintained periodontitis. While Leptotrichia
buccalis, Corynebacterium matruchotii, Leptotrichia hofstadii,
and Streptococcus intermedius, resulted significant indicators
of healthy periodontal condition (Acharya et al.). Moreover,
the inoculation of Porphyromonas gingivalis in a in vivo mouse
model showed the developmental of the periodontal disease,
resulting in oral microbiome dysbiosis (Walkenhorst et al.).

Lately, is becoming evident that oral dysbiosis is
associated with head and neck cancer development and
with the pathogenesis of systemic diseases. Furthermore,
it also seems to be involved in gastrointestinal neoplasms,
especially esophageal, gastric, pancreatic, and colorectal
cancers, paving the way for developing specific oral microbiota
test to allow early cancer detection (Mascitti et al.). Liquid
biopsy represents a non-invasive method for the detection
of diagnostic and prognostic biomarkers in body fluids
of oncologic patients. The salivary liquid biopsy provides
several promising clinical uses in cancer management: it
is painless, accessible, and low cost and represents a very
helpful source of diagnostic and prognostic biomarker
detection. Even if standardized protocols for isolation,
characterization, and evaluation are needed, recent data
suggest that saliva may be successfully included in future
clinical diagnostic processes, with a considerable impact
on early treatment strategies and a favorable outcome
(Cristaldi et al.).

Regarding systemic diseases, the Streptococcus oralis has
been recognized as a pathogen to cause multiorgan failure by
contributing to the formation of microthrombus. Mice infected
by Streptococcus oralis showed a downregulation of hepatic
BMAL1 gene expression, a downregulation of the coagulation
factor VII and an upregulation of the coagulation factor XII in
vitro and in vivo. Thus, these results could improve the treatment
of hepatic sepsis by the regulation of the BMAL1 gene expression
(Chen et al.).

Oral microbial dysbiosis is known to increase susceptibility
of an individual to develop the rheumatoid arthritis. It
has been observed a characteristic compositional change of
salivary microbes in individuals at high-risk for rheumatoid
arthritis, suggesting oral microbiota dysbiosis occurs in the
pre-clinical stage of this condition (Tong et al.). Moreover, the
microbiota has been observed to have a growing relationship
with diabetes. Microbiota imbalance has been hypothesized to
be involved in the regulation of energy metabolism and the
inflammatory immune response. In a type 2 diabetes mouse
model, the insulin resistance was improved, and the pancreatic
markers of inflammation were reduced after Fecal Microbiota
Transplantation, providing a novel potential treatment strategy
(Wang et al.).

Finally, studies pointed out that antibacterial toothpaste
(Sparabombe et al.), all-natural polyherbal mouthwash (Shang
et al.) and antibacterial mouthwashes could lead to an alteration
of oral microbiota and of oral microbiota salivary nitrate, a
substrate of oral and intestinal microbiota, metabolism. The
consequences on the circulating Nitric Oxide levels are still
completely unclear (Zhurakivska et al.). However, the alterations
of oral microbiota could lead to modifications in plasmatic
Nitric Oxide content, resulting in increases in systolic blood
pressure. Moreover, the tongue cleaning frequency resulted
as a predictor of chlorhexidine-induced changes in systolic
blood pressure and tongue microbiome composition. These data
suggest that management of the tongue microbiome together
with adequate dietary intake of nitrate provide an opportunity
for the improvement of resting systolic blood pressure (Tribble
et al.).

In conclusion, this Research Topic has aimed to provide
a complete and comprehensive overview of saliva, passing
through oral microbiota interactions, and their role in health
and disease, describing also point-of-care diagnostic and
therapeutic possibilities.
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Sridhar V. Eswaran 1, Isabel C. Gay 1†, Kavitha Parthasarathy 1, Doan-Hieu V. Dao 1,
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1Department of Periodontics, School of Dentistry, The University of Texas Health Science Center Houston, Houston, TX,

United States, 2Division of Cardiology, Department of Internal Medicine, McGovern Medical School, The University of Texas
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The oral microbiome has the potential to provide an important symbiotic function in

human blood pressure physiology by contributing to the generation of nitric oxide

(NO), an essential cardiovascular signaling molecule. NO is produced by the human

body via conversion of arginine to NO by endogenous nitric oxide synthase (eNOS)

but eNOS activity varies by subject. Oral microbial communities are proposed to

supplement host NO production by reducing dietary nitrate to nitrite via bacterial

nitrate reductases. Unreduced dietary nitrate is delivered to the oral cavity in saliva, a

physiological process termed the enterosalivary circulation of nitrate. Previous studies

demonstrated that disruption of enterosalivary circulation via use of oral antiseptics

resulted in increases in systolic blood pressure. These previous studies did not

include detailed information on the oral health of enrolled subjects. Using 16S rRNA

gene sequencing and analysis, we determined whether introduction of chlorhexidine

antiseptic mouthwash for 1 week was associated with changes in tongue bacterial

communities and resting systolic blood pressure in healthy normotensive individuals

with documented oral hygiene behaviors and free of oral disease. Tongue cleaning

frequency was a predictor of chlorhexidine-induced changes in systolic blood pressure

and tongue microbiome composition. Twice-daily chlorhexidine usage was associated

with a significant increase in systolic blood pressure after 1 week of use and recovery

from use resulted in an enrichment in nitrate-reducing bacteria on the tongue. Individuals

with relatively high levels of bacterial nitrite reductases had lower resting systolic blood

pressure. These results further support the concept of a symbiotic oral microbiome

contributing to human health via the enterosalivary nitrate-nitrite-NO pathway. These data

suggest that management of the tongue microbiome by regular cleaning together with

adequate dietary intake of nitrate provide an opportunity for the improvement of resting

systolic blood pressure.

Keywords: oral microbiome, microbiome, microbial ecology, host-microbial symbiosis, nitrate, nitric oxide
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Tribble et al. Enterosalivary Nitrate-Nitrite-NO Pathway

INTRODUCTION

The human oral cavity is an important habitat for microbes,
and a healthy mouth can harbor upwards of ten billion
bacteria (Loesche, 1993). Cardiovascular research has identified
a potential role for the oral microbiome in human health
via the conversion of dietary nitrate into nitrite, the bioactive
storage pool available for spontaneous conversion to nitric oxide
(NO) (Lundberg and Govoni, 2004; Lundberg et al., 2008).
Continuous generation of NO is essential for the integrity
of the cardiovascular system, and decreased production or
bioavailability of NO is central to the development of many
heart-related disorders (Lundberg et al., 2004, 2009; Bryan and
Loscalzo, 2017). The human body is able to produce NO directly
by the five-electron oxidation of L-arginine (Moncada and Higgs,
1993) by endothelial nitric oxide synthases (eNOS; Figure 1A).
However, the eNOS gene is polymorphic, and the pathway can
become dysfunctional with age (Niu and Qi, 2011). Failure to
produce sufficient NO is causal for the onset and progression of
a number of cardiovascular diseases, including hypertension and
atherosclerosis (Taddei et al., 2001; Torregrossa et al., 2011). The
enterosalivary nitrate-nitrite-NO pathway in humans appears to
serve as an alternative pathway for production of bioactive NO,
supplementing host endothelial NO production. This pathway
functions via the bacterial conversion of dietary nitrate into
nitrites that can then be converted to NO and participate in
the regulation of endothelial vasodilation (Figure 1B) (Benjamin
et al., 1994; Lundberg et al., 1994). This diet-dependent pathway
relies upon commensal oral bacteria located on the tongue
dorsum to perform the first step (nitrate reduction to nitrite)
since mammals lack a functional nitrate reductase (Lundberg
et al., 2004; Doel et al., 2005).

Although there is compelling evidence supporting the role
of the tongue microbiome in the enterosalivary nitrate-nitrite-
NO pathway, this remains a relatively unexplored area of
human-microbial mutualism and many important questions
must be addressed. Previous studies have demonstrated that
nitrite-induced reductions in blood pressure are inhibited
by antiseptic chlorhexidine (CHX) or other antibacterial
mouthwashes (Tannenbaum et al., 1976; Govoni et al., 2008;

Petersson et al., 2009; Kapil et al., 2013; McDonagh et al.,
2015; Woessner et al., 2016; Mitsui and Harasawa, 2017).
The focus of these studies has been from the perspective of
cardiovascular physiology, and little information is available
regarding the oral health status or habits of subjects in these
studies. In this study we approach this symbiotic relationship
from the perspective of oral health using a cohort of 27 oral
health professionals with both excellent cardiovascular and
oral health. These subjects used a CHX mouthwash for 7
days, and we assessed the response of resting systolic blood
pressure and tonguemicrobiome community composition before
and after exposure to this potent antimicrobial agent. The
human oral microbiome is highly variable between individuals;
therefore, we hypothesized that there would be inter-subject
variability in response to CHX dependent upon the composition
of the baseline tongue microbiota. In this study we provide
the first assessment of the tongue microbiome in parallel

with resting blood pressure in healthy individuals treated
with CHX.

MATERIALS AND METHODS

Subject Recruitment
Subjects were recruited from the faculty, staff, dental and dental
hygiene students of the University of Texas Health Science
Center at Houston School of Dentistry. For inclusion in the
study, subjects were over the age of 18 and capable of giving
consent, were non-smokers, had not used antibiotics within the
previous 3 months, had no history of bone loss, and no history
of hypertension. Volunteers were evaluated for oral health,
including the use of a standard periodontal exam, with spot
probing for bleeding and loss of attachment, and an oral health
subject history. During assessment, subjects were excluded upon
discovery of bleeding on probing at more than 10% of sites,
<24 teeth, attachment loss of more than 4mm at any site, the
presence of oral hard or soft tissue lesions, or a resting blood
pressure of >130 mm/Hg. Thirty four subjects were screened,
and 6 subjects excluded after oral exam and initial blood pressure
measurements (Supplemental Data Figure 1). Of the 28 subjects
initiating the study, one was discontinued due to antibiotic

usage at the first follow-up visit, and one (subject NiOx38)
was discontinued at the final visit. Data from the first three
time points for NiOx38 were used for data analysis. Twenty-six
subjects completed the final visit of the study. The study protocol
was approved by the Committee for the Protection of Human
Subjects at the University of Texas Health Science Center at
Houston (HSC-DB-14-0078). Subject demographic data is shown
in Table 1.

Study Design And Procedures
The study uses a repeated measures linear mixed model to
detect changes in systolic blood pressure over 14 days. Power
analysis estimated that 24 subjects needed to complete the study
in order to detect a medium effect size at 80% power. The
study uses longitudinal repeated measures of resting systolic
blood pressure as the primary outcome. The study protocol
consisted of 4 visits: day 1 (baseline), day 7 (after 7 days
CHX treatment), day 10 (3 days recovery) and day 14 (7
days recovery). Study visits were always scheduled at noon,
and lasted for 1 h to allow repeated resting blood pressure
measurements. For the duration of each visit, subjects were
seated in a dental chair in the upright position, with ankles
uncrossed. At the first visit, the subjects completed general
demographics and medication questionnaires, and an oral
hygiene survey.

At each visit blood pressure measurements were taken three
times with an interval of 15min between the measurements.
The first blood pressure reading was taken after at least
10min seated in the chair (Kallioinen et al., 2017). Blood
pressure was taken on alternating arms at each time point,
beginning with the right arm. Tongue scrapings and saliva
were collected at each visit. Unstimulated whole saliva was
taken using the passive drool method into a cryovial with
a saliva collection aid (Salimetrics, LLC). Tongue samples
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FIGURE 1 | Enterosalivary circulation of nitrate. (A) Bacterial and mammalian enzymes in nitrate metabolism. The bio-activation of nitrate from dietary or endogenous

sources requires its initial reduction to nitrite, and because mammals lack nitrate reductase enzymes, this conversion is mainly carried out by commensal bacteria. The

presence of bacteria encoding nitrate reductase (1.7.99.4) is predicted to be critical for enterosalivary circulation. Nitrite represents a major storage form of NO in

blood and tissues: Nitrite- NO conversions can be driven by enzymatic and chemical mechanisms. 1.7.99.4—Nitrate reductase, 1.7.2.1—Nitrite reductase

(NO-forming), 1.7.2.2—Nitrite reductase (cytochrome; ammonia-forming), 1.7.1.4—Nitrite reductase (NAD(P)H). (B) Interactions of oral nitrate metabolites with the

host vasculature. Dietary nitrate converted to nitrite in the oral cavity may be converted to NO and/or react with endothelial and plasma proteins to form S-nitrosothiol

(SNO). Nitrite along with NO and SNO has been shown to activate soluble guanylyl cyclase (sGC) and increase cGMP levels in tissue. Nitrite-NO-SNO, whether from

dietary sources or endothelial production, improves vascular tone via cell signaling through cGMP/PKG and stimulation of smooth muscle relaxation.

were collected by drawing a sterile stainless steel tongue
scraper with gentle pressure across the tongue dorsum from
the posterior to the mid-anterior. 50 ul of tongue sample
was transferred to MoBio PowerSoil tubes for bacterial DNA
extraction and 16s rRNA community analysis. The remainder
of the sample was transferred to cryovials containing freezing
medium [(0.045% K2HPO4, 0.045% KH2PO4), 0.09% NaCl,
0.09% (NH4)2SO4, 0.018% MgSO4, 0.038% EDTA, 0.04%
Na2CO3, 0.02% dithiothreitol, 0.2% Bacto-agar, 5% glycerol]
and stored at −80◦C for preservation of viable bacteria. At
each visit, after collection of oral samples, subjects performed
a nitrate rinse for 2min with 50ml of a solution of 1mM
sodium nitrate to assess in vivo nitrate reduction by oral bacteria.
After 2min, subjects spit the 50ml nitrate rinse sample into a
collection tube. Samples were frozen at−80◦C, and subsequently
analyzed for nitrate/nitrite content as described in Nitrate-Nitrite
Quantification in Subject Samples.

The treatment in this study was use of 0.12% Chlorhexidine
gluconate mouthwash (Peridex) twice a day for 7 days. At
the completion of the first visit each subject was provided
with a prescription oral mouthwash with 0.12% Chlorhexidine
gluconate (CHX) and instructed to rinse with ½ ounce for 30 s
twice a day as part of their normal oral hygiene in the morning
and evening. Subjects were asked to discontinue use of any other
mouthwash for the first 7 days, but otherwise maintain their
normal oral care regimen, as documented by the oral hygiene
survey (Table 2). At their second visit (day 7 time point) subjects
were instructed to cease use of CHX and return to their normal
oral health care products. Subjects returned at day 10 and 14
for blood pressure and oral sampling during the recovery from
treatment phase.

Bacterial Viable Counts and Nitrate
Reduction Assay
A subset of six subjects performed an 8-h time course to assess
bacterial response to CHX. Tongue samples were obtained from
the dorsum using a stainless steel tongue scraper hourly for 8 h
after rinsing with CHX. A total of 10 samples were collected, at
baseline, after CHX rinse, and hourly afterward for 8 h. Bacterial
samples were collected from the posterior of the tongue dorsum
by gently stroking the surface with a 0.6 cm diameter metal
scraper three times, over a∼0.6 cm2 surface area.

A different section of the tongue was sampled at each
time point. Bacterial sample was transferred to a cryovial
containing freezing medium and stored immediately at −80◦C
for preservation of viable bacteria. For calculation of viable
counts, samples were thawed on ice and serially diluted five times
at 20-fold increments. The final three dilutions were dropped
in 5 ul aliquots in triplicate onto Trypticase Soy Blood agar
supplemented with 0.1%Yeast/7.5 uM hemin/3 uM vitamin K
(TSBY-S) and incubated anaerobically at 37◦C for 72 h. For
calculation of ex-vivo nitrate reducing activity in tongue samples,
samples were standardized to the same starting OD660 in sterile
saline, and 100 ul aliquots were grown in 24 well tissue culture
plates with 1ml of TSBY-S broth supplemented with 5mM
nitrate solution. The plates were incubated for 24 h anaerobically
and statically at 37◦C. Biofilm supernatants were collected and
processed for nitrite-nitrate measurements using the Nitrate
reduction test (Sigma-Aldrich) as recommended.

Blood Pressure Statistical Analysis
Blood pressure data was analyzed using repeated measures two-
way ANOVA, for both systolic and diastolic readings. The
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TABLE 1 | Demographics.

Count Percent

GENDER

Male 10 37%

Female 17 63%

AGE

20–30 16 59%

30–40 6 22%

40–50 3 11%

50 and over 2 8%

RACE AND ETHNICITY

African-American 3 10%

Caucasian 11 40%

Asian 5 17%

Hispanic 6 21%

Middle Eastern 1 3%

Asian-Caucasian 1 3%

EDUCATION

High School Diploma 1 4%

Some college 5 19%

Associates Degree 1 4%

Bachelor’s degree 11 41%

Professional degree 8 30%

No response 1 4%

27 subjects were enrolled in the study, and distribution of subjects by major demographic

measures are shown.

first factor was time point, and the second factor was subject.
Additional analysis was done with the second factor as gender,
race-ethnicity, and other demographic variables. Post-hoc tests
between time points and within individuals were done with
Bonferroni analysis and Fishers Least Significant Difference.
Association of blood pressure changes with subject metadata
was assessed by Spearman’s correlation. Differences between
population distributions were assessed by the F-test for Variances.
Power analysis for study design was done with G∗Power. All
other statistical analysis and graphing were performed with
StatPlus for Excel (Microsoft).

Nitrate-Nitrite Quantification in
Subject Samples
Nitrate and nitrite were determined by using HPLC, as described
previously (Rassaf et al., 2002; Bryan and Grisham, 2007; Jiang
et al., 2012b). This method employs ion chromatography with
on-line reduction of nitrate to nitrite and subsequent post-
column derivatization with the Griess reagent (ENO-20, EiCom,
Kyoto, Japan).

Bacterial Community Analysis
DNA Extraction and 16S rRNA Gene V4 Amplification

and Sequencing
Bacterial DNA was extracted from tongue samples using MoBio
PowerSoil (Qiagen) protocol with 0.7mm garnet beads, as
recommended by the manufacturer. The V3-V4 region of

TABLE 2 | Oral hygiene survey.

Count Percent

BRUSH TEETH

Twice a day 22 81%

Three times a day 5 19%

FLOSS

Several times per month 1 4%

Several times per week 8 30%

Once a day 16 67%

Twice a day 2 7%

CLEAN TONGUE

Less than once a week 3 12%

Weekly 1 3%

Once a day 13 48%

Twice a day or more 10 37%

MOUTHWASH USE

As needed 5 19%

Once a day 16 59%

Twice a day 6 22%

MOUTHWASH INGREDIENT

Essential oils 11 41%

Cetylpyridinium chloride 10 37%

No response 6 22%

TYPE OF TOOTHBRUSH

Manual 10 37%

Electric 12 44%

Both manual and electric 5 19%

VISITS TO DENTIST PER YEAR

None 1 4%

Once 12 44%

Twice or more 14 52%

Subject responses to the oral hygiene survey are summarized.

the bacterial genomic DNA was amplified using barcoded
primers 515f (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806r
(5′-GGACTACHVGGGTWTCTAAT-3′). The barcoding PCR
reaction contained the following: 2 uL 4 uM barcoded primer
stock, 5 uL DNA, 2 uL Taq Buffer II (Invitrogen), 0.15 uL
Taq enzyme (Invitrogen), and 10.85 uL PCR. The reactions are
amplified in an Eppendorf mastercycler Thermocycler under
the following conditions: initial denaturation step for 2min at
95◦C, followed by 30 cycles of 20 s denaturation at 95◦C, 45 s
of annealing at 50◦C, and 90 s annealing at 72◦C. A different

barcode is used for each sample, allowing for pooling of samples
for sequencing. All samples were pooled and sequenced on
one lane of an Illumina HiSeq 2000 sequencer (Illumina, San
Diego, CA) at the Baylor College of Medicine Human Genome
Sequencing Center.

16S rRNA Gene Data Analysis
Reads 1 and 2 from the Illumina-sequenced amplicons were de-
multiplexed and imported as paired reads into CLC Genomics
Workbench v10 (Qiagen), trimming adaptors and barcodes.
Reads were merged using alignment parameters with a mismatch
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score of 2, a minimum total score of 8, and no tolerance of
unaligned ends, and reads that failed to merge were discarded.
Final reads were between 250 and 480 bp in length. Comparative
quality of samples was assessed with the “filter samples” function,
requiring all samples in the study to fall within 50% of the
median number of reads to pass. All subject samples in the study
passed the filter, with total reads per sample between 28,000
and 58,000. Sequences were clustered into OTUs against the
HOMD 16s rRNA RefSeq database at 98% identity (version 14.5)
(Chen et al., 2010). OTU clustering was set to allow creation
of novel OTUs that failed to meet the similarity percentage
required to match the selected database. The minimal occurrence
to be defined as an OTU was set to 2. Novel OTUs were
assigned identity by BLAST comparison to the bacterial 16s
rRNA database at NCBI. Chimera detection was performed as
part of OTU clustering with a chimera crossover cost of 3 using a
Kmer size of 6. OTUs identified as chimeras were removed from
the final OTU abundance table. Metadata was added to the final
OTU abundance table to allow aggregation of data by time point,
gender, subject, race, or oral hygiene frequency. Bar or pie charts
were constructed to visualize the taxa present in each sample and
across sample groups.

Calculation of Alpha and Beta Community Diversity

and Significant Differences
Community diversity was assessed using theMicrobial Genomics
Diversity module of CLC Genomics Workbench. OTUs from
the abundance table were aligned using MUSCLE with a
required minimum abundance of 10. Aligned OTUs were used
to construct a phylogenetic tree using Maximum Likelihood
Phylogeny using the Neighbor Joining method and the Jukes
Cantor substitution model. Alpha diversity measures were
calculated for total OTUs, and Shannon’s Entropy. Rarefication
analysis was done by sub-sampling the OTU abundances in
the different samples at a range of depths from 1 to 100,000;
the number of different depths sampled was 20, with 100
replicates at each depth. Statistical significance in alpha diversity
between cohorts and time points was calculated with one-
way ANOVA and post-hoc tests by Bonferroni. PERMANOVA
Analysis (Permutational Multivariate Analysis Of Variance) was
used to detect significant differences in Beta diversity between
groups. Differential abundance tests (non-parametric ANOVA)
on the OTU frequency table were used to identify significant
changes in the relative abundances of individual OTUs between
groups. Differential abundance analysis values were calculated
for: the max group means (maximum of the average RPKM’s),
–log2 fold change, fold change, standard p-value (significance at
<0.05), and FDR p-value (false discovery rate corrected p-value).

Community Gene Content Using PICRUSt And LEFSE
Sequences were clustered into OTUs against the Greengenes
database at 97% homology, and the minimal occurrence to
be defined as an OTU was set to 2. OTU’s that failed to
match the database were discarded. Data tables were clustered
by tongue cleaning frequency and time point, or dominant
genus and time point, and relative abundance tables were
imported into PICRUSt for estimation of community gene

content (http://huttenhower.sph.harvard.edu/galaxy) using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) (Ogata
et al., 1999). Significant enrichment of enzyme functions was
identified using LEFSE (Segata et al., 2011).

Quantitative RT-PCR for
Copper-Containing Nitrite Reductase
(EC 1.7.2.1)
DNA sequences for the nitric oxide-forming nitrite reductase
gene [KEGG orthology K00368; (Cantera and Stein, 2007)] were
downloaded from 18 strains of H. parainfluenza, 1 strain of H.
pittmaniae, 2 strains of H. parahaemolyticus, and 9 commensal
strains of Neisseria (N. mucosa/sicca/subflava/weaveri/cinerea).
The genes were aligned with the “create alignment” module
of CLC Genomics, with a gap open cost of 10 and a gap
extension cost of 1.0. The resulting alignment is shown in
Supplemental Data Figure 8A, and using the “design primers”
module, multiple pairs of universal degenerate primers were
designed. These universal primers failed specificity testing by
BLAST against whole bacterial genomes. A second round
of genus specific universal primers were designed for the
Haemophilus nitrite reductase gene nirK, and the Neisseria
nitrite reductase gene aniA. These primers passed both BLAST
specificity and PCR cross-testing against genomic DNA of
Haemophilus oral taxon 851 strain # F0397 and N. mucosa strain
C102 (BEI Resources, Manassas, VA) by melting curve analysis
and agarose gel analysis. Other quality control testing for was
performed as recommended for qRT-PCR by the manufacturer
(Taylor et al., 2010). Universal PCR primers for bacterial 16s
rDNA were 907R and 357F as previously described (Martin
et al., 2002). All primers were synthesized by Sigma-Aldrich, The
Woodlands, TX. Quantitative RT-PCR reactions were carried
out using SsoAdvanced Universal SYBR Supermix (Bio-rad,
Hercules, CA). Reactions were performed on a StepOnePlus
Real-Time PCR System (ThermoFisher Scientific), in 20 µl
reactions with 10 µl 2× Supermix, 1–5 µl template, and
300 nM of each primer. Standards were 10-fold serial dilutions of
genomic DNA from Haemophilus oral taxon 851 strain # F0397
(for Haemophilus nitrite gene nirK PCR), or genomic DNA from
N. mucosa (for Neisserria aniA nitrite gene and 16s rRNA PCR).
Genome equivalents per ng of genomic DNAwere calculated on a
genome size of 2.3mB for Neisseria and 2.0mB for Haemophilus.
Standards were run with triple technical replicates, unknowns
and negative controls were run in duplicate. Each primer set was
run on separate 96 well plates, and each primer set was run at
least twice. The relative ratios of nitrite gene counts normalized
to bacterial cell number were calculated as (Haemophilus gene
counts+Neisseria gene counts) divided by total 16s gene counts.

RESULTS

Blood Pressure Changes in Response to
Treatment With and Recovery
From Chlorhexidine
The subjects recruited for this study were all faculty, staff,
or students at the University of Texas School of Dentistry
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at Houston. The study design consisted of a baseline
visit, a visit after 7 days treatment with CHX, a 3-days
recovery from treatment follow-up, and a 7-days follow-
up (Supplemental Data Figure 1). Twenty-seven subjects
completed the first stage of the study, and 26 subjects completed
the entire study. There were 17 females and 10 males; the average
age was 31.8 years, with the youngest subject 22 and the oldest
71 years of age (Table 1). The average resting blood pressure
at baseline in this cohort was 113/78 mmHg, and both systolic
and diastolic data points conformed to a normal distribution.
Two-way repeated measures ANOVA of systolic blood pressure
readings indicate that significant differences exist between time
points (p= 0.017), and between individual subjects (p= 0.0001),
with a significant interaction component (p = 0.005). Post-hoc
analysis identified significant changes in systolic blood pressure
between the treatment and 3-days recovery time points (115 vs.
111.5mmHg), as well as the 3-days recovery and 7-days recovery
(111.5 vs. 113.3mm Hg; Table 3). Diastolic blood pressure was
also significantly different at these same points.

Individual Blood Pressure Responses to
Treatment With Chlorhexidine
The time point-subject interaction p-levels indicate that there
were significant individual differences in response to CHX.
Assessment of systolic blood pressure results on within-subject
data revealed that 13 subjects had changes in blood pressure
>5 mm/Hg in response to CHX; 9 subjects had an increase
in resting blood pressure after treatment with CHX, while
four had a decrease (Figure 2). This bimodal response to CHX
treatment was confirmed by comparison of the blood pressure
distribution at baseline to the other time points by an F-test for
Variances. Only the CHX treatment time point has significantly
different variance compared to baseline (p-level two-tailed =

0.04). Thus, in our study, there is a significant difference in
individual response after 7 days of treatment with CHX, and
an overall significant decrease in systolic and diastolic blood
pressure average in the cohort after recovery from CHX for 3
days. We next determined if any of our demographic or hygiene
data could account for the difference in individual response after
7 days of treatment with CHX.

Correlation Between Blood Pressure
Response to CHX and Oral
Hygiene Behaviors
At the first visit, subjects completed a demographic and oral
hygiene survey. Subjects provided information on their age,
gender, education level, number of times per day they brush
their teeth, use dental floss, use mouthwash, clean their tongue,
visit the dentist per year, and the types of oral care products
used (Table 2). We utilized this data to investigate the different
responses to treatment with CHX within our subject population.
Both systolic and diastolic blood pressure was found to vary
significantly by gender, with male subjects averaging 10 mm/Hg
higher systolic and 5 mm/Hg higher diastolic than females.
However, there was no significant interaction between gender
and blood pressure response over the course of the study,
indicating that there is no difference in response between

males and females (Supplemental Data Figure 2). No significant
variation was found between any other groups based on
race/ethnicity, education, or other variables.

Subject data, represented by change in systolic blood pressure
between baseline and after the 1 week CHX treatment,
was correlated with metadata categories using Spearman’s
correlation. No significant correlations were found for any
demographic or oral hygiene data, except for tongue cleaning
frequency. An R of 0.45 for correlation with tongue cleaning
frequency was determined to be significant with a p-value of
0.03 (Figure 3A). Subjects who cleaned their tongue twice or
more per day as part of their normal oral hygiene were more
likely to have an increase in systolic blood pressure during use
of CHX for 1 week. Subjects who did not clean their tongue on a
daily basis were more likely to have a decrease in systolic blood
pressure. Separating the subjects into cohorts based on tongue-
cleaning frequency, we performed one-way ANOVA on blood
pressure data by cohort, and confirmed the cohort of subjects
who clean twice a day had a significant increase in systolic BP
after 7 days CHX treatment, followed by a significant decrease
at the 3-days recovery time point (Supplemental Data Figure 3,
p-value = 0.003). The zero cleaning cohort shows the opposite
response, with a significant decrease after 7 days CHX (117. 5
mm/Hg to 111.0 mm/Hg, p-value = 0.03), and a subsequent
increase at the 3 days recovery (111.0–117.4). To confirm that the
frequency of tongue cleaning was not tied to other demographic
variables, we used the Chi Square test for gender, age-range and
race-ethnicity, with no significant associations.

From these observations, we hypothesized that the frequency
of tongue cleaning as a significant effector of blood pressure
could result from a combination of possible effects. First, regular
tongue cleaning may result in a baseline tongue microbiome that
has a greater ability to reduce nitrate, and conversely, failure to
clean the tongue daily may result in a microbiome composition
that is unfavorable to nitrate reduction. Further, cleaning the
tongue disrupts the papillary surface and could allow increased
penetration of CHX, resulting in a greater community disruption
in the two cleaning cohort. To investigate these mechanisms,
we used 16S rDNA community analysis of tongue samples
to elucidate the dynamics of the tongue microbiome in our
subjects, to compare differences between time points and tongue
hygiene cohorts.

The Bacterial Microbiome of the Healthy
Human Tongue
In tongue samples from 27 subjects at baseline, 272 unique
OTUs were identified at the phylum level, representing eight
different phyla of bacteria: Proteobacteria, Bacteroidetes,
Firmicutes, Fusobacteria, Actinobacteria, Candidate
division SR1, Spirochaetes, and Candidate division TM7.
Members of the first five phyla were found in every subject
(Supplemental Data Figure 4A), while the remaining phyla
were found as a minority component in some subjects, resulting
in combined abundance values <1%. This is consistent with
other studies in adults, which demonstrated the same major
phyla on the tongue (Jiang et al., 2012a; Mark Welch et al.,
2014). In our study, Proteobacteria account for 40% of the
OTUs identified across the cohort; Bacteroidetes account for
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TABLE 3 | Blood pressure values.

SYSTOLIC VALUES BY TIMEPOINT

Timepoint Systolic mean Minimum Median Maximum N

Baseline 113.0 99.0 113.0 129.0 27.0

Treatment CHX 115.0 91.7 114.0 135.7 27.0

Recovery 3 days 111.5 96.3 112.3 126.0 25.0

Recovery 7 days 113.3 94.7 113.7 132.0 26.0

DIASTOLIC VALUES BY TIMEPOINT

Timepoint Diastolic mean Minimum Median Maximum N

Baseline 78.1 69.3 77.7 89.7 27.0

Treatment CHX 78.4 65.0 78.3 95.7 27.0

Recovery 3 days 75.7 62.7 77.0 87.3 25.0

Recovery 7 days 79.0 68.3 78.5 96.0 26.0

Statistical comparisons Systolic blood pressure Diastolic blood pressure

Group vs. Group (Contrast) Bonferroni p-level Fisher LSD p-level Bonferroni p-level Fisher LSD p-level

Baseline vs. Treatment 7 days CHX 0.508 0.085 1.000 0.751

Treatment 7 days CHX vs. Recovery 3 days 0.014 0.002 0.025 0.004

Recovery 3 days vs. Recovery 7 days 0.136 0.023 0.003 0.000

Baseline vs. Recovery 3 days 1.000 0.171 0.063 0.010

Baseline vs. Recovery 7 days 1.000 0.344 1.000 0.306

Treatment 7 days CHX vs. Recovery 7 days 1.000 0.444 1.000 0.477

Systolic and diastolic average values per time point are shown for all subjects in the study. Minimum, median, and maximum are also shown. N = number of data points per time point.

Statistical comparisons for systolic and diastolic BP are also shown, including both Bonferroni and Fisher calculations. Significant p-values are shown in bold.

FIGURE 2 | Individual systolic blood pressure responses. Individuals with a >5 mm/Hg change in blood pressure after CHX treatment are shown (A) Nine subjects

had an increase in systolic BP. (B) Four subjects had a decrease in systolic BP. Each point represents an average of three systolic readings of resting BP. Subject NiOX

11 did not have BP readings taken at the third time point.

23%, Firmicutes for 19% (Table 4). The most common OTU
in our cohort at baseline was Haemophilus parainfluenza,
a commensal bacterium of the oral-pharyngeal flora and a
member of the Proteobacteria. This organism accounted for
22% of the combined abundance in the cohort, followed
by Neisseria subflava at 12%. The genus Haemophilus was
the most numerous in 14 of the 27 subjects at baseline

(Supplemental Data Figure 4B). Six subjects had Neisseria as
the most common genus, while four subjects had Prevotella and
three had Leptotrichia. Other bacteria identified in this study
are shown in Supplemental Data Figure 4C, and all species-
level identifications are based on OTU comparisons to the
HOMD 16s rRNA RefSeq database at 98% identity
(Chen et al., 2010).
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FIGURE 3 | Tongue cleaning impact on blood pressure response and microbiome composition. (A) Correlation plot for blood pressure response to chlorhexidine and

frequency of tongue hygiene. Spearmans’s correlation coefficient was used to determine the strength of association. (B) Bray-Curtis Principle component plot of

bacterial communities at baseline, colorized by tongue-cleaning frequency. (C) Bray-Curtis Principle component plot of bacterial communities at baseline, colorized by

resting systolic blood pressure. (D) Bray-Curtis Principle component plot of bacterial communities at baseline, colorized by dominant bacterial genus.

Effects of Tongue Hygiene and
Demographics on Bacterial
Community Composition
To test the effect of tongue cleaning behavior on microbiome

composition, we generated Principle Component Plots for

all samples at baseline. By PERMANOVA analysis, bacterial

community distribution was significantly influenced by tongue
cleaning frequency, with a Bray-Curtis ANOVA p-value of

0.00001, and Bonferroni post-hoc analysis indicated that
all tongue-cleaning subgroups were significantly different

from each other (Figure 3B). PERMANOVA values for

systolic blood pressure (p = 0.009) and dominant genus

(p = 0.00001) were also significant (Figures 3C,D). For systolic
blood pressure, Bonferroni post-hoc analysis was significant
only between groups 90–110 and 120–130 (p = 0.006). To
further assess the demographic and behavioral influences on
community composition, we used Chi Square to assess their
correlations with the dominant bacterial genus per subject
(Supplemental Data Figure 5). Frequency of tongue cleaning
was found to have a significant correlation with the dominant
bacterial genus on the tongue.

We next analyzed differences between hygiene
cohorts at baseline with differential abundance analysis
(Supplemental Data Table 1). The largest differences in
composition were found between the zero cleanings cohort and
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TABLE 4 | Average composition of the tongue microbiome across all subjects.

Phylum:

Genus

Average tongue

microbiome

composition by

phylum

Average tongue

microbiome

composition by

genus

High-low

range

Proteobacteria:

Haemophilus

40% 25% 82–1%

Proteobacteria:

Neisseria

13% 47–0.1%

Proteobacteria:

Campylobacter

2% 9–0%

Bacteroidetes:

Prevotella

23% 18% 46–1%

Bacteroidetes:

Porphyromonas

3% 13–0%

Bacteroidetes:

Flavobacteria

2% 3–0%

Firmicutes:

Streptococcus

19% 9% 20–2%

Firmicutes:

Veillonella

6% 15–1%

Firmicutes:

Lachnospira

3% 18–0%

Firmicutes:

Carnobacteria

1% 2–0%

Fusobacteria:

Leptotrichia

12% 6% 34–0%

Fusobacteria:

Fusobacteria

6% 19–0%

Actinobacteria:

Actinomyces

5% 4% 13–0%

Actinobacteria:

Micrococcus

1% 4–0%

The first and second column lists the distribution of bacteria by phylum, in order of most

common to least common. The third column shows the average composition by genus,

and the last column indicates the highest percentage and lowest percentage for individuals

in the study.

the other two. There are significant differences in 33 different
OTUs for subjects with zero cleanings/day compared to the
other two groups, and only four OTUs different between the
one and two-cleaning groups. Notably, the levels of Leptotrichia
sp. are significantly higher in the zero-cleanings group, and
the levels of two Haemophilus OTUs are significantly lower.
Other OTUs lower in the zero-cleanings group are associated
with Veillonella parvula, Rothia muciliginosa, and Granulicatella
adiacens. Therefore, tongue-cleaning does have a significant
impact on tongue bacterial community composition, and
daily cleaning (either once or twice) results in an increased
proportion of H. parainfluenza and other Proteobacteria, which
are major nitrate and nitrite reducing species of the oral cavity
(Hyde et al., 2014).

Bacterial Community Responses to
CHX Treatment
We next tested the hypothesis that cleaning the tongue twice
a day could influence blood pressure by causing a greater

community disruption by CHX compared to the other cohorts.
PERMANOVA analysis and Principle Component Plots for
all time points demonstrated that samples continue to cluster
by tongue-cleaning frequency (Figure 4A) after treatment with
CHX. Further, there was no significant change in overall sample
distribution for any tongue-cleaning cohort in response to CHX,
based on PERMANOVA analysis (Supplemental Data Figure 6).

We further considered the impact of CHX exposure on
community richness and diversity using Observed OTUs and
Shannon Entropy calculations. Richness decreased upon CHX
treatment for all three tongue-cleaning cohorts, but the only
statistically significant decrease was in the two-cleaning group,
between baseline and treatment with CHX (Figure 4B). Species
diversity was also impacted in the two cleaning group after CHX
exposure as assessed by Shannon Entropy, however this decrease
was not statistically significant (Figure 4C).

Differential abundance analysis identified significant
changes in some species in response to treatment with CHX
(Supplemental Data Table 2). In the zero cleaning cohort
three species had significant changes in abundance, while the
one cleaning cohort had 10 and the two cleaning had 12. Of
the species that increase in abundance after treatment, six are
from the genus Capnocytophaga, which are known to be more
resistant to CHX than other oral microbes (Wade and Addy,
1989). Collectively, this data demonstrates that twice-daily
tongue cleaning in combination with CHX treatment has an
impact on tongue microbiome richness, and a larger magnitude
of impact relative to the other tongue-cleaning cohorts. The
primary effect of tongue cleaning in general, however, appears to
be on selection of a baseline community of bacteria enriched in
nitrate-reducing species.

Microbiome Viability and Metabolism After
CHX Treatment
We were surprised to discover that CHX treatment did not cause
large-scale changes in microbiome community structure, as it
is a potent antimicrobial. We next assessed the effect of CHX
exposure on tongue microbiome viability and nitrate reductase
activity for 8 h after a 30 s rinse, on six subjects (Figure 5).
CHX caused a significant reduction in bacterial viability, but
this effect was only a 10-fold reduction, detectable 6 h after
treatment. The dynamics of recovery from CHX exposure are
notable, in that there was a rapid recovery in viable counts
between 6 and 8 h, which correspondedwith a significant increase
in nitrate reduction to nitrite in the tongue samples. Thus,
CHX mouthwash does not eradicate viable bacteria on the
tongue, but instead causes a transient loss of viable counts, and
the recovery from CHX treatment is associated with increased
bacterial metabolic activity.

Blood Pressure and CHX Responses by
Dominant Genus Cohorts
We next revisited our blood pressure data and community
responses to CHX from the perspective of the bacterial
community type, and noted that bacterial communities
associated with the lowest systolic blood pressure (90–110
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FIGURE 4 | Effects of tongue hygiene and chlorhexidine exposure on community diversity and composition. (A) Bray-Curtis Principle component plot of bacterial

communities across all time points, colorized by tongue cleaning frequency. The distribution between cohorts remains distinct; the PERMANOVA p-value is 0.00046.

(B) Community richness as measured by Total OTUs. Only the two-cleaning per day cohort, shown in blue, had a significant change in richness after CHX treatment

as noted by the asterisk. (C) Community diversity as measured by Shannon entropy. No significant differences were noted for any cohort.

mM/Hg) were localized to the left side of the principle
component plot, and superimposed more closely with
the Haemophilus and Neisseria groups (Figures 6A,B).
In support of this observation, we found that there were
significant differences (p = 0.005) between bacterial genus
groups in systolic blood pressure at baseline (Figure 6C).
The three subjects with Leptotrichia tongue communities
have an average systolic blood pressure at baseline of 123.2
mm/Hg, while the Neisseria defined-cohort has a systolic
average of 110 mm/Hg. Post-hoc analysis identified the
Leptotrichia cohort as having significantly higher systolic
BP than Haemophilus and Neisseria groups. No groups had
significant changes in BP over the time course, although

the Haemophilus group had a five point increase in BP after
CHX use.

Predicted Gene Content of the Human
Tongue Microbiome
The PICRUSt program predicts gene family abundance (e.g.,
the metagenome) in microbial DNA samples for which only
16S rRNA gene data are available (Segata et al., 2011). Using
PICRUSt, metagenomes were calculated for each tongue cleaning
and bacterial genus cohort, and significant differences in relative
abundance for gene families detected with linear discriminant
analysis (LEfSe) with LDA score> 2 being considered significant.
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FIGURE 5 | Bacterial viable counts and nitrate reductase activity recovered

from tongue scrapings after CHX exposure. Six subjects collected tongue

scraping samples over an 8 h time course after a 30 s rinse with 2% Peridex.

Tongue samples were adjusted to a standardized starting OD600 and:

(A) Serially diluted and plated for enumeration of viable counts on blood agar

plates incubated anaerobically for 7 days and (B) Assessed for nitrate and

nitrite values after anaerobic overnight incubation in 5mM nitrate broth. Nitrate

and nitrite results are shown as a ratio. Significant differences in viable counts

between time points is indicated by an asterisk.

Across all samples, PICRUSt identified 4,295 genes with assigned
KEGG orthology identifiers (KO). Comparing cohorts, 173 genes
were found to be significantly different between tongue cleaning
groups (Supplemental Data Table 3), and 674 genes between
bacterial genus groups (Supplemental Data Table 4).

Concerning the major bacterial enzymes associated with
nitrate-nitrite metabolism (Figure 1A), NO-forming nitrite
reductase [EC:1.7.2.1] varied significantly by both tongue-
cleaning groups (Supplemental Data Figure 7B) and bacterial
genus groups (Figure 7A); and [EC:1.7.2.2] ammonia-producing
nitrite reductase was found to vary between the bacteria-genus
cohorts (Figure 7B). Interestingly, the relative gene abundance
for nitrate reductase did not significantly vary in either cohort
(Supplemental Data Figure 7A). We confirmed the ability of all
subjects to reduce nitrate to nitrite utilizing a 2-min in vivo oral
rinse with 1mM sodium nitrate. The average final concentration
of nitrite for all subjects at baseline was 14µM, and as predicted
by the gene abundance, there was no significant difference in
nitrite generation from nitrate between tongue-cleaning groups

(Supplemental Data Figure 7C; p = 0.3) or bacterial-genus
groups (data not shown).

We next performed correlation analysis across all cohorts
at all time points for the NO-forming nitrite reductase gene.
The gene did not correlate with blood pressure changes in the
tongue cleaning cohort (Supplemental Data Figure 7D), but had
a significant inverse correlation in the bacterial-genus cohorts
(Figure 7C; R = −0.7; p = 0.0025). Additionally, the ammonia-
producing nitrite reductase [EC:1.7.2.2] had a significant positive
correlation with systolic BP (Figure 7D; R = 0.6; p = 0.013).
Interestingly, although the Neisseria cohort and theHaemophilus
cohort both have high levels of NO-forming nitrite reductase,
the Haemophilus group has the higher amount of ammonia-
producing reductase. Thus, high levels of NO-forming reductase
are not sufficient, but rather high levels of NO-forming and
low-levels of ammonia-forming produce the most favorable
conditions for lower systolic BP.

Quantitative PCR Detection of NO-Forming
Nitrite Reductase in Individual Subjects
The correlation between increased NO-forming nitrite reductase
and reduced systolic BP in the bacterial genus cohorts was further
investigated in individual subject samples from the baseline time
point. Primers specific for the NO-forming nitrite reductase
of Haemophilus and Neisseria were designed to derive the
Proteobacteria contribution to NO-forming gene content from
the tongue bacterial DNA (Supplemental Data Figures 8A–C).
Further, the total bacterial content of each sample was
determined using quantitative RT-PCR primers for bacterial 16s
rRNA, and the ratio of the total NO-forming gene to 16s rRNA in
the sample was calculated (Figure 7E). We observed a significant
inverse correlation of−0.44 (p-value= 0.02), further implicating
a relationship between NO-forming bacterial nitrite reductase
and resting systolic BP in individual subjects. We further note
that not all subjects require a high concentration of NO forming
nitrite reductase to achieve a healthy blood pressure. Five subjects
in quadrant 2 have a NO-forming reductase/16s ratio of <0.05,
but have a resting systolic BP of <110 mm/Hg. We predict that
these subjects are producing sufficient endogenous NO, or have
other BP regulation mechanisms in place that are bacterial NO-
independent. In contrast, there are no subjects found in quadrant
4, implying that a high relative ratio of NO-forming nitrite
reductase/16s ratio is contributing to a lower blood pressure.

DISCUSSION

This is the first longitudinal next-generation sequencing study
demonstrating the impact of oral hygiene on the composition of
the tongue microbiome. Tongue microbiome communities are
of general interest in Eastern medicine because the appearance
of the tongue coating is considered a manifestation of systemic
health (Jiang et al., 2012a). In Western medicine interest has
focused on the role of the microbiome in mucosal disorders
(Docktor et al., 2012; de Paiva et al., 2016), and in dentistry
the tongue microbiome has significant associations with halitosis
(Ren et al., 2016). Regular tongue cleaning is recommended
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FIGURE 6 | Effects of bacterial community and chlorhexidine exposure on systolic blood pressure. (A) Bray-Curtis Principle component plot of bacterial communities

across all time points, colorized by dominant bacterial genus. (B) Bray-Curtis Principle component plot of bacterial communities across all time points, colorized by

resting systolic blood pressure. (C) Statistical comparisons of systolic blood pressure between subjects, grouped by dominant bacterial genus.

by the American Dental Association (http://www.mouthhealthy.
org) based on evidence that cleaning can reduce the severity
of halitosis (Pedrazzi et al., 2016), however there are no
epidemiological data on tongue cleaning practices or frequency
in the United States population. Based on this study, tongue
cleaning assumes a new importance from the perspective of blood
pressure regulation, as daily tongue cleaning appears to favor
the increased abundance and metabolic activity of nitrate/nitrite

metabolizing species, such as H. parainfluenza and commensal
Neisseria spp. (Barth et al., 2009).

Consistent with the theory that the enterosalivary nitrate-
nitrite-NO pathway is foundational to cardiovascular health,
we demonstrated that our cohort of healthy subjects uniformly
have tongue microbiomes encoding nitrate reductase activity.
Interestingly, introduction of the antiseptic mouthwash CHX
revealed different blood pressure responses, and a significant
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FIGURE 7 | Relative gene abundance in the dominant genus cohorts. Subjects were grouped into cohorts based on microbiome type, named by the dominant genus

found in the microbiome. (A) Predicted relative gene abundance for NO-forming nitrite reductase, which is significantly different between groups as determined by

Lefse analysis. Predicted relative gene abundance was estimated by PICRUSt and represented as the percent of gene present in the community metagenome.

(B) Predicted relative gene abundance for ammonia-forming nitrite reductase, which is significantly different between groups as determined by Lefse analysis.

(C) NO-forming nitrite reductase gene abundance negatively correlated with changes in systolic blood pressure, with an R = −0.7 and p = 0.002. (D)

Ammonia-producing nitrite reductase positively correlated with systolic blood pressure, with an R = 0.6 and p = 0.013. (E) The ratio of NO-forming nitrite reductase

gene abundance in individual subjects at baseline, correlated with systolic blood pressure. The trend seen in the bacterial genus cohorts is reproduced in individual

samples. The absence of subjects in quadrant 4 (red) implies that high ratios of NO-forming nitrite reductase on the oral microbiome may supplement host NO

production and contribute to lower resting blood pressure.
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component of this response was determined to be the frequency
of tongue cleaning. From our analysis, regular tongue cleaning
results in a tongue microbiome that has a greater ability to
reduce nitrite to NO, and conversely, failure to clean the tongue
daily results in a microbiome composition that is less favorable
to NO production, but instead appears to favor conversion of
nitrite to ammonia. Introducing CHX to patients who clean
their tongue twice a day results in a significant disruption
of community alpha-diversity compared to the other groups,
linking bacterial community disruption to changes in blood
pressure. Our study also demonstrates a chemostat-like activity
of the tongue microbiome, in that loss of population due to
CHX exposure stimulates a rapid population recovery (Rai
et al., 2019). Rapid recovery parallels an increase in nitrate
reduction metabolic activity, and we propose that frequent
tongue cleaning may activate bacterial metabolism and benefit
the host through production of nitrite. Thus, regular tongue
hygiene both selects for a favorable microbiome and “revs up”
the activity of the community.

Althoughwe did not survey host diet as a variable in our study,
the composition of the human diet clearly has an impact on the
composition of the microbiome, both in the gut and in the oral
cavity. In a recent study on the salivary microbiome comparing
vegans and omnivores (Hansen et al., 2018), the authors
determine that the ratio of Neisseria to Prevotella is significantly
higher in vegans. Further emphasizing the importance of dietary
nitrate on the oral microbiome, Velmurugan et al. established
in a randomized, double-blind study that sustained intake of
nitrate-rich beetroot juice resulted in improved vascular function
and also resulted in a significant increase in the percentage of
Neisseria flavscens in the oral microbiome (Velmurugan et al.,
2015). Both of these studies highlight the increase of commensal
Neisseria spp. as a result of a diet high in nitrate-rich vegetables.
Commensal Neisseria are part of the core oral microbiome in
humans (Zaura et al., 2009), and reduction of nitrite to NO
is obligatory for commensal Neisseria to survive in anaerobic
conditions, such as those found in the crypts of the tongue
(Bennett et al., 2014; Liu et al., 2015).

The data shown here provide static snapshots of what is
undoubtedly a dynamic process. In our orally healthy cohort,
the presence of nitrate reductase does not appear to be a rate-
limiting component of the enterosalivary circulation of nitrate
and subsequent reduction to nitrite. However, our experimental
design has revealed a potential new aspect of enterosalivary
circulation via the formation of NO in the oral cavity, in
preference to formation of ammonia as the end product of
nitrite. In subjects lacking other systemic health problems, the
nitrite-reducing genetic content of the oral flora of the tongue
significantly correlates with resting blood pressure values, with
the putative mechanism through a supplemental contribution
of nitrate reductase, and also nitric-oxide generating nitrite
reductase. High levels of ammonia-forming nitrite reductase
correlate with high blood pressure, andmay result from “stealing”
nitrite away from the NO pathway.

Although we have not established the mechanism by which
generation of NO gas in the oral cavity could affect NO based

vasodilation in the periphery, it is now well-established that
NO generated in one biological compartment can affect NO
homeostasis in distal tissue suggesting an endocrine function of
NO (Elrod et al., 2008). Moreover, it is known that inhaled NO
has systemic effects and can protect from myocardial ischemia
reperfusion injury (Nagasaka et al., 2008) that is likely not due
to NO itself but rather specific NO metabolites, nitrite and/or S-
nitrosoglutatione (GSNO). Alternatively, NO gas produced in the
lingual crypts could diffuse directly into the circulation through
the highly vascularized tissue of the tongue.

Regulation of blood pressure is complex with multiple
variables. There is a strong host component, including efficacy
of endogenous NO production, weight, diet, gender, race, stress,
and frequency of exercise (Rosendorff, 2013). We propose that
the composition and metabolic activity of the oral microbiome
should be considered an additional variable. Thirteen subjects
on our study had changes of at least 5 mm/Hg in resting
systolic blood pressure after CHX treatment, which is comparable
to changes induced by manipulation of dietary salt intake
(Graudal et al., 2017).

Manipulation of the human microbiome as a therapeutic
target for disease management is on the near horizon. Screening
the oral microbiome of resistant hypertensive patients may
provide new insights into the etiology of their hypertension.
The oral cavity is an attractive target for probiotic and/or
prebiotic therapy because of the ease of access. The potential to
restore the oral flora as a means to provide NO production is a
completely new paradigm for NO biochemistry and physiology
as well as to cardiovascular medicine and dentistry. These
studies provide new insights into the host-oral microbiome
symbiotic relationship. As NO is a ubiquitous signaling molecule,
these systemic effects of these oral bacteria may have other
significant effects on human health beyond maintenance of
blood pressure.
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Given the increasing prevalence of antibiotic resistance among bacterial strains and

the side effects caused by synthetic drugs, it is increasingly important to investigate

potential herbal alternatives. In the present study, antimicrobial, cell cytotoxicity, and

cleaning tests were performed to evaluate the potential of Fufang Bingpeng irrigant as

a root canal irrigant, in addition to q-PCR and high-throughput sequencing analyses.

Our in vitro results showed a low minimum inhibitory concentration (MIC) and minimum

bactericidal concentration (MBC) of Fufang Bingpeng irrigant against Porphyromonas

gingivalis ATCC 33277 (6.25 and 12.5%, respectively), Prevotella intermedius ATCC

25611 (6.25 and 6.25%, respectively), Fusobacterium nucleatum ATCC 25286 (6.25 and

6.25%, respectively), Enterococcus faecalis ATCC 19433 (25 and 25%, respectively),

and Bacteriodes fragilis ATCC 25285 (12.5 and 12.5%, respectively). Furthermore, it

effectively removed the remaining debris and increased the number of open dentinal

tubules in root canals compared to the NaCl irrigant (p < 0.05). Fufang Bingpeng irrigant

also presented low cytotoxicity to L929 cells compared to the NaClO irrigant. The in vivo

results indicated that all irrigants used significantly reduced the number of bacteria

compared to the number prior to treatment, and only 1/104.95 bacteria remained in

the root canal following the use of Fufang Bingpeng irrigant (p < 0.001). Moreover, the

high-throughput sequencing results indicated that all irrigants markedly enhanced the

α diversity in the root canal compared to the before preparation control group, while

Fufang Bingpeng maintained better microbial diversity than other groups. Therefore,

Fufang Bingpeng irrigant presents a promising alternative for use as a root canal irrigant

in clinical settings.

Keywords: root canal irrigant, NaClO irrigant, Fufang Bingpeng irrigant, cytotoxicity, cleaning efficacy,

high-throughput sequencing
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INTRODUCTION

The bacteria present in the root canal play an important role in
the pathologies of pulpitis and periapical periodontitis, and the
success of root canal therapy is mainly dependent on controlling
bacterial infection inside the root canal (Rödig et al., 2010).
Root canal irrigation represents one of the basic steps for root
canal therapy, which can effectively control the bacterial infection
inside the root canal (Vouzara et al., 2016).

Currently, NaClO irrigation is commonly used in the
clinic due to its sound antibacterial properties, low cost
and long period of action, while its shortcomings (e.g., high
toxicity, unpleasant smell, potential corrosiveness, and allergy)
hinder its use (Sabins et al., 2003; Rödig et al., 2010).
Other irrigants, such as chlorhexidine and ardenia jasmine
gargle, have also been used in the clinic; however, they
have several drawbacks (antimicrobial-resistant strains and side
effects), thus it is necessary to find more suitable irrigants
(Stuart et al., 2006; Prabhakar et al., 2010; Sibley et al., 2012).

In the present study, Fufang Bingpeng irrigant, made by pure
Chinese Medicines, was investigated by our group. Specifically,
we assessed its effect on obligate anaerobic microorganisms,
remaining debris and open dentinal tubules in the apical and
middle thirds of the root canal, as well as the growth of L929 cells
and microbial diversity in the root canal.

MATERIALS AND METHODS

The Minimum Inhibitory Concentration
(MIC) and Minimum Bactericidal
Concentration (MBC) of Irrigants
The pathogens Porphyromonas gingivalisATCC 33277, Prevotella
intermedius ATCC 25611, Fusobacterium nucleatum ATCC
25286, Enterococcus faecalisATCC 19433, and Bacteriodes fragilis
ATCC 25285 were cultured in brain/heart infusion (BHI)
medium for 24 h in an incubator with an atmosphere of 80%
N2, 10% CO2, and 10% H2. Then, Fufang Bingpeng irrigant and
Bingpeng irrigant were added to the BHI plate to make final
concentrations of 50, 25, 12.5, 6.25, 3.1, 1.6, 0.8, 0.4, 0.2, and 0.1%;
and NaClO irrigant was added at 4, 2, 1, 0.5, 0.25, 0.125, 0.062,
0.031, 0.016, and 0.008%. Pathogens were then inoculated onto
the plates, and their MIC and MBC were determined using the
viable cell counting method (Jiang et al., 2016).

Cytotoxicity of Tested Irrigants
L929 mouse fibroblasts cells were maintained in DMEM
supplemented with 15% FBS at 37◦C in a 5% CO2 incubator.
Different concentrations of irrigants were dissolved in cell culture
media, and their effect on the viability of L929 cells was
determined by MTT assay (Hu et al., 2018).

L929 cells were plated at a density of 10,000 cells per well in
100 µl of complete culture media. Cells were then treated with
designated concentrations of NaClO irrigant (0.1%, 0.5%, 2.5%
and 5%), Bingpeng irrigant (self-made; 6.25, 12.5, 25, and 50%)
and Fufang Bingpeng irrigant (self-made; 6.25, 12.5, 25, and 50%)
in 96-well microtiter plates for 30min, 1 h, 6 h and 12 h at 37◦C
in a humidified incubator. After incubation until a specific stage,

MTT reagent (20 µl, 5 mg/mL) was added and incubated for
3.5 h, then theMTT solution was carefully removed and 150µl of
DMSO was added. The absorbance was recorded on a microplate
reader at a wavelength of 570 nm. Corresponding volumes of
NaCl irrigant were used as the control.

Evaluation of the Cleaning Efficacy of the
Tested Irrigants
Forty bicuspid teeth were collected from children (aged 11–
13 years) undergoing orthodontic extraction. These children
received no pulp canal therapy, and their apical foramen was
completely developed and without caries. The collected teeth
were then randomly divided into four groups and stored in
physiological saline for further use.

Root canal preparation was performed using gradually
deepening preparatory technology with a K-file. Between each
instrument, the canals were irrigated with 5ml NaCl irrigant
(0.9%), NaClO irrigant (0.5% NaClO + 17% EDTA), Bingpeng
irrigant (100%) or Fufang Bingpeng irrigant (100%), then 3ml of
physiological saline was used to terminate the effect of different
irrigants on the root canal. The root canal was dried with paper
points, and the root canal orifice was sealed with a cotton pellet
and Cavit. A single operator with experience in this method and
instrumentation prepared all canals.

With the aid of a surgical operating microscope, a longitudinal
groove was cut in the root using the end of a diamond bur.
The roots were removed from the crown and then split by
placing a surgical blade in the groove and striking the blade
with a small mallet. Images of the split roots were made using
a digital camera set at 1:1. The images were transferred to a
computer with Adobe Photoshop CS software and enlarged to
100× the original size. Lines were superimposed over the canals
at 0, 3, and 6mm from the apical constriction. The debris in
each canal was traced, and the total number of pixels occupied
by debris was determined using the histogram function in the
software. The outline of the canal was then traced, and the same
feature of the software reported the total pixels occupied by
the canal. The percentage of debris was calculated by dividing
the number of debris pixels by the total number of pixels,
representing the entire area of the canal. The percentage of
debris was calculated for the apical third and middle third of
each canal.

Six specimens were randomly selected from each group. The
teeth were split and their two halves were mounted in specimen
holders. They were then placed in a vacuum chamber and
coated with a 20-nm-thick gold-palladium layer for scanning
electron microscopy (Hu et al., 2018). The apical and middle
thirds of each root canal were selected, and photomicrographs
of the central part were taken at 500× magnification on the
longitudinal plane and then enlarged to 110 × 120mm. A
square 72-mm grid composed of 64 equal squares, of which 16
were randomly selected, was superimposed onto the scanning
electron microscope (SEM) photomicrograph. The number of
open dentinal tubules inside each square were counted by a single
observer. The sum of the 16 squares of each grid was calculated,
obtaining the total number of open dentinal tubules.
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Extraction of Bacterial DNA
Between January 2018 and July 2018, 40 patients with
periapical periodontitis were selected. Root canal preparation was
performed using gradually deepening preparatory technology
with K-files and S3 NiTi files. Between each instrument, the
canals were irrigated with either 5ml NaCl irrigant (n = 10),
NaClO irrigant (n = 10), Bingpeng irrigant (n = 10), or Fufang
Bingpeng irrigant (n = 10). Ultrasonic irrigation was performed
for 10–20 s, followed by ultrasonic irrigation with 3ml EDTA for
10–20 s. Physiological saline (5ml) was then used to terminate
the effect of the different irrigants on the root canal. Samples were
collected before and after the preparation for further analysis.

All human tests were approved by the Committee
on the Ethics of Human Experiments of Stomatology

Hospital of Nanchang University (Jiangxi, China).
Patient samples were obtained with written informed
consent in accordance with the requirements of the
Ethics Committee.

Real-Time PCR
The number of bacteria in the root canal samples were
determined by real-time PCR using the ABI 7900HT fast real-
time PCR system (Applied Biosystems, USA). The reaction buffer
consisted of primers (338F, 5′-ACTCCTACGGGAGGCAGCAG-
3′; 518R, 5′- ATTACCGCGGCTGCTGG-3′), ROX reference
dye and SYBR R© Primer EX Taq II (TaKaRa), and
amplification began at 94◦C for 8min. The temperatures
used for degeneration, annealing and extension were 94,

TABLE 1 | MIC and MBC of NaClO irrigant, Bingpeng irrigant, and Fufang Bingpeng irrigant against obligated anaerobic microorganisms.

Drugs P. gingivalis ATCC 33277 P. intermedius ATCC25611 F. nucleatum ATCC 25286 E. faecalis ATCC 19433 B. fragilis ATCC25285

CONCENTRATION OF NACLO IRRIGANT (%)

MIC 0.035 0.070 0.018 0.28 0.07

MBC 0.035 0.070 0.018 0.28 0.07

CONCENTRATION OF BINGPENG IRRIGANT (%)

MIC 12.5 12.5 12.5 50 25

MBC 25 12.5 25 >50 25

CONCENTRATION OF FUFANG BINGPENG IRRIGANT (%)

MIC 6.25 6.25 6.25 25 12.5

MBC 12.5 6.25 6.25 25 12.5

FIGURE 1 | Effect of different concentrations of NaClO irrigant (A), Bingpeng irrigant (B) and Fufang Bingpeng irrigant (C) on the relative growth rate of L929 cells

compared to the NaCl irrigant group.
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FIGURE 2 | Typical canals with debris and SEM (500*) of the apical and middle thirds of root canals treated with the NaCl irrigant, NaClO irrigant, Bingpeng irrigant,

and Fufang Bingpeng irrigant.

TABLE 2 | Effect of NaCl irrigant, NaClO irrigant, Bingpeng irrigant, and Fufang Bingpeng irrigant on remaining debris and open dentinal tubules in the apical and middle

thirds of the root canals.

Drugs Remaining debris (%, n = 10) Open dentinal tubule number (n = 6)

Apical thirds Middle thirds Apical thirds Middle thirds

NaCl irrigant 20.02 + 6.02 12.41 + 5.61 9.83 + 7.86 13.33 + 5.24

NaClO irrigant 6.65 + 4.81* 4.55 + 6.02* 70.17 + 37.63* 85 + 26.33*

Bingpeng irrigant 10.11 + 6.03* 7.07 + 3.01* 40.03 + 16.43* 70.5 + 25.38*

Fufang Bingpeng irrigant 9.63 + 6.43* 6.86 + 2.81* 45.33 + 18.45 75.5 + 34.58*

x+s, *p < 0.05 compared with NaCl irrigant.

58, and 71◦C, respectively. The relative expression levels
of the target bacteria were analyzed using the 2−11Ct
method (Chen et al., 2018).

High-Throughput Sequencing
Primers (515F, 5′-GTG CCA GCM GCC GCG GTA A-
3′; and 806R, 5′-GGA CTA CVS GGG TAT CTA AT-3′)
were used to amplify the V4 region of the 16S rRNA
genes of the extracted genomic DNA (GenBank accession
number PRJNA496554) (Xin et al., 2016). FLASH was used
to merge overlapped tags, the UPARSE software package
was used to analyze sequences, and in-house Perl scripts
were used to analyze the alpha (within samples) and beta
(among samples) diversity. Sequences with high similarity
(≥97%) were considered the same OTUs, and the QIIME
software package was applied to analyze the weighted
UniFrac distance.

Data Analysis
Data are presented as the mean ± standard deviation (SD),
and Prism software version 7.0 (GraphPad Software, San Diego,
CA, USA) was used to perform the statistical analyses. Error
probabilities of p < 0.05 were considered statistically significant.

RESULTS

Antibacterial Effect of Irrigants
The MIC and MBC of the tested irrigants on P. gingivalis
ATCC 33277, P. intermedius ATCC 25611, F. nucleatum ATCC
25286, E. faecalis ATCC 19433, and B. fragilis ATCC 25285
are shown in Table 1. All tested irrigants showed a significant
antibacterial effect, and the NaClO irrigant possessed the lowest
MIC and MBC values for P. gingivalis ATCC 33277 (0.035 and
0.035%, respectively), P. intermedius ATCC 25611 (0.070 and
0.070%, respectively), F. nucleatum ATCC 25286 (0.018 and
0.018%, respectively), E. faecalis ATCC 19433 (0.28 and 0.28%,
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respectively) and B. fragilis ATCC 25285 (0.070 and 0.070%,
respectively). Although the Fufang Bingpeng irrigant possessed
a weaker effect on pathogens, its antibacterial effect was stronger
than the Bingpeng and NaCl irrigants.

Cytotoxicity of Irrigants on L929 Cells
As shown in Figure 1, dose-dependent and time-dependent
effects were observed when the cytotoxicity of irrigants was
tested. After 30min, all irrigants showed little cytotoxicity on
L929 cells at all tested concentrations. After 1 h, the NaClO
irrigant showed strong cytotoxicity, especially at concentrations
>0.5%. At 6 and 12 h, few viable cells were obtained at all
tested concentrations. For the Fufang Bingpeng irrigant and the
Bingpeng irrigant, even low concentrations (6.25 and 12.5%,
respectively) showed a growth-promoting effect, while high
concentrations (25 and 50%, respectively) showed a serious
cytotoxic effect on L929 cells, with the Fufang Bingpeng irrigant
possessing higher cytotoxicity than the Bingpeng irrigant.

Effect of Irrigants on Cleaning Efficacy
Overall, the amount of debris in the NaCl irrigant group was
markedly higher than other groups (P < 0.05), and no significant
differences were observed among the NaClO, Fufang Bingpeng
and Bingpeng irrigant groups in the apical part of the root canal
(Figure 2 andTable 2). Similarly, debris in themiddle third of the
root canal in the NaCl irrigant group was also higher than that in
the NaClO irrigant group. Moreover, the SEM results indicated
that there were fewer open dentinal tubules in the NaCl irrigant
group than the other three groups (p < 0.05, apical part of the
root canals), and the numbers in the middle third of the root
canal were markedly lower than those in the NaClO and Fufang
Bingpeng irrigant groups (Figure 2 and Table 2). In summary,
the cleaning efficacy of irrigants were as follows: NaClO irrigant
> Fufang Bingpeng irrigant> Bingpeng irrigant>NaCl irrigant.

Effects of Irrigants on the Relative
Bacterial Number in the Root Canal
Finally, we evaluated the effects of irrigants on bacterial diversity
in the root canal. As shown in Figure 3, the NaCl, NaClO,
Bingpeng, and Fufang Bingpeng irrigants all significantly reduced
the number of bacteria compared to the number prior to
treatment (p < 0.001). Compared to the bacterial number
before the preparation, 99.59-fold and 104.95-fold reductions
in bacterial numbers were obtained in the NaClO and Fufang
Bingpeng irrigant groups, respectively.

Effects of Irrigants on the Microbial
Composition of the Root Canal
High-throughput sequencing was used to explore the effects of
the NaCl, NaClO, Bingpeng, and Fufang Bingpeng irrigants on
the microbial composition of the root canal. In total, 3,547,824
filtered clean tags (73,913 tags/sample) and 44,834 OTUs were
obtained from all samples, with an average of 934.04 OTUs per
group (Table S1).

As shown in Figure 4, the irrigants used in the present study
had an obvious effect on the microbial composition at both the
phyla and genus levels, and the Fufang Bingpeng irrigant resulted
in a marked reduction in Fusobacterium, Enterococcus and

FIGURE 3 | Effects of the NaCl irrigant, NaClO irrigant, Bingpeng irrigant and

Fufang Bingpeng irrigant on the elimination of bacteria in the oral cavity,

assessed using q-PCR. BC, microbiota in the oral cavity of patients before

treatment; AC, microbiota in the oral cavity of patients after treatment with the

NaCl irrigant; ASH, microbiota in the oral cavity of patients after treatment with

the NaClO irrigant; AB, microbiota in the oral cavity of patients after treatment

with the Bingpeng irrigant; AFB, microbiota in the oral cavity of patients after

treatment with the Fufang Bingpeng irrigant. ***p < 0.001.

Pseudoramibacter at the genus level (Figures 4A,B). In addition,
the Chao1 index and Shannon index indicated that all irrigants
markedly enhanced the α diversity in the root canal compared
to the before preparation control group (BC), especially for
the NaCl irrigant, NaClO irrigant and Bingpeng irrigant groups
(p < 0.01). When analyzed using the Venn method, 1142 core
OTUs were found in all groups, with 468, 258, 228, 181, and
95 OTUs found in the BC group, the after preparation control
group (AC), the after preparation NaClO irrigant group (ASH),
the after preparation Bingpeng irrigant group (AB) and the after
preparation Fufang Bingpeng irrigant group (AFB), respectively
(Figure 4E). The principal coordinates analysis (PCoA) indicated
that although irrigants changed the microbial diversity compared
to the BC group, the AFB possessed the most similar bacterial
composition to the BC group (Figure 4F). When the significant
changes in bacteria were compared between the BC vs. AC, BC vs.
ASH, BC vs. AB and BC vs. AFB groups, we found that Prevotella
in the AC, ASF, AB, and AFB groups were significantly reduced
compared to the BC group (Figure 5).

DISCUSSION

Oral microorganisms, especially opportunistic pathogens, cause
primary endodontic infections due to a gradual increase in
number over long periods in the root canal (Prabhakar et al.,
2010). As an adjunct, various irrigants have been applied to
improve antimicrobial cleaning and shaping in endodontics and
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FIGURE 4 | Evaluation of the effects of the NaCl irrigant, NaClO irrigant, Bingpeng irrigant and Fufang Bingpeng irrigant on the oral microbiota. (A) Relative bacterial

abundance at the phylum level, (B) relative bacterial abundance at the genus level, (C) the Chao1 index, (D) the Shannon index, (E) Scalar-Venn representation of the

vaginal microbiota, and (F) principal coordinates analysis (PCoA). BC, microbiota in the oral cavity of patients before treatment; AC, microbiota in the oral cavity of

patients after treatment with the NaCl irrigant; ASH, microbiota in the oral cavity of patients after treatment with the NaClO irrigant; AB, microbiota in the oral cavity of

patients after treatment with the Bingpeng irrigant; AFB, microbiota in the oral cavity of patients after treatment with the Fufang Bingpeng irrigant. *p < 0.05 compared

to the BC group.

A

C

D

B

FIGURE 5 | Analysis of species differences among BC vs. AC (A), BC vs. ASH (B), BC vs. AB (C) and BC vs. AFB (D) groups. BC, microbiota in the oral cavity of

patients before treatment; AC, microbiota in the oral cavity of patients after treatment with the NaCl irrigant; ASH, microbiota in the oral cavity of patients after

treatment with the NaClO irrigant; AB, microbiota in the oral cavity of patients after treatment with the Bingpeng irrigant; AFB, microbiota in the oral cavity of patients

after treatment with the Fufang Bingpeng irrigant.
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to eliminate most of the bacteria. However, studies indicate
that some bacteria can survive in the root canal (Gomes et al.,
2010). The NaOCl irrigant is widely used, representing the most
common irrigant used during endodontic treatment. However,
its high toxicity, unpleasant taste and inability to dissolve dentin
debris have hindered its use (Stuart et al., 2006; Da et al., 2008).
Therefore, it is necessary to find a suitable irrigant with low
toxicity and high efficiency.

The Bingpeng irrigant originates from “Bingpeng powder,”
which contains borneol, borax, cinnabar and weathered
sodium sulfate, and has been suggested to effectively inhibit
bacterial growth and eliminate inflammation (Shi et al.,
2011; Wang, 2011). To enhance its antimicrobial effect
and cleaning efficiency and decrease its toxicity, cinnabar
was removed from the Bingpeng irrigant, and Angelica
archanglica and Asurum uropeum were added. The resulting
“Fufang Bingpeng” irrigant has greatly enhanced antibacterial
and anti-inflammatory effects, and has an additional use
for treating detumescence and abscesses, and as a pain
reliever (Shi et al., 2011).

Anaerobic bacteria usually persist in treated root canals and
are often resistant to traditional antibiotics. When anaerobic
bacteria grow as a biofilm, antimicrobial agents cannot enter.
Furthermore, a 1500-fold increase in the rate of antibiotic
resistance had been observed compared to planktonic cells
(Gordon et al., 1988; Mah and O’toole, 2001). As shown
in Table 1, the NaClO irrigant effectively inhibited all tested
pathogens and showed the lowest MIC and MBC values.
Although the antibacterial effect of the Fufang Bingpeng irrigant
was inferior to the NaClO irrigant, its MIC and MBC for
P. gingivalis ATCC 33277, P. intermedius ATCC 25611, F.
nucleatum ATCC 25286, E. faecalis ATCC 19433, and B. fragilis
ATCC 25285 were as low as 6.25 vs. 12.5%, 6.25 vs. 6.25%, 6.25
vs. 6.25%, 25 vs. 25%, and 12.5% vs. 12.5%, respectively. The
NaClO and EDTA irrigants showed a better effect on the amount
of remaining debris and number of open dentinal tubules in
the apical and middle thirds of the root canal (Table 2), while
NaClO markedly inhibited the growth of L929 cells, even at
low concentrations (Figure 1). The residual debris and smear
layer in infected root canals harbor various microorganisms and
their byproducts, which also hinders the ability of the irrigants
to directly contact the entire root canal wall (Zehnder, 2006).
The Fufang Bingpeng irrigant resulted in better removal of the
smear layer, pulp tissue and dentin debris, and even enhanced
the growth of L929 cells at low concentrations (Figure 1
and Table 2).

The oral cavity contains various microorganisms that are
associated with oral diseases. Bacterial infections within the
root canal are usually polymicrobial in nature, and it is rare
that a single species causes oral disease (Chen et al., 2017).

Therefore, q-PCR and high-throughput sequencing were used
to evaluate the effects of the NaCl, NaClO, Bingpeng, and
Fufang Bingpeng irrigants on bacterial diversity in the root
canal. As shown in Figure 3, all tested irrigants effectively
reduced the bacterial number compared to the BC group,
and 99.59- and 104.95-fold reductions were observed in the
NaClO irrigant group and Fufang Bingpeng irrigant group,
respectively (Figures 3, 5). Moreover, the results of the high-
throughput sequencing analysis indicated that although all tested
irrigants greatly reduced the bacterial number (Figure 3) and
changed the microbial composition compared with the BC
group at the phyla and genus levels (Figures 4A,B), the α

diversity analysis clearly showed that all tested irrigants enhanced
the bacterial abundance (Figures 4C,D). Most importantly,
both the α diversity analysis and PCoA results indicate
that the Fufang Bingpeng irrigant could better sustain the
microbial diversity in the BC and AC groups, and the similar
bacterial diversity with formal ones will help improve oral
health (Figure 4).

In the present study, the Fufang Bingpeng irrigant showed a
sound antimicrobial effect, low cytotoxicity and high cleaning
efficacy in vitro, and the in vivo results showed that the Fufang
Bingpeng irrigant significantly reduced the bacterial number
and sustained the microbial diversity, which helps to avoid
oral infection and protect oral health. Therefore, the use of
Fufang Bingpeng irrigant as a root canal irrigant might prove
to be advantageous considering its desirable characteristics
compared to the NaClO irrigant. However, as all PCR based
technologies cannot differentiate viable or dead cells, the
PMA-modified viability PCR technology should be introduced in
our further work.
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Aim: This study aimed to evaluate the anti-inflammatory effect and the incidence of
adverse effects of an all-natural polyherbal mouthwash in patients with periodontitis,
after 3 months of use. These aims were accomplished by using full mouth bleeding
score (FMBS), full mouth plaque score (FMPS), probing depth (PD) clinical attachment
level (CAL) and a questionnaire recording any adverse events.

Methods: The present randomized controlled clinical study considered 40 patients with
moderate or severe periodontitis, randomized in two groups: a test group (TG) and
a control group (CG). TG was instructed to use a polyherbal mouthwash composed of
Propolis resin extract, Plantago lanceolata, Salvia officinalis leaves extract, and 1.75% of
essential oils and the CG was given a placebo mouthwash. Both groups were instructed
to rinse for 2 min, twice daily after their routine oral home care with the different
mouthwashes. Clinical measurements of FMBS, FMPS, PD and CAL were recorded at
baseline (T0) and after 3 months (T1). The incidence of adverse outcomes was recorded
at every follow-up. Mann–Whitney U test and Wilcoxon signed-rank test were used for
the statistical analysis (p < 0.05).

Results: The final study sample consisted of 34 healthy individuals, 17 individuals in
each of the two groups. TG and CG showed a statistically significant reduction in FMBS
(p = 0.001 TG; p = 0.002 CG), FMPS (p = 0.001 TG; p = 0.003 CG), PD (p = 0.001 TG;
p = 0.011 CG) and CAL (p < 0.001 TG; p = 0.020 CG) values from baseline to 3 months.
The TG showed a statistically significant decrease in FMBS and FMPS compared with
the CG. No adverse events or side effects were reported or observed in both groups.

Conclusion: The use of polyherbal mouthwash in patients with moderate or severe
periodontitis has proved safe and effective in reducing bleeding score and plaque
accumulation, after 3 months, compared with placebo, although no difference between
the two groups were reported on PD and CAL (both improving at T1).

Keywords: mouthwash, all-natural polyherbal, periodontitis, full mouth bleeding score, full mouth plaque score,
probing depth, clinical attachment level, randomized controlled trial
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INTRODUCTION

Mechanical plaque control has an essential role in the prevention
of periodontal disease, however, it is not sufficiently effective
alone (Page and Eke, 2007; Sälzer et al., 2015; Tonetti et al.,
2015). A meta-analysis provided strong evidence in favor of the
use of antimicrobial agents as adjuncts to mechanical plaque
control (Gunsolley, 2006). The author highlighted two types
of mouthwashes with consistent antiplaque and anti-gingivitis
effects: chlorhexidine gluconate and mouthwash containing
essential oils, such as menthol (0.042%), thymol (0.064%),
methyl salicylate (0.060%) and eucalyptol (0.092%), which are
commercially available. Despite the potent bactericidal action
of chlorhexidine, there have been many reported side effects,
mainly when used for long periods, such as taste alteration,
supragingival calculus formation, extrinsic tooth staining and
desquamation of oral mucosa (Lang and Brecx, 1986; Eick et al.,
2011). Furthermore, chlorhexidine has been shown to induce
cytotoxic and genotoxic effects in cells (Liu et al., 2018).

The increasingly widespread use of the mouthwashes for long
periods has led research into the direction of finding effective
and safe products, with a greater focus on herbal drugs. Plant
extracts can be used as an alternative to chlorhexidine digluconate
as their polyphenols compounds exhibit antimicrobial effects.
A recent systematic review and meta-analysis, out of a total of
9 articles, investigated the efficacy of daily rinsing with a green
tea-based herbal mouthwash in terms of plaque index (PI) and/or
gingival index (Mathur et al., 2018). They demonstrated that
the herbal mouthwash was not significantly different compared
to the standard chlorhexidine-based mouthwashes in reducing
plaque and gingival inflammation. Three main groups of
plant polyphenols (stilbenes, flavonoids, and proanthocyanidins)
were found to exhibit activity against caries, periodontitis
and candidiasis in pre-clinical studies, however, there was a
lack of strong evidence, regarding randomized clinical trials
(Varoni et al., 2012).

Another recently published meta-analyses and meta-
regression selected 16 studies comparing a notorious mouthwash
containing plant-derived essential oils to placebo solution,
cetylpyridinium chloride (CPC) and flossing in the proximal
area (Haas et al., 2016). The authors concluded that, in patients
with gingivitis, a notorious mouthwash was more efficacious
for the reduction of plaque and gingival inflammation than
mechanical plaque control either alone or in combination
with CPC mouthwash. Due to the proven effectiveness of
plant extracts against periodontal disease, there are many
commercially available mouthwashes which include one or
more active ingredients derived from plants. However, most
of them also include additional contents that are artificial and
chemically synthesized in the laboratory, being therefore not
all-natural (Springhouse, 2003). Indeed, some studies report
that they are not entirely innocuous (Hammer and Heel, 2012;
Azzimonti et al., 2015).

A recently made commercially available mouthwash includes,
in addition to essential oils, a combination of other natural
products such as Propolis resin extract, Plantago lanceolata, Salvia
officinalis leaves extract. It contains no artificial or chemically

synthesized ingredients and is therefore entirely natural. There
exists no randomized controlled trial that supports the safety and
effectiveness of its specific formulation.

The aim of this study was to evaluate the safety and
anti-inflammatory effect of the latter all-natural, commercially
available polyherbal mouthwash in patients with periodontitis,
by comparing it with a placebo mouthwash, after 3 months
of use. This was accomplished by measuring the differences,
between the two groups, in the following clinical outcomes: full
mouth bleeding score (FMBS), full mouth plaque score (FMPS),
probing depth (PD) level ≥ 5 mm and clinical attachment level
(CAL) ≥ 4 mm (O’Leary, 1967; Ainamo and Bay, 1975). The
incidence of adverse outcomes (the probability of the occurrence
of side effects must be the same in the two groups) was also
recorded using a questionnaire.

MATERIALS AND METHODS

Forty (40) volunteers, age range 20–65 years, were recruited
for the current single-blind randomized placebo-controlled
clinical trial. This study was performed in the Outpatient
Department of Clinical Sciences and Stomatology of the
Polytechnic University of Marche, Ancona, (Italy) between
February and June 2017. This study was carried out in
accordance with the recommendations of the Ethics Committee
of the Azienda Ospedaliero-Universitaria Ospedali Riuniti,
Ancona (Protocol N. 2017-0087 UN) and was registered in the
Australian New Zealand Clinical Trials Registry (number of trial:
ACTRN12618001192279). All subjects gave written informed
consent in accordance with the Declaration of Helsinki.

Study Population
After taking a detailed medical history and an initial clinical
and radiologic examination, healthy individuals with a minimum
of 20 teeth, smoker and no smoker, were selected. Clinical
parameters for inclusion were: diagnosis of severe (at least 2
interproximal sites with CAL ≥ 6 mm and 1 interproximal site
with PD ≥ 5 mm) or moderate (at least 2 interproximal sites
with CAL ≥ 4 mm or 2 interproximal sites with PD ≥ 5 mm)
periodontitis according to the Page and Eke classification
(Page and Eke, 2007).

Exclusion criteria included: the use of antibiotics and anti-
inflammatory drugs in previous 6 months; individuals with
orthodontic or prosthetic appliances that could interfere with
evaluation; individuals with an allergy to any ingredients used in
the study; pregnant or lactating females; motor skills disorder.

All eligible volunteers were given oral and written information
about the products and the purpose of the study and were asked
to sign an informed consent.

Study Design
This clinical study was designed as a randomized, 3-month
placebo-controlled, single-blind clinical trial. A single examiner
(SS), with more than 8 years of practice, collected the following
clinical parameters: bleeding index, using FMBS and PI, using
FMPS, on 6 surfaces; PD obtained by counting the number of
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pockets equal or greater than 5 mm; CAL recording the values
equal to or greater than 4 mm, on 6 surfaces.

The subjects were randomly divided into two groups,
through a computer-generated random table (Orsini et al.,
2013). A CONSORT-type diagram explaining the design of this
study is presented in Figure 1. At baseline (T0), after the
clinical parameters assessment, all the participants received a
thorough scaling and polishing to remove all plaque, stains and
calculus, using ultrasonic scalers and hand instruments. For
3 months, a polyherbal mouthwash was prescribed to test group
(TG) and a placebo mouthwash to the control group (CG).
The polyherbal mouthwash (Pural Colluttorio, Fitomedical snc,
Binasco, Milan, Italy) containing Propolis resin extract (1:3),
Plantago lanceolata leaves extract (1:10), Salvia officinalis leaves
extract (1:1) and 1.75% of essential oils from Salvia officinalis,
Syzygium aromaticum buds, Mentha piperita leaves, Commiphora
myrrha oleoresin and Pistacia lentiscus oleoresin, was made
indistinguishable by the label’s absence in 100 ml opaque brown
bottles marked only with the patient’s number. The placebo
mouthwash was prepared with the following ingredients: 2 ml
of glycerin (sweetening agent), cinnamon and vanilla flavoring
agents, and brown food coloring, dissolved in 1 liter of distilled
water and placed in 100 ml opaque brown bottles marked only
with patient’s number.

All participants were instructed to perform their routine oral
home care (brushing, flossing or interproximal cleaning) twice
daily and, immediately after, to rinse with 1 ml mouthwash
diluted in a measuring cup (15 ml) of water for 2 min. All

patients were instructed to not rinse/eat anything for 30 min
after mouthwash use.

Participants were followed up every 20 days and were asked to
bring the empty bottles of the tested mouthwash. Each participant
was asked to complete a written questionnaire to assess for any
adverse effects related to use of mouthwash at day 20, 40, 60,
80 and 3 months, such as a change in taste sensations, soreness
and redness of oral mucosa/tongue/gingiva, feeling of dryness,
burning or discoloration. After 3 months (T1), the FMBS, FMPS,
PD and CAL parameters were re-collected.

Statistical Analyses
The differences of the single clinical parameters (FMBS, FMPS,
PD level ≥ 5 mm, CAL ≥ 4 mm) were evaluated (Cosyn et al.,
2013). For the same clinical score, the difference between TG
and CG was carried out using the Mann–Whitney U test both
at T0 and T1 (p < 0.05). Within each group, the differences in
all clinical scores between T0 and T1 were evaluated using the
Wilcoxon signed-rank test (p < 0.05). The difference in the rate
of adverse events between the two groups were evaluated using
the Fisher exact test for each time period.

RESULTS

Forty subjects were randomized based on the inclusion and
exclusion criteria. There were six dropouts: one due to health
reasons, four due to personal reasons and one excluded

FIGURE 1 | CONSORT flow chart. N: Number of subjects.
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because subsequently submitted to a drug therapy. In total,
34 subjects completed the trial (17 each group, see Figure 1).
Table 1 presents demographic data of the study population.
There were no significant differences in mean age, sex and
smoke of individuals between the two groups. At T0, there
were no statistical differences in FMBS between the CG and
TG; both groups showed a significant reduction in FMBS
from T0 to T1. At T1, the TG group showed a statistically
significant decrease in FMBS (p = 0.002) compared with the CG
group (Table 2).

At T0, the two groups showed no significant differences in
mean of FMPS values, full-mouth PD and CAL. At T1, the
TG group showed a significant decrease in FMPS (p = 0.005)
compared with the CG group. Moreover, there were no
significant differences in mean of full-mouth PD and CAL
between the two groups at T1: both groups showed a significant
reduction in PD (p = 0.001 TG; p = 0.011 CG) and CAL (p < 0.001
TG; p = 0.020 CG) values from baseline to 3 months (Table 2).
There were no subjective complaints, adverse outcomes or side
effects reported or observed in both groups at day 20, 40, 60, 80
and 3 months (Table 3).

DISCUSSION

The effectiveness of natural products and plant extracts is
evidenced by several studies on its use in the treatment
of oral diseases (Palombo, 2011; Škrovánková et al.,
2012; Chinsembu, 2016). We conducted the first-ever
randomized, controlled trial to investigate the effectiveness

TABLE 1 | Basic demographic characteristics of study population.

Parameter Test (n = 17) Control (n = 17)

Mean age ± SD (years) 51,05 ± 7,7 51,29 ± 10,2

Age range (years) 30 to 62 30 to 62

Males/females 8/9 8/9

Smokers/no smokers 6/11 6/11

TABLE 3 | Side effects evaluation at each time period (day 20,40,60,80, 3 months)
in the test (using polyherbal all-natural mouthwash) and Placebo groups.

SIDE effects Test group
(n = 17)

Control group
(n = 17)

Soft tissue Redness oral
mucosa/tongue/gingiva

0 0

Soreness oral
mucosa/tongue/gingiva

0 0

Mouth burning 0 0

Desquamation 0 0

Oral dryness 0 0

Hard tissue Brown spots 0 0

Other Taste perturbation
(loss of taste)

0 0

of a new combination of completely natural plant extracts
(Propolis resin extract, Plantago lanceolata, Salvia officinalis
leaves extract, and 1.75% of essential oils) in a single
mouthwash available on the market, by comparing it with a
placebo mouthwash.

The effectiveness of other herbal mouthwashes compared to
a placebo mouthwash in patients with gingival or periodontal
disease has been shown. Despite this, the topic is still
controversial, due to some studies not using standardized
methodology or having very short follow-ups. The effectiveness
of three herbal extracts (Juniperus communis, Urtica dioica,
Achillea millefolium on plaque and gingivitis) was studied
by comparing it to a placebo mouthwash for 3 months,
finding no beneficial effects (Weijden et al., 1998). Another
study which investigated bacterial enumeration, plaque
accumulation and gingival bleeding of a commercial herbal
mouthwash containing Salvadora persica extract versus placebo
over 3 weeks, found a statistically significant decrease in
the PI of test subjects; a significant reduction in gingival
bleeding was observed in both test and placebo groups
(Khalessi et al., 2004).

Formulated in 2001, based on the traditional and historical
uses of its functional ingredients and their components,

TABLE 2 | Values (mean ± SD) for Plaque and bleeding index and PD and CAL at Baseline and at 3 months.

Parameter Interval Test Control P value

FMBS T0 12.23 ± 9.49 9.19 ± 6.23 0.438

T1 1.63 ± 1.74 3.85 ± 2.68 0.002

P value <0.001 0.002

FMPS T0 44.70 ± 6.36 44.21 ± 16.04 0.138

T1 17.64 ± 5.59 29.70 ± 14.38 0.005

P value <0.001 0.003

PD ≥ 5 mm T0 8.23 ± 14,42 2.36 ± 3.21 0.068

T1 1.12 ± 1.79 1.37 ± 2.90 0.820

P value 0.001 0.011

CAL ≥ 4 mm T0 43.25 ± 19.65 33.40 ± 16.28 0.174

T1 29.17 ± 17.66 27.30 ± 17.39 0.708

P value <0.001 0.020

Statistically significant at P < 0.05. FMBS, full mouth bleeding score; FMPS, full mouth plaque score; PD, probing depth; CAL, clinical attachment level.
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the tested polyherbal mouthwash is all-natural. Numerous
studies have highlighted essential oils antimicrobial effects
even against multi-resistant bacteria (Mayaud et al., 2008;
Chandra Shekar et al., 2015; Chinsembu, 2016). Because of their
complex chemical composition, which includes more than 100
different therapeutic compounds, essential oils have a broad
biological and antimicrobial activity spectrum: antibacterial,
antifungal, and antiviral (Burt, 2004). Plantago species have
considerable antiviral, anti-inflammatory, and antioxidant
activities (Gálvez et al., 2005). Plantago lanceolata phenolic
compounds seem to play a potential role in the control of
bacterial growth and pathogenic oral flora virulence (Smullen
et al., 2007). The antimicrobial effect of sage extract has been
shown experimentally and clinically (Bozin et al., 2007; Geuenich
et al., 2008). Pistacia lentiscus is an evergreen plant of the
Anacardiaceae family, commonly found in the Mediterranean
region; its fruits, galls, resin, and leaves have a long tradition in
folk medicine. Recently, Pistacia lentiscus was found to exhibit
an anti-inflammatory activity by reduction of inflammatory
mediator production and inhibition of leukocyte recruitment
to the inflammatory site (Ben Khedir et al., 2016). It also
exhibited an antioxidant effect as a source of antioxidant
molecules and indirectly as a stimulator of the activity and
the expression of an antioxidant enzyme (Ben Khedir et al.,
2016). Propolis is a well-known resinous material collected
by bees; more than 300 components have been identified in
Propolis, revealing that its composition is dependent upon
the plant source and local flora. Several researchers have
reported its antibacterial, antiviral, antitumor, anti-inflammatory
property and immunomodulatory action (Sforcin, 2016;
Oryan et al., 2018).

There is therefore strong beneficial evidence for these
individual plant extracts in the tested mouthwash; however,
no evidence exists for the combination of these plant
extracts, formulated as a polyherbal mouthwash. This may
be due to the quality of the substances and its delicate
production process. Essential oils are unstable and fragile
volatile compounds; they could be easily degraded by
either oxidation, volatilization, heat or light if they are
not protected from external factors, especially during the
collection, storage and processing phase (Asbahani et al., 2015).
In vivo studies and clinical trials on other herbal mouthwash
have been performed (Khalessi et al., 2004; Haffajee et al.,
2006), however, the need for clinical trials about the safety
and efficacy of the combination of these herbal extracts in
the tested mouth has been highlighted (Pan et al., 2013;
Freires and Rosalen, 2016).

In the present study, the results are very encouraging; in both
groups there was a significant reduction of inflammation from
T0 to T1, confirming what is well described in the literature:
mechanical therapy (scaling and polishing) improves clinical
conditions by lowering the microbial load either by physical
removal of plaque and by radical alteration of the subgingival
habitat (Khalessi et al., 2004; Haffajee et al., 2006). However,
in this study, 90 days after mechanical therapy, the TG had a
greater reduction also in inflammation (FMBS) compared to the
CG (p = 0.002).

A recent study investigated whether the adjunctive use of a
mouthwash containing three natural essential oils (Cymbopogon
flexuosus oil, Thymus Zygis oil, Rosmarinus officinalis) following
sub-gingival debridement and scaling and root planning (SRP)
could improve the clinical results regarding changes of the clinical
parameters of PD, CAL and bleeding on probing (BoP) (Azad
et al., 2016). Significant improvements of AL, PD, and BoP
occurred in both groups after 3 months (p < 0.001); PD and
BoP being significantly lower in the TG. In accordance with
Azad study, our trial shows a significant improvement of PD
(P = 0.001) and CAL (P < 0.001) in both groups, which can be
explained because each subject in both groups had a preliminary
scale and polishing at T0. Contrarily, no difference in PD and
CAL between the two groups was revealed. This finding may be
explained by the fact that PD reduction and gain in CAL are
the expected result of mechanical instrumentation alone (Claffey
et al., 1988; Haffajee et al., 1997). Therefore, mouthwashes do
not seem crucial for these latter clinical outcomes. In support
of our findings, another 3-month double-blind, randomized
placebo-controlled trial studying clinical and microbial effects
of an essential oil mouthwash in periodontal patients did not
demonstrate any significant differences in full-mouth PD and
full-mouth CAL between the test and placebo group (Cosyn et al.,
2013). Indeed, plaque and bleeding indexes showed a significant
reduction over time (P = 0.029); but, contrary to our data, there
were no statically significant differences between the two groups
(Cosyn et al., 2013).

The present single blind randomized controlled study
shows a significant PI reduction in the TG and CG group.
The considerable improvement of plaque control in both
groups could be attributed to the Hawthorne effect; the
subjects modified their oral hygiene routine due to the
awareness of being observed (McCarney et al., 2007). However,
FMPS has a significant difference between the two groups
(P = 0.005), being significantly decreased in the TG. Our
results are in agreement with other studies which investigated
the anti-plaque and antigingivitis effects of a commercially
available mouthwash containing essential oils with proven
efficacy in individuals with and without periodontal disease
(Sharma et al., 2004; Cortelli et al., 2009). However, although
some herbal mouthwash showed side effects, mainly a mild
mouth burning sensation (Manipal et al., 2016), the tested
combination of all-natural polyherbal mouthwash has not
demonstrated any discomfort or adverse events (Table 3).
This study highlights the superior efficacy of the tested
polyherbal mouthwash, over an essential oil mouthwash, as an
agent without side effects, having considerable properties in
controlling oral inflammation and microbiota. At this regard,
a very recent comparative in vitro study demonstrated that
chlorhexidine-based mouthwashes are still the most effective
in regulating microbial homeostasis (Ardizzoni et al., 2018).
However, chlorhexidine has several side effects that must
be pondered when prescribing mouthwashes containing this
molecule. Indeed, to the best of our knowledge, the need
to develop alternative, innocuous but effective solutions are
highly motivated. Therefore, despite the limitation that the
polyherbal mouthwash was not compared to the “gold standard”
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chlorhexidine mouthwash and was only compared to a placebo,
its all-natural ingredients have to be kept in great attention,
since the preliminary evidence of effectiveness and safety
is very promising.

CONCLUSION

Common oral diseases such as gingivitis and periodontitis
are based on microorganisms; herbal mouthwashes have
an integral role in controlling the oral microbiota, and
therefore are a useful adjunct in preventing periodontal
disease. The use of the polyherbal mouthwash for 3 months
significantly reduces inflammation (FMBS) and plaque
accumulation (FMPS), showing a beneficial effect in patients
with moderate or severe periodontitis. The most important
finding is that, in bleeding and plaque score, participants
using the all-natural polyherbal mouthwash showed significant
improvement compared with the control. Noteworthy is that
no adverse events or side effects were reported or observed
in both groups at each time period. Further studies, in
the near future, will be planned to compare it with the
chlorhexidine mouthwash or other natural mouthwashes with
proven efficacy.
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An altered oral microbiota has been linked with the development of several oral diseases,

such as dental caries, periodontal disease, and oral stomatitis. Moreover, poor oral

health has been linked to head and neck cancer, particularly oral cancer. In recent

years a growing number of studies indicate that oral microbiota could be involved in

the development of primary tumours outside of head and neck region. The aim of this

article is to review the recent studies based on high-throughput technology to present

evidences of a relationship between oral microbiota and “non-head and neck tumours.”

Oral dysbiosis seem to be more pronounced in patients with tumours of gastrointestinal

tract, in particular oesophageal, gastric, pancreatic, and colorectal cancers, paving the

way for developing specific oral microbiota test to allow early cancer detection. Regarding

other tumour types, the results are promising but highly preliminary and still debated.

Currently, there are several factors that limit the generalization of the results, such as the

small sample size, the lack of adequate clinical information about patients, the different

sequencing techniques used, and biological sample heterogeneity. Although only at the

beginning, the analysis of oral microbiota could be the next step in the evolution of cancer

therapy and will help clinicians to develop individualised approaches to cancer prevention

and treatment.

Keywords: oral microbiota, oral microbiome, pancreatic cancer, gastrointestinal tract cancer, high-throughput

sequencing

INTRODUCTION

The term “oral microbiota” refers to the heterogeneous group of microbial species colonizing all
the oral cavity surfaces (Le Bars et al., 2017). In particular, about 700 bacterial species have been
identified in oral cavity and, more importantly, 35% of them have not been cultured (Farrell et al.,
2012). Indeed, themain limitation of microbial culture is the inability to identify the actual diversity
of oral microbiota. To determine bacterial ecosystem as a whole, high-throughput sequencing
methods have been developed, representing a leap toward characterization of oral microbial
community (Benn et al., 2018). Currently, the most common approach to analyse oral microbiota
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is genome sequencing, through the analysis of 16S rDNA gene
sequences. Indeed, the identification of this conserved DNA
sequence has provided a universal system for the identification
of bacteria. Recently, results from studies based on genome
sequencing have started shedding light on the existence of
site-specific microbial patterns that might be considered as
“healthy/normal oral microbiota” (García-Castillo et al., 2016).
The main obstacle to this definition is the highly variable
composition of microbial community due to multiple factors,
such as diet, age, and site (Arweiler and Netuschil, 2016).
Nevertheless, ecological imbalance of microbial community,
called dysbiosis, has been extensively studied both in human
and animal models. It is characterised by: loss of beneficial
microbes, expansion of pathogenic microbes, and general loss
of microbial diversity (Meurman and Uittamo, 2008; Petersen
and Round, 2014). It is becoming evident that the dysbiosis can
lead to cancer development (Schwabe and Jobin, 2013). Three
paradigms were proposed to describe the pathogenetic processes
involving the microbiota in cancer development: trigger of
chronic inflammation and immune responses that promote
tumorigenesis and tumour growth; altered metabolic activity
leading to increased production of toxic metabolites; abrogation
of virus latency leading tomalignancies (Plottel and Blaser, 2011).

An increasing number of studies have shown that oral
microbiota plays a role in the development of oral diseases,
such as dental caries, periodontal disease, and oral stomatitis
(Santarelli et al., 2015; Zhang et al., 2018). Poor oral hygiene
and periodontal disease have been linked to oral cancer, and
increasing evidences suggest that oral microbiota have a role
in oral cancer development (García-Castillo et al., 2016). More
broadly, is becoming evident that oral dysbiosis is associated with
head and neck cancer development. Head and neck tumours
originate from several anatomical sites, each associated with
its own microbiota. Therefore, is possible that the crosstalk
between microbial populations, combined with known risk
factors, could drive head and neck carcinogenesis (Hayes et al.,
2018). Oral dysbiosis has been also involved in the pathogenesis
of systemic diseases. Indeed, recent studies indicate that oral
microbiota seems to be involved in the tumours of distant
organs, in particular “non-head and neck tumours” (Table 1;
Klimesova et al., 2018).

The aim of this article is to review the recent studies based
on genome sequencing to present evidences of a relationship
between oral microbiota and tumours of distant organs.

PANCREATIC CANCER

Pancreatic cancer (PC) is a malignant tumour with a 5-year
survival rate of 2–9% and a median survival time of 6 months
(Mcguigan et al., 2018). Although localised PCs have better
survival rate, these patients show absence or non-specific clinical
manifestations. The diagnostic delay leads to a fatal outcome,
with 80% of PCs that are unresectable at the time of presentation
(Vincent et al., 2011). Despite the study of thousands of blood
biomarkers for early detection of PC, none of them have
been validated for clinical use, suggesting a continuous change

of proteins expression over the course of disease evolution
(Yachida et al., 2010).

Several reports have demonstrated an association between
pathogenic microorganisms and PC, suggesting a role as
diagnostic biomarkers. Furthermore, is possible that bacterial
dysbiosis could contribute to the formation and progression of
PC (Wang and Li, 2015). In addition to the well-known risk
factors for PC, several studies have reported a positive association
between PC and oral health status. In particular, the relationship
between periodontal disease and tooth loss and an increased risk
of PC was found, suggesting that toxins exposure and increase
of systemic inflammation could promote tumour development
(Hujoel et al., 2003; Stolzenberg-Solomon et al., 2003; Michaud
et al., 2007). These findings led to the first studies on oral
microbiota describing the possible link between oral dysbiosis
and non-oropharyngeal cancers (Tables 1, 2).

In 2012was conducted the firstmicrobiota profiling of salivary
samples of patients affected by PC (Farrell et al., 2012). A
marked reduction of N. elongata and S. mitis and a significant
increase of G. adiacens, suggesting a link between variations
in oral microbiota and PC. In another study, saliva from 108
subjects was evaluated to determine microbiota profiles (Torres
et al., 2015). Although the overall microbiota diversity of the
groups was similar, a significative higher ratio of Leptotrichia
to Porphyromonas (LP ratio) was found in PC patients. Despite
the small sample size, salivary LP ratio was suggested as
a simple biomarker for PC. Moreover, this study confirmed
previous results showing that patients with high levels of plasma
antibodies to P. gingivalis were at higher risk of PC (Ahn
et al., 2012b; Michaud et al., 2013). Oral microbiota of patients
with intraductal papillary mucinous neoplasms (IPMN) and
pancreatic ductal adenocarcinoma (PDAC) was recently studied
(Olson et al., 2017). The results found similar overall microbiota
profile in saliva of PDAC and IPMN patients, but the mean
relative proportion of taxa among IPMN patients was between
that for PDAC patients and the controls. Recently, Fan et al.
conducted the first prospective case-control study with the aim
to evaluate microbiota profile in mouthwash samples taken from
PC patients and healthy controls (Fan et al., 2018). Although
no significant differences in overall microbiota composition
were found, P. gingivalis and A. actinomycetemcomitans were
associated with a higher risk of PC, while Fusobacteria and
Leptotrichia were associated with decreased tumour risk.

UPPER GASTROINTESTINAL TRACT
CANCER

Upper gastrointestinal cancers are characterised by non-specific
clinical manifestations, absence of effective treatments, and
changing epidemiological trends. Oesophageal cancer is the sixth
most common cause of cancer death, with a 5-year survival rate
of 15–25%. Histologically, the two main types are oesophageal
squamous cell carcinoma (SCC) and adenocarcinoma (AC)
(Domper Arnal et al., 2015). Microbiota seems to play a role in
oesophageal cancer aetiology, probably through the regulation
of the barrier function, the modulation of inflammation, or
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TABLE 1 | Published studies on the relationship between oral microbiota and tumours of distant organs, showing principal results.

References Cancer n◦ patients Sequencing technique

(instrument)

[16S rDNA hypervariable

regions]

Sample Validated

results

Main findings

Chen et al., 2015 EC 87 SCC,

63 dysplasia,

85 controls

Pyrosequencing (Roche 454

FLX Titanium) [V3–V4]

Saliva No Overall decreased microbial diversity in cancer patients. Oral microbiota of cancer and healthy subjects

clustered in opposite directions, while dysplasia patients were located between the 2 groups.

Peters et al., 2017 EC 81 AC,

25 SCC,

210 controls

Synthesis (Illumina MiSeq)

[V4]

Oral rinse No Overall microbial diversity of AC and SCC patients did not differ significantly from matched controls.

T. forsythia and P. gingivalis were more abundant in AC and SCC cases, respectively.

Snider et al., 2018 EC 32 Barrett

esophagus,

17 control

Synthesis (Illumina HiSeq

2500) [V4]

Oral swab Yes A 3-taxon model (Lautropia, Streptococcus, and an unspecified genus of the order Bacteroidales)

discriminated between Barrett and controls (AUC = 0.94). Cancer patients with Barrett showed

increased levels of Enterobacteriaceae.

Hu et al., 2015 GC 34 GC,

17 controls

Synthesis (Illumina MiSeq)

[V2–V4]

Tongue coat No Overall diversity of tongue coating microbiota was reduced in “thick tongue” phenotype. Thick tongue

coating was associated with gastric cancer.

Sun et al., 2018 GC 37 GC,

13 controls

Synthesis (Illumina MiSeq)

[V4]

Saliva,

plaque

No Overall increased microbial diversity in cancer patients. A scoring system based on 11 different genera

was used to screen gastric cancer (sensitivity = 97%, false positivity rate = 7.7%).

Wu et al., 2018 GC 57 GC,

80 controls

Pyrosequencing (Roche 454

GS-FLX) [V4]

Tongue coat No 6 bacterial clusters were identified to distinguish cancer patients from controls. Cancer patients showed

less abundant bacterial clusters 1–2 and more abundant bacterial cluster 3–6 (cluster 6 had AUC =

0.76).

Farrell et al., 2012 PC 10PC,

10 controls

Microarray assay (HOMIM

array)

Saliva Yes 2-biomarker model (N. elongata and S. mitis) distinguished cancer patients from healthy controls (AUC =

0.90). 2-biomarker model (G. adiacens and S. mitis) distinguished cancer patients from chronic

pancreatitis (AUC = 0.68).

Torres et al., 2015 PC 8PC,

78 other

disease,

22 controls

Synthesis (Illumina MiSeq)

[V4]

Saliva No Overall microbiota diversity of the three groups was very similar. Significative higher ratio of Leptotrichia

to Porphyromonas was found in cancer patients.

Olson et al., 2017 PC 40 PDAC,

39 IPMN,

58 controls

Synthesis (Illumina MiSeq)

[V4–V5]

Saliva No Overall microbiota in PDAC and IPMN patients was very similar. PDAC cases showed higher proportion

of Firmicutes and related taxa.

Fan et al., 2018 PC 361PC,

371 controls

Pyrosequencing (Roche 454

FLX Titanium) [V3–V4]

Oral rinse No P. gingivalis and A. actinomycetemcomitans were associated with a higher risk of cancer. Fusobacteria

and Leptotrichia were associated with decreased risk of cancer.

Han et al., 2014 CRC 47 CRC,

45 controls

Synthesis (Illumina MiSeq)

[V2–V4]

Tongue coat No Thick tongue coating was associated with cancer patients and microbiota imbalance on the tongue was

related to the changes in tongue coating.

Kato et al., 2016 CRC 68 CRC,

122 controls

Synthesis (Illumina MiSeq)

[V3–V4]

Oral rinse No Colorectal cancer was associated with increased presence of Lactobacillus and Rothia. The differences

of overall microbiota between smokers and non-smokers were higher in cancer patients.

Russo et al., 2017 CRC 10 CRC,

10 controls

Synthesis (Illumina MiSeq)

[V3–V4]

Saliva No There were no significant differences in salivary microbiota between cancer patients and controls.

Flemer et al., 2018 CRC 45 CRC,

21 polyps,

25 controls

Synthesis (Illumina MiSeq)

[V3–V4]

Oral swab No Overall microbiota differs between cancer patients and controls. A specific oral and faecal microbiota test

discriminated healthy controls from patients with cancer and polyps (AUC = 0.94 and 0.98, respectively).

Yang et al., 2018 CRC 231 CRC,

461 control

Synthesis (Illumina HiSeq)

[V4]

Oral rinse No T. denticola and P. intermedia were associated with increased cancer risk. Furthermore, 11 common and

16 rare taxa were also associated with cancer risk.

Wang et al., 2014 ALL 13 ALL,

12 controls

Pyrosequencing (Roche 454

GS-FLX) [V1–V3]

Plaque No ALL patients had reduced overall microbial diversity. Moreover, “leukemia-associated” taxa were

detected.

(Continued)
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the direct metabolism of carcinogens (Peters et al., 2017).
Furthermore, periodontal disease seems to be associated with
increased cancer risk, suggesting a role of oral microbiota
(Michaud et al., 2007).

Salivary microbiota of oesophageal SCC, oesophageal
dysplasia, and healthy subjects were compared, showing
reduction of several genera in cancer patients (Chen et al.,
2015). Overall oral microbiota of oesophageal SCC and controls
clustered in opposite directions, while dysplasia patients were
located between the 2 groups. Oral microbiota profiling was
prospectively studied in oesophageal SCC and AC, using pre-
diagnostic oral wash samples from cancer and healthy cohorts,
but lack of significant diversity between cancer patients and
matched controls was found (Peters et al., 2017). Nevertheless,
two periodontal pathogens, T. forsythia and P. gingivalis, were
more abundant in oesophageal AC and SCC cases, respectively. A
recent work evaluated the feasibility of early detection of Barrett’s
oesophagus through the assessment of oral microbiota (Snider
et al., 2018). A 3-taxon model including Lautropia, Streptococcus,
and a genus of the order Bacteroidales distinguished Barrett’s
oesophagus from controls with high sensitivity (96.9%) and
specificity (88.2%) (Tables 1, 2).

Gastric cancer (GC) is the third most common cause of cancer
death, with a 5-year survival rate of 30%. Interestingly, 5-year
survival rate in Japan is 70% for early stages of GC, suggesting the
feasibility of mass screening programs (Karimi et al., 2014). The
well-established role of H. pylori in GC development has given
rise to the hypothesis that oral microbial dysbiosis could promote
GC development (Ahn et al., 2012a). Several epidemiological
studies corroborated such hypothesis showing the association
between periodontal disease and tooth loss and an increased risk
of GC (Stolzenberg-Solomon et al., 2003; Michaud et al., 2017).
These findings led to the search for oral microbial biomarkers
that allow an early and non-invasive diagnosis of GC (Table 1).

The relationship between tongue coating appearance and
tongue microbiota profiling was investigated in GC patients
and healthy controls (Hu et al., 2015). Tongue coating was
significantly ticker in GC patients and was associated with
reduced overall microbial diversity. Another study explored the
alterations of tongue coating microbiota in patients with newly
diagnosed GC and healthy controls, demonstrating a significative
lower ratio of Bacteroidetes to Firmicutes in GC, especially in
non-cardia GC patients (Wu et al., 2018). A recent case-control
study was conducted with the aim to investigate the microbial
community of both salivary and subgingival plaque in GC
patients (Sun et al., 2018). Although saliva and plaque showed
two different microbiotas, the overall microbial diversity was
significantly increased in GC patients, and a screening system
based on 11 different genera demonstrated high sensitivity
(97%) (Table 2).

LOWER GASTROINTESTINAL TRACT
CANCER

Colorectal cancer (CRC) is one of the most diagnosed
malignancy and the second most common cause of cancer
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TABLE 2 | Comparison of microbial composition at the genus level in cancer patients.

Cancer Increased microbes (genus) Reduced microbes (genus) References

EC Streptococcus, Veillonella Neisseria, Rothia, Haemophilus Chen et al., 2015; Peters et al., 2017; Snider et al., 2018

GC Streptococcus, Veillonella Neisseria, Rothia, Leptotrichia Sun et al., 2018; Wu et al., 2018

PC Streptococcus Neisseria, Haemophilus, Leptotrichia Torres et al., 2015; Olson et al., 2017; Fan et al., 2018

CRC Rothia, Actinomyces, Lactobacillus Streptococcus, Neisseria, Haemophilus Han et al., 2014; Kato et al., 2016; Flemer et al., 2018; Yang et al., 2018

ALL/AML Veillonella, Streptococcus Leptotrichia Wang et al., 2014; Galloway-Peña et al., 2017

LC Veillonella Neisseria Yan et al., 2015

HC Leptotrichia Streptococcus, Haemophilus Lu et al., 2016

Only main microbial species were reported (for further details, see Supplementary Table 1). Interestingly, expression levels of genus Streptococcus change significantly depending on

tumour type. EC, oesophageal cancer; GC, gastric cancer; PC, Pancreatic cancer; CRC, colorectal cancer; ALL/AML, Acute lymphoblastic leukaemia/acute myeloid leukaemia; LC,

lung cancer; HC, hepatic cancer.

death (Marley and Nan, 2016). A possible association between
gut dysbiosis and CRC have been suggested. Indeed, both
the whole colon microbiota and specific pathogens seems to
contribute to the formation and progression of CRC (Klimesova
et al., 2018). Findings of colonization of CRC tissues by typical
oral bacteria raised the hypothesis of a possible involvement of
oral microbiota in CRC development. The possible link between
oral microbiota and CRC has been suggested by the fact that
each day 1011 oral bacteria reach colorectal mucosa, influencing
local microbiota (Klimesova et al., 2018). Furthermore, several
epidemiological investigations suggested an association between
periodontal disease and CRC (Hu et al., 2018). Although the
interactions between CRC and the oral-gut microbiota axis
are poorly understood, several studies have been conducted to
investigate the role of oral bacteria as diagnostic biomarkers for
CRC (Table 1).

Han et al. evaluated the relationship between tongue coating
appearance and microbiota profiling in patients with CRC (Han
et al., 2014). The results were similar to those obtained by
the same research group in GC (Hu et al., 2015), showing
a significant association between “thick tongue” phenotype
and overall microbiota imbalance, especially in CRC patients.
Another study investigated the association of smoking and CRC
history with oral microbiota profile (Kato et al., 2016). The
results failed to support earlier observations about the association
between F. nucleatum and CRC, although increased presence of
Lactobacillus and Rothia genera was found in cancer patients.
Furthermore, smoking status was associated with a decrease in
Betaproteobacteria class and Veilonellaceae family, especially in
CRC patients. Microbial communities in a small group of CRC
patients were investigated by comparingmicrobiota profiles from
saliva, faeces and tissue samples (Russo et al., 2017). Although an
altered microbial composition in faecal samples of CRC patients
was noted, the differences in oral microbiota between cancer
patients and healthy controls were inconsistent. A recent study
compared microbiotas from faecal samples and colonic mucosa
with oral microbiota in a larger cohort of patients (45 with
CRC, 21 with colorectal polyps, and 25 healthy controls) (Flemer
et al., 2018). Overall microbiota differs significantly between CRC
patients and controls, suggesting that the colonic establishment
of a putatively pathogenic oral-like community is more frequent
in patients with CRC or polyps. Moreover, a specific oral

and faecal microbiota test discriminated healthy controls from
CRC patients with high sensitivity (76%) and specificity (94%).
Recently, a large prospective case-control study investigated the
association of specific periodontal pathogens and the overall oral
microbiota with subsequent risk of CRC (Yang et al., 2018). The
results showed a significant relationship between CRC risk and
higher levels of T. denticola and P. intermedia. Furthermore, 11
common and 16 rare taxa seemed to be associated with cancer
risk, especially among African-American and females.

OTHER TUMOURS

The promising results obtained by oral microbiota studies in
gastrointestinal cancers led several research groups to investigate
the diagnostic/prognostic applications of oral microbiota in
other tumours. Although promising, these results are highly
preliminary and far less clear than those reported in the
aforementioned studies (Tables 1, 2).

Among the blood cancers, leukaemia is frequently associated
with oral manifestations, like periodontitis and candidiasis.
Therefore, imbalance of commensal oral microflora could be
related to higher risk of both oral and systemic infections
(Păunică et al., 2009). Oral microbiota profiling was evaluated
in paediatric patients affected by acute lymphoblastic leukaemia
(Wang et al., 2014). In particular, a genome analysis was
conducted on supragingival plaque microbiota in 13 ALL
patients, showing a reduced overall microbial diversity and
detecting a specific pool of leukaemia-associated taxa. A
longitudinal study was conducted on patients with acute myeloid
leukaemia, with the aim to evaluate the variability of oral and
gut microbiota during induction chemotherapy (Galloway-Peña
et al., 2017). The results highlighted a high intra-patient temporal
variability of oral microbiota and a correlation with higher risk of
infection after induction chemotherapy.

Among solid malignancies, oral microbiota profile was
investigated in lung cancer (LC) patients (Yan et al., 2015).
Salivary samples from patients with SCC and AC showed overall
microbiota difference between cancer patients and healthy
controls. Furthermore, scoring system based on 2 genera,
Veillonella and Capnocytophaga, distinguished healthy controls
from SCC and AC. Another high-throughput sequencing-based
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study investigated tongue coatingmicrobiota in cirrhotic patients
with hepatic cancer (HC), finding an increased overall microbial
diversity (Lu et al., 2016). Furthermore, 2 genera, Oribacterium
and Fusobacterium, discriminated between HC patients and
healthy controls. Finally, Wang et al. compared oral and urinary
microbiota from 57 patients with breast cancer (BC) and 21
healthy subjects, but lack of significant relationship between oral
microbiota and the presence of BC was found (Wang et al., 2017).

CONCLUSIONS

Overall, the results presented here showed a significant shift
in oral microbiota composition between cancer patients and
healthy controls. For example, Firmicutes and Actinobacteria
were the most predominant phyla in cancer patients,
while Proteobacteria, Fusobacteria, and Bacteroides were
significantly more abundant in healthy controls (Table 2).
Recently, the concept of resilience has been applied to the
oral microbiota, defined as the capacity of this microbial
ecosystem to deal with perturbation without shifting to
potentially harmful states (Rosier et al., 2018). Strong and
persistent perturbations to the oral environments can disrupt
resilience, leading to a “regime shift” toward oral dysbiosis and,
ultimately, to an increased risk of oral and systemic disease
(Marsh, 2003).

Unfortunately, these results are heterogeneous among the
studies, especially regarding specific cancer types, and do not
allow drawing general conclusions. In particular, oral microbiota
alterations seem to be more pronounced in patients with
gastrointestinal tumours, paving the way for developing specific
tests to allow early detection of cancer (Farrell et al., 2012; Torres
et al., 2015; Flemer et al., 2018; Snider et al., 2018). The overlap
between the microbiotas of oral cavity and gastrointestinal tract,
probably due to colonization of gut mucosa by oral bacteria,
could partially explain these results (Flynn et al., 2016).

There are several factors that currently limit the generalization
of these results. First of all, the small sample size, mainly
due to the high sequencing cost, limits the statistical power
of the studies. Furthermore, lack of adequate information
about patients (e.g., oral health status, active smoking, and
antibiotic use) is a source of confounding factors (Snider
et al., 2018). Most studies are conducted cross-sectionally,
a design that is unable to infer causality between oral
dysbiosis and tumour development. This aspect is particularly
important, because the alternative hypothesis is the so-
called “reverse causality,” namely that modifications in the
normal oral microbiota are the result of tumour progression,
secondary to systemic processes (Fan et al., 2018). Indeed,
although different pathogenic mechanisms have been proposed,
direct evidence is not yet available and the reverse causality
cannot be excluded. In particular, oral microbiota could be
involved in cancer development, but specific tissue tropism
for microbial translocation and molecular mechanisms of
microbiota-driven carcinogenesis at distal sites are yet to be
proven (Chen et al., 2017).

Regarding methodological aspects, different types of oral
samples were evaluated making the comparison of these
microbial communities difficult. Bacteria colonize all sites
within the oral cavity, forming different habitats, each with
different non-overlapping microbial populations (Jia et al., 2018).
Therefore, it is important to develop a method that can access
all oral sites and the microbial diversity inherent to them (Lim
et al., 2017). Saliva is the most commonly studied sample, due to
several features that make it ideal for research purposes. Thanks
to its role in “ecological stability” of oral cavity, saliva allows to
early detect an overall dysbiotic trend of oral microbiota (Rosier
et al., 2018; Belibasakis et al., 2019). Although different collection
methods can alter salivary microbiota (e.g., muscle movements
from spitting action may provide larger microbial coverage
compared with passive drooling), this seems to not significantly
affect the overall microbial composition (Lim et al., 2017). The
studies reported here used different sequencing techniques and
analysed different 16S rDNA hypervariable regions, with an
increased risk for ambiguous data for some rare bacterial species
(Table 1; Verma et al., 2018). Furthermore, sequencing depth
of these studies could not be sensitive enough to adequately
describe differences in oral microbiota in patients with and
without tumour (Teng et al., 2018).

Nevertheless, the evidences linking oral microbiota
with different tumours are promising. Furthermore,
metatranscriptomic and metabolomic analyses are making a
significant contribution to the understanding of the relationship
between oral microbiota metabolism and human health (García-
Castillo et al., 2016). The demonstration of a direct causality
between oral dysbiosis and risk of tumour development could
lead to new prevention strategies. This could also lead to a
broader definition of oral health, including also the presence of a
stable microbial homeostasis. Furthermore, causal link between
oral microbiota and cancer could contribute to the search for
new biomarkers (e.g., markers of resilience) and new therapeutic
anticancer strategies, such as the use of pre- and pro-biotics
(Rosier et al., 2018).

Although only at the beginning, oral microbiota analysis could
be the next step in the evolution of cancer therapy and will help
clinicians to develop tailored prevention and treatment strategies.
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Salivary glands (SG) arise from ectodermal tissue between 6 and 12th weeks of
intrauterine life through finely regulated epithelial-mesenchymal interactions. For this
reason, different types of structural congenital anomalies, ranging from asymptomatic
anatomical variants to alterations associated with syndromic conditions, have been
described. Notable glandular parenchyma anomalies are the SG aplasia and the ectopic
SG tissue. Major SG aplasia is a developmental anomaly, leading to variable degrees of
xerostomia, and oral dryness. Ectopic SG tissue can occur as accessory gland tissue,
salivary tissue associated with branchial cleft anomalies, or true heterotopic SG tissue.
Among salivary ducts anomalies, congenital atresia is a rare developmental anomaly
due to duct canalization failure in oral cavity, lead to salivary retention posterior to the
imperforate orifice. Accessory ducts originate from the invagination of the developing
duct in two places or from the premature ventral branching of the main duct. Heterotopic
ducts may arise from glandular bud positioned in an anomalous site lateral to the
stomodeum or from the failure of the intraoral groove development, hindering their
proximal canalization. These anomalies require multidisciplinary approach to diagnosis
and treatment. While ectopic or accessory SG tissue/ducts often do not require any
treatment, patients with SG aplasia could benefit from strategies for restoring SG
function. This article attempts to review the literature on SG parenchyma and ducts
anomalies in head and neck region providing clinicians with a comprehensive range
of clinical phenotypes and possible future applications of bioengineered therapies for
next-generation of regenerative medicine.

Keywords: salivary glands, salivary gland aplasia, accessory salivary gland, accessory salivary ducts, facial
developmental anomalies, stem cells

INTRODUCTION

Salivary glands (SG) arise from ectodermal tissue during intrauterine life following a complex
and well-timed sequence of epithelial-mesenchymal interactions (McDonald et al., 1986; Pham
Dang et al., 2010). Parotid glands are the first to develop from the 6th week of intrauterine life,
followed by submandibular (7th week), sublingual (8th week), and the other minor SGs (9–12th
weeks) (Zhang et al., 2010; Berta et al., 2013; Chadi et al., 2017). Whereas parotid and minor SGs
are certainly ectodermal in origin, submandibular, and sublingual glands arise from the mouth
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floor in the junctional regions between ectoderm and endoderm
(Amin and Bailey, 2001; Antoniades et al., 2006; Higley et al.,
2010). From 18 to 25th week, SG acquire connective capsules and
interlobular ducts, while glandular parenchyma shows a rapid
growth, leading to highly increase in the number of lobules,
and almost complete canalization of the tubules (Aronovich and
Edwards, 2014). Although the parotid is the first to develop,
it is encapsulated after the submandibular and sublingual
glands. This delayed encapsulation is critical because lymphatic
system develops within mesoderm after encapsulation of the
submandibular and sublingual glands but prior to encapsulation
of the parotid gland (Goldenberg et al., 2000). Noteworthy,
distal perforation of the submandibular duct (SMD) or Wharton
duct into the medial paralingual sulcus is believed to be one of
the last stages in the SG development (Amin and Bailey, 2001;
Aronovich and Edwards, 2014).

Parotid gland produces almost exclusively serous saliva, while
submandibular and sublingual glands produce both serous and
mucous secretions (Chadi et al., 2017). Parotid secretions are
carried by the main parotid duct (PD) or Stensen duct into oral
cavity: it arises from the anterior margin of the gland, from the
confluence of two main tributaries, and opens on the parotid
papilla into the oral vestibule. The PD mean length and diameter
are 50.0 and 1.7 mm, respectively. An accessory PD may join
the main duct as the latter passes over the masseter muscle
(Kulkarni et al., 2011).

Submandibular duct begins by numerous branches from deep
surface of the gland and it drains in a narrow orifice on the top
of sublingual caruncle. The SMD mean length and diameter are
62.0 and 3.0 mm, respectively. Along its course, SMD bends at the
posterior margin of mylohyoid muscle to form the genu of the
SMD (with the angle ranging from 102.7◦ to 114.4◦) (Horsburgh
and Massoud, 2013). The major sublingual duct (Bartholin duct)
originates from the center of the gland and is accompanied
by 8–15 minor excretory ducts (Rivinus ducts). Whereas the
minor ducts open into the sublingual fold, Bartholin duct opens
alone or in conjunction with SMD at the sublingual caruncle
(Zhang et al., 2010).

As previously mentioned, the SG development is a finely
regulated process, involving well-timed sequences of cellular,
and tissue events. For this reason, different types of structural
congenital anomalies have been described so far, ranging from
asymptomatic anatomical variants to alterations associated with
syndromic conditions (Table 1). The aim of this article is to
review the literature on SG parenchyma ad ducts anomalies in
head and neck region (Table 2 and Supplementary Table 1),
providing clinicians with a comprehensive range of clinical
phenotypes, and possible future applications of bioengineered
therapies for SG repair and regeneration.

GLANDULAR PARENCHYMA
ANOMALIES

Aplastic/Hypoplastic Gland Tissue
Aplasia/hypoplasia of the major SGs are rare developmental
anomalies, either unilateral or bilateral, that can be isolated

or part of a hereditary syndrome (McDonald et al., 1986; Yan
et al., 2012). SG aplasia may occur alone or in association
with accessory salivary tissue or with other developmental
anomalies of the first pharyngeal arch. The first report
describing major SGs aplasia was by Bradbury in 1879,
while the earliest case of parotid glands aplasia was reported
by Poirier in 1881 (Ferguson and Ponnambalam, 2005).
The first genetic-related absence of SG was reported in
1924 by Ramsey, who described a pleotropic autosomal
dominant disorder, with a high degree of penetrance,
more commonly found in males (Matsuda et al., 1999;
Goldenberg et al., 2000).

Parotid gland aplasia has an estimated incidence of 1:5000 live
births, while only 49 cases of submandibular aplasia have been
reported until now. The higher frequency of parotid gland aplasia
could be related to its earlier morphogenesis compared to the
other SG, exposing this gland to increased risk of developmental
impairment (Goldenberg et al., 2000).

Clinical presentation varies depending on the number of
missing SGs, their role in salivary flow, and the presence
of compensatory hypertrophy of the remaining glands. SG
aplasia leads to variable degrees of xerostomia and oral
dryness, although some patients with hypoplasia and/or,
unilateral aplasia are asymptomatic (McDonald et al., 1986;
Matsuda et al., 1999).

Main symptoms include erythematous oral mucosa, glossitis,
cheilitis, chronic erythematous candidiasis, and exfoliate lips.
There is also an increased risk for dental caries, teeth erosion,
periodontal disease, tongue papillary atrophy, pain, and oral
ulcers. Furthermore, patients can report hoarseness, dysphagia,
oropharyngeal infections, feeding/swallowing impairment,
intolerance to acidic or spicy food, dysgeusia, and gastric acid
reflux due to inadequate salivary buffering action (Antoniades
et al., 2006; Herrera-Calvo et al., 2011; Santarelli et al., 2015).

The intraoral examination reveals the absence of
parotid papillae and/or SMD orifices, lack of saliva
production upon palpation and, in cases of unilateral
aplasia, asymmetry of the parotid/submandibular region.
The imaging techniques used to demonstrate SG anomalies
include: Ultrasonography, computed tomography (CT),
magnetic resonance imaging (MRI), sialography, and
scintigraphy (Matsuda et al., 1999). Ultrasonography is
a primary step to assess anomalies of superficial parotid
lobe and submandibular glands, while MRI is used
for deeper lesions or sublingual glands. Sialography is
prescribed to assess duct anomalies and ductal system of
accessory/rudimentary SGs, while scintigraphy is useful to
assess secretory function, including that of the minor SGs
of nasal and oropharyngeal regions. Laboratory tests and/or
SG biopsy can be obtained in order to determine if the
underlying cause is related to systemic diseases, such as
Sjögren syndrome (Antoniades et al., 2006; Higley et al., 2010;
Herrera-Calvo et al., 2011).

Only topical therapies are available for SG aplasia, based
on saliva substitutes. Other measures include lifestyle changes,
such as increasing water intake and limiting irritating foods.
Furthermore, regular dental examinations, low-sugar diet, and
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TABLE 1 | Developmental anomalies and manifestation related to salivary gland aplasia/hypoplasia in syndromic and non-syndromic patients.

Developmental anomalies Clinical features (head and neck)

1. Syndromes closely related to SG aplasia/hypoplasia

Lacrimo-auriculo-dento-digital syndrome (LADD) or Levy-Hollister syndrome Oral cavity: small and sharp lateral incisor, lateral upper incisor agenesis, and
bifid uvula

Lacrimal glands: aplasia/hypoplasia, duct obstruction, and absence of lacrimal
punctum

Other: cup-shaped ears, sensory, or mixed deafness.

Oculo-auriculo-vertebral spectrum (OAVS) Oral cavity: micrognathia, macrostomia, oral facial cleft, mandibular
hypoplasia/deformity, and tongue anomaly;

Other: microtia, hemifacial macrosomia, facial palsy, branchial cyst, preauricular
skin tag, and oral apraxia

Ectrodactyly ectodermal dysplasia cleft lip/palate syndrome (ECC) Oral cavity: dental abnormalities, lip, and palate cleft Lacrimal glands: absence
of lacrimal punctum Other: deformed ears, conductive hearing loss

2. Syndromes that can be associated with SG aplasia/hypoplasia

Down syndrome Oral cavity: dental agenesia, hypo/hyper/microdontia, delayed eruption, open
bite, taurodontism, gingivitis/periodontitis, cheilitis-stomatitis, ogival vault,
protruding tongue, and maxillary processes hypoplasia

Head and neck: slanting palpebral fissures, epicanthic folds, brachycephaly, flat
cranial base, and flattened nose bridge

Klinefelter syndrome Oral cavity: shovel-shaped incisor, taurodontism, and delayed eruption

Head and neck: brachycephaly

Treacher-Collins syndrome Oral cavity: mandibular/maxillary dysostosis, cleft palate

3. Developmental anomalies associated with SG aplasia/hypoplasia in non-syndromic patients

Lacrimal glands Secretion disorders

Oral cavity Hypo/oligo/anodontia, enamel hypoplasia, multiple caries, fissured tongue, lip,
and palate cleft

Head and neck Cranial deformity, mandibular ramus agenesia

SG, salivary gland.

TABLE 2 | Summary table of developmental disorders involving salivary glands and ducts.

Developmental disorders Main features

Major SG aplasia • Sporadic, familial, or syndromic forms (e.g., LADD, Down syndrome)

• Isolated or in association with lacrimal gland disorders or other anomalies (e.g., cleft lip and palate)

Parotid gland aplasia • Sporadic, familial, or syndromic forms (e.g., Klinefelter syndrome)

• Unilateral or bilateral form

• Isolated or in association with other gland anomalies (e.g., contralateral parotid gland hypoplasia/hypertrophy, parotid accessory
tissue, lacrimal anomalies) or other diseases (e.g., pleomorphic adenoma, angioma)

Submandibular gland aplasia • Sporadic or syndromic forms (e.g., ectodermal dysplasia)

• Unilateral or bilateral form

• Isolated or in association with other gland anomalies (e.g., sublingual gland hypoplasia/hypertrophy, cleft lip, and palate)

Ectopic SG tissue • Accessory parotid gland (normal anatomical variant) and submandibular gland, with/without accessory salivary ducts

• Gland tissue associated with branchial cleft anomalies (Huschke foramen)

• Heterotopic SG tissue, with/without accessory salivary duct and other anomalies, sporadic, or familial form

SD atresia • Unilateral or bilateral form

• Atresia of submandibular or sublingual SD

Duplication or accessory SDs • Unilateral or bilateral form

• Duplicated or accessory SD (submandibular, sublingual, or parotid gland)

• Isolated or associated with SG duplication

SG, salivary glands; SD, salivary ducts; LADD, Lacrimo-auriculo-dento-digital syndrome.

use of fluoride-based dental products are suggested in order to
prevent dental caries (Chadi et al., 2017).

Salivary glands aplasia can occur with other multiple facial
developmental anomalies (Table 1). The association of parotid
and lacrimal aplasia raises the possibility of an ectodermal

defect manifesting after the 6th week of fetal life. The
absence of submandibular and sublingual glands supports their
ectodermal origin although it is impossible to differentiate
between ectodermal and endodermal-derived epithelium in the
mouth floor (McDonald et al., 1986).
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The mutation of FGF-10 or FGFR2b seems to decrease the
survival of progenitor cells in a murine model, leading to
aplasia/hypoplasia of major SGs (Berta et al., 2013). Although
FGF-10 mutation has been reported in some patients, the
diagnosis is usually based on clinico-radiological findings.
The diagnostic genetic investigations are recommended only
if they have a substantial impact on patient management.
The mechanisms related to sporadic cases can be either a
de novo mutation gene, especially FGF-10, or a multifactorial
cause associated with genetic and/or environmental factors (e.g.,
infections during pregnancy) (Berta et al., 2013).

Ectopic Gland Tissue
The ectopic SG tissue has been reported in several body
sites including hypophysis, middle and external ear, mandible,
thyroglossal duct, thyroid and parathyroid gland capsules, lymph
nodes, and neck region. Ectopic SG tissue can occur in three
forms: (a) accessory gland tissue; (b) salivary tissue associated
with branchial cleft anomalies; and (c) true heterotopic salivary
gland tissue (HSGT).

Finally, stafne bone defect (SBD) should be mentioned as a
special case of ectopic SG tissue. This is a bone cavity usually
located on the posterior mandible, below the inferior alveolar
canal (Philipsen et al., 2002). Several Authors suggested that
SBD could be the result of hypertrophic SG lobe, an erosion
from vascular tissue compression, or the incomplete Meckel
cartilage calcification. Although SBD usually contains ectopic
glandular tissue, other tissues can be found in the bone cavity,
such as muscles, lymphoid tissue, blood vessels, fat, or connective
tissue. Furthermore, even if present, glandular tissue is not
directly connected to other SGs nor to independent ductal system
(Hisatomi et al., 2019). For these reasons, this anomaly will not be
further discussed.

Accessory Gland Tissue
Accessory SG tissue refers to lobules of SG tissue which are
completely separated from the main gland at a variable distance,
but which drain into the main duct. It may arise either from SG
inclusions within lymph nodes or from anomalous migration of
salivary lobules. The accessory parotid gland is present in about
21% of the population and is considered a normal anatomical
variant. The histological features are usually identical to those
of the main parotid gland, although 26% of accessory parotid
tissue showed both mucous, and serous acini (Antoniades et al.,
2006; Higley et al., 2010). The ectopic tissue is more susceptible
to SG neoplasms: indeed, 1–7% of all parotid tumors arise
from accessory glands, half of which is histologically malignant
(Batsakis, 1986; Cannon et al., 2012). On the contrary, accessory
submandibular gland is extremely rare; indeed, the first case
was reported in 2000 and to date only 4 cases were reported
(Koybasioglu et al., 2000).

Gland Tissue Associated With Branchial Cleft
Anomalies
Branchial cleft anomalies result from persistence of the
embryonic branchial cleft apparatus. The Huschke foramen
(also known as foramen tympanicum) is a developmental defect

of the first branchial cleft affecting 5–46% of the population,
consisting in a connection between external acoustic canal
and temporomandibular joint (De Zoysa et al., 2009). It
has been associated with herniation of soft tissues from the
temporomandibular joint into the external auditory meatus. In
rare cases, this defect may result in fistula formation between
the parotid gland and the external auditory meatus (Rushton and
Pemberton, 2005). Since the first case in 1984, only 11 additional
cases have been described in literature. Therefore, due to the
rarity and non-specific clinical presentation of this anomaly,
misdiagnosis is frequent (Rushton and Pemberton, 2005). The
diagnosis is made by demonstrating the presence of amylase
in the ear discharge, followed by a sialography. CT and MRI
are useful to demonstrate bony anomalies and/or fistulous tract
through the soft tissue (De Zoysa et al., 2009). Surgical treatment
is the only option, consisting in closing the sialo-aural fistula
by superficial parotidectomy (Cannon et al., 2012). Although
the sialo-aural fistula is not a congenital abnormality per se,
it is a spontaneous complication of a congenital malformation
involving SG tissue.

True Heterotopic Salivary Gland Tissue
Heterotopic salivary gland tissue consists in salivary tissue
with an independent ductal system located in an unusual
anatomical site, isolated from the main SG, and clinically
presenting as a saliva-draining skin fistula (Cannon et al.,
2012). The external opening can be located in oral mucosa,
retroauricular region, buccal, or cervical region (Dutta, 2017).
Less extensive surgery is usually required for HSGT because
the associated tract, if present, is usually short in contrast to
branchial cleft anomalies, which may exist as complete fistulas
(Cannon et al., 2012).

The ectopic parotid system refers to a specific anomaly in the
parotid gland development, characterized by a congenital saliva-
draining cheek fistula near the oral commissure. Congenital
salivary fistula results from the partial failure in normal
involution of the pharyngeal arches during embryogenesis.
The external fistulous orifice typically opens near the mouth
angle, at the fusion site of the maxillary and mandibular
processes (Gadodia et al., 2008; Dutta, 2017). The constant
presence of preauricular appendages and occasional mandibular
hypoplasia suggests that this condition could be included in
the Oculo-Auriculo-Vertebral spectrum (Dutta, 2017). In 2010
was reported a case of bilateral and symmetrical heterotopic
submandibular glands, suggesting that epithelial cord forming
the submandibular gland must have bifurcated and persisted to
grow as separated SGs (Sanli et al., 2010).

Imaging techniques can be used to demonstrate the existence
of accessory parotid gland with a separate ectopic duct, not
communicating with the main gland, and duct (Kulkarni et al.,
2011). Several surgical procedures have been proposed, mainly
the excision of the ectopic accessory parotid with its ductal system
or the intraoral transposition of the fistulous tract. Alternatively,
less invasive technique consists of Ultrasonography-guided
intraglandular injection of botulinum toxin and cauterization of
fistula with trichloroacetic acid injection, but an higher risk of
infection has been reported (Dutta, 2017).
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SALIVARY DUCTS ANOMALIES

Congenital Atresia of Submandibular
Duct
Submandibular duct congenital atresia, described for the first
time in 1955, is a rare developmental anomaly due to canalization
failure of the duct in oral cavity (Mandel and Alfi, 2012).
The consequences of this condition are the salivary retention
posterior to the imperforate orifice and the presence of cyst-like
swelling in the mouth floor (Prosdocimo et al., 2018). Almost all
cases observed in newborns, showing male predominance (73%),
and unilateral clinical presentation (75%).

Clinical manifestation is a bluish cyst-like swelling
containing translucent fluid in the mouth floor following
the SMD course. The main differential diagnosis of SMD
congenital atresia is oral ranula, and it can be difficult
to clinically distinguish between them. However, the
histological examination showed lack of epithelial wall,
while SMD atresia results in a cystic cavity lined by
pseudostratified columnar epithelium with brush borders
and thin connective tissue consistent with a dilated duct
(Amin and Bailey, 2001; Prosdocimo et al., 2018). The other
differential diagnoses include dermal/epidermal inclusion
cysts, thyroglossal cysts, bronchogenic cysts, lymphatic and
vascular lesions, SG tumors, and sialolithiasis (Pownell
et al., 1992; Rosow et al., 2009). MRI is mandatory for
differential diagnosis, showing an elongated and dilated
tubular structure, segmentally lobed in the mouth floor,
consistent with the duct anatomic course. The sphincteric
areas appear as localized duct narrowing (Gadodia et al., 2007;
Mandel and Alfi, 2012).

Surgical treatment is indicated to avoid the sequelae associated
with an imperforate orifice, such as glandular atrophy, permanent
duct dilation, sialadenitis, airway compromise and feeding
difficulties. The marsupialization is the treatment of choice,
while other surgical options include simple incision, excision of
terminal portion of the duct with sialodochoplasty, and stenting
of the duct (Pownell et al., 1992; Gadodia et al., 2007).

Duplication and Accessory Salivary
Ducts
Cases of PD anomalies are rare. Therefore, there are no
adequate reports on its anatomic position and malformations.
PD is formed by the confluence of two ducts near the
posterior mandibular ramus border. When the two ducts
merged with each other outside the parotid gland, the
duplication of PD is determined. The histological sections
allow to determine the existence of a lumen to confirm
the presence of duplication ducts (Aktan et al., 2001;
Hassanzadeh Taheri et al., 2015).

Accessory SMD originates from the invagination of the
developing duct in two places or from the premature ventral
branching of the main duct. It is usually smaller in caliber and
runs parallel to the main duct. Only 9 case of SMD duplication
were reported and most of them are unilateral and incidentally
detected during sialography. As duplication anomalies are mostly

asymptomatic, treatment is needed only for disease processes
affecting the accessory duct (Gadodia et al., 2007).

Heterotopia of PD
The parotid bud develops at the ecto-endodermal junction of
the developing stomodeum and opens into the oral cavity. If
the parotid bud is positioned in an anomalous site lateral to
the stomodeum, a cutaneous PD may develop (Grundfast et al.,
1987). Another possibility is the formation of a premature
communication with the skin, establishing an externally orifice
and preventing the development of the parotid papilla into
the oral vestibule. A further hypothesis is the failure of
the intraoral groove development, hindering the proximal
canalization of the duct, or the formation of the parotid papilla
(Grundfast et al., 1987).

FUTURE PERSPECTIVES OF
STEM/PROGENITOR CELL AND
TISSUE-BASED THERAPIES FOR SG
REPAIR AND/OR REGENERATION

Several strategies have been proposed to restoring SG
functions: (a) autologous SG-derived epithelial stem/progenitor
cells isolated from patients and transplanted to replace
functionally damaged/lost cells; (b) non-epithelial cells
or their bioactive lysates used to trigger the paracrine
regenerative effects on remaining glandular cells or to
generate new glandular cells; and (c) biomaterials loaded
with glandular cells and/or bioactive lysates to mimic in vivo SGs
(Lombaert et al., 2017).

The first study for transplanting autologous glandular cells
was carried out in rodents using c-Kit+ (CD117) epithelial cells.
This research showed that SGs contain cells with stem/progenitor
properties that could maintain themselves and differentiate into
multiple glandular cell types. Several c-Kit+ cell subpopulations
(CD24+, CD49f+, and SCA1+) are located within the major
ducts and possess higher levels of stem/progenitor activity.
Furthermore, c-Kit+ cells are present in human SGs and can be
isolated and cultured ex vivo; suggesting future applications for
cell therapy. Salivary acinar cells could also be considered for cell
therapy as they are able to duplicate themselves to repair local
damage (Nanduri et al., 2013).

Salivary glands repair can also be driven by the remaining
endogenous stem/progenitor cells. For this reason, any type
of transplanted epithelial cell could enhance local endogenous
repair if the appropriate molecular stimuli are presented to
dormant stem/progenitor cells. Recent efforts to increase the
number of c-Kit+ cells ex vivo using growth factors may be
useful, although the number of cells needed to trigger SG
regeneration remains unclear (Pringle et al., 2016).

Recently, the transplantation of a bioengineered germ, with
or without mesenchyme, was proposed as a promising strategy
to replace SGs in a mouse model with SG defects (Tanaka
et al., 2018). Authors demonstrated that SGs orthotopical
transplanting led to successful glandular development in vivo,
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showing connection of the new SG to the main duct, and
correct formation of ductal and acinar structures. Morphological,
immunohistochemical, and genetic analyses confirmed the
development of fully functional SG tissue. The orthotopically
engrafted SGs were also functional in saliva secretion through
the reconstruction of neural network. Another interesting finding
was the non-essential role played by mesenchyme in inducing
maturation of transplanted SG (Tanaka et al., 2018).

In conclusion, SG anomalies are a heterogeneous group
of rare anomalies that requires a multidisciplinary approach
to diagnosis and treatment. While ectopic or accessory SG
tissue/ducts often do not require any treatment, patients with SG
aplasia/hypoplasia could benefit from strategies for restoring SG
function. From this perspective, restoring physiological functions
with bioengineered organs is expected to be the next-generation
of regenerative medicine.
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Background: Nitric Oxide (NO) has a role in immunitary defense, regulation of mucosal

blood flow and mucus production, regulation of smooth muscle contraction, cerebral

blood flow, glucose regulation, and mitochondrial function. NO can be synthetized

endogenously through the L-arginine-NO pathway or it can be absorbed by the human

intestine through the dietary intake. Most of the ingested NO is in the form of nitrate

(NO−

3 ). NO
−

3 is a substrate of oral and intestinal microbiota and, at the end of the catabolic

pathway, NO is released. Using antibacterial mouthwashes leads to an alteration of

salivary NO−

3 metabolism, however, with unclear consequences on the circulating NO

levels. The aim of this study is to perform a systematic review in order to elucidate if the

alterations of oral microbiota lead to modifications in plasma NO content.

Methods: Electronic databases were screened, using the following terms: [“oral

bacteria” and (nitrate OR nitrite OR nitric)]. Clinical studies reporting NO−

3 and

NO−

2 measurements in blood and their correlation to oral microbiota variations were

included. We focused on the correlation between the changes in oral microbiota and

plasma concentrations of nitrites (primary outcome). Subsequently, we investigated if

modifications in oral microbiota could lead to changes in blood pressure and salivary

NO−

2 concentration (secondary outcome).

Results: Six studies, for a total of 82 participants were included in this review. In four

studies, the use of mouthwash correlated to a reduction of plasma nitrite concentration (p

< 0.05); Two studies did not find any difference in plasma nitrate or nitrite concentration.

In five studies, a correlation between blood pressure (BP) changes and antibacterial

mouthwashing emerged. Anyway, only three studies suggested a significant increase

of systolic BP following mouthwashing compared with controls.

Conclusions: Although, the role of oral bacteria has been unequivocally demonstrated

in the regulation of salivary NO−

3 metabolism, their influence on plasma concentration of

NO species remains ambiguous. Further studies with larger sample size are required in

order to demonstrate if an alteration in oral microbiota composition may influence the

blood content of NO−

3 /NO
−

2 /NO and all the linked biological processes.

Keywords: oral microbiota, oral bacteria, nitrite (nitrate) [NO−

2 (NO−

3 )], mouthwash, nitric oxide—NO

53

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2019.01029
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2019.01029&domain=pdf&date_stamp=2019-08-13
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:khrystyna.zhurakivska@unifg.it
https://doi.org/10.3389/fphys.2019.01029
https://www.frontiersin.org/articles/10.3389/fphys.2019.01029/full
http://loop.frontiersin.org/people/651813/overview
http://loop.frontiersin.org/people/633281/overview
http://loop.frontiersin.org/people/592516/overview


Zhurakivska et al. Oral Microbiota and Nitrate Metabolism

INTRODUCTION

The specific contributions of oral microbiota in human
physiopathology has not been explored yet, although different
studies report how the composition of oral microbiota has a role
in oral and systemic diseases (Santarelli et al., 2015; Sampaio-
Maia et al., 2016; Aarabi et al., 2018; Cardoso et al., 2018).

In particular, some resident bacteria in the oral cavity are able
to reduce the dietary intake of nitrates (NO−

3 ), producing nitrites
(NO−

2 ). Among these, Neisseria, Veillonella, Haemophilus,
Porphyromonas, Fusobacterium, Prevotella, Leptotrichia,
Brevibacillus, and Granulicatella are mainly involved in this
process (Doel et al., 2005; Hyde et al., 2014). The main dietary
source of nitrate is represented by vegetables (Ysart et al., 1999).
Once ingested, nitrate is absorbed in the gastrointestinal tract
and enters in the bloodstream. Here, it mixes to the endogenous
nitrate, which mainly derives from the L-arginine-NO pathway
(Leaf et al., 1989). Most of the nitrate is then excreted in the
urine, while up to 25% of plasma nitrate is taken up by the
salivary glands and placed in the enterosalivary circulation
(Spiegelhalder et al., 1976). Salivary nitrate is metabolized to
nitrite by oral commensal bacteria and it can be further reduced
to nitric oxide (NO). NO−

2 can be stored in blood and tissues
and used when there is a decreased endogenous production
of NO (Bryan and Loscalzo, 2011). Consequently, NO may
contribute to a myriad of biological processes, among which:
immunitary defense, regulation of mucosal blood flow and
mucus production, regulation of smooth muscle contraction,
cerebral blood flow, glucose regulation, and mitochondrial
function (Bryan and Loscalzo, 2011). The above described
processes are known as “nitrate-nitrite-nitric oxide pathway”
(Zweier et al., 1995). Considering this physiological pathway,
the oral microbiota gained a fundamental role; changes in its
composition were assumed to affect the final NO production
(Hyde et al., 2014). In particular, since the 1980s, it has been
proposed that antimicrobial mouthwashing could inhibit
the nitrite formation in saliva (Tannenbaum et al., 1976).
Subsequently, it was supposed that such alterations could also
lead to variations in the systemic availability of NO (Govoni
et al., 2008; Kapil et al., 2013; Woessner et al., 2016). Plasma

analysis may contribute to better understand the NO blood
availability because of changes in the oral microbiota.

The aim of this study is to perform a systematic
review in order to elucidate if alterations of oral
microbiota lead to modifications in plasma content of
nitrogen species.

MATERIALS AND METHODS

The protocol for this systematic review followed the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines (Liberati et al., 2009).

In addition, it was prospectively registered on the
online database PROSPERO (International prospective
register of systematic reviews) with the registration
number CRD42019124473.

This systematic review was performed in order to answer the
following question: “Do changes in oral microbiota influence
variations in blood content of nitrogen species?”

Electronic databases PubMed, SCOPUS, and Web of Science
were screened independently by two authors, KZ and GT, in
order to select studies suitable for inclusion in this review. The
following strategy of search was used: [“oral bacteria” AND
(nitrate OR nitrite OR nitric)]. In addition, bibliographies of
systematic reviews and included studies were manually revised
in order to find other articles to be included in this study.

Only studies published in English language and fulfilling
the following criteria were considered eligible for inclusion in
this review:

- Original clinical studies reporting NO−

3 and NO−

2 blood
measurements correlated with oral microbiota variations.

No restrictions were applied about the year of publication.
Studies eligibility was independently assessed in a joint session
by two authors (KZ and GT). Authors screened for articles
by reading only title and abstract of the studies, according to
the eligibility criteria. If the data reported in abstract were not
sufficient to make a clear decision, the full text publication
was examined. The selected papers were full-text evaluated in
a second round and, if fulfilling the inclusion criteria, were
included in the qualitative analysis. Any disagreement was solved
in a discussion between reviewers in a joint session.

The following information was extracted from the
included papers:

- Authors’ names and year of publication, study design, number
of participants, type of intervention, plasma NO−

3 and NO−

2
changes, salivary NO−

3 and NO−

2 changes, Blood Pressure
Changes, Relative abundance of NO−

3 reducing species.

We focused on the correlation between the changes in oral
microbiota and plasma concentrations of nitrites (primary
outcome). Subsequently, we also investigated if modifications
in oral microbiota could lead to changes in blood pressure and
salivary NO−

2 concentration (secondary outcome).

RESULTS

A total of 200 records were retrieved after the application of
search strategy. After the first screening and duplicates removing,

TABLE 1 | Summary of excluded studies.

Number References Reasons for exclusion

1 Clodfelter et al., 2015 Do not deal with oral microbiota changes.

2 Kapil et al., 2018 Do not deal with oral microbiota changes.

3 Doel et al., 2005 Do not report the blood content of NOx species.

4 Hyde et al., 2014 Do not report the blood content of NOx species.

5 Lundberg et al., 2004 Not original study.

6 Qu et al., 2016 Not original study.

7 Koch et al., 2017 Not original study.

8 Preshaw, 2018 Not original study.
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84 records were chosen for title and abstract evaluation. Fourteen
studies, resulting after this step, were selected for full text
examination. Eight studies were excluded because did not meet
inclusion criteria (Lundberg et al., 2004; Doel et al., 2005; Hyde
et al., 2014; Clodfelter et al., 2015; Qu et al., 2016; Koch et al.,
2017; Kapil et al., 2018; Preshaw, 2018). The reasons for exclusion
are detailed in Table 1. The flow-chart in Figure 1 summarizes
the selection process of inclusion. At the end, six papers were
included in the systematic review (Table 2; Govoni et al., 2008;
Kapil et al., 2013; Bondonno et al., 2015; McDonagh et al., 2015;
Sundqvist et al., 2016; Woessner et al., 2016). In these studies,
the test groups (mouthwashing) were compared to control (no
mouthwashing) and implications on the production of nitrogen
species were evaluated. Other three studies with a different design
were identified and deemed valid to be included in the present
review (Burleigh et al., 2018; Vanhatalo et al., 2018; Liddle et al.,
2019). They only investigated how changes in oral microbiota
could lead to alterations in NO−

3 /NO
−

2 concentrations in human
fluids. They were considered relevant for the development of the
topic and are showed separately in the results (Table 3).

The designs of the experiments were heterogeneous among
studies, so it was not possible to perform a quantitative analysis.
A total of 82 participants were enrolled in the included studies.
The effect of various mouthwashes on NO−

3 metabolism was
investigated, providing discordant results among the studies.
Four studies (Govoni et al., 2008; Kapil et al., 2013; McDonagh
et al., 2015; Woessner et al., 2016) detected a significant negative
influence of mouthwashing on plasma nitrite concentration
(p < 0.05), meanwhile other two studies (Bondonno et al.,
2015; Sundqvist et al., 2016) found no significant alteration of
plasma nitrate and nitrite, comparingmouthwash administration
against placebo.

The types of mouthwashes used in the studies were different;
nevertheless all of them contained chlorhexidine. In two studies
more than one mouthwash was tested (McDonagh et al., 2015;
Woessner et al., 2016), resulting in some differences in the
outcomes (Table 2). Results regarding the secondary outcome:

FIGURE 1 | Flow-chart summarizing the selection process.

- Effects of mouthwashing on the salivary NO−

2 changes: there
were significant differences between the test and the control
groups in all the studies (Govoni et al., 2008; Kapil et al., 2013;
Bondonno et al., 2015; McDonagh et al., 2015; Sundqvist et al.,
2016; Woessner et al., 2016).

- Effects of mouthwashing on Blood Pressure were evaluated in
five studies: in three studies, Systolic Blood Pressure resulted
significantly higher in the test groups compared to the controls
(Kapil et al., 2013; Bondonno et al., 2015; Woessner et al.,
2016). One study did not report any difference between test
and control group (Sundqvist et al., 2016). In one study,
the differences emerged only in some conditions (i.e., during
treadmill walking), but not in others (McDonagh et al., 2015).

Three of the included studies, identified the types of oral nitrate
reducing species and correlated their abundance with plasma
NO−

2 changes (Burleigh et al., 2018; Vanhatalo et al., 2018; Liddle
et al., 2019). The most abundant species emerged to be: Prevotella
melaninogenica, Veillonella dispar, Hemophilus parainfluenzae,
Neisseria subflava, Veillonella parvula, Fusobacterium nucleatum
subsp. nucleatum, Campylobacter concisus, Leptorichia buccalis,
Prevotella intermedia. In two of these studies no correlation
emerged between the abundance of NO−

3 reducing species and
plasma NO−

2 changes (Burleigh et al., 2018; Liddle et al., 2019).
Furthermore, in one study emerged how NO−

3 supplementation
influenced the salivary microbiome, leading to an increase in
the relative abundance of Proteobacteria (+225%) and decrease
of Bacteroidetes (−46%; P < 0.05; Vanhatalo et al., 2018). High
relative quantities of Rothia and Neisseria and low presence
of Prevotella and Veillonella were correlated with greater
increases in plasma [NO−

2 ] in response to NO−

3 supplementation
(Vanhatalo et al., 2018).

DISCUSSION

Numerous bacteria express nitrate reductase genes and are
capable to reduce nitrate to nitrite in vitro (Torres et al., 2016).
In humans a physiologically relevant nitrate reduction occurs
by means of some facultative anaerobic bacteria localized in
crypts of the tongue (Duncan et al., 1995; Doel et al., 2005).
Among the highest nitrate-reducers species, identified in the
oral cavity, there are: Firmicutes (Staphylococcus, Streptococcus,
and Veillonella) and Actinobacteria (Actinomyces), followed by
numerous other taxa, including Pasteurella, Rothia, Neisseria,
Haemophilus, Granulicatella (Smith et al., 1999; Palmerini et al.,
2003; Hyde et al., 2014). Using dietary nitrate supplementation
as selective pressure for bacteria capable of nitrate reduction,
several studies found proliferation ofVeillonella (Koopman et al.,
2016), Neisseria (Velmurugan et al., 2016), and Rothia species
(Velmurugan et al., 2016), all previously identified as high nitrate
reducers. These data, as well as those of the studies examined
in this review, confirm a close link between the oral microbiota
and the salivary circulation of nitrates. However, the scientific
evidence of a systemic repercussion is still poor today.

In order to evaluate the efficacy and/or alteration of
conversion of oral nitrate to estimate the availability of NO
pool, most of the studies, including our analysis, used plasma

Frontiers in Physiology | www.frontiersin.org 3 August 2019 | Volume 10 | Article 102955

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Z
h
u
ra
kivska

e
t
a
l.

O
ra
lM

ic
ro
b
io
ta

a
n
d
N
itra

te
M
e
ta
b
o
lism

TABLE 2 | Summary of data extracted from the included studies.

References N◦ of

participants

Study

design

Type of intervention Salivary NO−

3
changes

Salivary NO−

2
changes

Plasma NO−

3
changes

Plasma NO−

2
changes

Blood pressure

changes

Relative

abundance of

NO−

3
reducing

species

Test (T) Control (C)

Govoni

et al., 2008

7 Cross-over MW (10ml of

Corsodyl) before

ingestion of sodium

nitrate

(10 mg/kg in 100ml

water)

Ingestion of sodium

nitrate (10 mg/kg in

100ml water)

No significant

difference between

groups

Abolished immediately

after MW and

remained below

basal levels during the

entire observation

period

No significant

difference

between groups

The rise in test

group was

markedly

attenuated

Not determined The bacterial

counts were

reduced by a

mean of 80% after

the

mouth wash

Kapil et al.,

2013

19 Cross-over MW (10ml Corsodyl

0.2% chlorhexidine)

twice daily for 7 days

No intervention No changes in Control

group; Increase in Test

group (p < 0.001)

No changes in Control

group; Decrease in

Test group (−282 ±

35 µmol/L, p < 0.001)

No changes in

Control group;

Increase in Test

group (p =

0.0048)

No changes in

Control group;

Decrease in Test

group (−71 ± 15

nmol/L, p = 0.001)

Increasing of clinic

SBP in Test group

(p = 0.003)

Not determined

McDonagh

et al., 2015

12 Crossover STRONG MW

(Corsodyl®); WEAK;

(Vademecum med®

non-chlorexidine) 3

times daily, followed

by BR consuming

(70mL containing

∼6.2 mmol of NO3−)

twice daily

Deionised water,

followed by BR

consuming (70mL

containing ∼6.2

mmol of NO3−) twice

daily

At 2 h: the increase

was greater in

STRONG compared

to CON (P < 0.05) but

not

WEAK (P > 0.05). At

4 h the increase

was significantly larger

in STRONG compared

to CON and WEAK

(p < 0.05)

The increase was

significantly lower at

2 h in STRONG

compared to

CON (P < 0.05). At

4 h, was lower after

STRONG

compared to CON

and WEAK (p < 0.05)

The increase

was not

significantly

different between

CON, WEAK, and

STRONG at 2 or

4 h post final BR

ingestion

At 2 h, the

elevation was

lower in STRONG

compared to CON

(by 200 ± 174 nM)

and

WEAK (by 89 ±

112 nM) (P <

0.05); change was

lower (by 110 ±

157 nM) in WEAK

compared to CON

at 2 h (P < 0.05).

At 4 h was higher

in CON and

WEAK, compared

to STRONG (P <

0.01).

No differences in

resting BP

changes

(P > 0.05). During

treadmill walking,

the

increase in SBP

and MBP was

higher 4 h after the

final nitrate bolus

in STRONG

compared with

CON (P < 0.05)

but not WEAK

Not determined

Bondonno

et al., 2015

15 Cross-over Antibacterial MW

1.28 mg/mol

chlorhexidine

Gluconate twice daily

for 3 days

Tap water Increase (MW: 686

µmol/L; control:

252 µmol/L,

p < 0.001)

Decrease

(mouthwash: 41

µmol/L; control: 111

µmol/L, p = 0.01)

No difference

(MW: 34.6 µmol/L,

control: 30.0

µmol/L, p = 0.2)

A trend toward

decreased not

reaching statistical

significance (MW:

150 nmol/L,

control: 180

nmol/L, p = 0.09)

Test group

compared to

control: increase in

SBP

(2.3mm Hg;

p = 0.01) but did

not increase DBP

(0.7mm Hg;

p = 0.4)

Not determined

(Continued)
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TABLE 2 | Continued

References N◦ of

participants

Study

design

Type of intervention Salivary NO−

3
changes

Salivary NO−

2
changes

Plasma NO−

3
changes

Plasma NO−

2
changes

Blood pressure

changes

Relative

abundance of

NO−

3 reducing

species

Test (T) Control (C)

Sundqvist

et al., 2016

17 Crossover MW (2 g

chlorhexidine, 0.55 g

menthol, 70ml 95%

ethanol and 930ml

distilled water per

1,000ml

total volume) three

times a day for 3 days

MW without

clorexidine three

times a day for 3 days

Higher in Test:

1,118µM; placebo:

401µM, p < 0.01

Lower in Test: 23µM;

placebo: 248µM,

p < 0.001

No difference

(Test:

23µM; placebo:

22µM)

No difference:

(Test 0.21µM;

placebo 0.22µM)

No significant

changes

Not determined

Woessner

et al., 2016

12 Crossover Two 70mL bottles of

BR juice for a total of

8.4 mmol nitrate

intake, followed by

1) Listerine®

antiseptic

mouthwash (active

ingredients:

Eucalyptol

0.092%, Menthol

0.042%, Methyl

salicylate 0.060%,

Thymol 0.064%),

2) Cepacol ®

antibacterial

mouthwash (active

ingredients:

Cetylpyridinium

chloride 0.05%),

3) Chlorhexidine

mouthwash

(active ingredient:

chlorhexidine

gluconate 0.12%)

Two 70mL bottles of

BR juice for a total of

8.4 mmol nitrate

intake, followed by

water

No differences among

treatments (p = 0.33)

1) Antiseptic MW

lower than control

treatment (p < 0.05);

2) Antibacterial MW

lower than antiseptic

(p < 0.05); 3)

Chlorexidine MW

lower than antiseptic

(p<0.05), but not

significantly lower than

Antibacterial

(p = 0.07)

No effect for MW

treatments

(p = 79)

1) antiseptic MW

not

significantly

different than

control (p = 0.45);

2) Antibacterial

MW lower

than control (p <

0.05); 3)

chlorhexidine MW

lower than control

(p < 0.01)

SBP significantly

higher in

Antibacterial and

Chlorexidine

conditions than in

control (p < 0.01)

and Antiseptic

(p < 0.05)

conditions

Not determined

MW, mouthwash; BP, Blood Pressure; SBP, Systolic Blood Pressure; DBP, diastolic blood pressure; MBP, mean Blood Pressure. Statistically significant values are in bold.

F
ro
n
tie
rs

in
P
h
ysio

lo
g
y
|w

w
w
.fro

n
tie
rsin

.o
rg

5
A
u
g
u
st

2
0
1
9
|V

o
lu
m
e
1
0
|A

rtic
le
1
0
2
9

57

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Z
h
u
ra
kivska

e
t
a
l.

O
ra
lM

ic
ro
b
io
ta

a
n
d
N
itra

te
M
e
ta
b
o
lism

TABLE 3 | Summary of data extracted from studies evaluating oral microbiota composition.

References N◦ of

participants

Study

design

Type of intervention Relative abundance of NO−

3
reducing species

Salivary NO−

3
changes Salivary NO−

2
changes

Plasma NO−

3
changes

Plasma NO−

2
changes

Test Control

Vanhatalo

et al., 2018

18 Crossover Two

10-day dietary

supplementation

periods with NO3−

(NO3− -rich

concentrated beetroot

juice (BR) (2× 70ml

d−1, each 70ml

containing ∼6.2 mmol

NO−

3

Two 10-day

supplementation

periods with NO3−

-depleted concentrated

beetroot

juice placebo (PL) (2×

70ml d−1, each 70ml

containing ∼0.01 mmol

NO−

3 )

NO−

3 supplementation

altered the salivary microbiome

compared to placebo by

increasing the relative

abundance of Proteobacteria

(+225%) and decreasing the

relative abundance of

Bacteroidetes (−46%; P <

0.05). After

NO3−supplementation the

relative abundances of Rothia

(+127%) and Neisseria

(+351%) were greater, and

Prevotella (−60%) and

Veillonella (−65%) were lower

than in the placebo condition

(all P < 0.05)

Not determined Not determined A significant correlation between

plasma[NO−

2 ]/NO−

3 dose and

%relative abundance of taxonomic

units:

- Campylobacter concisus: −0.55 (p

< 0.05)

- Prevotella (genus) −0.49 (p < 0.05)

- Prevotella melaninogenica −0.57 (p

< 0.05);

- Fusobacterium nucleatum subsp.

Vincentii: 0.55 (p < 0.05)

Burleigh

et al., 2018

25 Ingestion of 2 × 70ml of

NO3−

–rich beetroot juice

(∼12.4 mmol NO3−)

Prevotella melaninogenica

31.43 ± 10.33; Veillonella

dispar 19.30± 11.97;

Hemophilus parainfluenzae

2.78 ± 3.83; Neisseria

subflava 2.57 ± 5.5.2;

Veillonella parvula 0.24 ± 0.46;

Rothia mucilaginosa 0.37 ±

0.49; Rothia dentocarinosa

0.003 ± 0.004

Not correlated with %

relative bacteria

abundance (r = 0.30;

p = 0.17)

Correlated with %

relative bacteria

abundance (r =

0.44; p = 0.03)

Not correlated with

% relative bacteria

abundance (r =

−0.25; p = 0.25)

Not correlated % relative

bacteria abundance (r =

−0.06; p = 0.78)

Liddle

et al., 2019

10 Crossover Ingestion of 2 × 70ml

of BR (total of ∼12.4

mmol NO−

3

Prevotella melaninogenica 23.8

± 6.4; Veillonella dispar 13.0 ±

4.0; Haemophilus

parainfluenzae 6.5 ± 5.9;

Neisseria subflava 1.7 ± 1.0;

Veillonella parvula 0.9 ± 0.4;

Rothia mucilaginosa 0.2 ± 0.1;

Rothia dentocariosa <0.01 ±

<0.01

Not determined Not correlated

with the sum of

the NO3−

–reducing bacteria

(P > 0.2)

Abundance of

Neisseria subflava

was

negatively

associated with

peak salivary

[NO2−]

(R = −0.43,

P = 0.03)

Not determined Not correlated with the sum of

the NO−

3 reducing bacteria

Abundance of Neisseria

subflava was negatively

associated with

plasma [NO2−]

(R = −0.43, P = 0.03)

[NO2− ]/NO3− dose = plasma [nitrite] relative to nitrate dose per kg body mass ingested; *p < 0.05. Statistically significant values are in bold.
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nitrite concentration (or changes in concentration), since
the direct measurement of NO is difficult. This approach
is justified by the relationships between plasma nitrite
concentrations and physiological effects, as demonstrated
by James et al. (2015). For this reason, only studies reporting
blood measurements of nitrogen species were included in this
review. Given this, the aim of the review was to verify even
the alteration of oral microbiota could have a direct impact
on plasma changes in nitrite concentration and, as proposed
by some studies (Bondonno et al., 2015; Tribble et al., 2019),
repercussions on Blood pressure or other biological processes
(Joshipura et al., 2017).

From our analysis emerged some discordant results. Most
of the evaluated studies report a correlation between oral
microbiota and nitrites variations in plasma (Govoni et al.,
2008; Kapil et al., 2013; McDonagh et al., 2015; Woessner
et al., 2016). Two studies found no effect of mouthwashing on
changes in plasma nitrites (Bondonno et al., 2015; Sundqvist
et al., 2016). Govoni et al. (2008), despite having found a
marked attenuation after mouthwash, noted that a significant rise
in plasma nitrite occurred. Interestingly, this occurred despite
the fact that the nitrite formation in the mouth has been
completely abolished by the intervention, excluding its salivary
origin. They proposed the existence of an alternative origin of
nitrite, giving two possible explanations for this phenomenon:
in the first hypothesis, they supposed a possible contribute of
the gastrointestinal microflora to the nitrate reduction; in the
second one, they hypothesized that mammalian cells in the
gut wall o in another district are capable of nitrate reduction.
However, despite this interesting hypothesis, results show that
the sudden rise in plasma nitrite after nitrate ingestion is
mainly deriving from bacterial nitrate reduction in the oral
cavity and the use of antibacterial mouthwashes may have
an impact on this chain. Even if, results of the interventions
analyzed in the present review are statistically significant, the
clinical repercussions need further investigation. Among these,
the effects of the mouthwashes on Blood Pressure were those
more analyzed, given the strong effect that the intake of rich in
nitrates food has on blood pressure (Ashworth and Bescos, 2017).

Following mouthwashing, a certain increase in blood pressure
occurred in three studies (Kapil et al., 2013; Bondonno et al.,
2015; Woessner et al., 2016), although, it should be noted that
in one of these studies (Bondonno et al., 2015), the increase in
BP was not associated with a statistically significant reduction
in plasma nitrites. This controversial result could be linked to a
bias in the kind of the patients included. The experiments were
conducted in hypertensive men and women already in treatment
with antihypertensive medication.

Another important risk of bias in interpreting the results,
is given by the heterogeneity of the experiments conducted in
various studies, in particular by the different timing of the fluid
analysis, which could lead to mismatch in the comparison of the
results, since the nitrate metabolism is subject to sudden changes
in association with time.

CONCLUSIONS

Although, most of the included studies demonstrate a statistically
significant correlation between an alteration of the oral
microbiota due to the use of antibacterial mouthwash and
plasma changes in nitrite concentration, this link has not been
established yet. Further RCT studies with larger samples and
well defined designs are necessary in order to demonstrate if
an alteration in oral microbiota composition may influence
the blood content of NO−

3 /NO
−

2 /NO and, consequently, all the
biological processes that depends on them.
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Objective: To profile the salivary microbiomes of a Hong Kong Chinese cohort at

a species-level resolution and determine species that discriminated clinically resolved

periodontitis from periodontally healthy cases.

Methods: Salivary microbiomes of 35 Hong Kong Chinese subjects’ under routine

supportive dental care were analyzed. All subjects had been treated for any dental

caries or periodontal disease with all restorative treatment completed at least 1 year

ago and had ≤3 residual pockets. They were categorized based on a past diagnosis

of chronic periodontitis into “healthy” (H) or “periodontitis” (P) categories. Unstimulated

whole saliva was collected, genomic DNA was isolated, and high throughput Illumina

MiSeq sequencing of 16S rRNA (V3-V4) gene amplicons was performed. The sequences

were assigned taxonomy at the species level by using a BLASTN based algorithm that

used a combined reference database of HOMD RefSeqV14.51, HOMD RefSeqExtended

V1.1 and GreenGeneGold. Species-level OTUs were subjected to downstream analysis

in QIIME and R. For P and H group comparisons, community diversity measures

were compared, differentially abundant species were determined using DESeq2, and

disease indicator species were determined using multi-level pattern analysis within the R

package “indicspecies.”

Results: P subjects were significantly older than H subjects (p = 0.003) but not

significantly different in their BOP scores (p = 0.82). No significant differences were

noted in alpha diversity measures after adjusting for age, gender, and BOP or in the beta

diversity estimates. Four species; Treponema sp. oral taxon 237, TM7 sp. Oral Taxon

A56, Prevotella sp. oral taxon 314, Prevotella sp. oral taxon 304, and Capnocytophaga

leadbetteri were significantly more abundant in P than in the H group. Indicator species

analysis showed 7 significant indicators species of P group. Fusobacterium sp oral taxon

370 was the sole positive indicator of P group (positive predictive value = 0.9, p = 0.04).

Significant indicators of the H category were Leptotrichia buccalis, Corynebacterium

matruchotii, Leptotrichia hofstadii, and Streptococcus intermedius.
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Conclusion: This exploratory study showed salivary microbial species could

discriminate treated, well-maintained chronic periodontitis from healthy controls

with similar gingival inflammation levels. The findings suggest that certain salivary

microbiome features may identify periodontitis-susceptible individuals despite clinical

disease resolution.

Keywords: saliva, salivary microbiota, oral microbiome, periodontal diseases, 16S rRNA gene sequencing

INTRODUCTION

Salivarymicrobiomes show temporal stability in health (Belstrøm
et al., 2016). Discernible microbial community patterns at
baseline are shown to predict increased risk of inflammatory
disease onset in a skin model (van Rensburg et al., 2015).
Similarly, whether somemicrobial “traits” in the oral microbiome
are associated with past disease experience or future risk
is not established. Subgingival microbiota is most relevant
to periodontitis. Distinguishable subgingival microbial clusters
have been associated with active chronic periodontitis (Kirst
et al., 2014), but not consistently (Koren et al., 2013). Others
found subgingival plaque microbiomes did not vary measurably
after periodontal therapy (Schwarzberg et al., 2014). Several
investigations have shown that salivary microbial profiles can
also differentiate both active caries and periodontal disease
(Yang et al., 2011; Belstrøm et al., 2015; Chen H. et al.,
2015). One plausible reason for these findings is the passage of
microbiota from periodontal pockets and carious lesions into
saliva. In salivary flora, the proportion of taxa shared with
dental plaque is minor but seems sufficient to discriminate
disease. As such, the salivary microbiome composition has been
found comparable to pooled subgingival plaque in terms of
its “representativeness” of the subgingival microbiota (Belstrøm
et al., 2017). Others, however, have noted no significant impact
of periodontal disease or periodontal therapy on salivary
microbiota and attributed this to a low volume of microbial
ingress from the subgingival niche (Yamanaka et al., 2012;
Takeshita et al., 2016). A previous study from our group
found no significant differences in the salivary burden of
specific periodontal pathogen abundances between treated,
clinically resolved chronic periodontitis and healthy groups
(Acharya et al., 2015). However, if no differences existed in
the salivary microbiome assemblages between these two groups
was unknown. The host-microbiome link is bi-directional,
and as inherent features of oral microbiota affect immune
programming (Madhwani and McBain, 2016), they may also
associate with susceptibility to infection. A stable “core” oral
microbial community structure that persists over years has
been demonstrated (David et al., 2014) and such ecological
stability is linked closely to an individual’s salivary composition
(Rosier et al., 2018). Plaque biofilm accumulation and its
consequent compositional shift to a dysbiotic state is key
to the initiation of periodontitis-associated inflammation in
susceptible individuals. In resilient individuals, host-immune
traits such as salivary nitrate levels and microbial community
traits such as bacteriocin levels or anti-inflammatory cytokine

stimulationmay sufficiently counter disease-related shifts (Rosier
et al., 2018). In a carbohydrate challenge experiment, Benítez-
Páez et al. (2014) found a caries-resistant individual did not
show microbial community shifts similar to caries-susceptible
individuals. Arguably, inherent microbial susceptibility “traits”
may be reflected in states of clinically resolved periodontal
disease. Salivary microbiome differences between well-treated
periodontitis and healthy subjects with comparable periodontal
health could potentially reflect stable ecological patterns that
predict past or future periodontal disease.

Any analysis of microbiome features is highly sensitive
to the level of taxonomic resolution achieved. The standard
OTU based taxonomy assignment pipelines for 16s rRNA
sequence data provide genus-level resolution and have
comprised the dominant approach in saliva microbiome
studies using 16s rRNA sequencing (Schloss and Westcott,
2011). A novel pipeline reported a taxonomic resolution
to the species–level using oral 16S rRNA reads (Al-Hebshi
et al., 2015, 2016). This approach was based on the extended
human oral microbiome database (HOMD) (Chen et al.,
2010). Improved taxonomic feature resolution may enable
better discrimination of microbial community fingerprints.
In the present study, we profiled the salivary microbiomes
of a Hong Kong Chinese cohort using a species-level
resolution approach and sought the discriminant species of
treated, well-maintained periodontitis from periodontally
healthy cases.

MATERIALS AND METHODS

Subject Selection
39 Hong Kong Chinese (HK) adult subjects enrolled in a routine
dental maintenance program as a part of a previous multicenter
study were (Acharya et al., 2015). All study procedures were
conducted at The Prince Philip Dental Hospital, Hong Kong after
obtaining Institutional Ethical Committee Approval (HKU/HA:
UW 13359) and were in accordance with the Declaration
of Helsinki (World Medical Association, 2013). Subjects who
had been treated for any caries and periodontal disease, and
had completed all active therapies, with the restorative phase
completed for at least 1 year, were eligible for recruitment.
Inclusion criteria were: age > 30 years and good general health.
Exclusion criteria were: presence of >3 residual pockets with
PPD > 4mm, past or current smoking or tobacco chewing,
pregnancy, regular use of any medication, having a history of
trauma, dental extractions, oral infections, antibiotic, steroidal
or csteroidal anti-inflammatory drug consumption within the
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past 3 months, known systemic diseases (HIV, tuberculosis,
hepatitis, known history of any other infectious disease, diabetes
mellitus, ischemic heart disease, hypertension, thyroid or other
hormonal disorders, autoimmune disease, and cancer) or history
of radiation therapy. Subjects were categorized based on their
past dental records. A past diagnosis of chronic periodontitis
diagnosis at their initial visit according to clinical criteria by
Armitage (1999) was categorized as periodontitis (P). Subjects
were categorized as healthy (H) if diagnosed as periodontally
healthy at the initial visit.

Saliva Collection, DNA Purification, and
Sequencing
Unstimulated whole saliva was collected during the morning as
described before (Acharya et al., 2015). In brief, unstimulated
saliva was collected before 11 a.m. in the morning. Subjects
had refrained from eating or drinking for a minimum of 1 h
before saliva collection. Saliva was allowed to passively pool
intraorally and was expectorated into sterile collection tubes,
which were kept on ice and immediately transported for storage
at −80◦C until further analysis. Saliva samples were thawed,
equilibrated to room temperature before DNA extraction.
Salivary cells were pelleted by centrifugation at 14,000 rpm for
10min and the supernatant was carefully removed. Salivary
genomic DNA was extracted using the column extraction
method with the QIAamp DNA Blood Mini Kit R©, following
the manufacturer’s instructions. The DNA concentration
was assessed using a NanoDrop R© spectrophotometer and a
Qubit R© Fluorometer, while its integrity was determined using
agarose gel electrophoresis. 16S rRNA V3-4 gene amplification
and MiSeq (300 base-paired end) sequencing was performed
using the standard Illumina dual-indexing protocol (Fadrosh
et al., 2014). The primer sequences used were; Forward:
CCTACGGGNGGCWGCAG Reverse: TACNVGGGTATC
TAATCC.

Data Analysis
Sequencing data were quality filtered. Demultiplexing, barcode,
linker-primer sequences trimming, and raw reads quality
filtering (minimum Q-value = 20, with removal of reads
with 20% or higher of read original length with low quality,
removal of reads contaminated by adapter, with ambiguous or
N basecall, and those with low complexity as indicated by 10
consecutive same bases) was done using MISEQ reporter (v 2.0)
software. Raw FASTQ sequences were deposited in the SRA
BioProject database (BioProject ID Number PRJNA337949).
Samples with <500 read counts were excluded in all analysis.
Read pairs were merged to single sequences with a script
(join_paired_ends.py) provided by the Quantitative Insights into
Microbial Ecology (QIIME) package version 1.9.1 (Caporaso
et al., 2010), using default settings. The merged reads were then
taxonomically assigned to the species-level based on a previously
published algorithm (Al-Hebshi et al., 2015), with additional
steps to further identify potential novel species. The taxonomy
assignment pipeline is depicted in Figure 1. Briefly, merged

sequence reads were BLASTN-searched against a panel of full-
length 16S rRNA sequences. These consisted of 889 sequences
from HOMD RefSeqV14.51, 495 from HOMD RefSeqExtended
V1.1, 3,940 from GreenGeneGold, and 18,620 from NCBI 16S
rRNA Reference. The version of the 16S rRNA gene reference
sequence database used by this manuscript is dated 20170422 and
is available online together with the documentation: http://www.
homd.org/ftp/NGS_Pipeline/Species_Level_BLASTN/. This
combined reference set has a total 20,699 sequences and
represents a total of 13,640 oral and non-oral microbial species.
The first step was a BLASTN-search with a matching criteria of
≥98% identity and ≥98% read length coverage. Reads matching
multiple species or unmatched reads were further processed
where de novo Chimera were filtered using USEARCH (Edgar,
2010) with (98% identity cutoff), short reads (<200 nt), and
singletons were removed. De-novo OTUs (operational taxonomy
units) were clustered at a 98% identity cutoff. USEARCH (version
v8.1.1861_i86linux32) was used for taxonomy assignment and
those with <98% match were discarded. If sequences with
the same scientific name had different upper-level taxonomy
nomenclature in the combined reference set, we choose a single
taxonomy with the following priority: HOMD+HOME-EXT,
GreenGene Gold, and then NCBI Taxonomy. Manual curation
was also performed to resolve issues including mis-spelling,
non-alpha numeric characters, and missing information. The
algorithm for taxonomy assignment is illustrated in Figure 1

and documented in the online resource: http://www.homd.org/
ftp/NGS_Pipeline/Species_Level_BLASTN/20170422/Species_
Level_BLASTN_QIIME_Pipeline_Doc_20170422.pdf.

After the taxonomy assignment, species-level OTUs were
subject to down-stream bioinformatics analyses, including alpha
and beta diversity analyses using the QIIME pipeline. Species-
level taxonomic plots were generated. Alpha diversity measures
were computed, rarefaction curves were drawn and comparisons
made between P and H groups with linear regression controlling
for Age, Gender, and BOP as co-predictors. Beta diversity
measures, phylogenetic (weighted and unweighted unifrac)
and Bray-Curtis metrics were determined, Principal coordinate
analysis plots were drawn and comparisons between P and H
categories made using permutational multivariate analysis of
variance using “Adonis” (R package “vegan” version 2.2.1) (p-
values generated at 5,000 permutations). Similar comparisons
were made to analyse community differences related to Gender,
Age group, and BOP.

To determine species associated with subject characteristics,
2 approaches were adopted using the species-level OTU
abundance table as input. Firstly, the differential abundance
(DA) of species between sample groupings (Periodontal
status; P vs. H, Gender: Male vs. Female, Age: >50
years vs. ≤ 50 years, BOP: >25% vs. ≤ 25%) were each
determined using DESeq2 with p-value adjusted for multiple
testing using the Benjamini–Hochberg method (cut-off =

adjusted p < 0.05) (Love et al., 2014). Secondly, “indicator
species” were determined by multi-level pattern analysis.
For this purpose, the “multipatt” and “indval.g” functions
in the R package “Indicspecies” were used (De Caceres
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FIGURE 1 | Schematic diagram representing the species–level open reference taxonomy assignment for 16S rRNA Reads.

and Legendre, 2009). The indicator approach measures
the predictive ability of community features for a group
category (McGeoch and Chown, 1998). The indicator statistic

represents the probability of group fidelity. Ideal indicator
species are characterized by high exclusivity and fidelity.
The function “indVal.g” accounts for unbalanced between-
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group size variances. Indicator species with significant
p-values (<0.05, computed using 5,000 permutations) were
determined (De Cáceres et al., 2012).

RESULTS

Clinical Data, Sequencing Output,
Processing and Taxonomy Assignment
Salivary microbiomes of 35 subjects were analyzed after 4
subjects were excluded due to having <500 reads per sample.
The read count details are presented in Table S1. The clinical
and demographic data for these 35 subjects are summarized in
Table 1. A total of 63,834 assigned reads and 418 species-level
taxa were determined at ≥98% sequence identity and ≥98%
read length coverage to the reference sequences. Of these, 56,399
reads were assigned to 358 single species, 7,413 reads were

TABLE 1 | Clinical and demographic characteristics.

Group H

(n = 20)

P

(n = 15)

Comparison

P vs. H

Total

(n = 35)

Mean Age

(st.dev) (years)

47.3 (14.5) 60.9 (7.0) W = 62.5,

p = 0.003*

53.8 (13.6)

Gender 15F, 5M 11F, 4M X2 = 0.013,

p = 1

26F, 9M

Mean % BOP

positive sites

(st.dev)

15.4 (13.8) 16.7 (20.1) W = 157.5,

p = 0.82

16.0 (15.5)

W, Mann Whitney Wilcoxson’s test statistic; X2, Chi-squared test statistic; *p <

0.05, significant.

assigned to 51 taxa that contain multiple species due to tied
sequence identity to reference sequences of multiple sequences,
and 22 were assigned to 6 potential novel species due to <98%
sequence identity to all the reference sequences (Table S2). The
genera with the most number of taxa assigned with multiple
species were Fusobacterium (11 species, ranging from 2 to 5
species), Streptococcus (11 species, ranging from 2 to 15 species),
and Prevotella (6 species, ranging from 2 to 4 species). Six novel
species were assigned to a very small number (22) of reads:
Flavobacriia genera, Bergeyella sp. Oral taxon 907 (97.42%
identity) and Capnocytophaga; multispecies (96.35% identity),
Clostridiales multispecies (96.21% identity), Sporomusaceae
multispecies (87.50% identity), Leptotrichia multispecies (97.99%
identity), Neisseria sp. Oral taxon 018 (97.67% identity). The
number of species observed per sample ranged from 43 to 186
(mean = 89.1, sd = 29.0). Species shared among individuals
were considered as representing a “core microbiome.” Seventy-
nine species were shared by 50% individuals and 26 by 80%
individuals including species from Streptococcus, Gemella,
Rothia, Actinomyces, Fusobacterium, Leptotrichia, Prevotella,
Porphyromonas, Neisseria, Capnocytophaga, Haemophilus
and Lautropia (Figure 2). Five species were present in 95%
individuals; Rothia mucilaginosa, Prevotella melaninogenica,
Streptococcus multispecies spp24_14, Veillonella parvula,
Haemophilus parainfluenzae (Table S3).

Community Differences Between
Periodontitis and Health Groups
There were no significant differences observed in mean alpha
diversity measures for the P and H groups, which was reflected
in the rarefaction plots (Figures 3A,B). However, the P group
showed lower alpha diversity measures compared to the H

FIGURE 2 | Phylogenetic relationship of 21 species shared by 80% of the subjects. Phylotypes assigned to single HOMD entity are shown. Five phylotypes assigned

to multiple species are not shown (Granulicatella multispecies spp49 2, Streptococcus, multispecies spp1 2, Streptococcus multispecies spp24 14, Streptococcus

multispecies spp32 2).
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FIGURE 3 | (A) Boxplots of alpha diversity measures in P and H groups. (B) Rarefaction plot of Shannon alpha diversity in P and H groups. P, blue color; H, red color.

group. Linear regression analysis (controlling for the effects of
age, gender, and BOP) showed that a periodontal disease status
did not have a significant impact on salivary alpha diversity
measures (Table 2, Table S4). Comparison of beta diversity
measures; Bray–Curtis (f = 0.56, p= 0.93) and Unifrac measures
(unweighted Unifrac: f = 0.78, p = 0.66; weighted Unifrac: f =
0.25, p = 0.97) revealed no significant differences in community
composition between the P and H groups. Correspondingly, no
evident clustering of P or H cases was noted in the ordination

plots (Figure 4). Similarly, no significant differences in beta
diversity were associated with gender, BOP or Age categories (age
> 50 years, age≤ 50 years).

Figure 5 shows the mean relative abundances and
phylogenetic relationships of the indicator and DA species
that discriminated the P and H groups. Using DeSeq2, 4
species were found to be significantly more abundant in the P
group as compared to the H group (Table 3, Table S5). These
were Treponema sp. oral taxon 237, TM7 sp. Oral Taxon A56,
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Prevotella sp. oral taxon 314, Prevotella sp. oral taxon 304,
Capnocytophaga leadbetteri. However, no species had significant
differences in abundance between males and females, or between
the two age categories. A BOP value of>25% was associated with
a significantly higher abundance of Fusobacterium multispecies
spp48_2 (log2 fold change = 2.32, adjusted p < 0.001). Indicator
analysis showed 7 species as significant indicators of the P group
(Table 4, Table S6). Among these, 6 were negative indicators
whereas Fusobacterium sp oral taxon 370 was the only positive
indicator. Four species emerged as significant H group indicators
(Table 4). TM7G.1 sp oral taxon 347 and Fusobacterium sp oral
taxon 370 had low sensitivity but high positive predictive values
(>0.9) for P group.

DISCUSSION

Here, we conducted an exploratory investigation to assess the
salivary microbiome in P and H subjects within a Hong Kong
Chinese cohort. The pattern of shared “core” species was similar

TABLE 2 | Adjusted linear regression coefficients for alpha diversity indices

between P vs. H group.

Diversity metric Coefficienta 95% CIa P-

valuea
Variance explained

(Model R squared)

Observed species 1.1 −23.0 to 25.7 0.93 0.03

Chao 1 −2.7 −39.4 to 34.0 0.88 0.03

ACE −8.7 −42.7 to 25.4 0.61 0.04

Shannon −0.13 −0.5 to 0.3 0.53 0.04

Simpson −0.01 −0.1 to 0.0 0.73 0.03

Inverse Simpson −2.3 −8.6 to 4.1 0.47 0.05

Fisher’s alpha −1.5 −9.1 to 6.1 0.68 0.05

Simple linear regression with predictors Age, BOP, Gender (reference level = F), and

Periodontal Status (reference level = H). aValues for predictor “Periodontal Status”.

to past reports (Takeshita et al., 2016; Mason et al., 2018) and
particularly resonated with a previous report in Chinese subjects
(Huang et al., 2011). The use of a smaller, curated reference
sequence set may have enabled better accuracy of species-
level taxonomical assignment. Arguably, higher taxonomic
resolution may improve the discrimination of host trait-
microbiota associations. We noted significant differences in
the relative abundances of select salivary species and identified
several indicator species discriminatory of P and H groups.

The ordination or beta diversity analysis of our data appeared
to be in agreement with Takeshita et al. (2016) who found
no association between salivary microbiome composition and
periodontal disease. However, unconstrained beta diversity
ordinations reflect only the major sources of variation in
composition. Salivary community diversity measures were not
significantly linked to any of the clinical and demographic
variables, although a trend for lower alpha diversity was
notable in the P group. The small sample and restrictive
inclusion criteria very likely limit the detection of differences
in microbiome composition related to subject background. As
such, most subject characteristics have small effect-sizes on
microbiome composition and very few factors like geographical
location and lifestyle are known to have large effect sizes
(Lazarevic et al., 2010).

P group subjects were significantly older but did not differ
in levels of BOP from H subjects and had 3 or less periodontal
pockets, reflecting well-resolved periodontitis with low levels of
residual disease activity. Treated periodontitis cases can vary in
the level of residual periodontal disease. As influx from inflamed
subgingival niches is likely to be a major source of periodontitis-
associated bacteria in saliva (Saygun et al., 2011; Belstrøm et al.,
2015), the selection criteria were designed to exclude P subjects
with significant numbers of residual periodontal pockets. Similar
levels of residual inflammation and lack of residual pockets in the
P group could be one factor why no major ecological differences
from H subjects were noted. The most dominant factor in
microbiome composition is interpersonal variation (Lazarevic

FIGURE 4 | Principal coordinate ordination plots based on the weighted Unifrac beta diversity distance. P, blue color; H, red color. No clustering of P and H samples

was evident.
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FIGURE 5 | Phylogenetic relationship of Indicator (H indicators in green, P indicators in red) and DA species (in orange). Bars represent mean relative abundances.

et al., 2010). A large prospective study analyzed microbial
communities in periodontal disease and health (Chen et al., 2018)
and found disease-linked microbiomes are more heterogeneous
in both pre- and post-treatment situations. Further studies are
needed to understand the extent to which salivary microbiomes
may be stable and resistant to periodontal treatment.

We used two approaches to analyse microbial features that
distinguished the P and H categories. The DESeq2 approach
utilized here is more robust in small sample sizes as compared
to non-parametric approaches. The “indicator species” analysis is
based on the “Indicator Value” index (De Caceres and Legendre,

2009) which reflects the association of a feature with grouping
category. None of the significant indicator species were “ideal” or
had sensitivity and specificity values close to 1.While these would
need validation in larger cohorts, this finding may also reflect the
difficulty of individual microbial features which strongly reflect a
periodontitis phenotype, considering the complex, polymicrobial
nature of the disease and variations in both health and disease
linked microbiome compositions. Despite comparable levels of
gingival health, the P group was distinguishable by specific
salivary microbial species, which largely aligned with past reports
(Abusleme et al., 2013; Pérez-Chaparro et al., 2014). Among the
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significantly raised species in P, Treponema sp. oral taxon 237
has been implicated as a periodontal pathogen (Abusleme et al.,
2013). Two Preovtella species Prevotella sp. oral taxon 314 and
Prevotella sp. oral taxon 304 were significantly more abundant in
P subjects. Prevotella species have previously been associated with
both periodontal health and disease. A considerable amount of
species and strain level genomic diversity (Ibrahim et al., 2017),
as well as variability in their response to periodontal therapy, is
documented (Schwarzberg et al., 2014). An increase in salivary
anaerobic species in treated periodontitis may imply greater
potential systemic risk due to extraoral translocation (Endo et al.,
2015; Vieira Colombo et al., 2016). Some Prevotella species, in
particular, have been linked to new-onset rheumatoid arthritis
(Scher et al., 2012). A past study, reported the anaerobic bacillus
Capnocytophaga leadbetteri in periodontitis and hematological
infections but not in periodontally healthy mouths (Ehrmann
et al., 2013).

Fusobacterium sp oral taxon 370 has been linked to
fermentative function, and has been found to be raised

TABLE 3 | Differential abundance of significantly different species between P and

H groups (DeSEQ2 test).

Species Log2 fold

change

P vs. H (se)

Test

statistic

Adjusted

p-value

Total reads

assigned to

species

Treponema sp. oral

taxon 237

1.68 (0.41) 4.15 <0.01* 56

TM7 sp. Oral Taxon

A56

1.80 (0.45) 4.01 <0.01* 519

Prevotella sp. oral

taxon 314

1.54 (0.39) 3.94 <0.01* 143

Prevotella sp. oral

taxon 304

1.57 (0.41) 3.86 <0.01* 62

Capnocytophaga

leadbetteri

1.45 (0.42) 3.43 0.02 * 357

*p < 0.05, significant.

in periodontal disease (Dabdoub et al., 2016). Furthermore,
Fusobacterium multispecies spp48_2 species was significantly
more abundant in subjects with high BOP, independent of
past periodontal status. With the exception of Fusobacterium
sp oral taxon 370, all other P state indicator species were
“negative” indicators characterized by greater mean abundance
in H subjects. Indicator analysis identified several species that
were lower in P as having significant indicator value. Notably,
several of these negative indicator species were from genera
previously identified as associated with periodontitis (Pérez-
Chaparro et al., 2014), which seems somewhat paradoxical
considering they were found in lower relative abundance in
resolved disease compared to health. Hypothetically, it may
reflect differences in microbiome assembly in plaque and saliva
caused by periodontal therapy (Chen et al., 2018). Campylobacter
concisus emerged as a negative indicator for P cases. This species
is recognized as oral commensal and implicated in gastric and
inflammatory bowel disease (Liu et al., 2018). The oral cavity
is considered a potential reservoir (Zhang et al., 2010). It can
act as an opportunistic pathogen in immune-inflammatory and
epithelial cell dysregulation (Deshpande et al., 2016; Brunner
et al., 2018). A rise in its abundance after successful periodontitis
therapy has been reported (Tanner et al., 1987), again supporting
the premise that periodontal treatment may result in specific
differences in microbiome composition. The indicator species
Lachnoanaerobaculum orale lies within Lachnospiraceae which
were previously reported by Chen L. et al. (2015) as inversely
linked to caries in Chinese subjects. Some Lachnospiraceae
members are newly recognized in periodontitis and some
species correlate with gingival inflammation (Abusleme et al.,
2013; Kistler et al., 2013). Lachnospiraceae contains many
genera that are butyrate producers, a trait associated with anti-
inflammatory properties in the gut (Lopetuso et al., 2013)
but also with periodontitis progression (Tsuda et al., 2010).
The low-abundance species Atopobium parvulum has been
linked to halitosis (Kazor et al., 2003). Several Haemophulis
species are members of core oral microbiome (Mok et al.,

TABLE 4 | Indicator species of P and H groups.

Test-

statistic

p-value Positive predictive

value

Sensitivity Total reads assigned

to species

Group H (number of indicator species = 4)

Leptotrichia buccalis 0.80 0.01* 0.85 0.75 107

Corynebacterium matruchotii 0.79 0.03* 0.82 0.75 128

Leptotrichia hofstadii 0.72 0.04* 0.87 0.60 126

Streptococcus intermedius 0.71 0.03 * 0.77 0.65 43

Group P (number of indicator species = 7)

Campylobacter concisus 0.86 0.02* 0.74 1.00 291

Atopobium parvulum 0.79 0.03* 0.71 0.87 416

Leptotrichia sp oral taxon 215 0.76 0.04* 0.79 0.73 213

Lachnoanaerobaculum orale 0.76 0.04* 0.86 0.67 193

Haemophilus parahaemolyticus 0.74 0.03* 0.82 0.67 127

TM7G.1 sp oral taxon 347 0.56 0.04* 0.94 0.33 26

Fusobacterium sp oral taxon 370 0.55 0.04* 0.90 0.33 16

*p < 0.05, significant.
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2017). TM7G.1 sp oral taxon 347 was increased in subgingival
plaque of active periodontal disease (Griffen et al., 2011).
Overall, the indicator analysis seemed in particular agreement
with a past report that found subgingival Capnocytophaga,
Corynebacterium, Haemophilus, Leptotrichia, and Streptococcus
had significant negative associations with clinical periodontal
measures (Camelo-Castillo et al., 2015).

The present findings must be considered in light of the
major limitations of the study; the subject groups were small,
not balanced for size, demographics and past periodontal
disease parameters including disease severity, which limit the
generalizability of these results. Importantly, the small sample
size of 35 allows only preliminary findings and these require
validation in large sampled studies. Because of the primarily
exploratory focus of this study, the downstream analysis was
based on a minimum read count per species of 1 and aimed to
capture the maximal ecological variation feasible. On the same
lines, the 6 novel species reported were based on a very small
number of reads. These findings may be considered as a basis for
a hypothesis that variations in the oral microbiome related to a
periodontitis phenotype are retained even after clinical disease
resolution. Another question that arises is whether oral species
can discriminate periodontally susceptible individuals before
clinical disease onset or during very early disease. Longitudinal
and interventional investigations in larger cohorts are essential
to test such hypotheses. Translational implications of such
findings could be the development of improved microbiome-
based risk-markers or therapeutics, considering saliva is an
attractive sampling biofluid. Other implications include an
improved understanding of host-microbiome interactions in
the context of periodontal disease. We did not analyse how
the salivary ecological composition represented that of the
subgingival niche, which should be addressed in future studies.
The issues of sampling variance and compositional nature of
microbiome data need to be considered when viewing the
generalisability of the particular signature taxa, which were based
on a single replicate in our study. Technical differences in
saliva collection methods, storage, handling, DNA extraction,
choice of sequencing technology or 16s rRNA gene hypervariable
region, sequencing depth, and bioinformatic pipeline can each
cause induce variation in the outcomes (Mascitti et al., 2019)
and precludes a generalization of these specific findings. Here,
we collected unstimulated saliva, which varies in its microbial
profile from stimulated saliva and is shown to harbor a greater
diversity of species (Gomar-Vercher et al., 2018). Besides,
other influencing factors such as diet, body-mass index, and
multiple lifestyle factors which impact microbiome assemblages
were not considered in this preliminary analysis and could
be a source of confounding. In addition, a single time point
sampling precludes the differentiating between stable and
dynamic salivary species. The exact biological relevance of the
discriminant microbial features also remains unclear. While
taxonomical information is valuable, functional aspects of the
host-microbiome interaction are central to disease processes.
Whole-genome, transcriptome, and metabolome approaches

may better answer how saliva microbiome is linked to
periodontal susceptibility.

CONCLUSION

Species-level analysis of the salivary microbiome in well-
resolved periodontitis cases revealed no differences in global
community diversity metrics as compared with periodontally
healthy subjects. However, differentially abundant and indicator
species were discernible between these groups. These findings
suggested differences in oral microbiota may persist despite
acceptable clinical resolution of periodontitis. The nature and
implication of these differences warrant further investigations.
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Oral cancer is the sixth most common cancer type in the world, and 90% of it is
represented by oral squamous cell carcinoma (OSCC). Despite progress in preventive
and therapeutic strategies, delay in OSCC diagnosis remains one of the major causes
of high morbidity and mortality; indeed the majority of OSCC has been lately identified in
the advanced clinical stage (i.e., III or IV). Moreover, after primary treatment, recurrences
and/or metastases are found in more than half of the patients (80% of cases within
the first 2 years) and the 5-year survival rate is still lower than 50%, resulting in a
serious issue for public health. Currently, histological investigation represents the “gold
standard” of OSCC diagnosis; however, recent studies have evaluated the potential
use of non-invasive methods, such as “liquid biopsy,” for the detection of diagnostic
and prognostic biomarkers in body fluids of oral cancer patients. Saliva is a biofluid
containing factors such as cytokines, DNA and RNA molecules, circulating and tissue-
derived cells, and extracellular vesicles (EVs) that may be used as biomarkers; their
analysis may give us useful information to do early diagnosis of OSCC and improve
the prognosis. Therefore, the aim of this review is reporting the most recent data
on saliva biomarker detection in saliva liquid biopsy from oral cancer patients, with
particular attention to circulating tumor DNA (ctDNA), EVs, and microRNAs (miRNAs).
Our results highlight that saliva liquid biopsy has several promising clinical uses in OSCC
management; it is painless, accessible, and low cost and represents a very helpful
source of diagnostic and prognostic biomarker detection. Even if standardized protocols
for isolation, characterization, and evaluation are needed, recent data suggest that saliva
may be successfully included in future clinical diagnostic processes, with a considerable
impact on early treatment strategies and a favorable outcome.
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INTRODUCTION

Oral cancer is one of the most common cancers in the world,
representing a serious problem for global health (Shah and Gil,
2009). Roughly 90% of oral cancers histologically originate from
squamous cells and are classified as oral squamous cell carcinoma
(OSCC) (Rivera, 2015; Mascitti et al., 2018).

Despite current advancements in cancer prevention strategies
and therapeutic approaches, the prognosis of OSCC-affected
patients is still poor; this mainly depends on late diagnosis in
an advanced stage (i.e., III or IV) (Rivera, 2015; Mascitti et al.,
2018). Moreover, after primary treatment, recurrences and/or
metastases are found in more than half of the patients (80%
of cases within the first 2 years), and the 5-year survival rate
is still lower than 50%, resulting in a serious issue for public
health; as a result, in the latest decades, the annual mortality rate
has remained unchanged at 145,000 cases (Grobe et al., 2013;
Panzarella et al., 2014; Rivera, 2015).

To date, the “gold standard” for OSCC diagnosis is
represented by a clinical oral examination integrated by a
histological investigation on tissue biopsy of suspicious lesions
(Fuller et al., 2015). However, cancer research is currently
focusing on finding less invasive and cost-effective methods to
provide a more comprehensive view of the cancer profile, also
to more easily monitor its evolution and therapeutic response
(Siravegna et al., 2017; Wang J. et al., 2017). In this regard,
many non-invasive techniques such as liquid biopsy have been
recently proposed as supportive tools for diagnosis, prognosis,
and follow-up of OSCC (Dionne et al., 2015; Fuller et al., 2015;
Aro et al., 2017).

As is widely known, cancers developed from different
types of DNA alterations which are classified based on their
effects on structure: small-scale genetic alterations, which
comprise different types of point mutations (e.g., DNA
base insertions, substitutions, and deletions), and large-scale
gene alterations such as DNA rearrangements (e.g., gene
duplications/deletions, chromosomal translocations/inversions,
and loss of heterozygosity) (Stadler et al., 2010). It is noteworthy
that the changes in DNA genetic and epigenetic structure (i.e.,
altered function of factors implicated in gene expression) can be
detected by several biomarkers as circulating tumor cells (CTCs),
circulating tumor DNA (ctDNA), microRNAs (miRNAs), and
extracellular vesicles (EVs), which can be found in several
biological fluids such as blood, serum, plasma, pleural fluid, urine,
and saliva (Kaczor-Urbanowicz et al., 2017). The evaluation of
these cancer biomarkers in liquid biopsy has the advantage of
providing a real-time picture of primary and metastatic tumors
at different time points, giving information about tumor and
tumor burden and early evidence of drug resistance and tumor
recurrence (Di Meo et al., 2017). Moreover, liquid biopsy analysis
allows defining of the DNA molecular profile of cancer patients,
whose inclusion in the tumor, node, and metastasis staging
system may help to develop more highly personalized therapies
and decrease risks of inappropriate treatments (Xu et al., 2017).

Oral squamous cell carcinoma is strictly associated with the
oral microenvironment, resulting in a direct contact with saliva,
an acidic biological fluid derived from secretion of major and

minor salivary glands, and involved in many physiological and
pathological processes (Kaufman and Lamster, 2002; Nieuw
Amerongen and Veerman, 2002; Chiappin et al., 2007; Jankowska
et al., 2007; Lee and Wong, 2009). In recent decades, saliva
has been widely investigated as a promising source of OSCC
biomarkers for liquid biopsy (Kaczor-Urbanowicz et al., 2017).
Employing saliva in liquid biopsy for OSCC management has
many advantages over other specimens: (i) it is considered “the
mirror of the body,” reflecting any physiological and pathological
change on local and distant sites of the body; (ii) it represents
an easier, quicker, and more accessible screening tool (Kaczor-
Urbanowicz et al., 2017); and (iii) it gives the opportunity to
collect larger volumes of samples for examination, to easily repeat
analysis, and to monitor OSCC over time (Kaczor-Urbanowicz
et al., 2017; Gai et al., 2018; Khurshid et al., 2018).

In light of the above, this narrative review aims to describe
the recent data regarding the employment of different salivary
biomarkers in liquid biopsy for OSCC diagnosis, prognosis,
follow-up, and patient response to therapy. Moreover, we discuss
the current challenges and future perspectives concerning the use
of salivary biomarkers in OSCC management.

SALIVARY BIOMARKERS AND OSCC

Circulating Tumor DNA
During physiological cellular turnover or in particular
pathological conditions, apoptotic and necrotic cells release
debris and DNA/RNA molecules into body fluids. In physiologic
conditions, cell-derived molecules and debris are removed by
phagocytes; instead, in cancer patients, this mechanism results
in impairment, inducing the accumulation of cell-free DNA
(cfDNA) in the tissue microenvironment and biological fluids
(Jahr et al., 2001; Chan et al., 2004; Mouliere et al., 2011). As a
result, cancer patients have increased levels of cfDNA in body
fluids (Diehl et al., 2008; Kohler et al., 2011). cfDNA released from
cancer cells, also known as ctDNA, can be distinguished from
cfDNA physiologically released from non-cancer cells through
several features: biofluid concentration, somatic mutations, and
overall size. Because of random partial digestion of genomic
DNA, cfDNA from apoptotic cells is measured at 180–200 base
pairs; necrosis or autophagy during the cancer process usually
generates larger DNA molecules, from 100 to 400 base pairs
(Wang et al., 2003; Diehl et al., 2008; Kohler et al., 2011).

It is noteworthy that many studies also showed that ctDNA
in cancer patients reflects the genetic and epigenetic alterations
found in tissue samples of malignant lesions (Ignatiadis et al.,
2015; Cheng et al., 2016; Qin et al., 2016); in addition, many
other cancer characteristics such as size, cellular turnover,
stage, vascularity, and drug response are associated with ctDNA
concentrations (Chang et al., 2017).

Several mechanisms have been suggested to explain the release
of ctDNA in body fluids of cancer patients, even if they remain
dubious. It could be the result of accelerated metabolism of cancer
cells, responsible for the increased number of apoptotic/necrotic
cells (Shukla et al., 2013; Francis and Stein, 2015; Volik et al.,
2016; Payne et al., 2018). Cancer cells released from primary
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tumor mass and disseminating throughout body fluids (e.g.,
CTCs) could actively release fragments of cellular nucleic
acids, which, when internalized from non-cancer cells, induce
neoplastic transformation (Ilie et al., 2014; Cheng et al., 2016).
Cancer transformation can be also the result of the internalization
of vesicles (e.g., EVs), containing ctDNA and actively released
from cancer cells, from healthy cells (Lau et al., 2013; Kaczor-
Urbanowicz et al., 2017).

ctDNA is mainly released into the bloodstream; however,
it can also be found in other body fluids. For instance, by
means of salivary gland ultrafiltration, passive diffusion, or active
transport, ctDNA can easily reach saliva from a local site and
bloodstream, carrying information regarding primary tumors
and/or metastasis (Pu et al., 2016; Kaczor-Urbanowicz et al., 2017;
Wang X. et al., 2017). Thanks to less dilution and contamination,
the analysis of the ctDNA in saliva is much more sensitive than
that in the bloodstream (Peng et al., 2017).

As described in Table 1, many studies have applied salivary
ctDNA in the management of head and neck squamous cell
carcinoma (HNSCC) (Liao et al., 2000; El-Naggar et al., 2001;
Viet and Schmidt, 2008; Sethi et al., 2009; Demokan et al., 2010;
Carvalho et al., 2011; Guerrero-Preston et al., 2011; Sun et al.,
2012; Rettori et al., 2013; Ramadoss et al., 2015; Wang et al.,
2015; Ferlazzo et al., 2017; Lacombe et al., 2017). When HNSCC
patients with tumors at the oral cavity, oropharynx, larynx, and
hypopharynx were enrolled at the early stages (I and II) and
late stages (III and IV), ctDNA was detected, respectively, in
100% of HNSCC patients enrolled at the early stages and in
95% enrolled at the late stages, with an enrichment in saliva
of all patients affected by OSCC; this result is very specific for
OSCC detection. Moreover, being postsurgically found in 100%
of patients who subsequently had a clinical recurrence and in
any patients without recurrence, it could be also a valuable
biomarker for oral cancer follow-up and surveillance (Wang
et al., 2015). Interestingly, when the OSCC-leading genetic
alterations in ctDNA of saliva and tissue samples were analyzed,
a correlation in loss of heterozygosity and p53 mutations was
found, demonstrating that saliva can be a reliable and non-
invasive alternative to tissue biopsy for OSCC detection (Liao
et al., 2000; El-Naggar et al., 2001; Ramadoss et al., 2015).

Among the epigenetic alterations frequently found in salivary
ctDNA, gene promoter methylation has been extensively
investigated in cancer. Numerous studies, comparing the
methylation rate of genes involved in the cell cycle, proliferation,
and apoptosis, found a difference in salivary samples of HNSCC
patients and healthy subjects, demonstrating that salivary ctDNA
methylation could be considered a very promising biomarker
for HNSCC management and specifically OSCC diagnosis,
prognosis, and follow-up (Viet et al., 2007; Viet and Schmidt,
2008; Sethi et al., 2009; Puttipanyalears et al., 2014). Epigenetic
alterations such as DNA methylation rate can be easily detected
in salivary ctDNA, proving to be a valuable sensitive and specific
marker for OSCC diagnosis and prognosis (Demokan et al., 2010;
Pattani et al., 2010; Guerrero-Preston et al., 2011; Ferlazzo et al.,
2017). Moreover, the evaluation of the methylation status of
genes, involved in OSCC development at diagnosis, seems to be
useful as a predictive factor to develop a personalized therapy and

assess the patient response during surveillance (Viet and Schmidt,
2008; Lacombe et al., 2017).

Extracellular Vesicles
As is widely known, EVs represent one of the main mechanisms
of intercellular communication (Deutsch et al., 2008). The
discovery of cell-derived EVs in saliva able to selectively
“package” factors such as DNAs, RNAs, miRNAs, and proteins
recently attracted the attention of researchers, being promising
additional sources of biomarkers (Valadi et al., 2007; Krief et al.,
2011; El Andaloussi et al., 2013; Lötvall et al., 2014; Wong,
2015; Yáñez-Mó et al., 2015). To date, the most investigated
vesicles in cancer development and progression are exosomes and
microvesicles, small membrane vesicles similar in some structural
and functional elements but distinguished by means of size and
cellular release processes (Wong, 2006; Pfaffe et al., 2011; Corrado
et al., 2013; Kastelowitz and Yin, 2014).

Many studies demonstrated that EVs, transferring protein
and nucleic acids able to support or inhibit tumorigenesis, are
implicated in tumor microenvironments (Kalluri, 2016; Ruivo
et al., 2017); additionally, it has been recently shown that EVs
may have a role in oral cancers (Gai et al., 2018; Han et al.,
2018). Differences in relative size, proteome signature, and
expression of exosomal markers have been highlighted between
OSCC parental and metastatic cells; moreover, OSCC parental
cells release exosomes with oncogenic markers able to influence
the surrounding tumor microenvironment. The evaluation of
exosomal markers from OSCC patients can support diagnosis,
prognosis, and assessment of patient response to therapy,
detecting potential tumor recurrence (Byun et al., 2015; Languino
et al., 2016; Li et al., 2016; Liu et al., 2017; Ono et al., 2018).

Nevertheless, few studies have evaluated the role of salivary
EVs in OSCC management (Table 2; Winck et al., 2015;
Zlotogorski-Hurvitz et al., 2016). Salivary tumor-derived
exosomes have different morphological and molecular features
compared to healthy saliva samples and can detect cancer
and malignant transformations early in high-risk patients
(Zlotogorski-Hurvitz et al., 2016; Malonek et al., 2018). In the
comparison of the proteomic analysis of whole saliva from
healthy and OSCC patients, it was also shown that the qualitative
and quantitative features of saliva EVs may support OSCC
diagnosis and give information regarding the prognosis of cancer
patients. The proteome of salivary EVs shows the presence of
proteins implicated in cancer inflammatory response, transport
of metals, and cellular growth and proliferation, allowing
the classification of OSCC patients and the ability to give
prognosis information with a high percentage of accuracy
(Winck et al., 2015).

MicroRNAs
MicroRNAs are small single-strand RNA molecules (19–21
nucleotides), transcribed by cellular polymerase RNA and
submitted to a double sequential cut: in the nucleus (primary
miRNA) and cytoplasm (precursor miRNA). Then, depending on
the complementarity level with the target, they cleave a messenger
RNA (mRNA) or inhibit its translation (Bartel, 2004; Perron and
Provost, 2008).
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TABLE 1 | Diagnostic, prognostic, and follow-up applications of ctDNA in OSCC, based on population study.

Authors
(year)

Title Cases Controls Type of
alteration

Application Results

Liao et al.,
2000

Mutation of p53 gene codon 63 in
saliva as a molecular marker for oral
squamous cell carcinomas

10 OSCC 27 DNA point
mutation

Diagnosis Of the OSCCs, 62.5% harbor C-deletion in exon 4 codon
63 from preoperative saliva samples. TSG p53 exon 4
codon 63 mutation is a good biomarker for OSCC
diagnosis.

El-Naggar
et al., 2001

Genetic heterogeneity in saliva from
patients with oral squamous
carcinomas: implications in
molecular diagnosis and screening

40 OSCC 10 DNA
microsatellite

Diagnosis A correlation on DNA microsatellite alterations between
saliva and tumor specimens was found. The saliva ctDNA
can be used as a genetic biomarker for early detection of
OSCC.

Viet and
Schmidt,
2008

Methylation array analysis of
preoperative and postoperative
saliva DNA in oral cancer patients

13 OSCC 10 DNA
hypermethylation

Diagnosis
and
prognosis

Sites highly methylated in the tissue and preoperative
saliva samples, but not methylated in the postoperative
saliva samples or in normal subjects, were found.
A genetic classifier consisting of specifically methylated
gene loci was generated and can be used as a composite
biomarker for early diagnosis and prognosis of OSCC.

Sethi et al.,
2009

Non-invasive molecular detection of
head and neck squamous cell
carcinoma: an exploratory analysis

27 HNSCC
(7 OSCC)

10 CNV (loss and
gain)

Diagnosis Gain of PMAIP1 (18q21.31) solely or in conjunction with
gain of PTPN1 (20q13.13), detected in saliva DNA,
differentiated 100% of HNSCC cases from normal
controls with high sensitivity and specificity, with no tumor
site differentiation. However, it has clinical utility for
non-invasive HNSCC diagnosis and screening, including
OSCC.

Demokan
et al., 2010

KIF1A and EDNRB are differentially
methylated in primary HNSCC and
salivary rinses

101
HNSCC (39

OSCC)

76 DNA
hypermethylation

Diagnosis Promoter hypermethylation of K1F1A and EDNRB genes,
detected in saliva DNA, is preferentially methylated in
salivary rinses from HNSCC compared with healthy
patients. In addition, patients with OSCC had higher
methylation on the K1F1A promoter. KIF1A and EDNRB
are potential biomarkers for HNSCC detection, with
K1F1A being more specific for OSCC.

Carvalho
et al., 2011

Detection of promoter
hypermethylation in salivary rinses
as a biomarker for head and neck
squamous cell carcinoma
surveillance

61 HNSCC
(30 OSCC)

– DNA
hypermethylation

Prognosis
and follow-up

Of the HNSCC patients analyzed, 54.1% showed
methylation in the promoter of at least one of the studied
genes (i.e., DAPK, DCC, MINT-31, TIMP3, p16, MGMT,
and CCNA1) in saliva ctDNA, with a significantly lower
local disease control and overall survival in patients with
recurrence. In addition, among all sites analyzed, a higher
percentage of patients with OSCC, with respect to the
other sites, showed DNA hypermethylation. Detection of
DNA hypermethylation in saliva ctDNA can potentially
predict local recurrence and overall survival in OSCC
patients.

Guerrero-
Preston et al.,
2011

NID2 and HOXA9 promoter
hypermethylation as biomarkers for
prevention and early detection in
oral cavity squamous cell
carcinoma tissues and saliva

16 OSCC 19 DNA
hypermethylation

Diagnosis The promoter hypermethylation of HOXA9 and NID2
genes detected in tissue, saliva, and serum ctDNA of
OSCC patients has a moderate to significant agreement
with clinical diagnosis, distinguishing healthy from OSCC
patients at the moment of pretreatment. They are
potentially useful for OC early detection and prevention.

Sun et al.,
2012

Detection of TIMP3 promoter
hypermethylation in salivary rinse as
an independent predictor of local
recurrence-free survival in head and
neck cancer

197
HNSCC (53

OSCC)

– DNA
hypermethylation

Prognosis Promoter hypermethylation of TIMP3 detected in
pretreatment salivary rinse ctDNA of HNSCC patients is
associated with disease-free survival; even if without
tumor site differentiation, hypermethylation of TIMP3 can
be considered a salivary independent prognostic factor of
HNSCC recurrence, including OSCC.

Rettori et al.,
2013

Prognostic significance of TIMP3
hypermethylation in post-treatment
salivary rinse from head and neck
squamous cell carcinoma patients

146
HNSCC (70

OSCC)

60 DNA
hypermethylation

Diagnosis,
prognosis,
and follow-up

DNA hypermethylation in CCNA1, DAPK, DCC, MGMT,
and TIMP3 is strictly correlated to the presence of OSCC
tumor. Moreover, 100% of HNSCC patients with TIMP3
DNA hypermethylation, 6 months after treatment, had
lower local recurrence-free survival. DNA
hypermethylation on CCNA1, DAPK, DCC, MGMT, and
TIMP3 genes is a specific OSCC diagnostic biomarker;
TIMP3 DNA hypermethylation is an independent
prognostic factor to recognize HNSCC patient subgroups
with high risk of local recurrence.

(Continued)
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TABLE 1 | Continued

Authors
(year)

Title Cases Controls Type of
alteration

Application Results

Ramadoss
et al., 2015

C-deletion in exon 4 codon 63 of
p53 gene as a molecular marker for
oral squamous cell carcinoma: a
preliminary study

20 OSCC 5 DNA point
mutation

Diagnosis PCR data showed the presence of C-deletion in exon 4 of
p53 gene in saliva of 100% OSCC. Mutation in exon 4
codon 63 of the p53 gene, evaluated by PCR, is a fast,
reliable, accurate, and sensitive molecular method that may
be employed as a potential molecular diagnostic marker for
OSCC.

Wang et al.,
2015

Detection of somatic mutations and
HPV in the saliva and plasma of
patients with head and neck
squamous cell carcinomas

93
HNSCC

(3 OSCC)

– DNA somatic
mutations and
HPV genes

Diagnosis,
prognosis,
and follow-up

After evaluation of ctDNA somatic mutations or HPV genes
from saliva and plasma of HNSCC patients, saliva ctDNA
mutations resulted in 100% specificity for OSCC cancer
detection. Moreover, any mutation was identified after
surgery in the patients whose tumors did not recur, being
considered a valuable diagnostic, prognostic, and follow-up
biomarker.

Ferlazzo
et al., 2017

Influence of MTHFR genetic
background on p16 and MGMT
methylation in oral squamous cell
cancer

58 OSCC 90 DNA
hypermethylation

Diagnosis There is a higher frequency of p16 and MGMT promoter
methylation in OSCC patients than in normal controls. The
assessment of DNA methylation rate could represent a
powerful diagnostic approach for early detection of cancer.

Lacombe
et al., 2017

Analysis of saliva gene expression
during head and neck cancer
radiotherapy: a pilot study

8 HNSCC
(1 OSCC)

– Aberrant
expression

Follow-up This pilot study shows that salivary gene biomarkers can be
detected and their expression modified during head and
neck radiotherapy. The increasing expression of the genes
CCDKN1A and DDB2, during radiation treatment, is
correlated to the cumulative received dose. Saliva is a
minimally invasive means of biomarker collection to directly
measure radiation dose escalation during treatment.

OSCC, oral squamous cell carcinoma; ctDNA, circulating tumor DNA; TSG, tumor suppressor gene; HNSCC, head and neck squamous cell carcinoma; CNV, copy
number variation; miRNA, microRNA; PCR, polymerase chain reaction; HPV, human papillomaviruses; MTHFR, methylenetetrahydrofolate reductase.

TABLE 2 | Diagnostic and prognostic application of EVs in OSCC, based on population study.

Authors (year) Title Cases Controls Type of alteration Application Results

Winck et al.,
2015

Insights into immune responses
in oral cancer through
proteomic analysis of saliva and
salivary extracellular vesicles

24 OSCC 10 Aberrant expression Prognosis The proteomic data from whole saliva and
saliva EVs of OSCC and healthy patients allow
us to classify OSCC patients with 90%
accuracy, being considered valuable additional
parameters/biological biomarkers to define the
prognosis in OSCC patients.

Zlotogorski-
Hurvitz et al.,
2016

Morphological and molecular
features of oral fluid-derived
exosomes: oral cancer patients
versus healthy individuals

36 OC (OSCC
not specified)

25 Altered exosome
morphology and
protein composition

Diagnosis Saliva from OC patients contains
morphologically and molecularly different
exosomes with respect to healthy subjects. In
particular, the decrease in the expression of
CD9 and CD81 rather than the increase of
CD63 expression can be an indicator of OC,
even in the very early stages of the disease, in
high-risk patients without clear clinical sign.

EV, extracellular vesicle; OC, oral cancer; OSCC, oral squamous cell carcinoma.

MicroRNAs can be released into body fluids as cell-
free miRNAs, associated with RNA-binding proteins or
selectively packaged into EVs (Larrea et al., 2016). Their
involvement in tumor microenvironments has been widely
investigated, demonstrating that the expression of miRNAs
could be associated with the deregulation of oncosuppressors or
oncogenes, contributing to tumor development or inhibition.
Moreover, they were unchanged in tissues and body fluids,
and their expression is frequently tumor specific; for these
reasons, the possibility to analyze miRNA profiles associated
with cancer patients represents a new paradigm in biomarker
discovery for cancer clinical diagnostics. Specifically, with

regard to HNSCC cancers strictly associated with saliva,
the evaluation of miRNAs released by OSCC cells in saliva
represents a promising perspective for OSCC management
(Momen-Heravi et al., 2014).

Over the years, many studies and reviews summarized the
updates on evaluation of miRNA expression alteration for
diagnosis and risk stratification of oral cancers, finding that
many miRNAs are differentially expressed between healthy and
OSCC patients (Table 3; Park et al., 2009; Wiklund et al.,
2011; Liu et al., 2012; Yang et al., 2013; Momen-Heravi et al.,
2014; Al-malkey and Abbas, 2015; Zahran et al., 2015; Duz
et al., 2016; Greither et al., 2017). The different salivary
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TABLE 3 | Diagnostic and follow-up application of miRNAs in OSCC, based on population study.

Authors (year) Title Cases Controls Type of alteration Application Results

Park et al.,
2009

Salivary microRNA: discovery,
characterization, and clinical
utility for oral cancer detection

10 OSCC 10 Expression
downregulation

Diagnosis miRNAs are present in both whole saliva and
supernatant saliva. Two of evaluated miRNAs,
miR-125a and miR-200a, are downregulated in the
saliva of the OSCC patients compared to healthy
controls, being useful in detecting OSCC.

Wiklund et al.,
2011

MicroRNA alterations and
associated aberrant DNA
methylation patterns across
multiple sample types in oral
squamous cell carcinoma

15 OSCC 7 Aberrant
expression and
DNA
hypermethylation

Diagnosis Compared to healthy subjects, OSCC patients had
deregulated miRNAs with associated DNA
methylation patterns. Particularly, repression of
miR-375 and methylation on miR-137,
miR-200c-141, and miR-200 s/miR-205 loci were
found in OSCC patients vs. healthy patients, being
promising candidates to develop OSCC-specific
miRNA signatures.

Liu et al., 2012 Exploiting salivary miR-31 as a
clinical biomarker of oral
squamous cell carcinoma

45 OSCC 24 Expression
upregulation

Diagnosis and
follow-up

Salivary miR-31 was significantly increased in
patients with OSCC at all clinical stages, including
very early stages. In addition, it was shown to be
more abundant in saliva than in plasma, and after
tumor surgical removal, its expression was
reduced. Salivary miR-31 is a promising specific
biomarker for early detection and postoperative
follow-up of OSCC.

Yang et al.,
2013

Progress risk assessment of
oral premalignant lesions with
saliva miRNA analysis

45 OSCC
potentially

progressing
LGD

leukoplakia

- Aberrant
expression

Diagnosis A specific miRNA aberrant profile was found in
saliva samples of progressing oral LGD leukoplakia;
it allows monitoring of cancer precursor lesions and
early detection of progression toward OSCC,
before clinical evidence.

Momen-Heravi
et al., 2014

Genomewide study of salivary
microRNAs for detection of oral
cancer

9 OSCC-bt, 8
OSCC-r

9 Aberrant
expression

Diagnosis The miRNA profiles derived from OSCC, OSCC-r,
and healthy controls were distinctively different. In
particular, overexpression of miRNA-27b was found
in OSCC saliva samples and not in the saliva of the
other two groups; it can be potentially considered a
promising OSCC diagnosis salivary biomarker.

Zahran et al.,
2015

Salivary microRNAs in oral
cancer

100 OC (20
OSCC)

20 Aberrant
expression

Diagnosis Salivary miRNA-21, miRNA-145, and miRNA-184
were differentially expressed in OSCC and healthy
saliva samples. They can be considered
non-invasive, rapid diagnostic biomarkers for oral
malignant transformation and early detection of
OSCC, with miRNA-184 having the best diagnostic
value.

Al-malkey and
Abbas, 2015

Expression analysis of salivary
microrna-31 in oral cancer
patients

35 OC (OSCC
not specified)

20 Expression
upregulation

Diagnosis and
follow-up

Salivary miR-31 expression increased in OC
patients, with enrichment in saliva compared with
plasma, allowing the proposal of miR-31 as a
sensitive biomarker for early detection and
postsurgical follow-up of OC.

Duz et al., 2016 Identification of miR-139-5p as
a saliva biomarker for tongue
squamous cell carcinoma: a
pilot study

25 OSCC 25 Aberrant
expression

Diagnosis Salivary miR-139-5p was significantly reduced in
TSCC patients compared to controls, and its level
turned back to normal after surgery. It is a feasible
and promising diagnostic marker.

Greither et al.,
2017

Salivary miR-93 and miR-200a
as post-radiotherapy
biomarkers in head and neck
squamous cell carcinoma

17 HNSCC (5
OSCC)

– Aberrant
expression

Follow-up MiR-93 and miR-200a were significantly increased
12 months after radiotherapy, demonstrating to be
valuable biomarkers for treatment monitoring
post-radiation of HNSCC.

miRNA, microRNA; LGD, low-grade dysplasia; OSCC, oral squamous cell carcinoma; OSCC-bt, oral cancer cell carcinoma before treatment; OSCC-r, oral cancer cell
carcinoma in remission; OC, oral cancer; TSCC, tongue squamous cell carcinoma.

expression of miRNAs, as miR-125, miR- 200a, miR-21, miR-
145, miR-200a, miR-93, miR-375, and miR-184 in OSCC patients
compared to the healthy subjects, has been demonstrated to be
a reliable method to detect OSCC and potentially malignant
oral lesions (Park et al., 2009; Wiklund et al., 2011; Zahran
et al., 2015; Greither et al., 2017; Maheswari et al., 2018).

Salivary miR-139-5p has also demonstrated to be a valuable
biomarker for response to therapy and evaluation of OSCC
recurrence; it was downregulated in saliva samples from OSCC
patients compared to the saliva of healthy subjects, and its
expression increased in OSCC patient saliva after surgery
(Duz et al., 2016).
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Finally, other studies also focused on the potential of
salivary miRNAs to assess the progression risk of oral
premalignant lesions to OSCC, distinguishing progressing from
non-progressing oral low-grade dysplasia; for example, the
increased expression of miR-708, miR-10b, miR-19a, miR-
30e, miR-26a, and miR-660 and decreased expression of miR-
99, miR-15a, miR-197, miR-145, and miR-150 in saliva of
OSCC patients represent biomarkers for neoplastic malignant
transformation of oral lesions as oral low-grade dysplasia; some
miRNAs, notably acting in cancer as oncosuppressors and
found upregulated in patients with oral low-grade dysplasia,
could represent elements of protection against the malignant
transformation (Yang et al., 2013). Even though current
evidence on the role of miRNAs in OSCC is encouraging,
it is suggested that a combination of salivary miRNAs
and proteomic data could help to have greater coverage
and increased robustness of results (Yakob et al., 2014;
Zahran et al., 2015).

Other Potential Biomarkers: CTCs
Circulating tumor cells have been widely investigated in the
bloodstream as other potential OSCC biomarkers. They are
released from primary tumor mass, disseminating via the
lymphatic and blood vessels throughout the body. Their presence
in blood circulation is correlated to metastasis, recurrences, and
worse prognosis (Jatana et al., 2010; Hristozova et al., 2011;
Alix-Panabieŕes and Pantel, 2013; Grobe et al., 2013). They can
both promote the development of metastasis and colonize the
primary tumor site, supporting the primary tumor growth in
a process called tumor self-seeding (Ilie et al., 2014; Zhang
et al., 2016). Many studies highlighted the correlation between
increased levels of CTCs and OSCC diagnosis (Nichols et al.,
2012; He et al., 2013); however, it seems that the increased
number of CTCs is more correlated to prognosis and locoregional
relapse (Jatana et al., 2011; Buglione et al., 2012; Gröbe et al.,
2014). Therefore, analysis of CTCs in blood samples of cancer
patients may really support clinician decisions, helping to
phenotypically and genetically characterize the primary tumor
(Jatana et al., 2010; Ilie et al., 2014; Lianidou et al., 2014;
Rolfo et al., 2014; Tinhofer et al., 2014; Wu et al., 2016; Zhou
et al., 2016), but being more frequently found in late-stage
cancers, it seems to be more informative as a tool for cancer
prognosis; moreover, the investigation of drug molecular targets
on the CTC surface could help to develop immunotherapies
(Nonaka and Wong, 2018). All studies performed so far derived
from analysis of blood samples; the investigation of CTC on
saliva remains unexplored. We conceive that future studies
on salivary CTCs from OSCC patients may provide relevant
information about tumor prognosis and genetic alterations
potentially associated with tumor recurrence, contributing to
development of targeted therapies.

DISCUSSION

With a frequency of 2–4% of all worldwide cancer cases,
OSCC is the most common epithelial neoplasia affecting

the head-and-neck area (Markopoulos, 2012). Many efforts
have been done so far to improve the strategies of OSCC
diagnosis, prognosis, and development of therapies; however,
it still is a cancer with poor prognosis (Moore et al., 2000).
This primarily depends on diagnostic delay and insufficiently
informative techniques to do prognosis and uncover tumor
recurrence after surgery and/or therapy establishment.
Given the intra-tumoral and inter-tumoral heterogeneity
and the dynamic behavior with modification over time on
the molecular profile, also depending on the therapeutical
response, the traditional strategies of cancer screening are
not sufficient for the effective management of OSCC; we
urgently need novel and more effective time-saving strategies
(Bellairs et al., 2017). In light of the above, the latest body of
literature has focused on understanding the tumor-leading
molecular basis, to develop more precise and advanced
methodologies for early detection, prognosis, and establishment
of successful therapies, decreasing the rate of recurrences
(Woolgar, 2006).

Liquid biopsy is currently one of the most investigated
techniques to easily outline the molecular identity of cancers in
both early and late stages, and due to its accessibility, ease of
employment, and natural feature of being in close contact with
OSCC cells, saliva is considered one of the most indicative body
fluids for liquid biopsy in OSCC (Kaczor-Urbanowicz et al., 2017;
Gai et al., 2018; Khurshid et al., 2018).

Saliva has been proposed as a valuable means for early
diagnosis, definition of cancer patient molecular profile, and
development of a personalized therapy and allows monitoring
of response and cancer relapse; indeed, it contains bioactive
elements such as ctDNAs, miRNAs, and EVs derived from OSCC
cells, where genetic and epigenetic alterations can be easily
detected and give relevant information. In particular, salivary
ctDNA, miRNAs, and EVs seem to be the preferred biomarkers
for early detection and diagnosis; instead, CTCs, even if more
widely investigated in plasma, seem to be more informative to
predict prognosis (Nonaka and Wong, 2018).

The results obtained so far lead to the term “salivaomics”
to indicate all the translational and clinical tools based on
salivary biomarkers and considered very supportive for cancer
management (Wong, 2014).

CONCLUSION AND FUTURE
PERSPECTIVES

There is an increasing interest in employing saliva samples as a
source of biomarkers for OSCC liquid biopsy analysis. However,
there are still several challenges that are yet to be overcome which
are briefly indicated below and summarized in Table 4 for each of
the mentioned and revised biomarkers.

ctDNA
Salivary ctDNA holds cancer DNA genetic and epigenetic
alterations; it can reflect the complex molecular profile deriving
from tumor spatial and intratumoral heterogeneity, and its
alterations in sequence can primarily support diagnosis and
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TABLE 4 | Pros and cons of salivary biomarkers in OSCC diagnosis, prognosis
and follow-up.

Salivary
biomarkers

Pros Cons

ctDNA • ctDNA holds cancer DNA
genetic and epigenetic
alterations

• Inter-patient (e.g., age, gender,
diet, and smoking) and
intra-patient variability and
tumoral and temporal
heterogeneity

• Non-tumoral circulating free
DNA contamination of sample

• ctDNA can reflect the complex
molecular profile deriving from
tumor spatial and intratumoral
heterogeneity

• High costs of isolation and
detection technologies (e.g.,
NGS and RT-qPCR)

• DNA alterations in ctDNA
and/or relative levels are useful
for cancer diagnosis,
prognosis, and follow-up

• Little coverage of ctDNA
alteration detection platform

• No standardized and
reproducible protocols

EVs • EVs allow detection of
low-expression biomarkers
otherwise not detectable in
saliva

• Complex and expensive
isolation (i.e.,
ultracentrifugation,
ExoQuick-TC, and an aqueous
two-phase system),
characterization (e.g., electron
microscopy, dynamic light
scattering, and western
blotting), and analysis
technologies (e.g., RT-qPCR)

• EV different relative levels,
morphology, and composition
(e.g., lipids, proteins, DNA, and
miRNAs) are useful for cancer
diagnosis and prognosis

• No standardized and
reproducible protocols

miRNAs • The aberrant expression of
miRNAs is informative for
cancer diagnosis and follow-up

• Expensive detection and
analysis (e.g., RT-qPCR)
technologies

• Absence of valid endogenous
RT-qPCR control

• Inter-patient variability (e.g.,
age and inflammation)

• No standardized and
reproducible protocols

ctDNA, circulating tumor DNA; EV, extracellular vesicle; miRNA, microRNA; NGS,
next-generation sequencing; OSCC, oral squamous cell carcinoma; RT-qPCR,
quantitative reverse-transcription PCR.

secondly prognosis and assessment of patient response to
therapy; nevertheless, several challenges still need to be overcome
for ctDNA implementation in clinics (Van Ginkel et al., 2017;
Payne et al., 2018). Firstly, it is necessary to improve the ctDNA
isolation methodologies and sensibility of detection technologies
to remove the noise due to cfDNA molecules physiologically
released from non-tumoral cells and detect cancer even in
the presence of an almost undetectable amount of ctDNA. In
addition, we need to reduce the bias derived from inter-patient
(e.g., age, gender, diet, and smoking) and intra-patient variability
and tumoral and temporal heterogeneity, for a higher specificity
of analysis, and it is necessary to improve the genetic coverage of

ctDNA detection platforms to detect multiple molecular markers
(Ignatiadis et al., 2015).

EVs
Extracellular vesicles allow detection of low-expression
biomarkers, and the relative levels, morphology, and composition
(e.g., lipids, proteins, and nucleic acids) were informative for
oral cancer diagnosis and prognosis. Nevertheless, the use
of EVs in OSCC management still has limitations related to
the complex and expensive isolation, characterization, and
analysis technologies. Among all methods to isolate salivary
EVs, ultracentrifugation and ExoQuick-TC (a chemical-
based agent kit used to precipitate EVs) represent the most
currently physical-based used methods. Ultracentrifugation is
a widely used isolation methodology able to give a minimally
contaminated EV pellet; however, it is a complex and prolonged
process that needs specialized and expensive equipment as well
as large samples. In contrast, ExoQuick-TC can isolate and
purify EVs from small samples, even if with more impurities
compared to ultracentrifugation (Théry et al., 2006; Zlotogorski-
Hurvitz et al., 2015; Boriachek et al., 2018). Another technique
to isolate salivary EVs, named the aqueous two-phase system,
has been recently developed by Kim et al. (2017) and seems
to be more efficient in terms of yield and purity compared
to ultracentrifugation and ExoQuick-TC. With regard to
characterization, the following techniques are worth mentioning:
electron microscopy; an ultra-sensitive technique of low-force
microscopy to investigate shape, structure, chemistry, and
mechanics of vesicles; dynamic light scattering to perform
a size distribution analysis; and western blotting analysis to
evaluate EV-specific markers (Théry et al., 2006; Byun et al.,
2015). However, despite their widespread use in daily laboratory
activity, the above-described techniques are still too expensive
and time-consuming to employ in clinical routine. The use of size
and surface markers for selection is urgently necessary to increase
yield and quality of isolated vesicles (Witwer, 2015; Barger et al.,
2016); besides, the development of new and innovative strategies
is essential to more easily characterize EVs. Last, but not least,
the validation and standardization of protocols are essential to
safely move from the bench to the bedside; develop an easy, cost-
effective, and robust clinical strategy; and obtain reproducible
data (Witwer et al., 2013; Zahran et al., 2015; Han et al., 2018).

MiRNAs
The aberrant expression of miRNAs is very supportive of
OSCC diagnosis, but as previously described for other salivary
biomarkers, we still need to face many challenges. The protocols
used to analyze and quantify isolated miRNAs need to be
normalized and standardized. In the case of RT-qPCR analysis,
global mean expression and exogenous (spiked-in) miRNAs and
endogenous controls are currently used to normalize RNAs
(Mestdagh et al., 2009; Yoshizawa and Wong, 2013). Current
research identified miR-191 and miR-16 as unique suitable
endogenous controls; however, they need to be validated in larger
cohorts of patients (Momen-Heravi et al., 2014). Another variable
that influences miRNA investigation in OSCC is the inter-
patient variability (e.g., age and inflammation). Age represents
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a continuous variable affecting the investigations; many studies
demonstrate that miRNAs are involved in the regulation of aging
processes and are often upregulated in older individuals. This
may be limiting and decrease the robustness, sensitivity, and
specificity of miRNA investigation in OSCC patients (Wan et al.,
2017). Inflammation is a typical condition of cancer development
and influences the expression of miRNAs; possible fluctuations
of miRNA expression may not be directly linked to cancer
features, but to body inflammatory response to cancer presence,
perturbing miRNA expression and decreasing reproducibility of
data (Kulkarni et al., 2017). Standardization of protocols should
be defined to store and handle isolated miRNAs, making them
available for clinical routine (Witwer et al., 2013).

CONCLUSION

In line with the current status and perspectives of liquid biopsy
and saliva analysis, saliva has promising implications in OSCC
management; it is conceivable that future studies on employment
of ctDNAs, EVs, miRNAs, and CTCs, as salivary biomarkers in

OSCC clinical routine, will certainly help to establish consistent
strategies for early diagnosis of cancer lesions, facilitate advance
prevention, and support the development of targeted therapies;
this will improve treatment outcomes of OSCC patients, also
reducing chemotherapy/radiotherapy side effects.
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Type 2 diabetes is a common metabolic disorder related to insulin resistance, or

deficiency of insulin secretion, caused by decreased insulin sensitivity and destruction

of islet structure and function. As the second human genome, the microbiota has

been observed to have a growing relationship with diabetes in recent years. Microbiota

imbalance has been hypothesized to be involved in the regulation of energy metabolism

and the inflammatory immune response in diabetes. The present study aimed to

investigate whether fecal microbiota transplantation (FMT) could alleviate the symptoms

associated with type 2 diabetes. To this end, a type 2 diabetes mouse model was first

established through the consumption of a high-fat diet combined with streptozotocin

(100mg/kg), and FMT was used to rebuild the gut microbiota of diabetic mice. Fasting

blood glucose, oral glucose tolerance tests, and HbA1c levels were monitored, while the

hypoglycemic effects of FMT were also observed. Insulin levels were tested by ELISA and

related indexes such as HOMA-IR, HOMA-IS, and HOMA-β were calculated. We found

that insulin resistance and pancreatic islet β-cells were improved after FMT treatment.

Meanwhile, the markers of inflammation in the pancreatic tissue were detected by ELISA

and immunohistochemistry, which indicated that inflammatory response decreased

following FMT treatment. Furthermore, flow cytometry and western blot results revealed

that FMT inhibited the β-cell apoptosis. Here, the effect of FMT on hypoglycemia in type

2 diabetes was addressed by improving insulin resistance and repairing impaired islets,

thereby providing a potential treatment strategy for type 2 diabetes.

Keywords: diabetic, microbiota, FMT, apoptosis, inflammation

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is the most common endocrine and metabolic disease, which is
characterized by high blood glucose, insulin resistance, and a relative deficiency of insulin. Clinical
epidemiological data show that the number of patients with T2DM is increasing rapidly worldwide;
the number is estimated to exceed 439 million by 2030 (Shaw et al., 2010). Sustained hyperglycemia
and metabolic disorders can lead to tissues and organs dysfunction, particularly the eyes, kidneys,
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cardiovascular and nervous systems (Koopal et al., 2018).
Presently, the main causes of T2DM are peripheral insulin
resistance and pancreatic islet β-cell injury and dysfunction,
which leads to abnormal blood glucose regulation and serious
complications (Ruiz et al., 2018; Sun et al., 2018). However, the
currently available drugs, diet control, insulin injections, and
other treatments do not prevent the occurrence of diabetes or the
development of various chronic complications.

The intestinal microflora is a general term for the various
microorganisms that are located in the intestinal environment
(Kerr et al., 2015). The number of intestinal microorganisms
is more than 1014/mL in the human body, which forms
a complex and relatively independent micro-ecosystem;
microorganisms participate in numerous functions such as
substance transformation and energy metabolism (Jia et al.,
2017). When the ratio of beneficial bacteria to harmful bacteria
is disturbed, the balance of microbiota is broken, and metabolic
disorders occur in the human body, leading to other related
diseases. It is believed that T2DM is the result of impaired islet β-
cells function due to genetic and environmental factors. Owing
to in-depth research on intestinal function, the role of microbiota
in the progression of type 2 diabetes is becoming increasingly
clear and acknowledged (Kang et al., 2018). Studies have shown
that intestinal microflora is significantly different between
patients with type 2 diabetes and healthy individuals (Savilahti
et al., 2018). The proportion of Firmicutes and Clostridium
was significantly reduced in T2DM patients, and the levels of
Bacteroides, Escherichia coli and other conditional pathogenic
bacteria were increased (Larsen et al., 2010; Qin et al., 2012;
Wang et al., 2018). In contrast, probiotics have been shown
to improve intestinal microflora disturbances and effectively
alleviate the symptoms of diabetes. Due to the complexity of the
intestinal microflora, its structure and function have not yet been
fully understood yet, and its specific role in T2DM has not been
completely elucidated.

Apoptosis is the programmed cell death that occurs in
multicellular organisms (Curti et al., 2017). Previous studies
have shown that impaired islet β-cell function is associated with
decreased β-cells due to apoptosis (Butler et al., 2003; Curti
et al., 2017). Imbalanced intestinal microflora activates low-grade
chronic inflammation of islets, which may cause damage and
dysfunction of islet β-cells and promote β-cell apoptosis. In the
current study, we aimed to evaluate whether fecal microbiota
transplantation (FMT) could alleviate the symptoms in a high-
fat diet (HFD) and streptozotocin-induced diabetes. Our results
showed that rebuilding gut microbiota could be decreased fasting
blood glucose (FBG) levels and improves insulin resistance in
T2DM mice by relieving islets destruction. From the perspective
of gut microbiota, our study aimed to support the theory that

Abbreviations: AUC, Areas under the curve of glucose; FBG, Fasting

blood glucose; FMT, Fecal microbiota transplantation; HE, Hematoxylin

and eosin; HFD, High-fat diet; HOMA-IR, Homeostasis model assessment-

Insulin resistance; HOMA-IS, Homeostasis model assessment-Insulin sensitive;

HOMA-β, Homeostasis model assessment-β; IHC, Immunohistochemistry; IL-

10, Interleukin-10; IL-6, Interleukin-6; OGTTs, Oral glucose tolerance tests; PBS,

Phosphate-buffered saline; SDS, Sodium dodecyl sulfate; T2DM, Type 2 diabetes

mellitus; TNF-α, Tumor necrosis factor-alpha.

remodeling intestinal microflora could improve T2DM, which
elucidates the capability of FMT to control diabetes mellitus
and offer a new consideration for FMT as a valuable treatment
strategy in metabolic diseases.

MATERIALS AND METHODS

Animals and Ethics Approval
Kunming (KM) mice, weighing 20–22 g, were provided by the
Animal Center of the Second Affiliated Hospital of Harbin
Medical University. The methods were performed in accordance
with the National Guidelines for Experimental Animal Welfare
(The Ministry of Science and Technology, People’s Republic of
China, 2006). All experimental protocols were pre-approved by
the Experimental Animal Ethics Committee of Harbin Medical
University, China (No. HMUIRB 20180025).

Type 2 diabetes was induced by a high-fat diet for 6
weeks and combined with a single intraperitoneal injection of
streptozotocin (100mg/kg) (Sigma, St. Louis, MO) dissolved in
0.01 mol/L citric acid solution (pH = 4.3). One week later,
FBG was measured through a tail vein. T2DM mouse models
were selected in which the FBG value was higher than 11.1
mmol/L. The mice were randomly divided into control, T2DM,
and T2DM+FMT groups. All groups were raised under standard
temperature (23 ± 1◦C), humidity (55% ± 5%), and a normal
diet for 8 weeks. Healthy KM mice (22–25 g) with FBG lower
than 6.0 mmol/L were randomly selected as the normal control
group. Mice in the T2DM+FMT group were intragastrically
administered with 0.3ml fecal suspension daily for 8 weeks; the
control and T2DMmice received equivalent volumes of sterilized
distilled water. The FBG and OGTTs levels were observed during
the experiment in all groups.

Fecal Microbiota Transplantation (FMT)
To serve as donor mice, KM mice were obtained and housed
under constant temperature and humidity conditions for 1 week.
Animals were placed in an empty autoclaved cage a day before
collecting the fecal samples. The mice is defecated normally,
and the first three fecal pellets of each animal were collected
in an empty 1.5ml tube using a sterile toothpick. The tube is
quickly closed, placed in liquid nitrogen, and then transferred to
a refrigerator at −80◦C for storage until preparation of the fecal
suspension (Ericsson et al., 2017). Fecal samples (300mg) were
dissolved in 10ml sterilized distilled water andmixed well for use.

ELISA
Blood samples were collected from the medial canthus vein
of each mouse. Pancreas tissue homogenate was obtained by
sonication. Plasma HbA1c and serum insulin were measured
using the mouse ELISA Kit (Cloud-Clone Corp, Wuhan,
China) after the blood samples were centrifuged (1,000 × g)
for 15min at 4◦C. Pancreas tissue IL-6, IL-10, and TNF-α
were detected using the mouse ELISA Kit (Cloud-Clone Corp,
Wuhan, China). The ELISAs were performed according to the
manufacturer’s protocols.
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Hematoxylin and Eosin (HE) Staining
Mice were administered 2% Tribromoethanol (0.01 ml/g) by
intraperitoneal injection. After anesthetizing, pancreatic tissue
was removed and immediately immobilized for 24 h in 4%
paraformaldehyde. Following fixation, the tissue was processed
by dehydration with a gradient concentration of ethanol, cleared
in xylene, embedded in paraffin, and sliced at 4µm thickness.
HE staining was performed according to the manufacturer’s
protocols (Solarbio, Beijing, China) (He et al., 2018).

Immunohistochemistry (IHC)
Tissue sections were deparaffinized and antigen retrieval is
performed using the pressure cooker method. The sections were
blocked with normal sheep serum at room temperature for
30min, followed by incubation at 4◦C overnight with primary
antibodies for IL-6, IL-10, TNF-α (All antibody, Bioss, Beijing,
China, 1:100). The sections were washed three times with
PBS and then incubated with secondary antibodies (ZSGB,
Beijing, China) at 37◦C for 1 h. DAB solution was added to
cover tissue sections and incubated at room temperature for
2min. Hematoxylin stained for 15 s, dehydrated, transparent
and mounted for paraffin section. A “quick score” method for
IHC semiquantitation validation was used. The score range
is 0–18 that is positively correlated to the positive intensity
and the expression quantity. The formula is: Quick Score =

A the percentage of positive cells × B the average intensity. A is assigned
into 0 to 6 (1 = 0–4%; 2 = 5–19%; 3 = 20–39%; 4 = 40–59%;
5 = 60–79%; 6 = 80–100%). B is assigned into negative, weak,
intermediate and strong staining that is represented by 0, 1, 2,
and 3, respectively.

Western Blot
Total protein was extracted from the pancreatic tissue and
separated by electrophoresis using 12% sodium dodecyl sulfate
(SDS) polyacrylamide gels. The proteins are transferred to
polyvinylidene difluoride membranes (Millipore, Bedford, MA,
USA). The membranes were blocked with 4% milk for 2 h
and then incubated at 4◦C overnight with primary antibodies
for Bcl-2, Bax, Caspase-3, and GAPDH (Bcl-2, SANTA CRUZ,
1:1000; Bax, proteintech, 1:1000; Caspase-3, Millipore, 1:200;
GAPDH, ZSGB, Beijing, China, 1:1000). The membranes were
washed three times with PBS containing 0.5% Tween 20 (PBS-
T) and then incubated with secondary antibodies (ZSGB, Beijing,
China, 1:10000) at room temperature for 1 h. The images are
captured onOdyssey 1.2 software (LI-COR Biosciences, Valencia,
CA). Relative band densities were quantified using Image Studio
software with GAPDH as an internal control protein.

Flow Cytometry
Pancreatic islet single-cell suspensions are prepared from the
pancreatic tissue through a sieve. The cells were washed three
times with p0hosphate-buffered saline (PBS), centrifuged (1,000
× g) for 5min at 4◦C, and the cell concentration is maintained
at approximately 1 × 105 cells/ml. The flow cytometry is
performed with the Annexin V-FITC Apoptosis Detection Kit
according to the manufacturer’s protocols (Vazyme, Nanjing,
China). The cells were suspended in 100 µl 1× Binding Buffer

solution, stained with 5 µl Annexin V-FITC and 5 µl PI
Staining Solution, and incubated at room temperature for 10min.
Next, 400 µl 1× Binding Buffer is added and apoptosis is
assessed by flow cytometry (BD LSRFortessaTM, Franklin Lakes,
NJ, USA).

16S Sequencing and Bioinformatics
Analysis
First, the fecal samples of each mouse are collected in a sterilized
tube. The samples are stored at −80◦C refrigerator until use.
The genomic DNA of each fecal sample was extracted based
on the SDS method. The purity and concentration of DNA are
detected by agarose gel electrophoresis and the samples are then
diluted to 1 ng/µL with sterile water. Using the diluted genomic
DNA as the template, the V3–V4 region is amplified by the
enzyme and PCR buffer (New England Biolabs, Massachusetts,
USA). According to the concentration of the PCR products,
the samples were mixed and purified on the 2% agarose gel
electrophoresis, and then target bands were cut and recycled
by GeneJET Kit (Thermo Scientific, Waltham, USA). Libraries
are constructed by the Ion Plus Fragment Library Kit 48 rxns
(Thermo Scientific, Waltham, USA) and finally the raw data
were obtained according to manufacturer’s protocols of Ion
S5TMXL (Thermo Scientific, Waltham, USA). Cluster analysis
of OTU is performed using Uparse software (Uparse v7.0.1001,
http://drive5.com/uparse/) (Edgar, 2013) and alpha diversity is
calculated using Qiime software.

Statistical Analysis
All measurement data were presented as mean ± SEM and
analyzed by GraphPad Prism 5. For normal distribution data,
differences between groups are analyzed by One-way variance
analysis (ANOVA). For non-normal distribution data, we
performed a Kruskal-Wallis analysis. P < 0.05 was considered to
indicate a statistically significant difference.

RESULTS

FMT Alleviated Hyperglycemia in T2DM
Mice
To explore the therapeutic effects of FMT against hyperglycemia
in T2DMmice, fecal samples or normal saline were administered
to mice for 8 weeks. We first characterized the changes in
microbiota that occurred after FMT using 16S sequencing.
According to the OTUs clustering analysis results, the species
number was significantly increased after FMT treatment for
8 weeks as shown in Figure S1A. Concurrently, the Alpha
Diversity of Shannon index and Simpson index indicated that
the distribution of intestinal flora had a certain recovery in the
T2DM+FMT group (Figures S1B,C). The above results showed
that after FMT treatment, the intestinal flora of T2DM mice
was more uniformly. The blood glucose level was monitored
every 2 weeks until the eighth week. As shown in Figure 1A,
the control group and T2DM+FMT groups had stable FBG
levels stable during the experiment period, while the T2DM
group was sustained hyperglycemia. Compared with the T2DM
group, the FBG level in the T2DM+FMT group declined
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FIGURE 1 | The effect of FMT on hyperglycemia inT2DM mice. (A) Relative levels of FBG on different groups during the experiment period. (B) Effect on the areas

under the curve of glucose (AUC). Mice were administrated 20% glucose (2 g/kg) and blood glucose was tested in 0, 30, 60, 120min. AUC = 1/2 × [0.5 × (FBG0 +

FBG30) + 0.5 × (FBG30 + FBG60) + (FBG60 + FBG120)]. (C) Effect on plasma HbA1c level was detected by Elisa *P < 0.05 vs. T2DM, **P < 0.01 vs. T2DM, #P <

0.05 vs. Control, ##P < 0.01 vs. Control, ###P < 0.001 vs. Control, n = 4–6.

from the second week and was significantly reduced by the
fourth week after FMT treatment. Meanwhile, the OGTTs
were tested and the areas under the curve of glucose were
calculated. It was observed that OGTTs also improved from
the fourth week in the T2DM+FMT group (Figure 1B). We
also collected blood samples and detected plasma HbA1c
levels during the fourth and eighth weeks, and expectedly, the
HbA1c level decreased in the FMT group over time (Kruskal-
Wallis test, p < 0.05) (Figure 1C). These results suggest that
FMT could stablish and decrease blood glucose and improve
glucose tolerance.

FMT Improved Insulin Resistance and
Repaired Injured Islets
Since insulin resistance is the main cause of T2DM (Fraulob
et al., 2010), the insulin-related indicators were tested after 8
weeks of treatment. Blood samples were obtained from the
medial canthus vein and the serum insulin levels were measured
using an ELISA kit. As shown in Figure 2A, the serum insulin
level increased in the T2DM group compared with the control
group, and it was reversed following FMT treatment. We also
calculated the index of insulin resistance and insulin sensitivity.
The T2DM group had the highest index of HOMA-IR and
lowest HOMA-IS, but the T2DM+FMT group had largely
ameliorated insulin resistance and increased insulin sensitivity
(Figures 2B,C). Type 2 diabetes is characterized by insulin
resistance, reduced insulin sensitivity, and impaired pancreatic
β-cell function. To identify the effect of FMT on the function
of islets, the HOMA-β and pancreas histology was performed.
The results of HOMA-β indicated that the FMT group had
greatly reversed pancreatic β-cell function compared with the
T2DM group (Figure 2D). Simultaneously, HE staining revealed
that the islets of the T2DM group were seriously damaged;
however, the number and the size of islets was obviously
increased in the FMT group (Kruskal-Wallis test, p < 0.05)
(Figures 2E–G). Thus, FMT could improve insulin resistance
and alleviate islet damage.

FMT Inhibited Chronic Inflammation in
Pancreatic Tissue
Generally, secretion of pro-inflammatory cytokines such as
tumor necrosis factor-alpha (TNF-α) (De Taeye et al., 2007) and
interleukin-6 (IL-6) increases, or secretion of anti-inflammatory
cytokines including interleukin-10 (IL-10) decreases, this causes
chronic inflammation in tissues leading to islet structure
damaged and dysfunction in diabetic patients. To elucidate
the mechanism underlying FMT-induced improvement of islet
structural damage, we further detected the expression level
of pro-inflammatory cytokines and anti-inflammatory. After 8
weeks of blood glucose monitoring, mice were sacrificed and
pancreas samples were stored for testing inflammatory cytokines.
The quick score results of IHC shown that pro-inflammatory
factors of IL-6 and TNF-α were concentrated in the range of
4–9, and anti-inflammatory of IL-10 was between 0 and 3 in
the T2DM group. However, the score was reversed after FMT
treatment (Tables S1–S3). IHC results indicated that IL-6 and
TNF-α in the T2DM+FMT group were lower than in the T2DM
group; IL-10 was much higher in the T2DM group (Figure 3).
Moreover, the inflammatory cytokines in pancreatic tissues were
also detected by ELISA. Similarly, the results were consistent with
the IHC data (Kruskal-Wallis test, p < 0.05) (Figure 4). FMT
may improve damaged islets through decreased the secretion
of pro-inflammatory cytokines and increased secretion of anti-
inflammatory cytokines.

FMT Protected Islet Structure and Function
by Decreasing Pancreatic β-Cell Apoptosis
The increase in β-cell apoptosis is a fundamental reason
for impaired islet structure and function induced by the
inflammatory response (Butler et al., 2003). To investigate
whether FMT could protect islets by inhibiting pancreatic
β-cell apoptosis, pancreatic islet single-cell suspensions were
prepared from the pancreatic tissue and apoptosis was assessed
by flow cytometry. The results showed that cell apoptosis
in the T2DM group significantly increased, compared to
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FIGURE 2 | The effect of FMT on insulin resistance and islet of the pancreas. (A) Fasting serum insulin level in different group. (B) HOMA-IR index in different group.

HOMA-IR index = FBG × FINS/22.5 (C) HOMA-IS index in different group. HOMA-IS index = 1/HOMA-IR. (D) HOMA-β index in different group. HOMA-β index = 20

× FINS/(FBG-3.5) (%) (E) Relative amount of the islet in each group observed by HE staining image. (F) Relative area of the islet in each group observed by HE

staining image. (G) Representative HE images of pancreas. *P < 0.05 vs. T2DM, **P < 0.01 vs. T2DM, #P < 0.05 vs. Control, ##P < 0.01 vs. Control, ###P <

0.001 vs. Control, n = 4–6.

the control group, whereas cell apoptosis was attenuated in
the T2DM+FMT group (Figures 5A,B). Meanwhile, we also

checked the expression levels of apoptosis-related indicators,
including the pro-apoptotic proteins Caspase-3 and Bax, and
anti-apoptotic protein Bcl-2. The western blotting results showed
that the expression level of cleaved Caspase-3 and Bax were
notably upregulated in the T2DM group compared with the
control group and reversed by FMT (Figures 5C,D). The
anti-apoptotic protein Bcl-2 was downregulated in the T2DM
group and upregulated after treatment with FMT (Figure 5E).
Hence, we drew the conclusion that diabetes promotes islet
cell apoptosis, while FMT promotes islet cell regeneration by
suppressing cell apoptosis.

DISCUSSION

Gut microbiota primarily colonizes in the host intestinal

mucosa, and its effects are conferred to human pathophysiology

and metabolism (Kau et al., 2011). Microflora disorder
is a general characteristic found in diabetes and other
metabolic diseases (Aydin et al., 2018). Numerous studies

have shown that the disorder of gut microbiota has the

potential to affect the progression of diabetes (Saad et al.,
2016; Nie et al., 2019). It has been shown that patients with
T2DM have a moderate dysbiosis between the butyrate-
producing bacteria and Lactobacillus species (Qin et al., 2012).
Furthermore, various metabolites produced by microbiota,
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FIGURE 3 | The effect of FMT on pro-inflammatory and anti-inflammatory cytokines. (A) Representative IHC images of IL-6, IL-10, and TNF-α in pancreas. (B) The

positive expression rate of IL-6 in pancreas detected by IHC. (C) The positive expression rate of IL-10 in pancreas detected by IHC. (D) The positive expression rate of

TNF-α in pancreas detected by IHC. *P < 0.05 vs. T2DM, ##P < 0.01 vs. Control, n = 8.

FIGURE 4 | The content of pro-inflammatory and anti-inflammatory cytokines. (A) The content of IL-6 in pancreas detected by ELISA. (B) The content of IL-10 in

pancreas detected by ELISA. (C) The content of TNF-α in pancreas detected by ELISA. *P < 0.05 vs. T2DM, **P < 0.01 vs. T2DM, #P < 0.05 vs. Control, n = 4–6.

such as short-chain fatty acids, were significantly different
between type 2 diabetic and normal hosts (Salek et al.,
2007). Many intervention studies have shown that the

intake of intestinal probiotics could effectively improve
intestine microecology disorder, and relieve the symptoms of
diabetic patients.
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FIGURE 5 | The effect of FMT on apoptosis in pancreas tissue. (A) Representative flow cytometry images for pancreatic islet single cell. (B) Relative percentage of

apoptosis cells in pancreas tissue calculated by flow cytometry. (C) The expression level of cleaved Caspase-3 in pancreas detected by western blot. (D) The

expression level of Bax in pancreas detected by western blot. (E) The expression level of Bcl-2 in pancreas detected by western blot. *P < 0.05 vs. T2DM,

***P < 0.001 vs. T2DM, #P < 0.05 vs. Control, ##P < 0.01 vs. Control, n = 4–6.

A few data have demonstrated that the formation of
gut microbiota could be reshaped to improve or control
disease status (Shen et al., 2015). Fecal microbiota transfer
(FMT) is a method to treat diseases by reconstructing the

microbiota (Lee et al., 2018). There is increasing evidence
regarding the treatment potential of FMT based on an
already developed clinical plan that has been the first-line
therapy for recurrent Clostridium difficile infections (Cammarota
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et al., 2017). However, understanding the influence of the
intestinal microbiota on metabolic diseases is in the initial
stage and the data regarding the function of FMT on type 2
diabetes are still scarce. In our study, we established T2DM
animal models by feeding mice high-fat diet combined with
streptozotocin and observed that FMT treatment successfully
reduced FBG and improved glucose tolerance on diabetic
mice (Figures 1A,B). It was possible to restore the balance
of intestinal microflora to promote host homeostasis (Burrello
et al., 2018). According to a recent study, in metabolic
syndrome, when commensal bacteria from various phyla stay
in a certain range, they contribute to control the ratio of
pathogenic species and support optimal physical conditions
(Burrello et al., 2018). Glycated hemoglobin test usually
reflects the patient’s blood glucose control in the last 8–
10 weeks and our ELISA results of HbA1c further provided
evidence of the hypoglycemic effect of FMT (Figure 1C).
These results showed that FMT had a therapeutic effect on
hyperglycemia. As reported in the literature, FMT could display
a recovered phenotype upon transfer donor’s intestinal flora to
the receptor, which was consonant with our current experimental
results (de Groot et al., 2017).

T2DM is characterized by insulin resistance, which has
also been confirmed in our study (Figure 2B). Alterations of
gut microbiota composition are highly linked with adiposity
and insulin resistance, which has been considered to be
an environmental factor for type 2 diabetes (Borody et al.,
1989; de Groot et al., 2017). After T2DM mice reconstructed
their microbiota through the feces received from normal
mice, fasting insulin levels were decreased and insulin
resistance was improved (Figures 2A,B). At the same time,
the insulin sensitivity index (HOMA-IS) was increased
in the T2DM+FMT group. Similarly, in a clinical trial,
obese patients received FMT treatment from lean healthy
individuals showed a positive change in insulin sensitivity
(Aron-Wisnewsky et al., 2019). For the current research,
dysbiosis of gut microbiota is associated with the development
of insulin resistance and diabetes (de Groot et al., 2017).
The mechanism underlying the gut microbiota-induced
amelioration of insulin resistance may be through changes
in body energy balance or by alleviating obesity caused by
a high-fat diet. However, the exact mechanism needs to be
explored comprehensively.

To the best of our knowledge, microbiota imbalance induces
more gram-negative bacteria, which produce high amounts
of LPS and activate low-grade chronic inflammation of the
islets. When the microbiota of normal mice was transplanted
into diabetic mice, the secretion of pro-inflammatory factors
decreased and anti-inflammatory secretion increased in
pancreatic tissues (Figures 3, 4). Studies have shown that FMT
is involved in the low-grade inflammation characterized by
metabolic disorders. It has been reported that therapeutic
FMT could decrease the secretion of inflammatory factors
and triggered several immune-mediated signal-pathways
in colitis (Burrello et al., 2018). As mentioned in another
study, transplantation of gut microbiota like F. prausnitzii
prevented the inflammation damage in the pancreas

(Ganesan et al., 2018). These findings were similar to our
HE staining and HOMA-β index results, which indicated
that the size of the islet and the function of pancreatic islet
β cell was recovered after FMT treatment in diabetic mice
(Figures 2D–G). IL-6 and TNF-α are pro-inflammatory
cytokines with multiple functions that can directly act on
islet cells, causing pancreatic islet β cell injuries (Park et al.,
2018). Low-grade chronic inflammation caused by microbiota
imbalance usually leads to the destruction of islet structure
and impaired pancreatic islet β cell function, and islet β-
cells apoptosis is the fundamental reason for the destruction
of islet structure. Nonetheless, islet injury and dysfunction
were reversed when the inflammatory responses and the
apoptosis of islet beta cells were relieved through FMT
treatment (Figure 5).

Although there are several studies about the function of
FMT, the mechanism underlying FMT-induced alleviation of the
disease remains largely unelucidated. Diabetes symptoms may be
relieved through the synergistic effects between the commensal
gut microbiota after FMT treatment, or possibly triggered by
multiple immune-inflammatory processes and pathways. Future
research should focus on the bacterial taxonomic and functional
changes affiliated with FMT treatment in diabetic patients, as
well as how FMT affects the metabolism of other organs in
long-term improvement. Due to the complexity of intestinal
flora, further research should explore whether the particular
microflora species or communities in FMT make an effort on
preventing and treating diabetes. This may provide a novel
perspective and reference that could be verified in population-
based studies about the effect of FMT on diabetes for the
next work. Long-term restoration of gut microbiota through
FMT may be used as a promising therapeutic application
for diabetes.

In conclusion, this study demonstrated that high-
fat diet induced T2DM can be treated through FMT
by improving the insulin resistance and attenuating
pancreatic islet β-cell destruction. We discovered that
FMT could alleviate hyperglycemia, which provided a
bacterial-based treatment strategy for the management
of T2DM.
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Oral microbial dysbiosis is known to increase susceptibility of an individual to develop

rheumatoid arthritis (RA). Individuals at-risk of RA may undergo different phases of

disease progression. In this study, we aim to investigate whether and whereby the oral

microbiome communities alter prior to symptoms of RA. Seventy-nine saliva samples

were collected from 29 high-risk individuals, who were positive for anti-citrullinated

protein antibodies (ACPA) and have no clinical arthritis, 27 RA patients and 23 healthy

controls (HCs). The salivary microbiome was examined using 16S ribosomal RNA

gene sequencing. Alpha and beta diversity analysis and the linear discriminant analysis

were applied to examine the bacterial diversity, community structure and discriminatory

taxa between three groups, respectively. The correlation between salivary bacteria and

autoantibodies were analyzed. In the “pre-clinical” stages, salivary microbial diversity

was significantly reduced comparing to RA patients and HCs. In contrast to HCs, like

RA patients, individuals at high-risk for RA showed a reduction in the abundance of

genus Defluviitaleaceae_UCG-011 and the species Neisseria oralis, but an expansion

of Prevotella_6. Unexpectedly, the relative abundance of Porphyromonas gingivalis,

reported as opportunistic pathogens for RA development, was significantly decreased in

high-risk individuals. Additionally, we identified four genera in the saliva from high-risk

individuals positively correlated with serum ACPA titers, and the other two genera

inversely displayed. In summary, we observed a characteristic compositional change

of salivary microbes in individuals at high-risk for RA, suggesting that oral microbiota

dysbiosis occurs in the “pre-clinical” stage of RA and are correlated with systemic

autoimmune features.

Keywords: oral microbiome, rheumatoid arthritis, high risk, anti-citrullinated protein autoantibodies, dysbiosis

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune inflammatory disease that primarily involves
the joints. Over the past years, research focusing on the earliest stage of RA has led to the
discovery of RA-related systemic inflammation and autoimmunity in the pre-clinical stage. The
presence of circulating autoantibodies, elevation of cytokines and chemokines levels, and increase
of acute phase reactants precede clinical arthritis (Rantapaa-Dahlqvist et al., 2003; Berglin et al.,
2004; Nielen et al., 2004; Jorgensen et al., 2008; Sokolove et al., 2012). Prospective studies define
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ACPA-positive individuals as populations at risk for developing
RA, and the chance in subjects with seropositivity and arthralgia
can be as high as nearly 30% within 1 year (van de Stadt
et al., 2011). In view of potential preventive strategies, the pre-
clinical and earliest stages of RA are likely to represent important
therapeutic windows within which disease outcomes can be
dramatically modulated. Exploring risk factors and biomarkers
for RA, especially in the earliest stage of disease is definitely an
urgent need.

Complex interplay between genetic and environmental factors
contributes to RA etiopathogenesis. An ancient theory of
infectious etiology of RA has now been re-emphasized. Recent
studies have further corroborated this theory by indicating
mucosal origins of the disease. Data from epidemiological and
translational studies suggest that environmental exposure and
dysbiosis in mucosal sites (lung, gastrointestinal tract, and oral
cavity) have causative roles in the development of RA (Scher
et al., 2012, 2013, 2016). Of note, Porphyromonas gingivalis, a
periodontal pathogen, was capable of producing peptidylarginine
deiminase (PAD) enzyme to citrullinated antigens. The presence
of antibodies to P. gingivalis was positively correlated with the
increased titer of ACPA (Mikuls et al., 2012; Lappin et al.,
2013). Additionally, a recent study revealed a new species in the
oral sites of RA patients which promoted citrullinated antigens
production (Konig et al., 2016). This species, Aggregatibacter
actinomycetemcomitans, led to dysregulated PAD function
and release of hypercitrullinated proteins through inducing
neutrophil migration and neutrophil extracellular traps (NETs)
formation (Hirschfeld et al., 2016; Konig et al., 2016). Animal
studies further showed that two periodontal pathogens, P.
gingivalis and Prevotella nigrescens aggravated collagen-induced
arthritis in mice (de Aquino et al., 2014). These observations
support the theory that oral dysbiosis may be an origin of
autoantigen production and a risk factor for RA.

Although the oral microbiome is substantially altered in RA
patients (Scher et al., 2012; Zhang et al., 2015), little is known
about its status in the initial stages of disease development.
Whether this alteration precedes clinically evident arthritis and
associated with disease development or merely represents a
resultant or concomitant phenomenon of the disease is unclear.
As ACPA is highly specific (Schellekens et al., 2000), detectable
early and predictive of rapid progression and erosion of RA
(Nielen et al., 2004; Ronnelid et al., 2005; Syversen et al., 2008;
Rombouts et al., 2015), individuals with ACPA positivity are at
increased risk for RA, especially those with arthralgia (van de
Stadt et al., 2011). We therefore sought to test whether the oral
microbiome exhibits distinct taxonomic features in seropositive
individuals at high-risk for RA and provide a potential avenue for
early detection, intervention or prevention.

MATERIALS AND METHODS

Participants and Study Design
Individuals at high-risk for RA were recruited from West
China Hospital, Sichuan University, China. These subjects had
a positive serum antibody for ACPA, with or without arthralgia
at the time of enrollment. Absence of arthritis was confirmed by

physical examination of 44 joints. RA patients were diagnosed
according to the American College of Rheumatology (ACR)
2010 classification for RA. Most RA patients were receiving
oral disease-modifying anti-rheumatic drugs (DMARDs) and/or
corticosteroids at the time of enrollment. Patients receiving
biological agents were excluded. Age, gender and ethnicity-
matched healthy controls (HCs) with no personal history of
inflammatory arthritis were recruited. ACPA-negative profiles for
HCs were obtained from the health management center. Subjects
from all three study groups were ≥18 years old. Individuals
having a history of antibiotics treatment or surgery in the
last 3 months, current extreme diet, major organ dysfunction,
cancer, other rheumatic or autoimmune diseases including
osteoarthritis, systemic lupus erythematosus, Sjögren syndrome,
diabetes were excluded. A total of 79 participants who met
the inclusion and exclusion criteria were enrolled, including
29 high-risk individuals, 27 RA patients and 23 HCs. The
study procedure was approved by the Biomedical Research
Ethics Committee, West China Hospital of Sichuan University
(ChiCTR1900022605), and the written consents were obtained
from all the participants according to the Declaration of Helsinki.
Sociodemographic factors and clinical activity are summarized
in Table 1.

Periodontal Health Evaluation and Saliva
Collection
Periodontitis was assessed using a self-reported questionnaire
involving bleeding on brushing teeth, non-traumatic loose
or missing teeth, or periodontal disease diagnosed by a
dentist. Individuals reporting any of these issues were
recorded positive. Participants were asked to refrain from
eating, drinking or smoking for 30min prior to sample
collection. For saliva collection, participants were first
asked to rinse mouth with bottled water to remove food
debris, keep lips shut for 3min, and then spit saliva
directly into a 50ml sterile Falcon tube (Becton). After
collection, samples were immediately frozen and stored
at−80◦C.

Bacterial DNA Extraction
Microbial DNA was isolated from saliva using the FastDNA R©

SPIN Kit for Soil and the FastPrep R© Instrument (MP
Biomedicals, Santa Ana, CA) according to manufacturer’s
protocols. Concentration and purification of the final
DNA were determined by NanoDrop 2000 (Thermo
Scientific, USA), and quality checked by 1% agarose gel
electrophoresis. The V3-V4 hypervariable regions of the
bacteria 16S rRNA gene were amplified with primers
338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) by thermocycler
PCR system (GeneAmp 9700, ABI, USA). The resulted
PCR products were extracted from a 2% agarose gel and
further purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, USA) and quantified using
QuantiFluorTM-ST (Promega, USA) according to the
manufacturer’s protocol.
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TABLE 1 | Demographic and clinical features among RA patients, high-risk

individuals (Pre) and healthy controls.

Characteristic RA (n = 27) High-risk for

RA (n = 29)

Healthy

controls

(n = 23)

Age, mean (median) years 51.1 (52) 48.1 (50) 49.5 (49)

Female, % 59 41 57

Disease duration, mean (median)

months

17.9 (12.5) – –

Disease activity parameter

ESR, mean (median) mm/h 36.05 (27.50) – –

CRP, mean (median) mg/L 14.99(3.18) – –

DAS28, mean (median) 4.98 (4.61) – –

Autoantibody status

ACPA positive, n (%) 25 (93) 29 (100) 0

IgM-RF positive, n (%) 23 (85) 4 (14) 0

ACPA titer, mean (median) U/ml 320.3 (384.3) 173.4 (89.6) –

IgM-RF titer, mean (median) IU/ml 281.4 (126.0) 47.1 (20.0) –

Medication use, %

DMARDs (MTX, LEF, HCQ) 81 0 0

Prednisone 74 0 0

Biologic agent 0 0 0

Smoking status, n (%)

Current 8 (30) 12 (42) 8 (35)

Former 3 (12) 2 (7) 1 (4)

Never 16 (58) 15 (51) 14 (61)

Periodontitis, %* 63 62 57

ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; DAS28, Disease Activity

Score in 28 joints; ACPA, anti–citrullinated protein antibody; IgM-RF, IgM rheumatoid

factor; DMARDs, Disease-modifying antirheumatic drugs; MTX, Methotrexate; LEF,

Leflunomide; HCQ, hydroxychloroquine. *Periodontitis was assessed using a self-

reported questionnaire involving bleeding on brushing teeth, non-traumatic loose or

missing teeth, or periodontal disease diagnosed by a dentist. Individuals reporting any

of these issues were recorded positive.

Illumina MiSeq Sequencing and
Processing of Sequencing Data
Purified amplicons were pooled in equimolar and paired-end
sequenced on an Illumina MiSeq platform (Illumina, San Diego,
USA). Raw fastq files were quality-filtered by Trimmomatic
and merged by FLASH with the following criteria: (i) the
reads were truncated at any site receiving an average quality
score <20 over a 50 bp sliding window, (ii) sequences whose
overlap being longer than 10 bp were merged according to their
overlap with mismatch no more than 2 bp, and (iii) sequences
of each sample were separated according to barcodes (exactly
matching) and Primers (allowing 2 nucleotidemismatching), and
reads containing ambiguous bases were removed. Operational
taxonomic units (OTUs) were clustered with 97% similarity
cutoff using UPARSE (version 7.1) with a novel “greedy”
algorithm that performs chimera filtering and OTU clustering
simultaneously. The taxonomy of each 16S rRNA gene sequence
was analyzed by RDP Classifier algorithm (http://rdp.cme.msu.
edu/) against the Silva (SSU132) 16S rRNA database using
confidence threshold of 70%. The fastq files were deposited into

the NCBI Sequence Read Archive (SRA) database (Accession
Number: PRJNA578951).

Statistical Analysis
To determine statistically different bacterial taxa among the three
groups, we applied the Kruskal-Wallis H-test, with multiple
test corrected by Benjamini-Hochberg false discovery rate
(FDR) test. Post-hoc test was applied to further determine the
difference between each group-pair if multiple test among the
three groups was significantly different. The linear discriminant
analysis (LDA) effect size (LefSe) analysis was applied to
detect the most discriminatory taxa among groups. Different
features with an LDA score cut-off of 3.0 were identified.
For cross-sectional analyses of baseline characteristics and
comparison of diversity indexes among three groups, differences
were evaluated using the one-way ANOVA test, corrected by
FDR. The ANOSIM test was applied to the binary euclidean
distance matrix containing all analyzed samples to define
if the overall structure of the microbiota was significantly
different between the groups. Spearman’s correlation analyses
were used to assess potentially clinically relevant associations on
all taxa. The correlation network between the genera was plotted
using cytoscape. Significant correlations with absolute value of
Spearman correlation coefficient (rho) >0.5 were plotted. Two-
tailed P < 0.05 were considered significant.

RESULTS

Characteristic of Participants
Detailed demographic characteristics of the participants enrolled
in the study are given in Table 1. Age and gender were
comparable among the three groups. The mean disease duration
in RA patients was 17.9 months (median 12.5 months) and
the mean DAS28 was 4.98, reflecting the presence of moderate
disease. Nine out of 29 individuals reported having a history
of arthralgia in high-risk group, although no arthritis based on
physical examination of 44 joints was detected at the time of
enrollment. Among RA patients, ACPA and IgM-RF positivity
were 93 and 85%, respectively, compared to 100 and 14% in
high-risk individuals (ACPA, P = 0.23; IgM-RF, P < 0.0001).
Compared to the high-risk individuals, the sera antibodies titers
in RA patients were 1.8-fold higher for ACPA (median level
320.3 vs. 173.4 U/ml) and 6-fold higher for IgM-RF (median
level 281.4 vs. 47.1 IU/ml), respectively. Most of the patients
with RA were on DMARDs (81%) and/or prednisone (74%)
treatment. This study enrolled patients who were naïve to
biological agent treatment. Smoking status and periodontitis
were not significantly different between groups.

Distinct Features of Oral Microbial
Community in Individuals at High-Risk
for RA
Overall, 79 saliva samples yielded 16S rRNA V3-V4 gene
sequences with a median depth of sequencing of 53,183 reads
per sample (IQR = 45,928–60,223). Using a distance-based
similarity of ≥97% for species level OTU assignment, a total
of 1,088 OTUs were identified. The number of OTUs from
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FIGURE 1 | Oral microbiota community characteristics in high-risk individuals (Pre), RA patients and healthy controls (HCs). (A) Rarefaction curves showing the

number of bacterial sequences obtained are saturated. Alpha diversity was calculated using Shannon diversity index (B), Ace community richness index (C), and the

Faith’s phylodiversity index (D), revealing a distinct feature in high-risk individuals. (E) Beta diversity demonstrated that samples clustered showed a tendency of

gradual change from healthy subjects, high-risk individuals to RA patients. *p < 0.05 and **p < 0.01.

each sample increased sharply before reaching a plateau, which
indicates that the number of bacterial sequences obtained
represented the bacterial communities well, as the rarefaction
curves tended toward saturation (Figure 1A). When compared
to HCs and RA patients, oral microbial alpha-diversity was
significantly reduced in high-risk individuals (designated “Pre”),
as shown by the Shannon diversity index (Pre vs. RA), the ace
community richness index and Faith’s phylodiversity index (Pre
vs. HCs) (Figures 1B–D). Subsequently, we analyzed whether
the overall structure of the oral microbiota of HCs differed
from that of RA and at-risk individuals based on binary
euclidean distance. We further applied PCoA analysis to cluster
samples along orthogonal axes of maximal variance. As shown in
Figure 1E, beta-diversity plots differentiated the oral microbiota
of HCs, RA patients and high-risk individuals (ANOSIM test;
R= 0.1657, P = 0.001).

Alteration of Specific Taxa Abundance in
High-Risk Individuals
To further probe the distinct bacterial taxa among groups, we first
analyzed the relative abundance of the most abundant taxa. The
pie charts revealed that the dominant phyla across all subjects

were Firmicutes, Proteobacteria, Bacteroidetes, Fusobacteria, and
Actinobacteria, which together accounted for more than 95%
of bacterial sequences (Figure 2A). We then analyzed the
differential phyla among the three groups. Notably, the relative
abundance of Firmicutes increased gradually from HCs, high-
risk individuals to RA patients (Figures 2A,B, P = 0.0421 for
RA vs. HCs), while Proteobacteria showed an inverse trend of
transition (Figures 2A,B, P = 0.0003199 for RA vs. HCs). The
ratio of Firmicutes to Proteobacteria significantly increased from
HCs to high-risk individuals to RA patients as evaluated by Chi-
square test (Supplementary Figure 1, P =0.0083). Other taxa
including Actinobacteria and Patescibacteria showed a similar
trend of enrichment in high-risk individuals and RA patients vs.
HCs (Figures 2A,B).

We then applied Kruskal-Wallis followed by FDR correction

and the LEfSe method to analyze more specific differences
in microbiota composition among three groups. At the genus
level, Defluviitaleaceae_UCG-011 was significantly decreased
in both RA and high-risk individuals compared to HCs
(Figure 2C). Characteristic genera changes were found in high-
risk individuals, with Rothia genus increased (Pre vs. RA) and
Filifactor decreased (Pre vs. HCs, Figure 2C). The abundance
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FIGURE 2 | Differentially abundant taxa at phylum and genus level. (A,B) The relative abundance of dominant phyla dynamically altered at different stages of RA as

represented by healthy controls (HCs), high-risk for RA individuals (Pre), and RA patients (RA). (C) Characteristic genera changes were found in high-risk individuals.

*p < 0.05; **p < 0.01; and ***p < 0.001; ns, non-significant.

of three genera, Actinomyces, Prevotella_6, and Parvimonas
showed tendencies of gradual change in different stages of disease
represented by the three groups, although significant differences
were achieved only between RA patients and HCs. The genera
enriched in RA patients compared to HCs included Actinomyces,
Prevotella_6, and Selenomonas_3, whilst Neisseria, Haemophilus,
Parvimonas, and Eubacterium_yurii_group were diminished in
RA patients (Supplementary Figure 2). These findings were
further verified by the LEfSe analysis, as shown in the cladogram
and the contributory discriminate taxa with LDA score >3 was
plotted for each group (Figures 3A,B).

The titres of antibodies to a periodontopathic species,
P. gingivalis, are associated with the presence of RA-related
autoantibodies in at-risk individuals (Mikuls et al., 2012;
Johansson et al., 2016). A further study indicates P. gingivalis
not only induced periodontitis, but also worsened the concurrent
T cell-dependent arthritis in mice (de Aquino et al., 2014).
We, therefore, assumed an elevated abundance of P. gingivalis
in the saliva of high-risk individuals and RA patients.
Contrary to our initial hypothesis, there was no significant
difference in its relative abundance in RA patients compared
to HCs. Moreover, the relative abundance of P. gingivalis was

significantly decreased in high-risk individuals (Pre vs. HCs,
Figure 3C). We also found two uncultured species within
the Rothia genus and Porphyromonas genus more abundant
in high-risk individuals than in RA patients. Intriguingly,
among other differentially abundant species in RA patients
(Supplementary Figure 3), an unclassified species annotated
within the Prevotella_6 genus was elevated in the saliva of RA
patients (RA vs. HCs, P = 0.009). The relative abundance of
Neisseria oralis was decreased in both RA patients and high-risk
individuals (Figure 3C).

Systemic Autoimmune Signature in
High-Risk Individuals and RA Patients Is
Associated With Characteristic Saliva Taxa
To further investigate whether the observed changes in saliva
microbiota was associated with the autoimmune characteristics
in high-risk individuals and with other disease parameters in RA,
we analyzed the correlations of the relative abundance of bacterial
genera with (1) serum concentrations of ACPA and RF in high-
risk and RA individuals, (2) disease activity parameters including
CRP, ESR, DAS28, and (3) course of the disease in RA patients.
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FIGURE 3 | LEfSe analysis revealed the specific taxa changes in high-risk individuals (Pre) and RA patients. LefSe analysis was applied to identify differentially

abundant taxa, which are highlighted on the phylogenetic tree in cladogram format (A) and for which the LDA scores more than 3 are shown (B). (C) Species

abundance changes unique to at-risk individuals, and those consistent with changes in RA patients. LDA, linear discriminant analysis; LefSe, the LDA effect size. *p <

0.05; **p < 0.01; and ***p < 0.001.

The study revealed that in high-risk individuals, serum
ACPA concentration was positively correlated with the relative
abundance of Eubacterium nodatum_group, Peptostreptococcus,
Tannerella, norank_o__Absconditabacteriales_SR1, while
conversely associated with Haemophilus and Neisseria
(Figure 4A), both of which were significantly decreased
in RA patients (Supplementary Figure 2). A negative
correlation with Pseudomonas was found for RF in high-risk

individuals (Figure 4A).
In RA patients, however, no genus was correlated with

the disease course, which indicates a relatively stable

saliva bacterial community in the time spans (Figure 4B).

Contrary to the study in high-risk individuals, only

norank_o__Absconditabacteriales_SR1 was positively associated

with serum ACPA concentration in RA patients. Notably, the
concentration of RF was significantly associated with the relative
abundance of Abiotrophia, Corynebacterium, Fretibacterium,
and Prevotella_1. Clinical disease activity parameter DAS28

positively correlated with Ruminococcaceae_UCG-014, which
was also associated with CRP and ESR. In addition, Lactobacillus
and norank_f__Saccharimonadaceae, both increased in RA
patients (Supplementary Figure 2), positively correlated with
ESR (Figure 4B). Finally, CRP value at the time of enrollment
was also positively associated with Lactobacillus and negatively
with Oribacterium.

Examination of Interactions Among
Differentially Abundant Microbes
A correlation network was constructed to investigate the
co-abundance and co-exclusion interactions between the
differentially abundant microbes. The correlated genera were
from eight phyla as indicated in Figure 5A. Most of the
correlations within the community were positive, with only a few
negative correlations. Gemella genus was negatively associated
with Megasphaera and Prevotella_6. Prevotella_6, on the other
side, was also negatively associated with Porphyromonas.
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FIGURE 4 | Association between saliva microbiota abundance and systemic

autoimmune signature in high-risk individuals and RA patients. (A,B) The

correlations between the relative abundance of saliva bacterial genera with

serum concentrations of ACPA and RF in high-risk individuals and RA patients.

(B) Correlations between the relative abundance of specific genera and serum

ACPA and RF concentrations, disease activity score (DAS28), serum acute

phase reactants levels, and course of the disease (CoD) in RA patients. The

color scale represents the magnitude of correlation. Red scale indicates

positive correlations; blue scale indicates negative correlations. Pre,

“pre-clinical” at risk for RA individuals; RF, rheumatoid factor; ACPA,

anti-citrullinated protein antibodies; CRP, C-reactive protein; ESR, erythrocyte

sedimentation rate. *p < 0.05 and **p < 0.01.

Additionally, significant negative correlation was found between
Atopobium and Neisseria.

Models of Saliva Bacterial Biomarkers
Profile and Predicted Function in RA
Patients
We next used the machine learning random forests algorithm
to construct a prediction model (Breiman, 2001). A panel of
11 genera was selected based on the model (Figures 5B,C).
The efficacy of these differentially expressed bacteria in
discriminating between RA patients and HCs was calculated
using a receiver operator characteristic (ROC) curve. The area
under the ROC curve (AUC) was 80.0%, and the 95% confidence
interval (CI) was 67–93% (Figure 5D).

We then applied PICRUSt (Langille et al., 2013) to infer the
functional content of the microbiota. The associations between

differentially abundant taxa with predicted functional pathways
KEGG (Kyoto Encyclopedia of Genes and Genomes) was
illustrated in Supplementary Figure 4A. Specifically, an increase
in OTUs functional representatives of the bacterial toxins
pathway, carbohydrate digestion and absorption pathway, starch,
and sucrose metabolism pathway was observed in RA patients
compared to HCs. By comparison, OTUs involved in fatty
acid biosynthesis, glutathione metabolism, glycan biosynthesis
and metabolism, inorganic ion transport and metabolism, and
phosphatidylinositol signaling system were decreased in RA
patients (Supplementary Figure 4B).

DISCUSSION

Our study identified, for the first time, compositional alterations
of oral microbiota in individuals at high-risk for RA, who
have developed systemic autoimmunity associated with RA.
Importantly, several saliva taxa changes were associated with
serum autoantibody levels or clinical disease parameters in
high-risk individuals and/or RA patients. A bacterial biomarker
panel was constructed in discriminating RA patients from
healthy individuals. Putative markers involved in bacterial
toxins pathway, carbohydrate digestion and absorption were
upregulated while pathways involved in fatty acid biosynthesis,
glycan biosynthesis and metabolism, and phosphatidylinositol
signaling were under-represented in RA patients. These findings
support the hypothesis that microbiome changes occurring in
mucosal sites such as the oral cavity might contribute to disease
pathogenesis in the initial stages of RA.

We found that the microbial diversity in the oral cavity
was comparable between HCs and RA patients. This is in line
with a prior study that reported similar microbial richness and
diversity in subgingival samples from new-onset RA patients
(NORA) and HCs (Scher et al., 2012). Similar results were
also reported in stool samples from RA patients and HCs
(Zhang et al., 2015). Noticeably, we identified that in “pre-
clinical” high-risk individuals, microbial diversity and richness
was significantly reduced compared to RA patients and HCs. The
overall composition of saliva microbial communities was also
different amongst the three groups, suggesting oral microbiota
perturbations already exist in the “pre-clinical” stage of RA.

Although some genera were significantly altered in RA
patients (discussed later), only a few genera characterized the
oral microbiome of high-risk individuals, including Rothia and
Filifactor. Of note, some species of the genus Rothia have been
identified as opportunistic pathogens and can cause bacteremia,
endocarditis, joint infections, and pneumonia (Boudewijns
et al., 2003; Verrall et al., 2010; Ramanan et al., 2014; de
Steenhuijsen Piters et al., 2016). We found that the Rothia
genus, and an uncultured species annotated within the genera
were enriched in high-risk individuals compared to RA patients.
Interestingly, the Filifactor genus (including Filifactor alocis and
an unclassified species) was diminished in high-risk individuals.
In fact, F. alocis has been associated with periodontitis and
periodontal biofilm formation. Similarly, even though suspicions
exist that the PAD-producing P. gingivalis might be involved
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FIGURE 5 | Saliva bacterial biomarkers characterizes RA patients. (A) Plots of co-abundance and co-exclusion association networks between differentially abundant

genera. Each node represents one genus. The node size is proportional to the mean relative abundance of the genus in all samples. Node color indicates the phylum

it belongs to. Lines between nodes show positive correlations (solid orange lines) or negative correlations (dashed green lines). Line width is proportional to the value

of Spearman correlation coefficient and reflects the magnitude of association. (B–D) A random forest model was applied to identify bacterial biomarkers for RA

patients. Ranked lists of genera in order of random forests reporting feature importance scores were obtained (B) and an AUC-validation method was used to

determine the optimal genera set (C). The built ROC curve based on the selected panel of 11 genera yield an AUC of 0.8 (D).

in RA pathogenesis (Mikuls et al., 2012; de Aquino et al.,
2014), our study found comparable level of P. gingivalis in
RA patients and HCs and no association of this species with
autoantibody titer was observed. This finding is in agreement
with recent studies that did not find an association between
P. gingivalis or its PAD and RA (Scher et al., 2012; Konig
et al., 2015). Interestingly, we found decreased level of P.
gingivalis in high-risk individuals, even though periodontitis
prevalence was similar to that in HCs. The unique oral microbial
features in high-risk individuals reflect the characteristics of the
pre-clinical stage.

As expected, only a minority of taxa changes characterized
the high-risk stage while most of the significant discrepancies
were only found between the diagnosed RA patients and
HCs. Importantly, some taxa exhibited a tendency of gradual
change during the development stages of the disease, including

three genera Actinomyces, Prevotella_6, Parvimonas and an
unclassified species within Prevotella_6. Indeed, the enrichment
of Actinomyces and Prevotella have been reported in RA patients’
oral samples (Scher et al., 2012; Zhang et al., 2015). Recently,
much attention has been paid to the potential pathogenic role
of Prevotella spp., especially an intestinal species Prevotella
copri, in RA. Presence of P. copri in fecal samples was strongly
correlated with disease in NORA (Scher et al., 2013). A recent
study further highlighted the association of the Prevotella spp.
with RA pathogenesis by revealing its enrichment in fecal
sample of “pre-clinical” RA individuals (Alpizar-Rodriguez et al.,
2019). Our study identified the increase of Prevotella_6 in saliva
samples with disease progression, which further indicates that
Prevotella, not limited to the gut but also other mucosal sites,
may be involved in RA pathogenesis. Additionally, consistent
with a previous study in DMARDs naïve RA patients (Zhang
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et al., 2015), both Haemophilus spp. and Neisseria spp. were
depleted in our group of RA patients. Intriguingly, although not
significantly reduced compared to HCs, the relative abundance
of both genera negatively correlated with the level of serum
ACPA in high-risk individuals. Further, in line with the study
by Zhang et al. (2015), Lactobacillus spp. was elevated in saliva
of our RA patients, and its level was positively correlated with
acute inflammation makers such as CRP and ESR. Given these
tantalizing clues indicating a contribution of microbial dysbiosis
at variousmucus sites to RA pathogenesis, it is likely that complex
microbiome network in multiple mucus sites align together in
this process.

However, our study has limitations. The oral cavity is
home to one of the most diverse microbial communities
of human body, with the flowing saliva containing the
“whole-mouth” bacterial community and most commonly
studied (Mascitti et al., 2019). However, bacteria colonize all
sites within the oral cavity, forming different habitats with
non-overlapping microbial populations. Regional variations,
such as the bacterial profiles in the supragingival plaque
of tooth surfaces and subgingival plaque, etc., were not
investigated. Samples from multiple oral sites may help build
a panoramic view of the oral microbiome association with
the disease (Mascitti et al., 2019). Additionally, relatively
small number of participants limits the statistical power
of the study, given that samples from the individuals in
pre-clinical stages is difficult to acquire. A larger study
including more participants would help draw a more concrete
conclusion. Another limitation is that most of the involved
established RA patients were under treatment, which may
affect the salivary microbiome of RA patients. Even though
we have a main study focus on the high-risk individuals,
who were treatment-naïve, an also treatment-naïve group
of RA patients would help improve the study. Finally,
the assessment of periodontitis was based on self-reported
questionnaires regarding periodontitis symptoms and medical
history. Periodontitis status might be underestimated or
overestimated in an individual. However, as the questionnaire
was applied to all individuals independently, a presumably
equal readout would be expected. Further, our study didn’t find
an association between the abundance of specific periodontitis
pathogen with autoantibody titer in either high-risk individuals
or RA patients. The seemingly paradoxical finding of lower
abundance of periodontitis associated pathogen P. gingivalis
in high-risk individuals complicates what is known about the
relationship between periodontitis and RA pathogenesis. Further
studies involving larger number of pre-clinical individuals and
graded severity of periodontitis assessment would help better
clarify this association.

CONCLUSIONS

In summary, we demonstrate that the pre-clinical stage of RA is
characterized by oral dysbiosis, some of which are correlated with
autoantibody titer. Common and unique microbial features exist
in the high-risk stage compared to established RA. Our findings

support the mucosal origin hypothesis in the development of
RA. Further mechanistic insights into possible causation through
well-designed prospective human studies and evidence derived
from in vivo experiments from animal models are warranted.
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Tooth brushing is necessary to maintain oral health. Little research has been carried

out to explore microbial diversity in toothbrushes and to study the potential impact of

these bacteria on human health. In the present study, 20 participants were enrolled,

and the microbial diversity in their oral cavity and toothbrushes was investigated

using high-throughput sequencing. Our results indicate that 1,136 and 976 operational

taxonomic units (OTUs) were obtained from groups CB (samples from toothbrushes

of participants using traditional Chinese medicinal toothpaste) and AB (samples from

toothbrushes of those using antibacterial toothpaste), respectively. The pathogens

Acinetobacter baumannii, Staphylococcus aureus, and Candida albicans were identified

on toothbrushes. The presence of these pathogens increases the chance for the

host to get infectious diseases, neurodegenerative diseases, cardiovascular diseases,

and cancers. Moreover, our in vitro results indicate that traditional Chinese medicinal

toothpaste and antibacterial toothpaste can not only inhibit the growth of pathogens but

also markedly inhibit the growth of probiotics Lactobacillus salivarius and Streptococcus

salivarius. Therefore, the inhibitory effect of toothpaste on probiotics, together with the

existence of pathogens in toothbrushes, indicates a potential risk of tooth brushing for

people in a sub-healthy state.

Keywords: brushing teeth, toothbrush, high-throughput sequencing, pathogens, oral microbiota

INTRODUCTION

Host to the second largest human microbial library, the oral cavity is composed of teeth, gingival
sulcus, tongue, tonsils, and soft and hard palates, and provides a suitable growth environment for a
large number of microorganisms (up to 700 species) (Xie et al., 2010). The oral microbiota is mainly
composed of Firmicutes, Actinobacteria, Bacteroidetes, Fusobacteria, and Proteobacteria, which
are indispensable for human health due to their ability to inhibit the proliferation of exogenous
microorganisms and promote host homeostasis and defense (Bo et al., 2012).

Factors such as smoking, antibiotic abuse, mouthwash, and toothpaste can cause an imbalance
in the oral microflora and eventually result in dental caries, gingivitis, periodontitis, candidiasis,
endodontic infections, orthodontic infections, and oral cancer (Lin et al., 2008; Chen and Jiang,
2014). Dental caries and periodontal disease are common oral diseases which are caused by
the dominance of acidogenic and acid-tolerating species (e.g., Streptococcus mutans) or the
inflammation produced by these cariogenic bacteria (Aas et al., 2005; Lin et al., 2008). Worse, these
oral diseases can lead to other systemic diseases. Pritchard et al. (2017) found that periodontal

105
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disease is an important causes of Alzheimer’s disease (AD)
due to epithelial cell barrier disruption and chronic infections.
Whitmore and Lamont (2014) found that oral squamous
cell carcinoma (OSCC) is closely related to an imbalance of
oral bacteria.

Since the nineteenth century, toothbrushes have been widely
used to suppress the growth of harmful bacteria, remove
food residue, keep the breath fresh, protect enamel, and
prevent and alleviate gingival inflammation (Fischman, 1997).
However, the residual moisture and food debris residing in
toothbrushes provide a suitable environment for pathogen
growth, rendering them a potential risk for various oral diseases
(Hays, 2006; Bik et al., 2010).

In the present study, a high-throughput sequencing method
was applied to compare microbial diversity in the oral cavity
and toothbrushes (used with traditional Chinese medicinal
toothpaste and antibacterial toothpaste), to explore the potential
risk of pathogens in toothbrushes and provide useful suggestions
on oral health.

MATERIALS AND METHODS

Ethical Statement
The study was approved by the Ethical Committee of the
Stomatological Hospital of Nanchang University, and all
participants provided written informed consent. All experiments
were conducted in accordance with the approved guidelines.

Selection of Participants
Participants aged between 18 and 30 were enrolled from
the Medical College of Nanchang University. Their physical
conditions, including age, weight, medical history, recent
antibiotic use, smoking history, alcohol drinking, and oral health
situation, were investigated by questionnaire survey. Twenty
participants (10 males, 10 females), who were in good health,
had not used antibiotics for a year, had no smoking history, did
not drink alcohol, and practiced standard oral hygiene without
the use of mouthwash, aged 20–27 (average 22 years old), were
ultimately enrolled (Table 1).

Sample Collection
The most representative types of toothpaste in China—
traditional Chinese medicinal toothpaste [main active
components: Chondrus crispus, Coptis chinensis, Sarcandra
glabra (does not contain fluoride); no. 20160005, Cao Shan
Hu Oral Care Products Co., Ltd, Jiang Xi] and antibacterial
toothpaste (Crest Seven Good Effects toothpaste; main active
components: sodium fluoride, stannous chloride; no. 20160024,
Procter & Gamble Co., Ltd. in Guangzhou)—were used
(Pinducciu et al., 1996; Mojon, 2002). The 20 participants were
randomly divided into two groups—group C [brushed teeth
using traditional Chinese medicinal toothpaste twice a day for
15 days (after breakfast and before sleep)] and group A [brushed
teeth using antibacterial toothpaste twice a day for 15 days (after
breakfast and before sleep)]. Bacteria were collected from the
oral cavity and toothbrushes. Oral bacteria were collected by
gargling using 10ml of sterile saline solution, and toothbrush

TABLE 1 | Information of participants enrolled in the present study including

gender, age, and body weight.

Total C A p-value

Participants (n) 20 10 10 —

Gender [n (%)] 10 (50) 5 (50) 5 (50) 1

Age (years) 22.65

(21.69–23.61)

22.00

(21.00–24.25)

21.50

(21.00–24.50)

0.74

Body weight (kg) 64.85 ± 10.36 65.57 ± 11.83 64.13 ± 9.26 0.77

In total, 20 participants, who were in good health, had not used antibiotics for a year, had

no smoking history, and did not drink alcohol, aged 20–27 (average 22 years old), were

ultimately enrolled. Participants in group C brushed their teeth using traditional Chinese

medicinal toothpaste. Participants in group A brushed their teeth using antibacterial

toothpaste. The p-value was calculated by an independent-samples T-test using SPSS

17.0 software. P < 0.05 showed homogeneity of variance.

microorganisms were collected by vibrating the toothbrush in
10ml of sterile saline solution in a 50ml sterile Eppendorf (EP)
tube using a vortex. Samples were divided into groups CO (oral
samples from participants in group C, n = 10), CB (toothbrush
samples from participants in group C, n= 10), AO (oral samples
from participants in group A, n = 10) and AB (toothbrush
samples from participants in group A, n= 10).

DNA Extraction and High-Throughput
Sequencing
Samples in each group were collected for bacterial DNA
extraction by a bead beating method (Okpalugo et al.,
2009) using genomic DNA kits (Tiangen Biotech Co., Ltd.,
Beijing, China) according to the manufacturer’s instructions.
Then, the concentration and quality of extracted DNA were
detected via a spectrophotometer at 230 nm (A 230) and
260 nm (A 260) (NanoDrop; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Then, the V4 region of the 16S
rDNA genes of each sample was amplified using 515F/806R
primers (515F, 5′-GTGCCAGCMGCCGCGGTAA-3′; 806R, 5′-
GGACTACVSGGGTATCTAAT-3′), and PCR products were
sequenced with an Illumina MiSeq platform (GenBank accession
number PRJNA553856; Fang et al., 2016).

Bioinformatics and Multivariate Statistics
Fast Length Adjustment of Short reads (FLASH) software
(v1.2.7, http://ccb.jhu.edu/software/FLASH/) (Magoc and
Salzberg, 2011) was used to pair sequences according to the
overlapping bases. The UCLUST sequence alignment tool
(Edgar, 2010) of Quantitative Insights into Microbial Ecology
(QIIME) software was used to merge the previously obtained
sequences and for partitioning of operational taxonomic units
(OTUs) with 97% sequence similarity. R software was used to
calculate the number of OTUs shared by each group and the
proportion of unique OTUs. QIIME software was used to obtain
a composition and abundance distribution table for each sample
at the five classification levels. Using R software, a partial least
squares discrimination analysis (PLS-DA) discriminant model
was constructed based on the species abundance and sample
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TABLE 2 | Sequencing results of isolates from oral rinse solution.

Strain no. Closest relative Aerobic condition Source Similarity (%) GeneBank no.

1 E. hormaechei Facultative anaerobic Oral 99 HQ238708.1

2 S. salivarius Facultative anaerobic Oral 99 MH447009.1

3 S. aureus Aerobic Toothbrush 99 LR134351.1

4 E. cloacae Facultative anaerobic Oral 100 KT441077.1

5 E. faecalis Facultative anaerobic Oral 99 KE351689.1

6 L. salivarius Facultative anaerobic Oral 99 FJ384627.1

7 C. albicans Aerobic Toothbrush 99 BD267550.1

Seven strains were isolated and identified from oral rinse solution: E. hormaechei, S. salivarius, S. aureus, E. cloacae, E. faecalis, L. salivarius, and C. albicans. The sequences were

blasted with the NCBI database.

grouping data. The variable importance in projection (VIP)
coefficient was calculated for each species.

Bacterial Isolation From the Oral Cavity
and Toothbrushes
Bacteria from the oral rinse solution and toothbrushes were
cultivated using brain heart infusion (BHI) broth on solid
plates (37◦C, 12 h), and bacteria were isolated by comparing
bacterial colony size, color, and bacterial morphology. In the
end, all isolates were further identified via molecular biological
identification (Wang et al., 2015).

Antibacterial Effect of Toothpaste
Toothbrushes were mixed with sterile water at a ratio of 1:3
(vol:vol) in a 50ml sterile EP tube, and the supernatant was
transferred to a new 50ml sterile EP tube for further use.

Then, the tested strains—Enterobacter hormaechei,
Streptococcus salivarius, Staphylococcus aureus, E. cloacae,
Enterococcus faecalis, L. salivarius, and Candida albicans—were
co-incubated with traditional Chinese medicinal toothpaste
solution or antibacterial toothpaste solution for 4 h at 37◦C, and
a viable cell counting method was used to count the number of
bacteria (Table 2; Deng et al., 2015).

Statistical Analysis
Statistical analysis was carried out using R software. PLS-DA
analysis was carried out according to the species abundance
matrix and sample grouped data, and a discriminant model was
constructed. Differences among groups were analyzed based on
the Kruskal–Wallis test using Statistical Product and Service
Solutions 20.0 (SPSS 20.0) software. The statistical significance
was set at P < 0.05 for significant difference.

RESULTS

Alpha Diversity of Microbiota in the Oral
Cavity and Toothbrushes
To compare the microbes in the oral cavity and toothbrushes,
16S rDNA amplicon sequencing analysis was used to sequence
the V4 hypervariable region, and the sequencing data were
filtered to obtain valid data. The effective tags of all samples
were clustered, and sequences with more than 97% similarity
were considered as one OTU. In total, 1,680,600 usable raw

sequences and 4,283 OTUs were obtained from all the samples,
and the average number of OTUs in each group was 1,070
(data not shown).

As shown in Figure 1A, the Shannon index showed
that the use of traditional Chinese medicinal toothpaste
increased the microbial abundance in toothbrushes (CB)
compared with the oral cavity (CO); microbial diversity in
the oral cavity (AO) and toothbrushes (AB) using antibacterial
toothpaste was almost the same. Figure 1B shows that use
of traditional Chinese medicinal toothpaste also increased
the number of bacterial species in toothbrushes (CB), while
an obvious reduction was observed for toothbrushes (AB)
compared with the oral cavity when antibacterial toothpaste was
used (400 vs. 344).

The Venn diagram in Figure 1C indicates that 1,136, 976,
1,130, and 1,041 OTUs were obtained from groups CB, AB,
CO, and AO, and the common OTUs (666) represented 58.63%
(666/1,136) of CB, 68.24% (666/976) of AB, 58.94% (666/1,130) of
CO, and 63.98% (666/1,041) of AO, respectively. In addition, the
opportunistic pathogens Burkholderia cepacia and Pseudomonas
pseudoalcaligenes were identified from groups CB and AB, and a
large number of the opportunistic pathogens Stenotrophomonas
maltophilia and Acinetobacter baumannii (reported as clinically
drug-resistant) were identified from group AB (Moore et al.,
1999; Gales et al., 2001).

In Figure 1D, we can see that the dots in groups CO and
CB are far away from each other, while those in AO and AB
are gathered together, indicating that the strong antimicrobial
activity of antibacterial toothpaste had an impactful convergent
effect on microbial diversity.

Beta Diversity of Microbiota in Oral Cavity
and Toothbrush
Based on the weighted UniFrac distance at phylum level, data
for the top 12 microorganism populations were analyzed to
check the similarity among different groups (24). As presented
in Figure 2A, Firmicutes, Proteobacteria, and Bacteroidetes
were the three dominant phyla and accounted for >85% of
the total sequencing number in all groups; the percentage
of Firmicutes, Proteobacteria, and Bacteroidetes was 42.84%
vs. 41.46% vs. 43.14% vs. 33.70%, 27.34% vs. 40.33% vs.
31.61% vs. 48.17%, and 18.34% vs. 4.84% vs. 14.80% vs.
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FIGURE 1 | Indices of oral bacterial diversity. (A) Calculations of Shannon indices among groups CO, CB, AO, and AB; (B) calculations of species observed among

groups CO, CB, AO, and AB; (C) scalar Venn diagrams among groups CO, CB, AO, and AB; (D) PLS-DA analysis of groups CO, CB, AO, and AB. CO, oral

microbiota of people using traditional Chinese medicinal toothpaste (n = 10); CB, microbiota of toothbrushes corresponding to group CO (n = 10); AO, oral

microbiota of people using antimicrobial toothpaste (n = 10); AB, microbiota of toothbrushes corresponding to group AO (n = 10).

FIGURE 2 | Ratios of the known bacteria in groups CO, CB, AO, and AB at the phylum level (A). Relative abundance of Bacteroidetes (B), Firmicutes (C), and

Proteobacteria (D) in groups CO, CB, AO, and AB. CO, oral microbiota of people using traditional Chinese medicinal toothpaste (n = 10); CB, microbiota of

toothbrushes corresponding to group CO (n = 10); AO, oral microbiota of people using antimicrobial toothpaste (n = 10); AB, microbiota of toothbrushes

corresponding to group AO (n = 10). Data are presented as means ± SD; *P < 0.05 by Kruskal–Wallis.
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FIGURE 3 | Ratios of the known bacteria in groups CO, CB, AO, and AB at the genus level. (A) Relative abundance of Streptococcus (B), Acinetobacter (C),

Burkholderia (D), Stenotrophomonas (E), and Prevotella (F) in groups CO, CB, AO, and AB. CO, oral microbiota of people using traditional Chinese medicinal

toothpaste (n = 10); CB, microbiota of toothbrushes corresponding to group CO (n = 10); AO, oral microbiota of people using antimicrobial toothpaste (n = 10); AB,

microbiota of toothbrushes corresponding to group AO (n = 10). Data are presented as means ± SD; *P < 0.05 by Kruskal–Wallis.

6.40% in groups CO, CB, AO, and AB, respectively. Use
of traditional Chinese medicinal toothpaste reduced the
abundance of Bacteroidetes (CB vs. CO = 4.84 vs. 18.34%)
and increased the abundance of Proteobacteria (CB vs.
CO = 40.33 vs. 27.34%; Figures 2B,D). Antibacterial toothpaste
obviously reduced the abundance of Bacteroidetes (AB vs.
AO = 6.40 vs. 14.80%) and Firmicutes (AB vs. AO = 33.70 vs.
43.13%), while it increased the abundance of Proteobacteria
(AB vs. AO = 48.16 vs. 31.61%) compared with group AO
(Figures 2B–D).

At genus level, Streptococcus, Terrahaemophilus,
Neisseria, and Prevotella were dominant in all groups
(Figure 3A), and traditional Chinese medicinal toothpaste
and antibacterial toothpaste hardly affected the abundance
of Neisseria, Actinomyces, Stenotrophomonas, Acinetobacter,
or Burkholderia in all groups (Figures 3B–F). However,
it seems that use of antibacterial toothpaste in group
AO could increase the number of Streptococcus in the
oral cavity compared with traditional Chinese medicinal
toothpaste (Figure 3).
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FIGURE 4 | Relative abundance of groups CO, CB, AO, and AB using PICRUSt based on the KEGG database. Classification based on cellular process—transport

and catabolism (A), cell motility (B). Classification based on human disease—neurodegenerative diseases (C), infectious diseases (D), cancers (E), cardiovascular

diseases (F). CO, oral microbiota of people using traditional Chinese medicinal toothpaste (n = 10); CB, microbiota of toothbrushes corresponding to group CO

(n = 10); AO, oral microbiota of people using antimicrobial toothpaste (n = 10); AB, microbiota of toothbrushes corresponding to group AO (n = 10). Data are

presented as means ± SD; *P < 0.05 by Kruskal–Wallis.

FIGURE 5 | Inhibitory action of traditional Chinese medicinal toothpaste and

antimicrobial toothpaste on isolated strains. CTL: PBS buffer; C, 20%

concentration of traditional Chinese medicinal toothpaste; A, 20%

concentration of antimicrobial toothpaste. CO, oral microbiota of people using

traditional Chinese medicinal toothpaste (n = 10); CB, microbiota of

toothbrushes corresponding to group CO (n = 10); AO, oral microbiota of

people using antimicrobial toothpaste (n = 10); AB, microbiota of toothbrushes

corresponding to group AO (n = 10). *P < 0.05, **P < 0.01, #P < 0.05,
##P < 0.01. Data are presented as means ± SD; *P < 0.05 vs. control group

(CTL group) by ANOVA, #P < 0.05 vs. C group by Kruskal–Wallis.

Potential Risk of Microbial Changes in the
Oral Cavity and Toothbrushes for Human
Diseases
We evaluated the potential risk of microbial diversity in the
oral cavity and toothbrushes for human diseases based on

the KEGG database. As shown in Figure 4, there were no
significant differences in transport and catabolism capability
among groups CO, CB, AO, and AB (Figure 4A), while bacteria
in toothbrushes (from both traditional Chinese medicinal
toothpaste and antibacterial toothpaste groups) greatly enhanced
cell motility in the host (Figure 4B) and the chance of
the host suffering from neurodegenerative diseases, infectious
diseases, cancers, and cardiovascular diseases (Figures 4C–F).
It seems that the high abundance of pathogenic bacteria
in toothbrushes obviously increased the potential risk for
human health.

Bacterial Isolation and Antibacterial Effect
of Toothpastes on Isolates
To further study the antibacterial effect of toothpastes on
oral bacteria, the plate method and molecular biological
identification were used to isolate bacteria from the oral cavity
and toothbrushes. As shown in Table 1, E. hormaechei, S.
salivarius, S. aureus, E. cloacae, E. faecalis, L. salivarius, and C.
albicans were screened, of which E. hormaechei, S. aureus, E.
cloacae, E. faecalis, and C. albicans are pathogenic bacteria, and
L. salivarius and S. salivarius are beneficial bacteria.

When testing the antibacterial effect of toothpastes, we found
that antibacterial toothpaste significantly inhibited the growth of
E. hormaechei (A vs. CTL = Lg 6.01 vs. Lg 7.23, p < 0.01), S.
salivarius (A vs. CTL = Lg 7.45 vs. Lg 8.48, p < 0.05), S. aureus
(A vs. CTL = Lg 4.95 vs. Lg 7.40, p < 0.01), E. cloacae (A vs.
CTL= Lg 6.14 vs. Lg 7.92, p< 0.01), E. faecalis (A vs. CTL=ND
vs. Lg 7.28, p < 0.01), L. salivarius (A vs. CTL = Lg 4.89 vs. Lg
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8.05, p < 0.01), and C. albicans (A vs. CTL = Lg 5.04 vs. Lg 7.61,
p < 0.01). Although the antibacterial effect of traditional Chinese
medicinal toothpaste was inferior, it also obviously inhibited the
growth of E. hormaechei (C vs. CTL = Lg 5.40 vs. Lg 7.23,
p < 0.01), S. aureus (C vs. CTL = Lg 6.51 vs. Lg 7.40, p < 0.05),
E. faecalis (C vs. CTL = Lg 5.77 vs. Lg 7.28, p < 0.01), and C.
albicans (C vs. CTL= Lg 5.53 vs. Lg 7.61, p < 0.01; Figure 5).

DISCUSSION

The long-term use of mouthwash, antibacterial toothpaste, and
throat tablets can cause dysbacteriosis and further endanger oral
health (Hays, 2006; Bik et al., 2010). Research has indicated that
microorganisms in toothbrushes might have a potential risk to
cause a variety of diseases (Hays, 2006), but little research has
been carried out to explore the interaction of microbiota between
the oral cavity and toothbrush.

In the present study, high-throughput sequencing was
used to explore microbial diversity in the oral cavity and
toothbrushes. The oral cavity and toothbrushes had a similar
Shannon index and species observed, and the common OTUs
(666) represented 58.63, 68.24, 58.94, and 63.98% of the
population in groups CB, AB, CO, and AO. Therefore, the
abundant nutrients and frequent microbial communication
resulted in a high number and variety of species of bacteria
in toothbrushes (Figure 1). Although some ingredients
(e.g., honeysuckle, Sarcandra glabra, pseudo-ginseng, mint)
contained in traditional Chinese medicinal toothpaste possess
and anti-inflammatory effects, it seems these ingredients
allow for a greater abundance of bacteria compared with
antibacterial toothpaste containing antibacterial ingredients
(e.g., sodium fluoride, stannous chloride; Figure 1D). In

addition, some opportunistic pathogens, e.g., A. baumannii
(which causes wound infection, sepsis, and even leads to death),
B. cepacia (which causes cystic fibrosis in human lungs), and S.
maltophilia (which causes iatrogenic infection and respiratory
infections), were identified in groups AB and CB (Moore
et al., 1999; Gales et al., 2001). This means these pathogens
in toothbrushes may cause serious infectious diseases in
low-immunity populations.

At phylum level, we found greater abundance of
Proteobacteria in groups CB and AB. The phylum Proteobacteria
contains various human pathogens, e.g., Helicobacter, Neisseria,
Brucella, and Rickettsia, and they are reported to have a
strong connection with metabolic disorders, inflammatory
bowel disease, and lung disease (Wade, 2013; Chen and Jiang,
2014; Rizzatti et al., 2017; Vester-Andersen et al., 2017).
At genus level, higher levels of Actinomyces, Burkholderia,
and Stenotrophomonas were identified in groups CB and
AB. Acinetobacter species are ubiquitous organisms widely
distributed in nature as important opportunistic pathogens
causing a range of nosocomial infections, including pneumonia,
bacteraemia, secondary meningitis, urinary tract infections, and
surgical wound infections (Gales et al., 2001). Burkebacteria
were originally part of the pseudogencin, and B. cepacia and
B. pseudomallei in this genus have harmful effects on human
health because of their characteristics of resistance to antibiotics
and high motility (Moore et al., 1999). Stenotrophomonas is
famous for S. maltophilia which is an important nosocomial
pathogen associated with infections of compromised individuals
(Gales et al., 2001). S. maltophilia is associated with infections
of the respiratory tract and causes bacteraemia, endocarditis,
and urinary tract infections. It is intrinsically resistant to
multiple antibiotics and disinfectants, and clinical isolates often

FIGURE 6 | Flow chart of the present study. Toothbrush and oral samples were obtained from the participants treated with traditional Chinese medicinal toothpaste

and antibacterial toothpaste, respectively. A high-throughput sequencing method was used to analyse species richness. Genera showing a significant increase

compared with other groups are shown with ↑; those showing a highly significant increase are shown with ↑↑. The increased risks of human disease for each group

are shown.
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display high-level multidrug resistance (Zhang et al., 2000).
Interestingly, we also found a lower abundance of Streptococcus
and Prevotella in toothbrushes than in the oral cavity. As we
know, Streptococcus and Prevotella are dominant pathogens
for inducing oral diseases; therefore, the residual ingredients
in toothbrushes can better inhibit their growth because there
are more antimicrobial ingredients in toothbrushes than in
the oral cavity due to the high fluidity of the oral cavity.
Furthermore, our bioinformatics prediction results indicate
that the bacteria in toothbrushes greatly enhanced cell motility,
neurodegenerative diseases, cancers, and cardiovascular
diseases when traditional Chinese medicinal toothpaste was
used, and the antimicrobial toothpaste greatly enhanced the
potential for cell motility, neurodegenerative diseases, infectious
diseases, cancers, and cardiovascular diseases compared
with the bacteria in the oral cavity (Figure 4). However, as
limited data are provided by high-throughput sequencing, the
shotgun metagenomic method is needed to further confirm
these results.

To further discuss the potential effects of toothpastes on
bacterial growth, the viable counting method was applied and
E. hormaechei, S. salivarius, S. aureus, E. cloacae, E. faecalis,
L. salivarius, and C. albicans were isolated from the oral
cavities and toothbrushes. Our results indicate that traditional
Chinese medicinal toothpaste and antimicrobial toothpaste
possess sound inhibitory effects on all tested strains (Figure 5).
E. hormaechei is a nosocomial pathogen that can infect vulnerable
hospitalized patients and can be transmitted from patient
to patient when infection control techniques are inadequate
(Wenger et al., 1997). The traditional Chinese medicinal
toothpaste had a better inhibitory effect on E. hormaechei.
S. aureus, including methicillin-resistant S. aureus (MRSA), is
an important food-borne pathogenic bacterium associated with
significant morbidity and mortality. C. albicans is primarily a
commensal organism in the oral cavity, digestive tract, and
genital regions of healthy individuals and yet is responsible for
mucosal candidiasis, such as thrush and angular keratitis, as
well as visceral candidiasis, often deadly infections (Rai et al.,
2019). We also tested two oral probiotics, L. salivarius, and
S. salivarius. As a typical anti-allergic probiotic, L. salivarius
helps reduce the production of specific IgE antibodies in
serum, promotes the secretion of interferon (IFN-γ) in spleen
cells, and enhances the TH1-type immune response to regulate
the TH2-type immune response which is overactive due to
allergies (Iwamoto et al., 2010; Li et al., 2010). S. salivarius
can produce bacteriocin, which has an inhibitory effect on
bad breath-related bacteria, especially anaerobic bacteria which
decompose to produce sulfides, emitting a foul odor and
producing bad breath (Volpe et al., 1969; Iwamoto et al., 2010).
Studies have shown that people with bad breath have less
S. salivarius in the mouth (Iwamoto et al., 2010). Although
both traditional Chinese medicinal toothpaste and antibacterial
toothpaste effectively reduced pathogenic bacteria, they also
suppressed the oral probiotics which destroyed the stability of

the oral microbiota and damaged oral health, especially the
antibacterial toothpaste.

CONCLUSION

In the present study, we compared microbial diversity in the
oral cavities and toothbrushes, and found a large number
of bacteria in toothbrushes, including some pathogens.
Pathogens existing in toothbrushes may transfer to the oral
cavity and enhance the risk of neurodegenerative diseases,
cancers, and cardiovascular diseases (Figure 6). Moreover,
the strong antimicrobial effect of toothpaste on beneficial
oral bacteria may also disturb the oral microbial system.
Here, we compared the microbiota between oral cavities
and toothbrushes, and explored the potential risk of bacteria
in toothbrushes, which provides useful data on oral health.
However, sampling by gargling carries a risk of contamination
from the throat or upper aerodigestive ways; therefore, a
more suitable sampling method for oral bacteria should be
used (Santigli et al., 2017).
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Porphyromonas gingivalis is an anaerobic bacterium commonly found in the oral cavity

and associated with the development of periodontal disease. P. gingivalis has also been

linked to several systemic vascular and inflammatory diseases including poor pregnancy

outcomes. Little is known about the changes in the oral flora during pregnancy in

connection to P. gingivalis infection. This pilot study aims to explore changes in the oral

microbiome due to P. gingivalis inoculation and pregnancy in an in vivo rat model of

periodontal disease. A metagenomic sequencing analysis targeting seven of the 16S

rRNA gene variable regions was performed for oral samples collected at the following

time points: baseline control (week 0), P. gingivalis inoculated (week 11), P. gingivalis

inoculated and pregnant rat at necropsy (week 16). A second set of animals were also

sampled to generate a sham-inoculated (week 11) control group. We found that the rat

oral microbiome profiles were more similar to that of the human oral cavity compared to

previous reports targeting one or two 16S variable regions. Overall, there appears to be

a relatively stable core microbiome in the oral cavity. As expected, P. gingivalis induced

periodontal disease resulted in oral microbiome dysbiosis. During pregnancy, some

aspects of the oral microbiome shifted toward a more baseline-like profile. However,

population analyses in terms of dissimilarity measures and especially metagenomic

based predictions of select characteristics such as cell morphology, oxygen requirement,

and major metabolite synthesis showed that pregnancy did not restore the composition

of the oral microbiome. Rather, a uniquely altered oral microbiome composition was

observed in pregnant rats with pre-established periodontal disease.

Keywords: oral microbiome, oxygen requirement, microbial metabolites, pregnancy, periodontal disease, rat

model
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INTRODUCTION

Periodontitis is currently considered a disease of dysbiotic
polymicrobial etiology in which oral microbial species capable
of thriving in inflamed microenvironments predominate
(Abusleme et al., 2013; Hajishengallis, 2015). Although the
pathogenesis of periodontal disease is complex, one view is that
dysbiosis is initiated by the presence of keystone species that
subverts the host immune defense, and this allows secondary
pathogens to thrive and ultimately dominate. Porphyromonas
gingivalis has gained notoriety as a keystone pathogen of
periodontal disease because even as a low abundance species, it
has profound effects on the oral microbial community structure
(Hajishengallis, 2011; Olsen et al., 2017). P. gingivalis is armed
with an array of virulence factors that subvert host innate
antimicrobial defenses without blocking inflammatory pathways;
referred to as “non-productive inflammation” (Zenobia and
Hajishengallis, 2015). This not only supplies P. gingivalis the
nutrient source it needs for growth, but also provides a selective
advantage for co-colonizing microbes able to tolerate and thrive
in an inflammatory environment (Zenobia and Hajishengallis,
2015).

Metagenomic studies of the oral microbiome also show
that pregnancy perturbs the composition of the oral microbial
community (Paropkari et al., 2016; Lin et al., 2018). In
pregnant women without periodontal disease, the supragingival
community structure is reported to shift toward a predominance
of bacteria within the genera Neisseria, Porphyromonas, and
Treponema (Lin et al., 2018). In particular, the increased
abundance of Prevotella and Treponema spp. is linked to
increasing concentrations of sex hormones associated with
pregnancy (Lin et al., 2018). Moreover, pregnancy can modify
the impact of environmental risk factors on the oral microbiome.
For instance, the subgingival microbiome of women who
smoke during pregnancy are reported to have significantly less
Gram-negative and Gram-positive anaerobes than non-pregnant
smokers (Paropkari et al., 2016). To date, it is unknown if or in
what manner pregnancy affects the dysbiotic oral microbiome
associated with periodontal disease in patients with preexisting
oral disease.

For this pilot study, we chose P. gingivalis as our model
organism since it has been implicated in promoting adverse
pregnancy outcomes (Barak et al., 2007; Chaparro et al., 2013;
Vanterpool et al., 2016). Our objective was to investigate
the interaction of pregnancy and the oral dysbiosis of
periodontal disease in a rat model of P. gingivalis-induced
periodontitis (Kesavalu et al., 2007; Verma et al., 2010) using 16S
metagenomic analysis.

MATERIALS AND METHODS

Periodontitis Model and Sample Collection
All procedures were conducted after approval from the
University of Wisconsin–Madison, Institutional Animal Care
and Use Committee. Specific pathogen free CD-IGS rats obtained
from the same colony (Charles River International Laboratories,
Inc., Kingston, NY; RGD ID 734476) were housed in the

same room under barrier conditions. Oral swabs and blood
were collected prior to antibiotic treatment and animals were
randomly assigned to sham control (inoculation with sterile
vehicle) or P. gingivalis strain A7UF, a lab adapted strain
expressing Type IV fim operon and with 99.2% whole genome
DNA sequence identity to A7436 (data not shown). At the onset
of the inoculation phase of the study and thereafter control
animals were always handled before infected animals.

Periodontitis was induced as previously described (Phillips
et al., 2018). Specifically, 7–8 week old female rats first received
kanamycin (20mg) and ampicillin (20mg) daily for 4 days in
the drinking water to reduce the number of commensal bacteria.
The oral cavity was then swabbed with 0.12% chlorhexidine
gluconate (Peridex: 3M ESPE Dental Products, St. Paul, MN,
USA) mouth rinse to inhibit endogenous organisms and to
facilitate subsequent colonization with P. gingivalis. Rats were
switched back to antibiotic free water and rested for 3 days
to allow clearance of antibiotics from their system before
beginning the inoculation phase of the study. An equal number
of rats were randomly assigned to the control or P. gingivalis
group. Each inoculate was prepared from an overnight culture
of P. gingivalis grown in supplemented Tryptic Soy Broth
(Phillips et al., 2018). Bacterial concentrations in broth were
determined by optical density readings taken at 550 nm with a
UV-6300 PC double beam spectrophotometer (VWR, Chicago,
IL, USA). Bacteria were pelleted by centrifugation at 3,000 ×

g for 5min and resuspended in sterile 2% (w/v) low viscosity
carboxymethylcellulose (CMC; Sigma, St. Louis, MO, USA) to
achieve a final concentration of 1 × 1010 CFU per ml. Each
animal received an oral inoculation containing 1 × 109 CFU
for 4 consecutive days per week on 6 alternate weeks totaling
24 inoculations over a 12-week period. Control animals received
sterile 2% CMC. In order to minimize disruption of bacterial
plaque, animals were fed a gamma-irradiated powdered rodent
diet (Teklad Global 18% protein rodent diet, Envigo, Madison,
WI) during the inoculation phase of the study. At the end of
the inoculation period (week 12), oral swabs were taken, blood
was collected for serology, and rats were switched back to the
same diet in a pelleted form. Animals were rested for 1 week
before breeding. Breeding was confirmed by the presence of
sperm in vaginal lavages that were performed the following
morning, which was considered gestation day GD 0. Dams were
euthanized at GD 18 oral swabs were taken, skulls were collected
for morphometric analysis of alveolar bone loss, and serum was
collected for detection of P. gingivalis specific IgM and IgG.

For the purposes of 16S metagenomic analysis, we were
interested in the oral samples collected from sham and P.
gingivalis treated CD rats. Specifically, we processed oral
specimens collected from the P. gingivalis (PG) treatment group
(six animals) at three time points for sequencing: baseline, 3-
months post P. gingivalis inoculation, and at necropsy (pregnant
at GD 18). In contrast, only oral specimens collected from the
sham treatment group (six animals) at the 3-months post sham
inoculation time point were used for sequencing. The animals
and specimen descriptions, including the sample IDs for the
24 sequencing libraries we generated and used for this 16S
metagenomic analysis pilot study, are listed in Table S1.
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Assessment of Alveolar Bone Resorption
Mandibles were disarticulated from the skull and most of the
tissue was removed by dissection. Remaining tissue was removed
by Dermestid beetles. Rat mandibles were then immersed in a
3% (v/v) hydrogen peroxide solution overnight, washed with
deionized water and air-dried. In order to delineate the cemento-
enamel junction (CEJ), jaws were stained with a 0.1% (W/V)
methylene blue for 1min, washed and air-dried. Specimens
were coded to prevent bias and calibrated images of both
the buccal and lingual side of each jaw were captured with
an EOS 650D RebelT41 camera (Canon, USA, Inc., Long
Island, NY). Morphometric measurements were performed by
two independent investigators that were blinded to treatment.
Calibrated digital images were analyzed with Image J 1.50b
analysis software (Rasband, National Institutes of Health, USA).
Area measurements (mm2) of both the lingual and buccal surface
of each mandible were determined by using the freehand tool to
manually trace the surface perimeter of the CEJ and alveolar bone
crest (ABC). The sum of both area measurements was recorded
and values from two independent investigators were averaged.

Maxillae were fixed in 10% buffered formalin, washed and
decalcified for 48 h before processing for histology. Excess tissue
was removed and the row of molars were transected through
the center of each molar so that interdental bone loss could be
evaluated. Calibrated images of maxillary tissue were analyzed
with Image J software as previously described (Phillips et al.,
2018). Briefly, a line was drawn to connect the mesial to the distal
aspect of each molar at the CEJ. A central line perpendicular
to this CEJ was drawn from the CEJ to the top of the alveolar
bone crest and the distance was recorded in mm. The distance
measurements of each interdental region were averaged.

Detection of P. gingivalis-Specific IgM and
IgG
Humoral responses to P. gingivalis were determined by ELISA
as previously described (Phillips et al., 2018) with the following
modifications. Briefly, a whole cell lysate of P. gingivalis
was sonicated (Sonic Dismembrator, Thermo Fisher Scientific,
Waltham, MA) and the total protein concentration of the
lysate was measured by Bradford Protein Assay (Thermo Fisher
Scientific,Waltham,MA). Stock aliquots of the lysate were stored
at a concentration of 2 mg/ml at −20C. For the ELISA assay,
whole cell lysates were diluted with 50mM bicarbonate coating
buffer pH 9.4 (Thermo Fisher Scientific, Waltham, MA) to yield
a final concentration of 20µg/ml. Goat anti-rat IgM (Southern
Biotech, Birmingham, AL) and donkey anti-rat IgG (Thermo
Fisher Scientific, Waltham, MA) conjugated to horse radish
peroxidase (HRP) were used for detection (1:4,000 and 1:2,500,
respectively). Pooled sera from P. gingivalis infected rats and
uninfected animals were used to establish serumdilutions that fell
within the linear range of a dilution curve. Subsequent ELISAs
were batched and each plate contained a positive and negative
control. In order to minimize plate to plate variation, each 96
well plate contained serum samples from each group. All samples
were run in duplicate and readings were obtained with a Model
680 microplate reader (Biorad Laboratories, Hercules, CA).

Statistical analysis of alveolar bone loss measurements and
serology data were performed with unpaired student’s t-test using
Prism 7.03 Software (GraphPad Software Inc.). For all testing P<

0.05 was considered significantly different.

DNA Isolation and Enrichment for Bacterial
DNA
The specimens for each sampled time point were collected on
either rayon swabs (sham-inoculated) or cytological brushes
(baseline, PG-inoculated, pregnant) and flash frozen and stored
at −80◦C until they were batch processed. At the time of
processing, collection devices were thawed, immersed in sterile
200 µL of 1× phosphate buffered saline (PBS; pH 7.4), vortexed
for 30 s, and the solution was transferred into sterile 2mL sample
extract tube. The swab/brush was centrifuged at 15,000 × g
for 5min to collect the residual liquid that was trapped in the
collection device, then pipetting it into the appropriate sample
extract tube. This washing process was repeated twice more for
a total of three rinses for each swab. All extracted liquids from
each sample were combined into one tube per specimen. Each
sample extract tube was centrifuged at 21,000 × g for 10min to
pellet cells and detritus. The PBS was removed from the pellet
and 40 µL of resuspended Dynabeads from the Dynabeads DNA
DIRECTUniversal Kit (Invitrogen: Cat. No. 63006) was added to
each sample pellet and mixed. The Dynabead/sample mixtures
were processed according to the manufacturers’ protocol and
the concentration of the isolated total DNA in the eluent
was estimated using a NanoDrop 2000C Spectrophotometer
(Thermo Scientific: Cat. No. ND2000C). The total DNA isolated
from each oral specimen contains a large proportion of rat
DNA, thus it is essential to enrich for bacterial DNA to
optimize downstream 16S metagenomic analysis. The chemistry
provided in the NEBNext Microbiome DNA Enrichment Kit
(New England BioLabs: Cat. No. E2612L) enriches for bacterial
DNA by selectively binding and removing CpG-methylated host
DNA while maintaining microbial diversity after enrichment.
Cytosine methylation occurs in bacteria in very low frequency
across bacterial genomes while it is common across eukaryotic
genomes. Validation studies, referenced by the manufacturer,
using this enrichment method have shown that bacterial species
with unusual methylation density of its DNA are rare and
bind at a very low level to the enrichment beads (e.g.,
Neisseria flavescens). The enrichedmicrobial DNA purified by the
ethanol precipitation and the DNA concentration was estimated
using a NanoDrop 2000c spectrophotometer. Semi-quantitative
verification of enrichment was performed using qPCR (CFX-
Connect Real-Time PCR detection system; BioRad Laboratories
Inc.), SsoAdvanced Universal SYBR Green Supermix (BioRad
Laboratories Inc.: Cat. No. 1725270), and NEBNext 16S
Universal Control Primers (New England BioLabs).

PCR Amplification of Microbial 16S rRNA
Gene Variable Regions
16S rRNA libraries of each microbial DNA enriched sample
were generated by PCR using the Ion 16S Metagenomics
Kit (ThermoFisher Scientific: Cat. No. A26216) and a PCR
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thermocycler (Mastercycler nexus gradient; Eppendorf AG).
Briefly, two primer sets are used to generate amplicons from
six different regions of the 16S rRNA genes. Primer Set One
targets variable regions 2, 4, 8 and Primer Set Two targets
variable regions 3, 6–7, 9. PCR amplification was performed
according to the manufacturers’ protocol for each sample,
along with negative and positive controls. The amplicons from
20 µL of each PCR reaction were then purified using the
Axygen AxyPrep Mag PCR Clean-up Kit (Fisher Scientific:
Cat. No. 14-223-151) and eluted in elution buffer (EB; 10mM
Tris-Cl, pH 8.5). The amplicons generated for each pair of
reactions (two primer sets) for each sample were pooled and
their DNA concentration was estimated with a NanoDrop
2000c spectrophotometer until confirmation that each sample
pool consisted of 100 ng−1 µg of DNA, as required for
adaptor ligation. The final concentration of amplicons in
each sample pool was determined using a Qubit dsDNA hs
Assay Kit (Invitrogen: Cat. No. Q32851) according to the
manufacturers’ protocol.

16S Barcoded Library Preparation for
Multiplexed Sequencing
Sequencing-ready16S rRNA gene libraries were prepared using
the NEBNext Fast DNA Library Prep Set for Ion Torrent (New
England BioLabs: Cat. No. E6270S) and DNA barcode-adapter
oligonucleotides specific for the Ion Torrent system. All 16s
rRNA libraries were prepared according to the manufactures’
recommendations with modifications to maximize yield. Briefly,
purified 16S amplicons were first end repaired and blunt-end
ligated to sample specific barcode-adapters (Table S2) in order
to generate three groups for downstream pooling. We estimated
that the maximum number of libraries to load in equal-molar
concentrations per 318TM Ion Chip in order to generate a
sufficient number of reads for metagenomic analysis was 13.
Adaptor ligated DNA was size selected to obtain fragments
between 200 and 400 base pairs long using the Agencourt
AMPure XP PCR Purification system (Beckman Coulter: Cat.
No. A63880). DNA fragments below 200 base pairs in length
would likely consist of free adaptors and empty adaptor-adaptor
products, whereas fragments over 400 base pairs would likely
have multiple copies of the adapters ligated to their ends.

The size selected amplicons were PCR amplified using primers
to the ION torrent P1 adapter and A adapter sequences,
to generate at least 1 µg of unbiased amplicons of all the
barcoded-adapter-ligated DNA fragments. PCR amplifications
were performed using the following parameters: (1) initial
denaturing at 98◦C for 30 s; (2) 8–11 cycles of 98◦C for 10 s,
58◦C for 30 s, and 65◦C for 30 s; (3) 65◦C for 5min; and (4)
a final hold at 4◦C. After amplification, the amplicons in each
sample were purified using Agencourt AMPure XP and the DNA
concentration was determined by qPCR using the Ion Universal
Library Quantitation Kit (ThermoFisher Scientific: Cat. No.
A26217) according to the Ion 16S Metagenomics Kit User Guide
(pgs. 18–22). Each sample was assayed in replicates of three. The
calculated average concentration for each sample was used for
subsequent library pooling calculations.

Each 16S barcoded library were diluted and pooled in equal
molar concentrations into one of three pools: Pools A, B, and
C (Table S2). Each pool was PCR amplified using the P1 and A
adaptor primers from the NEBNext Fast DNA Library Prep Set
for Ion Torrent with the following modified PCR parameters: (1)
initial denaturing at 98◦C for 30 s; (2) 30 cycles of 98◦C for 10 s,
58◦C for 30 s, and 65◦C for 30 s; (3) 65◦C for 5min; and (4) a final
hold at 4◦C. After amplification, DNA in each pool was purified
using the Agencourt AMPure XP. Our yield was ∼1,000×
higher than needed and contained a higher proportion of short
fragments, which led to the need to modify the templating
procedure. We created Pool D to re-sequence a subset of sample
libraries which had the fewest number of reads (Table S2),
described in more detail in the supplementary sequencing pool
section below. For that run, we shortened the number of cycles at
this amplification step to 25, significantly improving the library
quality (proportion of full-length fragments). We also modified
our dilution method to generate more accurate equal-molar
pooling. The final concentrations of the pooled libraries were
verified by qPCR using the 16S Metagenomics Kit User Guide
protocol as already described.

Template Preparation, Enrichment, and
Sequencing
The first step required to sequence our DNA amplicons
using the Ion Torrent platform (Thermo Fisher Scientific Inc.,
Waltham, MA USA) is to template each of our pooled DNA
libraries. Templating involves loading appropriately diluted
pooled libraries onto ion sphere particles (ISPs) using the
Ion PGM Hi-Q View OT2 Kit (ThermoFisher Scientific: Cat.
No. A29900) and the Ion OneTouch-2 and OneTouch-ES
Instruments (Thermo Fisher Scientific: Cat. No. 4474779)
according to the manufactures’ protocol for 400 base pair read
length templating. The manufactures’ protocol for templating
lists a suggested concentration for each type of library in order
to acquire a target range of template positive particles. Successful
templating is achieved when the sample passes a quality control
test, which is explained in more detail below. The concentration
of the freshly diluted pooled libraries that were successfully
templated and subsequently sequenced in this study were as
follows: Pools A and C at 26 pM each, Pool B at 23 pM, and Pool
D at 10 pM.

To determine the percentage of ISPs with bound template
DNA (pooled library), a PCR thermocycler, a Qubit 3.0
Fluorometer (Thermo Fisher Scientific: Cat. No. Q33216), and
the Ion Sphere Quality Control Kit (Thermo Fisher Scientific:
Cat. No.4468656) were used according to the manufactures’
protocol found in the Ion PGM Hi-Q View OT2 Kit manual.
The acceptable level of templated ISPs is 10–30% with an ideal
range from 20 to 25%. The percent templated ISPs for each pool
were determined to be as follows: 31% for Pool A; 18% for Pool
B; 22% for Pool C; and 16% for Pool D. Though the percent
templated ISPs for Pool A was 1% higher than the acceptable
level, we have found that the percentages generated tend to
have a variation of a few percentage points when performed
in replicate, so we deemed Pool A to be sufficiently close to
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acceptable levels. Templating preparations of pooled libraries
that passed the quality control assay were then enriched for
template positive ISPs using the Ion OneTouch ES Instrument
and Ion PGMEnrichment Beads (DynabeadMyOne Streptavidin
C1 beads; Thermo Fisher Scientific: Cat. No. 4478525) which
function to selectively bind to the template positive ISPs.

The Ion Torrent PGM system preparation, sequencing run,
and post-run cleanup were performed using the chemistry
and supplies provided in the Ion PGM Hi-Q Sequencing Kit
(Thermo Fisher Scientific: Cat. No. A25592) and Ion PGM Hi-Q
Wash 2 Bottle Kit (Thermo Fisher Scientific: Cat. No. A25591)
according to the sequencing protocol in the Ion PGM Hi-Q
Sequencing User Guide as follows. First, the sequencing run
plan was created on the Ion Torrent Server with the following
criteria: (1) Application—Metagenomics; (2) Target technique-
−16S Targeted Sequencing; (3) Library Kit—Ion Plus Fragment
Library Kit; (4) Template Kit—Ion PGM Hi-Q View OT2 Kit-
−400; (5) Sequencing Kit—Ion PGM Hi-Q Sequencing Kit;
(6) Flows −850; (7) Chip Type—Ion 318TM Chip v2; and (8)
Barcoded Set—IonXpress. Second, the sequencing primers were
annealed to the template positive ISPs using a PCR thermocycler
(95◦C 2min, 37◦C 2min). Third, the sequencing polymerase
was added to the primer annealed template positive ISPs and
loaded onto an Ion 318TM Chip v2 (Thermo Fisher Scientific: Cat.
No. 4484354). Fourth, the loaded Ion chip was placed into the
cleaned and initialized Ion Torrent PGM instrument (Thermo
Fisher Scientific: Cat. No. 4462921) and the sequencing run
was initiated.

After sequencing Pools A, B, and C, and preliminary analyses,
we found that some of the individual libraries within each pool
had low numbers of mapped reads. This was not unexpected
considering other studies using the equal-molar pooling method
of combiningmultiple samples into one sequencing run have also
reported widely varying numbers of read sequences generated
among samples within a pool (Lemos et al., 2011). To address
this potentially problematic issue, an additional sequencing run
was performed. Using the following predetermined criteria,
specific samples were chosen for a supplementary sequencing
pool (Pool D): Samples that generated 2,500 mapped reads or less
and generated a metagenomic profile with low species diversity
compared to other samples of the same treatment group. The
samples meeting these criteria were C31, C35, 44, 46, N43, N45,
and N47 (Table S2). Though meeting the above criteria, one
sample, C34, had no mapped reads despite using all of the P1/A
adaptor PCR reaction when pooling (pool A), thus this sample
was not reamplified. After preliminary analysis of Pool D, the new
sequencing data were combined with the previous data collected
for each sample.

16S Metagenomic and Statistical Analysis
Using the Ion Reporter Software, the sequencing data for
each individual sample were organized into their appropriate
test group: Baseline, PG-inoculated, sham-inoculated, or
pregnant. These groups were then analyzed using a stringently
designed workflow to generate the 16S Oral Microbiome
Profiles. The workflow included the following criteria: (1)
Application—Metagenomics; (2) Sample Groups—Single/Multi;

(3) References—Curate MicroSEQ R© 16S Reference Library
v2013.1 and Curate Greengenes v13.5; (4) Primers—Default;
(5) Primer(s) Detected—Both ends; (6) Minimum Alignment
Coverage −90.0%; (7) Read Abundance Filter −10 copy
minimum; (8) Genus Cutoff−97.0%; (9) Species Cutoff−99.0%;
and (10) Slash ID Reporting Percentage −0.2%. This workflow
was used to map the sequencing data (i.e., assign reads to
Operational Taxonomic Units) for each individual sample, as
well as the collective (consensus) data for each group, against
multiple curated reference microbial genome databases to
generate individual microbiome population profiles (OTU data
sets) for each sample as well as consensus profiles for each
treatment group. The similarity BP (base-pair) cutoff was set to
150 for all data reported here. Each individual sample was also
analyzed to determine if there were any microbiome profiles
that appeared unusual or as outliers when compared to the rest
of the profiles within their experimental group. The consensus
microbiome profiles were then compared between treatment
groups and/or time points to identify shifts in the microbial
population in response to P. gingivalis inoculation or pregnancy
and for analyses of other descriptors associated with the
identified community members at the family, genus, or species
level (i.e., Gram stain characteristic, oxygen requirements,
predictive metabolic profiles). R software (R Core Team, 2013)
was used to graphically display the population percentage of
identified community members within in each microbiome
profile in context of the selected group descriptor.

Themapped output data (microbiome population profiles) for
each treatment group were assessed and graphically displayed by
performing alpha and beta diversity analysis using the QIIME
bioinformatics pipeline (Caporaso et al., 2010) on the Ion
Reporter Software Suite (Thermo Fisher Cloud). These analyses
produce descriptive community statistics. We report alpha
diversity intra-group analysis of the consensus microbiomes,
comprising of all samples belonging to a group, for each of our
four groups. The alpha diversity pipeline generates rarefaction
curves which reflect the species (community) abundance
(number of OTUs) and evenness (population proportion) within
the group, and thus if the sequencing data output was deep
enough to accurately characterize the microbiota present at
the time of sampling they will generate rarefaction curves
(phylogenetic diversity plots) that plateau when only the rarest
species remain to be sampled. Four different nonparametric
statistical analyses were completed to create rarefaction curves:
(1) Observed Species, (2) Simpson index, (3) Shannon index,
and (4) Chao1 index. The Observed Species and Choa1 analyses
measure sample/community richness. Simplistically, the output
based on these measures depends on the presence or absence
of species observed in samples within a group. Chao1 index
also reflects population proportion (evenness) to a degree by
taking in account the number of times a species occurs. However,
these methods are strongly affected by sample size, which can
lead to an underestimation of sample richness (Colwell and
Coddington, 1994), and thus are not as popular a measure when
performing analyses on 16S metagenomic data generated using
short read platforms like Ion Torrent PGM or MiSeq when the
number of OTUs identified are low in a study. That said, after
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reaching plateau, the estimation of diversity becomes relatively
independent of sample size (Hughes et al., 2001).Moreover, using
six 16S regional targets rather than one or two would compensate
for small sample size leading to poor coverage common to 16S
metagenomic analysis performed on these small read platforms
that commonly use only one or two regional targets. Using six
regional targets would also diminish the occurrence of false
positive that reportedly (Edgar, 2017) plagues QIIME analysis
of 16S metagenomic data generated from short read platforms
when using a single variable region target. The Simpson and
Shannon analyses reflect population diversity (abundance and
evenness). More precisely, the Simpson index reflects species
dominance and the probability of two individual organisms that
belong to the same species being randomly chosen. Similar to
the Chao1 index, it is weighted toward the abundance of the
most common species. For the Simpson Index, a measure of 1
indicates complete evenness in species proportions within that
sample or group. In contrast, the Shannon Index measures the
average degree of uncertainty in predicting as to what species an
individual organism will belong when chosen at random, thus
this measure is affected by both the number of species identified
and their population proportion (evenness).

Bray-Curtis beta diversity analyses was used to compare
individual sample or group microbiome profiles to each other
to identify community dissimilarities. This is a distance based
statistical analysis used to identify sources of variance within
individual sample communities or among groups. This method
uses abundance of an OTU but not the phylogeny it belongs to,
unlike the UniFracmethod to estimate beta diversity. To visualize
beta diversity, Principal Coordinate Analysis (PCoA) plots were
used. PCoA is a multidimensional scaling computation that
converts the microbiome population profile data into correlated
similarities variables, then transforms them into a dissimilarity
or distance matrix that can then be spatially plotted on a set
of three orthogonal axes as a data point such that a maximum
amount of variation for that data point is explained by the
first principal coordinate axes, the second largest amount of
variation is explained by the second principal coordinate axes,
etc. (Caporaso et al., 2010).

Predicted Microbial Metabolome Profiles
A predictive analysis of morphological classification, oxygen
requirement, and major metabolite synthesis profiles was
performed. To identify the capacity to produce major metabolites
in the oral cavity in response to P. gingivalis inoculation
and then pregnancy, the consensus microbiome profiles were
analyzed using KEGG mapper (www.genome.jp/kegg/) and
further reviewed using the Substrata database (www.datapunk.
net/substrata) and STRING (string-db.org). In order to be
classified as belonging to a select metabolite group, themetabolite
must be identified as a major end product rather than just
having the genetic capacity to generate themetabolite in question.
Bergey’s manual of systematics of archaea and bacteria was also
used to support appropriate metabolite classification of each
genus (Whitman, 2015). When classification was unclear due to
lack of strong evidence to support inclusion, or if strong evidence
supported being excluded as a major producer of any one of these

select metabolites, these identified members were classified as
Other. All predictive qualitative metabolic outcome designations
were plotted as percent OTU at the genus level.

RESULTS

Impact of P. gingivalis Infection on Alveolar
Bone Loss and Humeral Immunity
All baseline and sham-inoculated samples were negative for P.
gingivalis by PCR. All specimens from the PG and pregnant
groups were positive for P. gingivalis by PCR. All P. gingivalis
inoculated animals had significantly greater alveolar bone loss
than aged-matched sham-inoculated controls confirming that
these animals had periodontal disease (Figure 1).

We also measured P. gingivalis specific IgM and IgG
before (baseline), after inoculation, and during pregnancy to
assess microbial exposure (Figure 2). None of the animals had
detectable P. gingivalis specific IgM at any time point in the
study (data not shown). There was no difference in the level of P.
gingivalis specific IgG between baseline and sham control groups.
Both PG inoculated and pregnant groups had greater amounts of
P. gingivalis specific IgG than the baseline group (P < 0.0001).

The Effect of P. gingivalis Infection and
Pregnancy on the Oral Microbiome
We first looked for shifts in the native oral ecology by evaluating
the intra-group richness, diversity, and relative depth of coverage
at each collection time point and condition. Sequences (reads)
with more than 10 copies (abundance) and a sequence match
that mapped at 90% or greater accuracy to the reference genomes
are assigned a specific OTU. These are standard criteria to
maximize the confidence that the identified bacteria are all
significant contributors to microbiome community. For our data,
the specific mapping cutoff was 97% sequence match at the
genus level and 99% sequence match at the species level for
all qualifying reads. All specimens, with the exception of one
sham-inoculated control sample (ID# 34), generated OTUs that
met these criteria. To visualize our data, consensus microbiome
profiles, graphed as OTUs at the family level are shown in the
Figure S1. Consensus microbiome profiles at the family, genus,
and species levels, sorted by 16S variable region, were also
visualized using Krona charts generated using the Ion Torrent
software suite and are shown in the Figures S2, S3.

Alpha diversity was evaluated by four different statistical
analyses including: Observed Species, Simpson Index, Shannon
Index, Chao1 index (Figure 3). The rarefaction curves plateaued
for all groups, indicating that our data sets had adequate coverage
and only the rarest species may not have been identified. Both
Observed Species and Choa1 rarefaction curves showed that
abundance was similar among PG-inoculated, pregnant, and
baseline groups, while the sham-inoculated group, which had the
lowest number of OTUs, had the least abundance. In contrast,
the Shannon and Simpson rarefaction curves, which also reflect
population evenness, showed that PG-inoculated group had the
greatest diversity. Specifically, the average Shannon and Simpson
diversity indices at the species level were, respectively, 3.24 and
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FIGURE 1 | All P. gingivalis inoculated animals had significantly greater alveolar bone loss than aged-matched sham-inoculated controls (baseline) confirming that

these animals had periodontal disease. Morphometric assessment of mandibular and maxillary bone loss in pregnant control and PG-inoculated rats. Values in each

graph represent the extent of horizontal bone loss, labeled as CEJ-ABC area measurements (mm2 ), on the lingual (A) and buccal (B) sides from each mandible. (C)

Representative images of the lingual aspect of the rat mandible illustrating the extent of horizontal bone loss. Yellow lines demarcate the CEJ-ABC junction that was

used to determine extent of bone loss. Representative images of maxillary interdental papilla from control (D) and PG-inoculated rats (E) demonstrating how CEJ and

ABC measurements were taken for histomorphometry (F). Bars in all graphs show the mean ± SD. Data were analyzed by unpaired student’s t test.

0.84 (PG-inoculated), 2.45 and 0.67 (pregnant), 2.47 and 0.63
(baseline), and 2.35 and 0.66 (sham-inoculated), where a higher
value indicates greater diversity in that group.

Community variance was visualized though 3-dimensional
Bray Curtis PCoA plots. Each data point was sorted and color
coded by experimental group, oral infection status, or pregnancy
status, and plotted across three primary variation distance
measures. The lack of clustering along PC1 indicated that
experimental treatment was not the primary source of variation
(Figure 4). However, experimental groups did contribute to
community variance at the family, genus, and species level.
For example, at the species level, baseline, PG-inoculated, and
pregnant groups clearly clustered within their group along PC2,
which accounted for 16.55% of community variance (Figure 5).
These distance measures data also showed that the pregnancy

group was positioned most distant from zero along PC2,
indicating that pregnancy in each infected animal exerted a
greater degree of oral microbial community variance than P.
gingivalis infection alone at the species level. At the genus and
family level, the baseline, PG-inoculated, and pregnant groups
clustered within their groups along PC3: 10.91% at the genus
level and 10.90% at the family level (Figure 6). When sorted by
infection status (Figure 7), the data sets clustered within their
groups along PC5 at the species level (8.31%), PC6 at the genus
level (6.14%), and PC9 at the family level (3.86%).

Beta diversity analysis was also performed to determine group
dissimilarity between each collective consensus microbiome at
the family, genus, or species level and plotted as four data points
in PCoA plots. By merging data sets within each group, more
rare members identified in each sample have less impact on
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FIGURE 2 | We also measured P. gingivalis specific IgM and IgG before

(baseline), after inoculation, and during pregnancy to assess microbial

exposure.

the distance measures, thus generating plots in an alternative
context, similar to alpha diversity measures. Example graphs
are shown in Figure 8. When Bray Curtis metrics were used
and the data points were visualized along the first three axes of
variation, both baseline and pregnant group plotted positions
were found close together while PG-inoculated and sham-
inoculated were both positioned away. Though PG-inoculated
and sham-inoculated clustered together along PC2, they were
the most distantly plotted points from each other when viewed
with respect to PC1. In contrast, when Euclidian metrics of
community dissimilarity were used, which only take in account
presence-absence and not abundance, sham-inoculated, baseline,
and pregnant microbiomes clustered closely together while PG-
inoculated microbiome plotted distantly.

Similarities and Differences in the Oral
Microbial Composition in Healthy
Non-pregnant Uninfected Rats
Specimens collected prior to inoculation (baseline) as well
as specimens collected from sham-inoculated animals were
used as uninfected controls for this study. Baseline profiles
represent the normal oral flora in 2-month old female rats
prior to antibiotic treatment, whereas the sham-inoculated
group represents age-related 5-month old socially mature rats
previously treated with antibiotics and sterile vehicle. When
comparing the microbiome profiles between baseline and sham-
inoculated groups, the two dominant families identified were
Pasteurellaceae and Streptococcaceae (Figure S1). Pasteurellaceae
made up 39.55% of the population observed for the baseline
group, and 44.32% of the population in the sham-inoculated
group. The dominant species identified within the Pasteurellaceae
(75–85%) was Haemophilus parainfluenzae at 75–85%.

Notable differences at the family level between the sham
and baseline groups were a relatively larger population
of Lactobacillaceae in the sham-inoculated group (15.81%)
compared to the baseline group (1.13%) and the relatively
larger population of Staphylococcaceae in the baseline group
(43.56%) compared to the sham group (17.83%). A lesser but
notable difference was also observed for Veillonellaceae (8.14%
sham-inoculated; 2.95% baseline) and Micrococcaceae (0.37%
sham-inoculated; 6.20% baseline).

Roughly half of all mapped reads (OTUs) in each test group
derived from the same animals could be identified down to the
species level (i.e., 50.0% of baseline; 54.6% of PG-inoculated;
58.0% of pregnant) while a larger percentage of Sham-inoculated
OTUs could be mapped to the species level (68.8%).

It was difficult to evaluate changes in the Streptococcus at
the species level among all groups due to the high level of
species level slash calls for this genus (Figures S2, S3). Slash
calls are sequences (OTUs) that aligned with more than one
possible reference sequence, and where the percentage difference
between these top hits is ≤0.2% of the sequence. For example,
only 11.04% of the Streptococcus population could be further
identified to the species level in the baseline group while
53.73% of the Streptococcus population in the sham-inoculated
group could be identified to the species level. However, we
could specifically review select species, for example: 3.52% of
the microbial population in the baseline group and 1.67%
in the sham-inoculated group were identified as Streptococcus
sanguinis. Overall, our data illustrates that Streptococcus species
are typically diverse in the rat oral cavity and that the majority of
the OTUs that mapped to Streptococcaceae family are currently
unmappable to the species level.

Similarities and Differences in the Oral
Microbial Composition in Healthy
Non-pregnant Rats in Response to
P. gingivalis Inoculation
To determine P. gingivalis-induced changes in the normal oral
microbiome, we compared their consensus microbiome profiles
collected post-inoculation (PG-inoculated) to samples collected
prior to infection (baseline).We found that Porphyromonadaceae
was present in the PG-inoculated group, albeit a at 0.02% of the
total mapped microbiome population, confirming animals were
indeed colonized.

At the family level (Figure S1), Streptococcaceae and
Pasteurellaceaewere themost dominant; however, the proportion
of Pasteurellaceae decreased after P. gingivalis inoculation from
39.5% at baseline to 14.4% in the infected non-pregnant animals
(PG-inoculated). In contrast, the Streptococcaceae population
slightly increased from 43.6% at baseline to 55.4% in the
PG-inoculated group.

Again, comparative analyses of Streptococcus species were
incomplete due to the high level of slash calls that mapped to
this genus (Figures S2, S3). Nevertheless, our data indicate that
the population proportion distribution of Streptococcus species
altered in response to P. gingivalis colonization. Specifically, we
identified the following species in the baseline group, in order
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FIGURE 3 | Alpha diversity was evaluated by four different statistical analyses including: Observed Species, Simpson Index, Shannon Index, Chao1 index.

FIGURE 4 | Bray Curtis PCoA plot of beta diversity measures of dissimilarity shows at the species level, baseline, PG-inoculated, and pregnant groups clearly

clustered within their group along PC2 not PC1.

of decreasing population proportion: S. sanguinis, S. mutans, S.
hyointestinalis, S. infantis, S. oralis, S. australis, S. danieliae, S.

suis, S. lactarius, and S. pneumoniae. Whereas, the species that

could be specifically identified in the PG-inoculated group, in
order of decreasing population proportion, were S. mutans, S.

sanguinis, S. infantis, S. oralis, S. lactarius, S. australis, S. sinensis,

S. pneumoniae, S. merionis, S. parasanguinis, S. anginosus, and

S. pseudopneumoniae.
Other changes noted in the PG-inoculated microbiome

profile were an increase in proportion of Proteus mirabilis and
Enterococcus faecalis species as compared to controls. Overall,

these data suggest that P. gingivalis inoculation perturbed the oral
microbiome, leading to a shift in the microbiome profile with
increased microbial diversity, which corroborates with our alpha
and beta diversity statistical analyses.

Shifts in the Oral Microbial Composition of
P. gingivalis Infected Rats in Response to
Pregnancy
In order to evaluate the interaction of pregnancy and periodontal
disease, we compared the consensus oral microbiome profiles
prior to inoculation (baseline), at the end of the inoculation phase
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FIGURE 5 | Bray Curtis PCoA plot of beta diversity measures of dissimilarity shows at the species level, baseline, PG-inoculated, and pregnant groups clearly

clustered within their group along PC2 and PC4 but not PC3.

FIGURE 6 | Bray Curtis PCoA plot of beta diversity measures of dissimilarity shows that at the genus level, the baseline, PG-inoculated, and pregnant groups

clustered within their groups along PC3 at the (A) genus level and (B) family level.
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FIGURE 7 | Bray Curtis PCoA plot of beta diversity measures of dissimilarity shows, when the data sets were sorted by infection status, they clustered within their

groups along PC5 at the species level (A), PC6 at the genus level (B), and PC9 at the family level (C).

FIGURE 8 | Collective consensus microbiome at the family, genus, or species level and plotted as four data points in PCoA plots using (A) Bray Curtis or (B)

Eucledian of beta diversity measures of dissimilarity.
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FIGURE 9 | Population proportion of identified community members in terms

of predicted Gram stain classification and cell morphology for baseline,

PG-inoculated, and pregnant groups.

(PG-inoculated), and at GD 18 (pregnant). As in the baseline
and PG-inoculated groups, Streptococcaceae and Pasteurellaceae
remained the two most dominant families in the pregnant group
microbiome (Figure S1). There were however, some distinctive
differences and notable shifts in the pregnant group. For example,
Streptococcaceae and Pasteurellaceae, appear to be reverting
toward baseline levels. A similar trend was observed among
the other less common families with the following notable
exceptions. First, Porphyromonadaceae, which was present only
in PG-inoculated and pregnant groups, increased from 0.02% in
the PG-inoculated group to 0.74% in the pregnant group. Second,
Corynebacteriaceae population notably increased to 13.49% in
the pregnant groupmicrobiome from 1.93% in the baseline group
and 3.13% in the PG-inoculated group.

At the species level (Figures S2, S3), Haemophilus
parainfluenzae rebounded and became the dominant single
species identified in the pregnant group. Similarly, many of
the minor species that appeared in the PG-inoculated time
point reverted to near baseline levels during pregnancy. Notable
exceptions included Corynebacterium mastitidis which made up
98.96% of identified Corynebacterium species. Again, changes in
Streptococcus at the species level could not be fully assessed due to
the high level of slash calls. The fraction of the population within
the Streptococcus genus that could be positively identified down
to the species level in the pregnant group was 10.78%, which
was similar to the 11.04% at baseline, but less than the 47.49%
of the PG-inoculated group. Though a large proportion of
StreptococcusOTUs could not be mapped down to single species,
the standardized methodology used prohibits group specific bias
so species comparisons among groups are valid. To illustrate

how consistent the data was, allowing group profile comparisons,
we assessed relative population proportions of S. mutans relative
to all OTU categories. For example, S. mutans made up 2.18% at
baseline, 28.61% at PG-inoculated, and 2.75% at pregnancy of
all Streptococcaceae family OTUs. These numbers correlate with
the population proportion of S. mutans relative to all identified
species level OTUs (1.83% baseline; 29.05% PG-inoculated;
1.63% pregnant), as well as the percent proportion of all OTUs
(0.91% baseline; 15.85% PG-inoculated; 0.95% pregnant) that
mapped to any microbial family. Overall, this genus appears
to be consistently diverse with S. sanguinis, S. mutans, and S.
infantis being the most dominant members identified.

Metagenomic Shifts Relative to
Morphological Classification, Oxygen
Requirement, and Major Metabolite
Profiles
In addition to assessing the changes in microbiome profiles in
terms ofmicrobial identity, we also performed predictive analyses
of select microbial cellular functions. The oral microbiome
has classically been sorted by morphological characteristics and
Gram’s classification so the first step in our functional analysis
was to sort our consensus data in these terms. Though no
spirochetes were detected, shifts were observed in the consensus
profiles of Gram-positive and Gram-negative bacteria (Figure 9).
For example, when the conditions in the host shifted from
baseline to PG-inoculated, there was an increase in Gram-
positive bacteria, most notably, there was over a 3-fold increase
in Gram-positive rods and a 2-fold decrease in Gram-negative
rods. The pregnant group showed an even larger increase
in Gram-positive rods, reflecting an almost 5-fold increase
relative to baseline. In contrast, the population proportion of
Gram-negative rods shifted back toward baseline levels during
pregnancy. The population proportion of Gram-negative cocci
was similar between the baseline and PG-inoculated groups,
but decreased from ∼3% down to 0.1% in the pregnant group.
The observed changes become more interesting when the
oxygen requirements of the detected members of the consensus
population were considered in our following analysis.

We then profiled microbial populations based on their oxygen
requirement (Figure 10A). While the proportion of facultative
anaerobic bacteria remained relatively constant between baseline
and PG-inoculated, the proportion of strictly anaerobic bacteria
shifted down and the proportion of aerobes shifted up by 0.6%
of the total population (Figure 10B). In contrast, the population
proportion of facultative anaerobes shifted down from 93.7 to
81.5% in response to pregnancy. This change was accompanied
by a decrease in strict anaerobes (2.8–1.7%) and an increase
in strict aerobes (3.4–16.8%), reflecting an overall increase in
oxygen requirement of the oral microbiota.

We next profiled the predicted microbial metabolomes of all
groups. Among the wide variety of metabolites that could be
identified, 2, 3-butanediol, butyrate, lactic acid, and propionate
were found to be the most population defining products by
which most members of each microbiome could be differentially
sorted. Anaerostripes is the only genus that we determine should
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FIGURE 10 | Population proportion of identified community members in terms of predicted (A) oxygen requirements alone, or (B) oxygen requirements in context of

Gram stain classification, for baseline, PG-inoculated, and pregnant groups.

FIGURE 11 | Population proportion of identified community members in terms

of predicted metabolic characteristics as a major generator of target microbial

metabolites for baseline, PG-inoculated, and pregnant groups.

be categorized as belonging to both the butyrate and lactic
acid major metabolite groups. All others could be sorted into
one of these four metabolite groups or placed into the “Other”
group as not a major producer of these metabolites (Figure 11).
The predicted population proportion of lactic acid producers
decreased from 92.57% (baseline) to 85.15% (PG-inoculated)
to 80.50% (pregnant). The proportion of propionate producers
decreased from 3.44%, (baseline) to 2.81% (PG-inoculated)
to 0.30% (pregnant). In contrast, the proportion of butyrate
producers progressively increased from 0%, (baseline) to 0.02%

FIGURE 12 | Population proportion of identified community members in terms

of predicted metabolic characteristic as a major generator of acetate for

baseline, PG-inoculated, and pregnant groups.

(PG-inoculated) to 0.86% (pregnant). The proportion of 2, 3-
butanediol producers increased from 1.15% (baseline) to 8.59%
(PG-inoculated) in response to PG-infection but then decreased
to 1.70% during pregnancy. The remaining population portion
of bacteria designated as “Other” increased over 5-fold during
pregnancy, reflecting the increase in obligate aerobes in the oral
cavity of pregnant rats at GD 18. The ability to produce acetate as
a major metabolite was also assessed but plotted independently
because it was typically co-produced with one of the select four
metabolites (Figure 12). The proportion of acetate producers
decreased from 42.03% (baseline) to 15.34% (PG-inoculated) but
increased in response to pregnancy to 38.38%.

Because the ability to synthesize riboflavin (Vitamin B2)
is associated with gastrointestinal (GI) health (Yoshii et al.,
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FIGURE 13 | Population proportion of identified community members in terms

of predicted ability to synthesize riboflavin for baseline, PG-inoculated, and

pregnant groups.

2019) and many of the species identified in the oral cavity also
colonize the GI, we performed an independent assessment
of riboflavin producers within the consensus microbiome
profile of each group (Figure 13). Riboflavin biosynthesis
capability was determined by the genomic presence of the
complete pathway, using the KEGG pathways database. The
oral microbial population’s predicted collective capability
to synthesize riboflavin dramatically decreased from 85.4%
(baseline) to 43.1% (PG-inoculated) in response to infection, but
this ability recovered during pregnancy by GD 18, increasing to
95.8% (pregnant). Notably, a small proportion of the population
(∼1% of the pregnant group and 0.1% of the PG-inoculated
group) could not be positively or negatively categorized due
to limitations in the reference KEGG database at the time of
analysis. A cursory analysis of all groups showed that ≤0.2% of
each consensus microbiome profile had the predicted ability to
feed into the porphyrin metabolism pathway, using riboflavin as
an early precursor metabolite, to ultimately synthesize vitamin
B12 (data not shown).

DISCUSSION

The Oral Microbiome of Healthy Rats
Compared to Previously Published Human
and Rat Profiles
The Forsyth Institute created a publicly available human
oral microbiome database (www.homd.org). Using whole
16S rRNA gene sequencing, they reported that 96% of the
human oral microbiome consists of six phyla (Firmicutes
36.7%, Bacteroidetes 17.3%, Proteobacteria 17.1%, Actinobacteria

11.6%, Spirochaetes 7.9%, Fusobacteria 5.2%) (Dewhirst et al.,
2010). In contrast, we found that the bacteria we identified at
baseline in the oral cavity of rats belong to only three phyla
(Firmicutes 48.10%, Proteobacteria 43.64%, Actinobacteria
8.26%). The undetected phyla of Bacteroidetes, Spirochaetes,
and Fusobacteria include key periodontopathogenic bacteria
associated with human periodontal disease and implicated in
adverse pregnancy outcomes (e.g., P. gingivalis, Treponema
denticola, Tannerella forsythia, Fusobacterium nucleatum)
(Aagaard et al., 2014; Prince et al., 2016; Lin et al., 2018).
After P. gingivalis inoculation, the consensus oral microbiome
included four phyla (Firmicutes 72.22%, Proteobacteria 24.61%,
Actinobacteria 3.15%, Bacteroidetes 0.02%) with the family
Porphyromonadaceae making up 100% of the identified
Bacteroidetes phylum population, consistent with experimentally
induced oral infection. By GD 18, the orally infected pregnant
rat oral microbiome consisted of the same four phyla, but with
notable population shifts (Firmicutes 41.69%, Proteobacteria
40.11%, Actinobacteria 15.54%, Bacteroidetes 2.66%). The
Bacteroidetes phylum in the pregnant group now consisted of
four families, including Porphyromonadaceae, Bacteroidaceae,
Cytophagaceae, and Flavobacteriaceae.

We found that the most abundant genus in the oral cavity
of our rat model at baseline was Streptococcus, similar to the
reported findings of the human oral microbiota (Dewhirst et al.,
2010). With regards to the two most abundant genera at baseline,
Streptococcus and Haemophilus are known to specifically adhere
to each other (co-aggregate) during biofilm development due to
outer membrane adhesions found on some Streptococcus species
that recognize specific polysaccharide receptors on Haemophilus
parainfluenzae (Lai et al., 1990; Heller et al., 2016). Interestingly,
the large percentage of highly diverse Streptococcus species and
the high percentage of Haemophilus parainfluenzae observed in
these rat oral microbiomes was also observed in the development
of early human dental biofilm (Heller et al., 2016), suggesting
that the periodontitis and pregnancy rat model used in this
study could be considered an appropriate translational model
for oral pathology as it represents a relatively similar oral
flora to that of a human, but with the notable absence of
periodontopathogenic bacteria. Rather than a shortcoming, we
view this absence as a critical advantage of this model in
that it allows controlled colonization of the oral cavity with
periodontopathogenic bacteria to investigate their role in oral
and extra-oral disease development.

Due to few previously completed studies in the area of oral
microbiomes of rats, it was difficult to compare our results to
other published data. The only study we believe to be somewhat
equivalent to ours for comparison was the Manrique et al. study
that characterized the normal oral flora of healthy Sprague-
Dawley rats by collecting the supragingival plaque of the upper
molars (Manrique et al., 2013). However, the Manrique study
found that Rothia dominated the oral cavity at 74.43% and the
next most abundant bacterial genus were Streptococcus (4.67%).
Though OTUs that mapped to the Micrococcaceae family was
identified in all of our experimental groups (6.2–0.02%), Rothia
was not universally found in our study. Rothia OTUs were
found in the baseline consensus microbiome of our study at a
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very low proportion (1.4% total oral microbial population). The
proportion found in the other groups were even lower, with
0.5% in the pregnant group and 0% (undetected) in both the
PG-inoculated and sham-inoculated groups. Instead, our study
found that the twomost dominant genus at baseline, representing
normal oral floral of healthy rats, were Streptococcus (41.77%)
and Haemophilus (32.69%).

Though microbiome profiles reflect population variation
among different animal groups, the observed differences between
studies are also impacted by differences in animal colonies,
sampling technique and differences in microbiome profile
generation analysis parameters, such as stringency criteria and
the reference databases used. We believe a major source of
variation between our outcomes relative to recent publications
are the differences in how the 16S libraries were generated.
Most published studies that have reported loci specific 16S
microbiomes of rats typically use sequencing libraries targeting
only one or two variable regions of the 16S rRNA gene. The
Manrique et al. study, for example specifically targeted the 5-
6 variable region of the 16S rRNA gene, while we had more
complete coverage of the target gene by sequencing seven of the
nine variable region amplicons in each library (Manrique et al.,
2013). Although they had a larger depth of read by using the 454
pyrosequencing platform, and thus were likely able to identify
very rare species (Manrique et al., 2013), we had much better
coverage of the target gene. Targeting seven sites of the 16S gene
generates microbiome profiles that are reportedly comparable to
full length 16S gene sequencing microbiomes, while targeting
a single or only a few variable regions results in incomplete
microbiome profiles (Bolchakova et al., 2015). Our data supports
this observation when we viewed primer specific microbiome
profiles generated from our data sets. For example, when viewing
the consensus baseline microbiome profile with respect to each
primer set, OTUs that could positively map to Rothia species
only occurred for sequences derived from the V4, V6-7, and
V8 primers among the seven sets used. Similarly, we found
that Streptococcaceae dominated the oral microbiome profile
(66.74–85.29%) when using the same technique in Sprague
Dawley rats (Reyes et al., 2018). This suggests that our consensus
profiles more accurately reflect the population proportions of the
identified family, genus, and species than studies using only one
or two variable regions for analysis.

Oral Community Diversity in Pregnant Rats
With Periodontal Disease Was Relatively
Similar to Uninfected by GD 18 in Terms of
Abundance and Evenness
While the relative diversity of an individual’s microbiome does
not necessarily indicate disease (He et al., 2015), there is reported
evidence that the oral microbiome from patients with periodontal
disease typically display greater diversity (Griffen et al., 2012;
He et al., 2015), while data reported for other diseases such
as data reported for dental caries typically display a reduction
in diversity as a consequence of an increase in abundance of
certain species in the flora isolated from the affected sites that
are contributing to pathology (He et al., 2015). Among methods
used to determine diversity, alpha diversity measures that take

into account both abundance and evenness are reported to
be better predictors of biologically relevant diversity (McCoy
and Matsen, 2013). In our study, the Shannon and Simpson
indices seem to indicate that the alpha diversity between the two
control groups (baseline and sham-inoculated) were very similar.
However, the Shannon and Simpson diversity indices estimated
for the pregnant group was likewise similar to the controls. In
other words, collectively, the population proportion of positively
identified species were similar between pregnant, baseline, and
sham-inoculated groups, despite sham-inoculated group having
the fewest number of positively identified species, while PG-
inoculated group had the greatest diversity. Considering the
pregnant animals had periodontal disease, as indicated by their
level of alveolar bone loss, our data illustrates the limitations of
using alpha diversity analysis as a strict independent indicator of
disease. A possible explanation for our observations that would
be consistent with previous reports is that by GD 18, periodontal
disease progression may have arrested and was on a trajectory of
healing and perhaps the diversity indices reflect a state in which
the oral microbiome is shifting back toward health.

While alpha diversity rarefaction curves reaching plateau
reportedly indicate that that all but the rarest species were
identified, this interpretation is based on some assumptions
with respect to sample collection and processing. Due to some
uncertainty that there was enough template sequenced for some
of our libraries to comfortably claim that the data collected
accurately represent the oral community found since there were
differences between the number of reads each sample generated,
we chose to create Pool D for a subset of samples identified as
having the fewest number of reads from Pools A, B, and C. When
comparing the data sets generated from each repeated sample, we
found that their individual microbiome profiles, as analyzed by
Bray Curtis beta diversity and visualized in PCoA plots, remained
tightly clustered to each other and within their experimental
group, thus all consensus data reported here included all the
collected sequence data from all four pools A–D. This outcome
also supports our belief that our samples, including those samples
that had the fewest OTUs after their first sequence run in pools A–
C, were of adequate sample size to create representative profiles
of the microbiome found in the oral cavity of each animal, within
the limits of the reference databases used.

Oral Community Diversity in Terms of
Species Composition Dissimilarities Were
Conditionally Dependent, Shifting in
Response to Both PG-Inoculated and
Pregnancy
The advantage of using beta diversity analysis, as our approach
to community analysis, is that PCoA allows discovery of the
most important axes along which samples vary (dissimilarity).
When using an appropriate beta diversity metric, PCoA plots
also identifies similar samples as clustered points along an ax(s)
of variance through visual examination of the plots. Bray-Curtis
dissimilarity was selected because it is one of the most well-
known approaches to quantify the difference (distance) between
samples. This metric is also based on OTU abundance rather
than just presence-absence data; thus the “size” and “shape”
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of the count vectors are taken into account in this statistical
measure, which ranges from zero to one with zero defined
as identical. Because the potential sources of variance (e.g.,
variables of interest) are not pre-defined before performing
this type of statistical analysis, identifying the source of the
data variance (why they cluster) may not be obvious. It can
be particularly challenging for complex, multifactorial, non-
categorical, or longitudinal data.

Intra-animal Bray-Curtis beta diversity analysis between
baseline, PG-inoculated, and pregnancy appear widely scattered
along PC1 when each animal’s microbiome was plotted
individually (Figure 4), but when the consensus data of each
group was plotted as single points, this metric suggests that
P. gingivalis infection was the greatest source of population
variation in this study (Figure 8). Each individual sample point
from baseline, PG-inoculated, and pregnant groups did clearly
cluster within their groups along the PC2 axis at the species level,
indicating that collectively, the experimental group conditions
were the second greatest source of species variation (Figure 4). At
both the genus and family level, however, the ability to distinctly
discriminate between experimental groups shifted from PC2 to
PC3, indicating that the core population proportions of member
family and genus were more resistant to perturbations at each
collection time-point over the course of the study than were
specific species identity. Together, all distance measures data
reported in our results (Figures 4–8) suggest that community
variance in terms of member composition was most influenced
by oral infection. This outcome is supported by the alpha indexes,
which showed that the greatest diversity in terms of abundance
and community evenness was observed in the PG-inoculated
group prior to breeding and that the population became more
even during pregnancy by GD 18.

When Bray-Curtis beta diversity analysis of consensus data
included the sham-inoculated group, this point was positioned
furthest from the center and was most distant from the baseline
control point relative to PC1 (Figure 8), suggesting that the
core consensus communities were most similar between groups
sampled from the same animal set. In contrast, Euclidean beta
diversity analysis showed that PG-inoculated group was the most
dissimilar among the four groups along PC1 and PC3 axes, while
the consensus points of the other three groups clustered together.
Along PC2, however, the Sham-inoculated point was more
dissimilar, particularly at the species level. Reported comparisons
of different beta-diversity metrics used to compare community
data (Legendre and de Caceres, 2013) suggest that Euclidean
matrix is not appropriate when visualizing dissimilarity between
individually plotted communities derived from complex samples
(e.g., microbiomes from animals) since absence-presence data
(without abundance) may put too high or low a value on each
community member identified within each individual sample;
however, it is useful to visualize dissimilarities between collective
consensus community group data. It is important to recall that all
of the animals used in this study came from the same colony and
were housed the same way.

These data suggest that health and P. gingivalis inoculation
induced periodontal disease guides microbial composition at the
species level, that species level shifts are often reflective of their

condition, and that species level dissimilarities typically become
more pronounced during disease, irrespective of whether the
samples were collected from the same animals (intra-group) or
from a different set of animals. These data also support the
concept that there are common core site-specific microbiomes
among host species and that established microbiomes within
an individual animal are resistant to gross dysbiotic shifts
in response to host conditions when reviewed at higher
taxonomic levels.

Analyzing Baseline vs. Sham-Inoculated
Groups Suggest a Less Diverse but
Recovering Core Microbiome 12-Weeks
Post-antibiotic Treatment
The standard protocol for inducing periodontitis in rats is to
first prophylactically treat animals with antibiotics, then allow
for a short microbial recovery time before starting inoculations
(Kesavalu et al., 2007; Verma et al., 2010; Phillips et al.,
2018). Prophylactic antibiotics are known to cause a chemically
induced dysbiosis (Rogers et al., 2010; Manrique et al., 2013).
Hence, we included pre-antimicrobial treatment samples in our
study to potentially identify such perturbations. Despite there
being overall similarities in the oral communities of baseline
and sham-inoculated groups in terms of alpha diversity, we
identified a larger population proportion of Staphylococcaceae
and Lactobacillaceae in both the baseline and PG-inoculated
group animals relative to the non-pregnant sham group animals,
suggesting intra-animal microbiome stability and inter-animal
differences would make it difficult to perform meaningful inter-
animal group profile comparisons. Consequently, we primarily
focused on intra-animal time course microbiome comparisons in
this report. However, we did draw some basic conclusions from
our inter-animal comparisons as follows.

Baseline was used as our pre-antibiotic, uninfected group
while sham-inoculated was our time-matched vehicle control
of an oral community recovering from antibiotic induced
dysbiosis since it had 12 weeks of recovery time without addition
of further stressors. As shown in Figure S1, Pasteurellaceae
populations were similar between our control groups but the
Staphylococcaceae family shifted from 43.56% at baseline to
55.4% at PG-inoculated but was only at 17.83% in the sham-
inoculated group. Moreover, there was altered Streptococcus
species diversity in the sham-inoculated group. As stated in our
results, our alpha diversity findings as measured by Shannon
and Simpson indices for overall community species richness
(abundance and evenness) indicate that sham-inoculated and
baseline were more similar to each other than to PG-inoculated
group consensus profiles. This result agrees with the findings
of Manrique et al. which indicated that while antibiotics reduce
the overall abundance of bacteria, the core microbial community
structure remains the same when given time to recover from the
perturbation (Manrique et al., 2013). Overall, our data suggests
that the oral flora in the sham-inoculated group, while not
the same as baseline group was likely recovering its “normal”
microbiome core profile characteristics by the end of the 12-week
sham inoculation period.
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Infection and Pregnancy Produced an
Altered Community Metabolic Profile
Unique to Each Condition
When alpha and beta diversity analysis of the collective consensus
microbiome of each group were compared (Figures 3, 8),
we observed a shift in response to P. gingivalis inoculation
that induced periodontal disease that seemed to then revert
toward baseline during pregnancy. A broad survey of population
proportions among a wide variety of identified families, including
the top 5 most dominant families, supported this trend. Thus
overall, this data suggests that the rat oral microbiome has a
family level commonality at its core. However, between animal
variability, particularly at lower taxonomic levels, indicates that
the oral microbiome at pregnancy was actually not that similar to
baseline, making comparative analyses challenging.

Notable trends, microbiome shifts, and predicted associations
were discovered that suggest certain broad characteristics (e.g.,
Gram classification, cell morphology) traditionally used to
describe oral microbial populations “typical” of health or disease
were relatively inadequate indicators overall of dysbiosis when
compared to our assessment of the metagenomic changes in the
population in context of predicted metabolic shifts. For example,
the oral community progressively became more populated with
Gram-positive rods and less populated with Gram-negative
cocci. In contrast, Gram-positive cocci and Gram-negative rod
population proportions shifted in response to infection then
shifted back in response to pregnancy. Altered microbiome
diversity and dysbiosis was still evident in the pregnant group
when assessed in context of oxygen requirements and predicted
major metabolite production, the latter of which is covered
in more detail in the next section. Although the population
proportion of the obligate anaerobe P. gingivalis was larger in the
pregnancy group, we observed that by GD 18 that the now orally
infected and pregnant rats had a more aerobic oral community
overall (Figure 10). We also identified oral colonization of
previously undetected opportunistic and commensal bacteria
(Supplementary Material). Considering both pregnancy and
periodontal disease impact the inflammatory and immune
response (Guncu et al., 2005; Wu et al., 2015), these conditions
would likely result in the host being much more vulnerable to
colonization by these previously undetected organisms.

Insights and Limitations of the Predicted
Morphological Classification, Oxygen
Requirement, and Major Metabolite
Production Profiles of Baseline, Infected,
and Pregnant Animals
We found that the predicted population proportion of both
lactic acid producers and propionate producers progressively
decreased while butyrate producers progressively increased over
time in response to P. gingivalis inoculation then in response
to pregnancy by GD 18. Lactic acid production is generally
associated with carbohydrate fermentation by oral Streptococci
and other genera of the oral microbiome (McLean et al., 2012)
which, combined with diet, contributes to excessive biofilm

formation, low pH, and caries development in humans. When
lactic acid production is reviewed in context of periodontal
disease, our findings agree with consensus observations reported
in the literature. Specifically, in a normal oral cavity during
health, oral Streptococci typically dominate the oral microbial
population but lose their foothold to periodontal pathogens,
especially Gram-negative anaerobes (Takahashi, 2015).

Acetate, propionate, and butyrate are all short chain fatty
acids (SCFAs), are produced by many bacteria by a variety of
mechanisms, and have complex contextual associations with both
health and disease. For example, propionate is a weaker acid
than lactic acid, often generated though conversion of lactic
acid, and is typically produced in the oral cavity by genera such
as Veillonella and Lactobacillus (found in all of our groups),
and Clostridium (absent in our control groups). Lactic acid
conversion to propionate contributes to acid neutralization,
and is believed to facilitate dominance of the more acid
sensitive Streptococci species associated with dental health as well
as facilitating growth of acid sensitive periodontal pathogens
such as Porphyromonas (Takahashi, 2015). Both butyrate and
propionate are major metabolites produced by oral bacteria
such as Porphyromonas and Clostridium that use proteins and
amino acids as a primary carbon source, typically co-generating
ammonia though amino acid deamination, further contributing
to acid neutralization (Takahashi, 2015). SCFA production is
generally associated with health when produced in the gut by
colonic bacteria, typically through fermentation of dietary fiber.
Specific metabolites such as butyrate, when provided in a dietary
supplement, have shown beneficial health effects in the host (van
Immerseel et al., 2010; Herrema et al., 2017). In contrast, butyrate
production in the oral cavity is reported to be cytotoxic in
patients with oral disease, such as periodontal infection, and has
been shown to be responsible for the release of reactive oxygen
species in chronic periodontitis (Anand et al., 2016). These
reported associations highlight the importance of site-specific
studies in context of host-pathogen interactions. When delving
into the particulars of microbial butyrate production among
pathogens and commensals, Anand et al. showed that these
organisms have evolved distinct pathways where, unlike typical
commensal species, species that are recognized as pathogens
typically co-generate harmful byproducts like ammonia along
with butyrate, which explains how butyrate production could be
associated with both health and disease (Anand et al., 2016).

Themicrobial metabolite 2, 3-butanediol is typically produced
during carbohydrate fermentation. Major production of this
metabolite by certain commensal oral Streptococci, when in
association with the opportunistic environmental pathogen
Pseudomonas aeruginosa in the lungs of cystic fibrosis patients,
is associated with chronic disease and it is generally considered
to be cytotoxic to human cells at high concentrations and
long term exposure (Whiteson et al., 2017). Interestingly, in
vitro work with dendritic cells showed that 2, 3-butanediol
has an anti-inflammatory affect when co-incubated at below
toxic concentrations, but it was suggested that inhibition of
the immune response in tissues such as the mucosa may
ultimately be detrimental, contributing to chronic infection
(Whiteson et al., 2017). There is no known health benefit
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of 2, 3-butanediol in humans, whether it is synthesized by
bacteria or formed in mammalian cells, especially in the
liver after ethanol consumption. Our data showed that the
predicted population proportion of 2, 3-butanediol producers
relative to baseline increased in response to oral PG-inoculation
then decreased during pregnancy by GD 18. This outcome is
consistent with having a dysbiotic or “unhealthy” microbiome
post PG-inoculation.

Riboflavin (Vitamin B2) is an essential precursor used to
form the major coenzymes flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD), leading to the synthesis of
vitamin B3 and B6 respectively, as well as other forms of Vitamin
B and numerous flavoproteins. Riboflavin is synthesized by
a wide variety of bacteria. Some bacterial species (e.g., most
Firmicutes and Bacteroidetes) are high producers of riboflavin,
secreting excess into their environment. Because riboflavin is
essential for growth of all living cells, some bacterial species
import riboflavin synthesized by other bacteria because they are
either poor or non-producers. Humans cannot synthesize or
store these water-soluble B vitamins and are dependent on diet
and on biosynthesis by resident bacteria (Magnusdottir et al.,
2015). Because bacterial non-producers compete with host cells
for available riboflavin, understanding the mechanisms the host
uses to preserve health in the face of microbial mechanisms
used to survive in the host, in context of microbially produced
essential metabolites like riboflavin, may provide insights into the
etiology of observed microbiome shifts. For example, bacterially
produced riboflavin is believed to play a direct role in immune
function in the host though at least two mechanisms. Riboflavin
is associated with reactive oxygen species generation in innate
immune cells through priming of NADPH oxidase (Yoshii
et al., 2019). Intermediates formed during microbial riboflavin
biosynthesis also activateMAIT (mucosal-associated invariant T)
cells through binding to the MR1 protein of MHC-I molecules
on antigen presenting cells (Eckle et al., 2015; Yoshii et al.,
2019). However, stimulation by commensal microorganisms
are insufficient to fully elicit MAIT cell effector function
(Berkson and Prlic, 2017). Thus, commensal bacterial mediated
priming of MAIT cells is proposed to contribute to their
immunological role in pathogen surveillance, which are then fully
activated in the presence of pathogens at sufficient microbial
load. Consequently, the presence of riboflavin biosynthesis
intermediates has reportedly been used as a biomarker for
microbial infection (Eckle et al., 2015).

Although we inoculated the oral cavity of rats with P.
gingivalis, a robust and self-sufficient riboflavin producer,
the consensus microbiome post-inoculation in animals with
periodontal disease did not reflect overall increased community
riboflavin production. Rather, we observed that the oralmicrobial
population’s predicted ability to synthesize riboflavin decreased
by ∼50% in response to infection and then rebounded to
surpass baseline levels during pregnancy by GD 18. With
shallow understanding, this outcome would seem to contradict
an expectation of high riboflavin production due to infection
by P. gingivalis. However, presuming riboflavin production is
generally beneficial in mammalian mucosa as reported in the
literature for the GI tract, our data would be consistent with
development of an “unhealthy”microbiome followed by recovery

to a more beneficial microbial profile when viewed in terms
of riboflavin production. This highlights how the consensus
microbiome profile and its metabolome may better reflect
important aspects of microbial health or dysbiosis that would
not be revealed if only targeted characterization of a specific
metabolic contribution of individual pathogens identified within
a community was performed. Yet in this context, knowing the
site-specific host response to individual pathogens increases our
overall understanding of the disease process.

It is worth noting that the levels of MAIT cells found in
different tissues sites differ, presumably impacting the local
inflammatory response outcomes. Specifically, the abundance of
MAIT cells in human apical periodontal tissues are reported
to be similar to levels found in peripheral blood but markedly
higher than levels found in gingival tissues (Davanian et al., 2019)
and lower than levels found in the walls of the large intestine
(epithelium and lamina propria) (Hama et al., 2019). Overall,
microbial species that act as pathogens at sufficient microbial
load, such as P. gingivalis, and that are also efficient riboflavin
producers would presumably contribute to the localized chronic
inflammatory response characteristic of periodontal disease.
However, riboflavin producing pathogens may induce a more
robust MAIT cell response in the intestines compared to the
gingiva, or perhaps have a lower pathogen load threshold, due
to the higher levels of resident MAIT cells. How increased
or decreased riboflavin availability may further modulate the
microbiome profile or disease development due to inherent
differences in the environment, microbial load, and site-specific
tissue characteristics of the gingiva are unknown and should be
further investigated.

Collectively, our outcomes and current understanding shined
a light on certain metabolic characteristics in the context of the
observedmicrobiome profiles that we believe should be the target
of future studies, including directly assessing select metabolic
shifts of the oral microbial population in context of oral infection
and pregnancy. However, we recognize that there are several
limitations to this pilot study that may have negatively impacted
our interpretations. A key limitation in interpreting microbiome
data in general lies in the dependence on reference databases
to create each microbiome profile. Because unmapped OTUs
(Figure S3) are essentially discarded, metagenomic analyses can
only “discover” and infer characteristics about the microbial
community relative to what is already “known.” In the future,
when more reference genomes become available, these data can
be reanalyzed to map the un-mapped reads. Similarly, in this
study, we observed a large number of slash calls, thus limiting the
level of the taxonomic hierarchy we could confidently compare
between microbiomes. This is likely due to similarities of the
particular 16S variable region sequence between closely related
species. However, it is possible that with additional reference
genomes, these slash calls might be differentiated.

When we designed this project, we opted to focus our pilot
study on determining the longitudinal intra-animal shifts in the
oral microbiome in response to P. gingivalis inoculation and
pregnancy and did not assess the oral microbiome of sham-
inoculated pregnant rats. It would be interesting to parse out
the impact of pregnancy alone on the oral community in a
future study.
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Background: Aquaporin 5 (AQP5) is a water channel–forming protein that plays a key
role in saliva secretion. A decrease in masticatory function associated with the molar
extraction adversely affects the submandibular salivary gland (SMG) in rats, inducing
hypertrophic changes in the acinar cells and the expression of AQP5 in acinar cells or
intercalated duct of the SMG. However, changes in AQP5 expression and localization in
the SMG in association with occlusal modification have not been fully characterized.

Methods: We examined the influence of the decline and recovery of masticatory
function on expression and localization of AQP5 in the rat SMG by inserting and
removing an incisor bite plate (IBP). Thirty 5-week-old male Wistar rats were randomly
divided into IBP (n = 12), recovery (REC) (n = 6), and control (CON) (n = 12) groups. Each
rat in both the IBP and REC groups was fitted with the IBP on its maxillary incisors. Rats
without the IBPs served as controls. All rats were fed powder diet and water ad libitum.
Rats in the IBP and CON groups were sacrificed after 14 (n = 6) and 28 (n = 6) days
after the IBP attachment. In the REC group, the IBP was detached on the 14th day and
sacrificed on 28th day after the IBP attachment. AQP5 mRNA expression was quantified
by reverse transcription–polymerase chain reaction. Changes in the localization of AQP5
were tracked by immunohistochemical staining.

Results: Attachment of IBP resulted in a decrease in the expression of AQP5 in the IBP
group. Changes in the localization of AQP5 were observed between 14 and 28 days in
the IBP group. In contrast, changes in the expression and localization of AQP5 were not
observed in the REC group.

Conclusion: Findings suggested that a loss of molar occlusion, due to the IBP
attachment, altered AQP5 expression and localization in the rat SMG. However, removal
of the bite plate allowed the recovery of both AQP5 expression and its normal
localization in the SMGs.

Keywords: aquaporin 5, immunohistochemical staining, occlusion, submandibular gland, incisor biteplate

Abbreviations: APM, apical membrane; AQP5, aquaporin 5; BPM, basolateral membrane; H&E, hematoxylin and eosin;
IBP, incisor bite plate; OD, optical density; PBS, phosphate-buffered saline.
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INTRODUCTION

Saliva is important for the maintenance of the ambience and
function of the oral cavity. Saliva has antibacterial, mucosal-
protective, and bolus-forming activities. Thus, severe salivation
disorders cause caries, oral infections, dysphagia, and aspiration
pneumonia, resulting in a decrease in the quality of life (Hayashi
et al., 2009; Vissink et al., 2010; Millsop et al., 2017). The function
and morphology of the salivary glands are influenced by multiple
factors, including systemic disease, drug side effects, radiation,
and aging. Patients with Sjögren syndrome exhibit acinar atrophy
and interstitial fibrosis (Daniels, 1984). Atrophy of the acinar
cells, fat degeneration, and decreased saliva secretion have been
observed in diabetic rats (Mahay et al., 2004). In rats, irradiation
of the salivary glands causes atrophy of the acinar cells, dilation of
the conduits, and a decrease in salivary flow (Marie et al., 2015).
The number of acini decreases with age, with a concomitant
increase in fatty and fibrous tissue (Liu et al., 2000).

Several reports have documented changes in the function and
morphology of salivary glands in response to changes in the
masticatory environment. When rats have been provided with
an atypical hard bulk diet, an increase in the size of the parotid
and submandibular glands, elevated amylase content of saliva,
and changes in gene expression were observed. Conversely, there
is a significant decrease in these indices when liquid or powder
foods are provided during breeding (Johnson, 1982). Bulk diets
stimulate increased saliva secretion, whereas liquid and powder
diets decrease the volume of saliva secretion (Scott et al., 1990).
Intriguingly, several reports have indicated that salivary gland
morphology and function are restored when reintroducing solid
foods. Salivary gland weight, neurotransmitter concentration,
and saliva secretion recover nearly to the levels of rats fed
with solid food following the change from liquid to solid
diet. These indicate that the masticatory environment plays an
important role in the maintenance of salivary gland function
(Hall and Schneyer, 1964).

In rats, there are three major salivary glands: the parotid,
submandibular, and sublingual glands. Additionally, a few small
salivary glands are scattered on the oral mucosa and tongue.
Protein and water secretions are performed in the salivary
glands, with water constituting 99% of saliva. Therefore, secretion
and transportation of water are considered to be essential for
secretion of saliva. Salivation is controlled by the parasympathetic
nervous system; acetylcholine acts on muscarinic receptors of the
acinar cells, raising the intracellular calcium concentration and
causing the secretion of water, mainly through a water channel
called aquaporin (AQP).

Aquaporins, which are encoded by 13 genes in humans, are
membrane proteins that function as a water channel. They are
widely distributed throughout the body. Aquaporins 1, 5, and 8
are present in the cell membranes of the salivary glands (Baoxue
et al., 2005). In particular, AQP5 is abundant in the salivary
glands and has been reported to be involved in salivary function.
Aquaporin 5 is located on the apical side of the acinar cells in
the salivary gland, in the intercellular secretory capillary, and
in the luminal cytoplasm of the interstitial conduit. A previous
study has reported that expression of AQP5 decreases in the
submaxillary glands in response to radiation (Li et al., 2006).

Decreased AQP5 expression in the salivary glands has also been
reported in Sjögren syndromic patients (Wang et al., 2009).
Further, changes in the distribution of the acinar cells to the basal
side (Steinfeld et al., 2001) and reduction in saliva volume have
been observed in AQP5 knockout mice (Ma et al., 1999).

Our previous study suggested that maxillary molar extraction
induced acinar cell hypertrophy and dispersed AQP5 expression
in rat submandibular salivary gland (SMG) (Mizumachi-
Kubono et al., 2012). However, little information is available
regarding the relationship between impaired occlusion and
salivary gland function. To date, it has been known that an
occlusal hypofunction model, including molar extraction, causes
functional deterioration of the masticatory muscles, periodontal
tissue, and peripheral nerves in the oral cavity (Kaneko et al.,
2001; Nakamura et al., 2013). Additional reports suggest that
impaired oral function can be improved by restoring occlusal
function. However, to our knowledge, similar studies on salivary
gland hypofunction resulting from reduced occlusal function
have not been reported. Furthermore, it is not known whether
anatomical and functional changes in salivary glands are reversed
following the recovery of occlusal function.

In this study, we aimed to evaluate the effect of decreased
masticatory function and recovery of secretory function on
salivary gland function in rodents. For this, we fashioned a
masticatory function recovery model, by attaching a removable
IBP over the rat maxillary incisors and a metal cap on the
mandibular incisors, which prevent occlusal contact at the molars
while the IBP was in position. Subsequently, we examined the
expression and distribution of AQP5 in the salivary glands.

MATERIALS AND METHODS

Experimental Animals
Five-week-old male Wistar rats (n = 30) were randomly assigned
to IBP (n = 12), recovery (REC; n = 6), and control (CON;
n = 12) groups. All rats were fed a powdered diet (CE-2; CLEA,
Tokyo, Japan) throughout the experimental period. In both
the IBP and REC groups, an IBP and metal cap constructed
from band material (0.180 × 0.005 inches; Rocky Mountain
Morita Corp., Tokyo, Japan) were attached to the maxillary and
mandibular incisors, respectively, using a light-curing composite
resin (Clearfil Liner Bond II; Kuraray, Okayama, Japan) at the age
of 5 weeks. The IBP was T-shaped with the maxillary incisors in
the center, ensuring that the anterior teeth of the lower jaw made
an early contact with the bite plate. The metal cap prevented
any mandibular anterior tooth abrasion. Therefore, while the bite
plate is being worn, there could be no occlusal molar contact.
At 14 days, both the IBP and metal cap were removed from the
rats in the REC group. Rats in both the CON and IBP groups
were euthanized at 14 and 28 days. Rats in the REC group were
euthanized at 28 days. Both SMGs were isolated immediately
after sacrifice.

Wet Weight of SMG
The isolated submandibular glands were immediately weighed
for wet rain on both the left and right sides. Then, the right
side of the SMG was fixed with mild form, and the left side
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frozen in RNA STAT-60 for reverse transcription–polymerase
chain reaction (RT-PCR).

Preparation of the SMGs for Histological
Analysis
The isolated SMGs were fixed immediately by overnight
immersion in 4% paraformaldehyde (PBS; Mildform R©; Wako
Pure Chemical Industries, Osaka, Japan) at 4◦C. After washing
with PBS, the samples were then embedded in paraffin according
to the standard protocol (Feng et al., 2014). Serial 5-µm-thick
sections were cut, prepared for histological observation, and
mounted on glass slides, as described below.

Hematoxylin-Eosin Staining and
Morphological Evaluation
For morphometric analyses, sections were deparaffinized with
xylene and rehydrated in a graded ethanol series. The sections
were then stained with H&E and observed under light
microscopy (Microphoto-FXA; Nikon, Tokyo, Japan) at ×400
magnification. Digital images were captured using a digital
camera (DXM1200; Nikon). The area occupied by one acinus
was measured using imaging software (ImageJ 1.44; National
Institutes of Health, Bethesda, MD, United States). The number
of acinar cells in each acinus was determined by counting the
number of acinar nuclei. The area occupied by one acinar cell
was calculated by dividing the acinar area by the number of acinar
cells in that acinus. To obtain mean values, 10 records per sample
for each gland were analyzed in randomly selected microscopic
fields and measured using digital imaging fields. All samples were
analyzed in a blind fashion.

Immunohistochemical Staining of AQP5
and Histological Evaluation
To evaluate AQP5 expression in the SMGs, we performed
immunohistochemical staining using the three-step streptavidin–
biotin–peroxidase method (VECTASTAIN ABC Staining Kit;
Vector Laboratories, Burlingame, CA, United States). Briefly,
sections were deparaffinized with xylene and rehydrated in a
graded ethanol series. To activate the antigen, we used microwave
treatment with unmasking solution (Antigen Unmasking
Solution; Vector Laboratories). The solution was prewarmed
for 10 min using three treatments of microwave irradiation
5 min each, followed by incubation at room temperature
(RT) for 20 min. Endogenous peroxidase was blocked with
peroxidase-blocking solution (Agilent Technologies, Santa
Clara, CA, United States) for 10 min at RT. To prevent non-
specific binding of antibodies, we incubated the sections with
PBS containing 1% bovine serum albumin for 30 min at RT.
Next, the sections were incubated for 1 h at RT with an anti-
AQP5 primary antibody (#ab104751; Abcam, Cambridge, MA,
United States) diluted 1:300 in PBS containing 0.3% Triton
X-100 and 0.1% bovine serum albumin. The sections were then
incubated with a diluted secondary anti-goat immunoglobulin G
antibody (VECTASTAIN ABC Staining Kit; Vector Laboratories)
for 30 min at RT.

After treatment with an avidin–biotin macromolecular
complex (VECTASTAIN ABC Staining Kit; Vector Laboratories)

for 30 min at room temperature and incubation with 3,3-
diaminobenzidine for 1 min, the sections were washed in PBS,
counterstained with hematoxylin, rinsed for 30 min under
running tap water, and mounted with Mount-Quick “Aqueous”
(Cosmo Bio Inc., Tokyo, Japan). We observed two sections per
SMG sample and 20 fields of 200 × 200 pixels per section under
×400 magnification using light microscopy (DS-Ri1; Nikon).
All procedures for image capture, identification, and processing
were standardized before images were captured. The integral OD
of each scanned image was computerized using a digital image
analyzer in ImageJ 1.44 after the immunohistochemical stained
area was extracted using Photoshop (Adobe Systems, San Jose,
CA, United States), and the mean OD was obtained.

Quantitative Analysis of AQP5 mRNA
(RT-PCR)
Submandibular salivary gland tissues for RNA preparation
were quickly separated and frozen at −80◦C. Total RNA was
isolated using RNA STAT-60TM (Tel-Test Inc., Friendswood, TX,
United States) reagent according to the instructions provided
by the manufacturer. The cDNA was synthesized from 5.0 µg
of total RNA using ReverTra AceTM qPCR RT Master Mix
(TOYOBO, Osaka, Japan) under the conditions suggested by
the manufacturer. Quantitative RT-PCR was conducted with
a 7500 Real-Time PCR System (Applied Biosystems, Foster
City, CA, United States) using KAPA SYBR R© FAST qPCR
Kits (KAPA BIOSYSTEMS, Cape Town, South Africa). The
following oligonucleotide primers for rat β-actin, AQP5, were
purchased from Thermo Fisher Scientific (Waltham, MA,
United States): β-actin 5′-TCTGGTCGTACCACTGCATT-3′
(forward) and 5′-AGACGCAGATGCATGAG-3′ (reverse),
AQP5 5′-CCCTGCTGTCATGAA-3′ (forward) and 5′-
CAGTCCTCCTCCGGCTCATA-3′ (reverse). All reactions
for quantitative RT-PCR were carried out under the following
parameters: 95◦C for 3 min and 35 cycles of 95◦C for 30 s, 60◦C
for 45 s, and 72◦C for 15 s. Reverse transcriptase–PCR was
performed three times for each primer, and the averaged results
were used for statistical analysis. Relative mRNA expression was
quantified using the 2−11CT method with β-actin as an internal
control. The mRNA expression levels are expressed as the n-fold
difference relative to the mRNA expression in control rats.

Statistical Analysis
All results are presented as means ± standard deviation. Data
were analyzed after confirming whether the variance was equal in
each group using the Barrett test; comparison between multiple
groups was performed using the Tukey–Kramer test.

RESULTS

Body Weight
The body weight of the rats in the IBP and REC groups began
to decrease on the second day after attaching the IBP. On the
fourth day in the IBP group, mean weight decreased to 8.65 g and
decreased to 1.59× 102 g in the REC group. However, there were
no significant differences in body weights between groups at 21
and 28 days (Figure 1).
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FIGURE 1 | Body weight of the rat in CON, IBP, and REC group. Changes in
body weights during the experimental period in CON, IBP, and REC groups.
Data are presented as means ± standard deviation (n = 6 each).

FIGURE 2 | Wet weights of submandibular glands. The weight of the left and
right submandibular glands of each rat was measured, and the average value
was taken. The weight in the REC group was not significantly different from
that in the CON group, whereas it was significantly increased in the IBP group.
∗p < 0.05.

Wet Weight of SMG
The wet weight of SMGs in the CON group and IBP group was
2.89 × 10−1

± 3.30 × 10−2 g and 4.28 × 10−1
± 3.96 × 10−2 g,

on day 14, respectively. On the 14th day after attachment of
the IBP, the submandibular gland wet weight in the IBP group
increased significantly compared to the CON group. The wet
weight of salivary glands of CON, IBP, and REC group was
2.94 × 10−1

± 2.65−2 g, 5.15 × 10−1
± 8.49 × 10−2 g, and

3.25 × 10−1
± 4.37 × 10−2 g, on day 28, respectively. On

the 28th day, the IBP group’s submandibular gland wet weight
further increased compared to the CON group. Regarding the
REC group, the wet weight was the same as that of the CON group
on the 28th day (Figure 2).

Histological Findings of HE Staining
When observed at ×400 magnification with an optical
microscope, acinar cells and ducts (intercalated, granulated,
striated, and excretory) did not change with age in the CON

FIGURE 3 | Hematoxylin-eosin staining of SMG at ×400 magnification with
an optical microscope. Morphological observation of HE staining of the SMG
in the CON group (A,B), IBP group (C,D), and REC group (E). The IBP group
at 14 days (C) showed an enlargement of the acini. At 28 days, the size of the
acini decreased (D) compared to the size at 14 days. (E) In the REC group at
14 days, the size of the acini was approximately the same as that of the CON
group (E). H&E, hematoxylin and eosin; CON, control group; IBP, incisor bite
plate group; REC, recovery group. Bar = 25 µm, ×400 magnification.

group (Figure 3). In the IBP group, we observed marked
hypertrophy of the acinar cells on 14th day after IBP attachment.
This was accompanied by nuclear enlargement and thickening
of myoepithelial cells. On the 28th day, the acinar cells
shrank, but the nuclear enlargement and thickening of the
myoepithelial cells persisted. In the REC group, a slight nuclear
enlargement and thickening of myoepithelial cells were observed.
However, the tissue exhibited normal properties when compared
with the IBP group.

Morphometric analysis showed that the cross-sectional area of
acinar cells in the IBP group significantly (p < 0.05) increased
compared with that of the CON group at 14 days. The acinar
cell cross-sectional area significantly increased in the CON group
between 14 and 28 days. Conversely, a significant decrease
was observed in the IBP group over the same period. At
28 days, no significant differences in the cross-sectional area of
acinar cells were observed among the control, IBP, and REC
groups (Figure 4).

Expression and Distribution of AQP5 in
SMG
The specificity of AQP5 immunohistochemical staining was
demonstrated using the non-immune control, which did not
exhibit non-specific staining. In normal salivary glands, AQP5
was localized to the APM of the acinar cells, intercellular
canaliculi, and the luminal cytoplasm of the intercalated ducts.
In the CON group, AQP5 was localized to the APM, intercellular
canaliculi, and luminal side of the intercalated duct during all
experimental periods, but not to the BPM, cytoplasm or nucleus
of acinar cells, the granular conduit, the striated duct, or the
excretory duct (Figure 5). In the IBP group, we observed faint
staining and the changes of expression and localization in AQP5.
The localization of AQP5 to the APM and intercellular canaliculi
was rarely observed on days 14 and 28. On the other hand, in
the REC group, AQP5 localization was confirmed in the APM
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FIGURE 4 | The area of acinar cell. Morphometric measurements of acinar
cells of the SMG. The area occupied by one acinar cell was calculated by
dividing the acinar area by the number of acinar cells in that acinus. Data are
presented as the mean ± standard deviation (n = 6 each, *p < 0.05).

FIGURE 5 | Immunohistochemical images of AQP5 expression. (A,B) CON
group; AQP5 was detected on the apical plasma membrane (APM) and in the
intercellular secretory canaliculi of acinar cells and on the luminal side of the
intercalated duct. (C,D) IBP group; immunostaining of AQP5 in the APM and
intercellular secretory canaliculi of acinar cells; almost no staining was
observed in the APM of the acinar cells. (E) REC group; AQP5 was detected
at the same level as that of the CON group. AQP5, aquaporin 5; CON, control
group; IBP, incisor bite plate group; REC, the recovery group.

of the acinar cell, intercellular canaliculi, and luminal side of the
intercalated duct. Further, expression recovered to the same level
as that of the CON group.

The respective OD values for the CON, IBP, and REC groups
were 1.75 × 104

± 2.89 × 103 and 4.33 × 103
± 4.21 × 103 on

the 14th day. On the 28th day, they were 1.26× 104
± 4.13× 103,

3.86× 103
± 1.58× 102, and 1.43× 104

± 6.21× 103. A marked
decrease in OD in the IBP group was observed on days 14 and
28 compared with the CON group. In contrast, there was no
significant difference in OD values between the REC group and
the CON group (Figure 6).

Quantitative Analysis of AQP5 mRNA
(RT-PCR)
From the RT-PCR data, relative mRNA levels for AQP5 were
1.06 ± 3.52 × 10−1 in the CON group and 1.13 ± 1.83 × 10−1

FIGURE 6 | Optical density (OD) of AQP5 immunohistochemical positive
staining. The procedures for anti-AQP5 immunohistochemical image
capturing, identification, and processing were standardized before images
were captured. Concerning positive staining of AQP5, the integral OD of each
scanned image was computerized using a digital image analyzer in ImageJ
1.44 after the immunohistochemical stained area was extracted using
Photoshop (Adobe Systems), and the mean OD was obtained. Data
are presented as means ± standard deviation (n = 6, each group;
*p < 0.05).

FIGURE 7 | Quantitative analysis of AQP5 mRNA (qPCR). Aquaporin 5 mRNA
prepared from submandibular gland tissues was analyzed by RT-PCR using
primers specific for AQP5. Aquaporin 5 mRNA levels normalized to β-actin.
Data are means ± SE. ∗p < 0.05.

in the IBP group. There were no significant differences observed
between groups in the amount of AQP5 mRNA on the 14th
day. On day 28, the levels were 1.01 ± 1.87 × 10−1 in the
CON group, 6.57 × 10−1

± 6.58 × 10−2 in the IBP group, and
1.22 ± 2.02 × 10−1 in the REC group. There was significantly
less AQP5 expression in the IBP group. On day 28, the AQP5
mRNA level in the IBP group was significantly decreased relative
to the other two groups; however, there was no significant
difference between the mRNA levels of the CON and REC
groups (Figure 7).
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DISCUSSION

Mastication is the critical importance of maintaining
physiological function in stomatognathic system. The animal
models of occlusal hypofunction, tooth extraction (Ejiri et al.,
2006), feeding the soft/liquid diet (Mavropoulos et al., 2008), or
resection of the masseter (Yonemitsu et al., 2007) are common;
however, to avoid surgical stress and to allow recovery from
occlusal hypofunction, we used IBP for making the occlusal
modification in this study. We attached the IBP to the maxillary
and mandibular incisors for creating occlusal hypofunction,
preventing molar contacts during the entire experimental
period. We set and detached the IBP non-invasively for allowing
recovery. The body weights of the rats in the CON, IBP, and
REC groups were measured during the experimental period. No
significant differences were observed among the rats in the three
groups at 0, 7, 14, 21, and 28 days with IBP attachment, so there
was no apparent alteration of general metabolism.

After 14 days of IBP attachment, the wet weights of SMGs of
the IBP group were significantly higher than those of the CON
group. Histological observation showed that the hypertrophy of
acinar cell area that increased the width of myoepithelial cells
decreased significantly and enlargement of the nucleus of acinar
cell observed in IBP group. Immunohistochemistry revealed that
functional localization of AQP5 in acinar cells was not observed
in the IBP group; however, the amount of AQP5 mRNA was
different between the CON and IBP groups. These changes
have also been observed in other hypofunctional animal models
involving maxillary molar extraction (Mizumachi-Kubono et al.,
2012) or repeated amputation of incisors (Wells et al., 1959;
Takeda et al., 1986). The alterations in our experiment were
smaller than those in these previous hypofunctional models
were, but showed the same pattern. The reduction of afferent
input from periodontal ligament of molars (Kaneko et al., 2001),
alteration of autonomic activity affected by occlusal stimuli
(Proctor and Carpenter, 2007), and the change of the jaw
movement (Gavião et al., 2004) may influence SMG function in
the IBP group. The SMG degeneration in this study is thought to
be caused by reduction of water secreting function via AQP5 in
acini due to impaired masticatory function.

On the other hand, at 28 days after IBP attachment, further
histological degeneration of acinar cells, wet weight of SMG,
and qualitative and quantitative reduction of AQP5 expression
were observed in the IBP group relative to the CON group.
Furthermore, normalization of functional localization of AQP5
and quantitative recovery of AQP5 mRNA were confirmed.
These results showed that SMG degeneration induced by IBP
attachment can be restored, especially the negative impact on
AQP5, which plays a critical role in water transport in acini.
This is the first report to indicate that salivary gland dysfunction
associated with occlusal alteration can be restored. One possible
reason for our observed restoration is the age of the rats.
Functional maturation of SMG is known to continue to 10 weeks
after birth (Jacoby and Leeson, 1959). In this experiment, we used
younger rats with less-mature SMGs. Further studies are needed
to examine the effects of aging.

In addition, the removal of IBP had improved the dryness
of the mouth, which might have contributed to the histological
recovery of SMG observed in the REC group. With IBPs on
the incisors, it was difficult for the rats to close their mouths.
The improvement of mouth dryness after IBP removal led to
normalization of jaw movement, which might have helped in the
recovery of SMG in REC group.

One limitation of our study is the uncertainty regarding the
extent to which these results correspond to humans. Although
there are some anatomical similarities between human and rat,
differences do exist, such as the highly developed interstitial ducts
in rat SMG. Another limitation is that, in our study, the functions
other than water transportation in SMG were not investigated.

Our findings provide support for the hypothesis that the
occlusal modification has an effect on salivary gland function.
Clinical studies have shown that occlusal hypofunction causes
a series of salivary disorders (Matsuda et al., 2009). This
study supports these findings in terms of water transportation
in salivary gland. The findings of our study also emphasize
the importance of preventing malocclusion for maintaining
physiologically normal saliva function.

CONCLUSION

The structure and water secretion function of the submandibular
glands were significantly altered due to IBP-induced decrease
in masticatory function. Removal of the bite plate allowed the
recovery of both AQP5 expression and its normal localization in
the SMGs, thus restoring the masticatory function.
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Streptococcus oralis (S. oralis) has been recognized as a fatal pathogen to cause

multiorgan failure by contributing to the formation of microthrombus. Coagulation and

fibrinolysis systems have been found under the control of circadian clock genes.

This study aimed to explore the correlation between BMAL1 and coagulation factor

biosynthesis in S. oralis infection. Mice were administered S. oralis to induce sepsis, and

HepG2 cells were also infected by S. oralis. The expression of BMAL1 of hepatocytes

was downregulated in the S. oralis infection group, leading to the downregulation of

coagulation factor VII (FVII) and the upregulation of the coagulation factor XII (FXII) in vitro

and in vivo. Furthermore, we confirmed that the deficiency of BAML1 contributed to the

elevation of FVII and the decline in FXII by constructing BMAL1-deficiency (Bmal1−/−)

mice. The current result showed that BMAL1 regulates FVII directly. Thus, a novel insight

into the coagulation abnormality in S. oralis infection was gained that may optimize the

treatment of sepsis by rescuing the expression of BMAL1 in the liver.

Keywords: S. oralis, bmal1, FVII, FXII, coagulation factor biosynthesis

INTRODUCTION

Streptococcus oralis (S. oralis) is an oral biofilm-deriving opportunistic pathogen (Li et al., 2004)
that has been found in endocarditis (Turnier et al., 2009) and cerebral abscess (Thiagarajan et al.,
2016). Reportedly, in neutropenic patients, S. oralis induces sepsis (Penack et al., 2014; Shelburne
et al., 2014) and inflicts death (Cornely and Schirmacher, 2001). Thus, the mechanisms of S. oralis-
oriented abnormal coagulation to reduce the mortality need to be deduced. The overwhelming
host response can progress to disseminated intravascular coagulation (DIC) by upregulating
the activation of the coagulation cascade (Fourrier et al., 1992). It is characterized by excessive
activated coagulation systems and suppressed fibrinolytic systems and is known to contribute to
the formation of microthrombus, which leads to multiorgan failure (Vervloet et al., 1998). In this
process, several coagulation factors patriciate in both classic clotting pathways (Amaral et al., 2004).
In addition, most of the coagulation factors in coagulation cascade are generated by hepatocytes.
Blood coagulation factor VII (FVII) and factor XII (FXII) are the key enzymes in the extrinsic
and intrinsic coagulation cascades (Furie and Furie, 1988). When interacted with tissue factor
(TF), FVII is converted to the active state (FVIIa), forms TF–FVIIa complex, and initiates the
downstream extrinsic clotting cascade (Bogdanov et al., 2003). In the case of the intrinsic pathway
of coagulation, FXII initiates the activation of the blood coagulation zymogen FXI and leads to the
formation of factor IXa (Schmaier, 2008). Thus, further exploration of FVII and FXII may provide
an in-depth insight into the aberrant coagulation in sepsis.
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The circadian clock genes in mammals are endogenous
oscillators, containing interlocked and negative feedback loops
(Takahashi et al., 2008; Duong et al., 2011). These loops
are basic helix-loop-helix-PER-ARNT-SIM (PAS) transcriptional
activators BMAL1 and CLOCK, NPAS2 in addition to Period
(Per1 and Per2), and cryptochrome (Cry1 and Cry2) genes
(Koike et al., 2012). Among these genes, BMAL1 is a non-
redundant and an essential component of circadian clock genes
for maintaining normal physiology and behaviors (Bunger et al.,
2000). Additionally, deficiency of BMAL1 in mice causes an
imbalance in the coagulation mechanism and has potential for
blood thrombin generation (Ninivaggi et al., 2014; Hemmeryckx
et al., 2019), while other circadian clock genes such as CLOCK
(Ohkura et al., 2006; Cheng et al., 2011), Per2 (Oishi et al.,
2009), and Cry1/2 (Ohkura et al., 2006) participate in hemostasis
via regulation of fibrinolytic systems rather than coagulation
systems. Nevertheless, the mechanisms underlying the functional
role of BMAL1 in affecting coagulation in bacterial infection, such
as S. oralis, remain largely obscure.

In this study, we demonstrated that S. oralis downregulates
the expression of BMAL1 and then disrupts the biosynthesis of
coagulation factors. As a transcription factor, BMAL1 regulates
the coagulation genes through the E-box elements. For the
first time, this study demonstrated the correlation between
S. oralis and BMAL1. The formation of microthrombus in
hematosepsis is related to the balance of abnormal coagulation
factors from hepatocyte due to the decline in BMAL1. Therefore,
recovering BMAL1 expression might be a promising strategy
to inhibit abnormal coagulation for reducing the formation of
microthrombus and lowering the mortality.

MATERIALS AND METHODS

Cell Culture and S. oralis Infection
HepG2 cells were purchased from ATCC (HB-8065, USA)
and cultured in Dulbecco’s minimum essential media (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100µg/mL streptomycin in an atmosphere of 5%
CO2 at 37

◦C. At 70–80% confluency, the cells were trypsinized
and challenged by S. oralis with a multiplicity of infection
(MOI)=50 for 24 h.

Animals
C57BL/6Jmice were bought from the BeijingHFKBioscience Co.
Ltd (Beijing, China) and grouped randomly into either LD12:12
or jet-lagged. Homozygous BMAL1-deficiency (Bmal1−/−) mice
in the C57BL/6J background were produced by breeding
heterozygous BMAL1-deficiency mating pairs (Bmal1+/−),
which was a kind gift from Dr. Ying Xu (Soochow University,
Jiangsu, China). T BMAL1-deficiency was confirmed byWestern
blot as described (Bunger et al., 2000).

RNA Isolation and Reverse
Transcription-Quantitative Polymerase
Chain Reaction (RT-qPCR)
Total RNA was extracted on ice using TRIzol (Vazyme, China),
according to the manufacturer’s protocols. cDNA synthesis was

performed with reverse transcription reagent (Vazyme). Real-
time RT-PCR was performed using SYBR Green PCR protocol
on an ABI 7300 real-time PCR system (Applied Biosystems,
Carlsbad, CA, USA). Relative mRNA expression of the target
genes was normalized against that of GAPDH using the 2−11Ct

method, and presented as mean±SD of replicates. The primers
used for amplification are listed in Supplementary Table 1.

Western Blot Analysis
Cells were lysed on ice by modified RIPA buffer (P0013B;
Beyotime, Shanghai, China) to obtain total protein extract that
was quantitated by BCA protein Assay kit (P0010; Beyotime,
Shanghai, China), and resolved by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently,
the proteins were transferred to polyvinylidene fluoride (PVDF)
membranes that were then blocked in 5% milk diluted with
TBST for 1 h at room temperature, probed with primary
antibodies, such as BMAL1 (Abcam, 1:1000), CLOCK (Abcam,
1:1000), PER2 (Abcam, 1:1000), CRY2 (Abcam, 1:1000), GAPDH
(Santa Cruz Biotechnology Inc., 1:10000), FVII (Santa Cruz
Biotechnology Inc., 1:1000), and FXII (Santa Cruz Biotechnology
Inc., 1:500), at 4◦C overnight. Then, the membranes were
incubated with a secondary goat anti-rabbit antibody (1:2000)
on the following day for 1 h at room temperature. ECL
enhanced chemiluminescence substrate kit (Millipore) was used
for imaging and quantitation of the immunoreactive bands by the
Image J software.

Immunohistochemistry (IHC)
Liver tissues were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) overnight and sliced into 5-µm-thick
paraffin-embedded sections. After deparaffinization and
rehydration, antigen retrieval was performed by boiling the
sections in citrate antigen retrieval solution (P0081; Beyotime)
for 15min. Next, the endogenous peroxidase activity of the
samples was blocked by 3% H2O2 for 15min, followed by
pre-blocking with 5% BSA (A1933; Sigma–Aldrich) for 1 h at
room temperature. The levels of proteins were investigated in
liver tissues using primary antibodies against BMAL1 (Abcam,
1:800), FVII (Santa Cruz Biotechnology Inc., 1:400), and FXII
(Santa Cruz Biotechnology Inc., 1:400) using a Vectastain ABC
kit (Vector Laboratories, Burlingame, CA, USA), followed by
the DAB Substrate kit (Vector Laboratories). All protocols were
followed according to the manufacturer’s instructions.

Immunofluorescence (IF)
Cells were plated at a density of 1 × 105 cells/well in 24-
well plates and then grown on glass coverslips for 12 h and
infected with S. oralis, followed by staining with 5mM SYTO R©

Green-Fluorescent Nucleic Acid Stains (Thermo Fisher, USA)
for 30min. After gentle washing for three times with PBS, the
cells were fixed for 10min in 4% paraformaldehyde (wt/vol).
The cells were pre-blocked with 5% BSA (A1933; Sigma–
Aldrich), labeled with TRITC Phalloidin (Yeasen, 1µg/mL),
and incubated with anti-rabbit Alexa Fluor 594 (Invitrogen)
secondary antibodies (1:300) for 1 h at room temperature. The
cell nuclei were stained with by DAPI dihydrochloride staining
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solution. Images were collected using a confocal microscope
(SP2-AOBS Leica Microsystems).

Enzyme-Linked Immunosorbent Assay
(ELISA)
The concentrations of mouse plasma FVII (Cusabio, China)
and mouse plasma FXII (Cusabio) were measured using ELISA
kits according to the manufacturer’s instructions. HepG2 cells
were seeded overnight in 1% FBS-DMEM in six-well plates (6
× 106/well) and infected with S. oralis in 100 U/mL penicillin
and 100µg/mL streptomycin for 24 h (MOI=50). Then, cell-free-
culture supernatants were collected and analyzed for FVII or FXII
content by a specific ELISA (), according to the manufacturer’s
recommendations. The cells without infection are similar to
infected cells. Briefly, the standard protein was solubilized and
diluted to 20, 10, 5, 2.5, 1.25, 0.625, and 0.312 ng/mL for
constructing a standard curve. The diluted samples were added to
the reaction plate and incubated at 37◦C for 2 h. The wells were
washed five times, and the biotin primary antibody was added,
and the reaction was incubated at 37◦C for 1 h. Subsequently,
horseradish peroxidase (HRP)-avidin was added and incubated at
37◦C for 1 h, followed by the addition of a substrate chromogenic
solution that was incubated at 37◦C for 30min. Finally, the
reaction terminator and OD450 were measured.

Fluorescence in situ Hybridization (FISH)
The following probe was used for FISH: S. oralis (probe
sequences targeted 16S ribosomal-RNA (rRNA) genes; 6FAM-
CTCCTACGGGAGGCAGCAGTAGGGA-BHQ-3; fluorescence
emission maximum at 900 nM). As mentioned above, the
liver sample was fixed in 4% paraformaldehyde for 2 h at
room temperature and stored in 96% ethanol. Then, the
paraffin-embedded sections (5-µm-thick) were incubated in
hybridization buffer (100mMTris-HCl pH 7.2, 0.9MNaCl, 0.1%
SDS) containing 8 ng/mL of the S. oralis probe overnight at 37◦C.
Slides were washed 3 times for 15min in prewarmed (37◦C)
hybridization buffer, following the labeling of the cell nucleus
by DAPI. Images were collected using a confocal microscope
(SP2-AOBS Leica Microsystems).

In vivo Imaging of Animals
For in vivo imaging, mice (LD12:12 and jet-lagged) were injected
109 fluorescence-labeled bacteria through the tail vein for 6 h
prior to imaging, as described previously. Subsequently, the
animals were euthanized with sodium pentobarbital, the hairs
were wiped off, and the organs were removed and placed on
plates. The fluorescence was detected at 490 nm (in-vivo FX PRO
BRUKER). The images were analyzed using Bruker software. All
procedures were performed using a standard protocol.

Coagulation Array
A volume of 1.8mL heart blood was collected in a blood
collection tube containing 0.2mL of 3.2% sodium citrate
anticoagulant (blood volume <1.8mL was prepared according
to the ratio of blood to anticoagulant 1:9) and mixed gently.
The plasma was separated at 3,000 rpm for 15min. The
prothrombin time (PT), activated partial thromboplastin time

(APTT), fibrinogen time, and fibrinogen concentration assays
were conducted using a specific kit (Hanlisisw, China). All assays
were carried out with an automatic coagulator (BE, Germany).

Bacterial Strains and Culture Conditions
The strain used for research: S. oralis from ATCC. Brain Heart
Infusion (BHI) medium (Becton, Dickinson and Company,
USA) was used for bacterial growth under aerobic conditions
for 24–48 h at 37◦C in order to reach the exponential growth
phase. Subsequently, 10-fold serial dilutions of each bacterium
were performed in PBS to achieve concentrations of ∼1 ×

108 CFU/mL. Specific primers were designed for S. oralis
(forward primer: CAACGATACATAGCCGACCTGAG; reverse
primer: TCCATTGCCGAAGATTCC).

Chromatin Immunoprecipitation Assay
(ChIP)
Chromatin immunoprecipitation assays were conducted using
chromatin immunoprecipitation kit (Millipore), according to
the manufacturer’s protocol. Briefly, HEPG2 cells were fixed
in 1% formaldehyde, cross-linked with glycine, and lysed.
Cell lysates were sonicated into fragments and precleared
with Protein A/G Agarose beads for 1 h. After centrifugation
(1,000 rpm × 1min at 4◦C), 10% of the supernatants
were stored as input, and the remaining supernatants were
divided into two parts, one for detection by BMAL1 antibody
and the remaining for IgG reactivity (negative control).
The DNA was purified in a final volume of 50mL and
subjected to PCR. Specific primers were designed for FVII
promoter (forward primer: GACCGTCTACCCCAGTGTTT;
reverse primer: CGGCAGTCCACGTCATTTC).

Luciferase Reporter Assay
Bmal1-overexpression and Bmal1-knockout HepG2 cells were
constructed and plated at a density of 5 × 105 cells/well
in 12-well plates. These cells were transfected with the wild-
type FVII promoter, its deletion mutant, its mutation with
mutated BMAL1-binding site, and empty vector (PGL3).
Furthermore, firefly luciferase reporter vectors (100 ng) and
Renilla luciferase reporter vectors pRL-SV40 (10 ng; Promega,
USA) were transfected into cells using LipofectamineTM 3,000
transfection kit (Thermo Fisher, USA) for 48 h. Subsequently,
firefly and Renilla luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (Promega). The data
were normalized by the firefly/Renilla ratio.

Transformation of S. oralis
Briefly, mid-logarithmic phase cultures of S. oralis were diluted
1:20 in complete medium (Brain Heart Infusion, Becton,
Dickinson, and Co.) containing 1mM calcium chloride,
0.2% BSA (Sigma Aldrich Ltd, Dorset, UK) and 100 ng/mL
competence-stimulating peptide 1 (CSP1; Mimotopes,
Clayton, Victoria, Australia). The transformation reactions
were incubated for 90 s at 42 ◦C and placed on ice for 2min.
Then, the sensory bacteria were transferred to 6-well plate
with ampicillin for 16 h. The primers were designed for GFP
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(forward primer: GACCGTCTACCCCAGTGTTT; reverse
primer: CGGCAGTCCACGTCATTTC).

Statistical Analysis
All the statistical analyses were performed with GraphPad Prism
Software and based on normally distributed datasets with equal
variance (Bartlett’s test). The investigators were not blinded
during the experiments or outcome assessment. The data points
were presented as mean ± SD values unless otherwise stated.
Data were inferred as statistically significant if P-values were
<0.05. Significance between two groups was determined by
independent Student’s t-test. For multiple comparisons, one-way
analysis of variance (ANOVA) was used with Tukey’s multiple
comparisons post-hoc test unless stated otherwise.

RESULT

S. oralis Reduced BMAL1 Expression and
Disrupted the Biosynthesis of Coagulation
Factors in vitro
α-hemolytic Streptococcus, such as S. oralis, exhibits strong
pathopoiesia either by generating various enzymes and exotoxin
indirectly or invading into a host directly. In order to elucidate
how S. oralis interacts with hepatocytes, nucleic acid dye-treated
bacteria had infected cells in MOI=10,000 for 30min, which
showed that S. oralis directly invaded into the cells (Figure 1A).
Owning to the lack of elements initiating coagulation, the
clotting factors were not consumed, and hence, it was found
that FVII slightly decreased, and FXII increased significantly

FIGURE 1 | S. oralis reduced BMAL1 expression and disrupted the biosynthesis of coagulation factors in vitro. (A) Confocal images for HepG2 cells infected with S.

oralis for 30min, stained for DAPI (blue), F-actin (red), and S. oralis (green). The white arrow represents bacteria invading into cells. Scale bars, 100µm. (B) Relative

supernatant concentration of coagulation factors VII and XII in HepG2 cells infected with S. oralis for 48 h as compared to the uninfected group (CON). (C,D) Western

blot analysis of circadian clock genes and coagulation factors, and the relative values of densitometry analysis. (E) qRT-PCR analysis of circadian clock genes and

coagulation factors. The experiments were performed three times independently. *P < 0.05; **P < 0.01; ***P < 0.005.
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in the cellular supernatant of infected HepG2 (Figure 1B). To
explore the correlation between S. oralis infection and circadian
clock genes in hepatocytes, cells were treated with S. oralis,
and the total protein and mRNA were extracted. Consequently,
BMAL1 expression was significantly decreased as compared to
the other circadian clock genes, and it was found that the
coagulation factor FVII decreased slightly, while the FXII did
not alter (Figures 1C,D). In another cohort of cells with the
same treatment, the expression of BMAL1 and other circadian
clock genes was lower in S. oralis infection group, and obvious
upregulation of FVII and mild downregulation of FXII was
detected at the transcriptional level (Figure 1E).

S. oralis Reduced BMAL1 Expression and
Disrupted the Biosynthesis of Coagulation
Factors in vivo
Correspondingly, to explore whether S. oralis modified the
circadian clock genes and coagulation factor levels in vivo,
another series of studies were carried out. The mice were
injected with S. oralis into the tail vein. After the mice
were sacrificed, the whole blood was collected for a routine
examination, and it was found that the neutrophils increased
significantly. In addition, the total DNA of the liver and spleen
was extracted and amplified to detect the bacteria in these
organs using S. oralis-specific primers (Figure 2A). To further
consolidate the presence of bacteria in the liver, FISH was
conducted, which showed green EGFP-labeled-bacterium in the
liver, and many of them had invaded into the hepatocytes
(Figure 2B). This phenomenon might suggest that S. oralis
plays a functional role both directly and indirectly. The
remaining of the whole blood was collected for coagulation
arrays and ELISA. It was observed that the level of both
plasma coagulation factors, FVII and FXII, was downregulated
(Figure 2C). Additionally, it was found that PT, APTT, and
fibrinogen reaction time were prolonged and plasma fibrinogen
was declined (Figure 2D). In sepsis, bacteria can activate both
intrinsic and extrinsic coagulation by the cytokine response.
The serial sections of liver, spleen, kidney and lung stained
with hematoxylin and eosin (H&E) indicated inflammation
after infection (Figure 2E). Moreover, most of the coagulation
factors, including FVII and FXII were generated in the liver.
To investigate the correlation between S. oralis infection and
coagulation factors, serial sections of the liver tissues were stained
with H&E, and histochemistry was conducted (Figure 2F). S.
oralis infection declined the expression of FVII expression, while
that of FXII was elevated (Figure 2G). In addition, the livers
of mice were collected and the total proteins were extracted.
The results showed that BMAL1 expression was significantly
decreased as compared to that of the other genes; also, an
obvious decline was detected in FVII and a mild elevation
of FXII as compared to the uninfected group (Figures 2H,I).
On the other hand, BAML1 level was also decreased, while
the mRNA expression of REV-ERBa and CRY1 was elevated,
FVII was significantly downregulated, and FXII was markedly
upregulated (Figure 2J). Therefore, we confirmed that S. oralis
infection declined the level of FVII and BMAL1 while that of

FXII was elevated at both protein and transcriptional levels
in vivo.

Downregulation of FVII and Upregulation of
FXII in Bmal1-/- Mice
To confirm the role of BMAL1 in coagulation factor biosynthesis,
we constructed BMAL1-deficiency (Bmal1−/−) mice, and
the genotypes were verified by Western blot (Figure 2D).
Interestingly, we found that BMAL1 had two-aspect functions
in the coagulation process. The blood coagulation arrays showed
that PT was slightly deduced while APTT was significantly
prolonged with a huge reduction in these fibrinogen reaction
time owning to elevated plasma fibrinogen in Bmal1−/− mice
(Figure 3A). FVII and FXII were the key enzymes that initiated
the extrinsic and intrinsic coagulation cascade, respectively.
Therefore, the serial sections of the liver tissues were stained
with H&E, and histochemistry was performed (Figure 3B).
The result showed that FVII approximately decreased to a
third, and FXII increased nearly four-fold in Bmal1−/− mice
(Figure 3C). To further verify the correlation between BMAL1
and the biosynthesis of coagulation factors, the total protein of
the liver tissues was extracted. This phenomenon was similar
to that FVII decreased significantly while FXII increased by
three-fold in Bmal1−/− mice (Figures 3D,E). In addition, that
the expression of the coagulation factor was altered at the
mRNA level, which was synchronous with the changes in the
protein level, indicating that BMAL1 was likely to act as a
transcription factor to regulate the biosynthesis of coagulation
factors (Figure 3F). Although coagulation factors FVII and FXII
played major roles in coagulation cascades, other coagulation
factors, such as vWF, also played a significant role. Therefore, we
analyzed the expression of other coagulation factors (Figure 3G).
To investigate the effect of BAML1 on the biosynthesis of
coagulation factors in vitro, Bmal1-overexpression or BAML1-
knockout was used (Figure 3H), which showed that FVII
expression increased mildly and FXII significantly decreased
in Bmal1-overexpressing cells. However, a contrast result was
observed in BAML1-knockout cells (Figure 3I). It was also
confirmed that the deficiency of BMAL1 negatively regulated
FVII expression but positively regulated FXII.

BMAL1 Regulates Coagulation Factors VII
in a Direct Way
Firstly, we found that FVII mRNA level showed 12-h circadian
changes and reached nadir around ZT8 and ZT20, but FXII
did not exhibit circadian changes; several circadian clock genes
in the liver showed obvious rhythmicity, and BMAL1 mRNA
expression was synchronous with FVII expression by hitting
valleys around ZT8 and ZT20 (Figure 4A). Furthermore, the
correlation between circadian clock genes and FVII showed
that the expression of BMAL1 was strongly associated with
that of FVII (Figure 4B). To further verify the rhythmicity of
FVII expression, we measured the plasma coagulation factor at
different time points. Strikingly, FVII expression reached nadir
around ZT8 and ZT20, while that of FXII lacked circadian
changes (Figure 4C). Typically, BMAL1 acts as a transcription
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FIGURE 2 | S. oralis reduced BMAL1 expression and disrupted the biosynthesis of coagulation factors in vivo. Every mouse was infected by S. oralis in about 1 ×

108 CFU (colony-forming units) for 24 h. (A) The upper part for the blood routine test of the infected mouse, the lower part for DNA extraction of infected mouse livers.

Special primers were designed for S. oralis. (B) FISH for the detection of S. oralis in infected mouse livers. Special primers were designed for S. oralis. Scale bars,

50mm. (C) Plasma concentration of coagulation factors VII and XII in the infected group as compared to the control group. (D) Routine coagulation array for mice in

infected and uninfected groups. (E) H&E staining for liver, spleen, kidney, and lung of infected mice. (F,G) IHC staining for coagulation factors VII and XII of the liver and

the relative values of IHC optical density. (H,I) Western blot analysis of circadian clock genes and coagulation factors, and the relative values of densitometry analysis

of hepatocytes. (J) qRT-PCR analysis of circadian clock genes and coagulation factors. The experiments were performed three times independently. *P < 0.05; **P <

0.01 ***P < 0.005; ****P < 0.001.
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FIGURE 3 | Disrupted coagulation factors VII and XII in Bmal1−/− mice. (A)

Routine coagulation array for whole blood in Bmal1−/− vs. WT mice (3/group).

(B,C) H&E and IHC staining for coagulation factors VII and XII in slices of livers,

and the relative values of IHC optical density. (D–G) Western blot analysis and

qRT-PCR analysis of circadian clock genes and coagulation factors in mouse

liver. (H,I) Western blot analysis of coagulation factors VII and XII in

Bmal1-overexpression and Bmal1-knockout HepG2 cells. The experiments

were performed three times independently. *P < 0.05; **P < 0.01; ***P <

0.005; ****P < 0.001.

factor that forms a heterodimer with CLOCK to activate the
expression of the downstream genes, such as E-box-controlled
genes PER1 and CRY1 (Duong et al., 2011). Therefore, it could be
deduced that BMAL1 regulated FVII through transcription factor
binding sites (Figures 4D,E).

Low activity of FVII promoter could be found in cells
transfected with both the FVII promoter mutants with Bmal1

binding site and the FVII promoter deletion mutant. To confirm
the role of BMAL1, firefly luciferase reporter vectors were
transfected into Bmal1-overexpressing and Bmal1-knockout
cells. Next, we found that the activity of FVII promoter was
enhanced in Bmal1-overexpressing cells, while it was declined
in Bmal1-knockout cells. Together, these results suggested that
BMAL1 directly regulates the expression of FVII in a positive way
(Figure 4F).

Circadian Rhythm Disruption-Driven
Coagulation Prevents Extravasation of
S. oralis
Since BMAL1 plays a key role in circadian rhythm, investigating
the circadian rhythm disruption-driven coagulation is crucial for
unveiling the role of BMAL1 in coagulation. To further explore
the roles of circadian clock gene BMAL1 in coagulation, a jet-
lagged mouse model was established to observe the impact of
circadian rhythm disruption on the impairment of the liver
ossification process. All mice were maintained under 12/12-h
light/dark cycles with the light on from 8:00 a.m. (Zeitgeber
time 0, ZT0) to 8:00 p.m. (ZT12) and fed antibiotic-free food
and water ad libitum. In the experiment, C57BL/6J mice were
placed on a previously described jet-lagged schedule with 8-h
light advanced every 2–3 days for 12 weeks, which mimicked the
circadian disturbance that humans undergo during shift work
(Zhao et al., 2017). PT was mildly shortened, while APTT was
significantly prolonged, and the fibrinogen reaction time was
shortened owing to elevated plasma fibrinogen in jet-lagged mice
(Figure 5A). To eliminate the impact of body weight and liver
weight, measurement experiments were essential, which seemed
to have no impact on the coagulation (Figures 5B,C). However,
jet-lag seemed to induce a slight decline in BT, suggesting that
circadian rhythm disruption-driven downregulation of BMAL1
might be conducive to thrombus formation (Figure 5D). In
order to elucidate whether circadian rhythm disruption-driven
coagulation prevents extravasation of S. oralis, EGFP-labeled
S. oralis was constructed and confirmed by PCR amplification
(Figure 5E). We found that the number of bacteria invaded
into the liver was less than that in the LD12:12 group due to
disruption-driven coagulation, which prevents the invasion of
EGFP-labeled S. oralis. Intriguingly, a similar phenomenon was
observed in the lung and spleen, and that the number of bacteria
invaded into the kidneys was large in quantity in both the jet-
lagged and LD12:12 groups because of abundant blood vessels
(Figures 5F,G).

DISCUSSION

To gain new insight into the mechanism underlying the influence
of the circadian gene BMAL1 on coagulation factors in bacterial
infectious liver disease, we performed the experiment described
above and showed that the level of BMAL1 in hepatocytes was
downregulated in the S. oralis infection group, leading to the
downregulation of coagulation factor VII and the upregulation of
coagulation factor XII. Similar results were found in vitro. Bmal1
overexpression significantly increased the coagulation factor VII
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FIGURE 4 | BMAL1 regulates coagulation factors VII in a direct way. (A) Relative expression of circadian clock genes and coagulation factors at different time points (4

mice/each point). (B) Correlation analysis between BMAL1 and FVII. (C) Plasma concentration of coagulation factors VII and XII at each time point. (D) Motif sequence

signature of BMAL1 in the promoter region of coagulation factor FVII. (E) ChIP assays were performed using an antibody against BMAL1, and IgG as negative

controls. Specific primers were designed for FVII promoter. (F) Luciferase reporter assays were performed to measure the activities of WT FVII promoter (PGL3- FVII

WT), its deletion mutant (PGL3- FVII deletion), its mutant (PGL3- FVII mutation) with mutated BMAL1-binding site and empty vector (PGL3) in Bmal1-overexpression

and Bmal1-knockout HepG2 cells. The experiments were performed three times independently. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.

while it decreased the level of coagulation factor XII in HEPG2
cell line. According to these findings, circadian gene BMAL1
plays a critical role in coagulation by regulating the biogenesis
of clotting factors in S. oralis infection.

Reportedly, the gut homeostatic microbiome is necessary
for normal oscillations in both intestine and liver, which is
effectuated via circadian genes, and participating in diurnal
fluctuations of host physiology, disease susceptibility, lipid
absorption, and sleep rhythms (Miyazaki et al., 2014; Thaiss
et al., 2016; Kuang et al., 2019). The courses of bacterial invasion
into the host include bacterial adsorption on the body surface,

invading tissues or cells, growing and breeding, producing
toxins, spreading, and resisting a series of defensive functions
of the host. Colonized S. oralis derived from blood bacteria
was found in the liver and was also found to be invading
into hepatocytes (Figures 1A, 2A). Herein, we observed that
the downregulation of BMAL1 contributed to the secretion of
FXII without the upregulation of FXII protein level in vitro
(Figure 1B). Consistent with the current findings, some studies
have shown that the deficiency of BMAL1 upregulates the
secretion of many biochemical parameters by restraining their
repressors, such as CXCL5 (Gibbs et al., 2014) and interleukin-1β

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 September 2020 | Volume 10 | Article 530190148

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


Chen et al. BMAl1 Regulates Coagulation Factor Biosynthesis

FIGURE 5 | Circadian rhythm disruption-driven coagulation prevents extravasation of S. oralis. (A) Routine coagulation array (4 mice/group) for whole blood in

LD12:12 vs. jet-lag mice at ZT12. (B,C) Bodyweight and liver weight of mice in LD12:12 vs. jet-lag at ZT12. (D) Tail bleeding time of mice. (E) DNA extraction of

EGFP-labeled S. oralis. Specific primers for GFP. (F,G) Imaging of mice in LD12:12 vs. jet-lag mice at ZT2 in vivo (4 mice/group). *P < 0.05; **P < 0.01; ***P < 0.005;

****P < 0.001.

(Luyts et al., 2014). Furthermore, the interaction between Bmal1
of hepatocytes and bacterial infection revealed that the expression
of BMAL1 descended at the transcriptional level both in vitro
and in vivo in the microorganism. This finding is in line with

the results of the previous studies (Lou et al., 2017; Li et al.,
2018; Coiffard et al., 2019). With the infection ofMycobacterium
tuberculosis, the level of BMAL1 was significantly decreased in
both the lung and the spleen (Lou et al., 2017). Conversely, some
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studies showed a certain promoting effect of BMAL1 on gastric
epithelial cells with the infection of Helicobacter pylori (Li et al.,
2018), which could be attributed to the various roles of BMAL1
in different diseases or the various types of bacteria executing
infections in different conditions. The reciprocal role between
bacteria and BMAL1 has been reported. The magnitude of
response to the pathogenic bacterial challenge under the control
of Bmal1 has been established (Bhardwaj et al., 2011; Wang et al.,
2011; Gibbs et al., 2012, 2014). However, themutual role of Bmal1
and microbiota needs to be investigated in the future.

Circadian rhythm is a regular recurrence of biological
processes or activities with an ∼24-h cycle. The circadian
changes have been detected in human coagulation factors, such
as antithrombin, FVII, and FVIII (Kapiotis et al., 1997; Undar
et al., 1999; Iversen et al., 2002). In the current study, not only
mouse plasma FVII but also FVII in mouse hepatocyte exhibit
rhythmicity (Figure 4A). BMAL1 plays a core and elemental
role (Bunger et al., 2000). However, other components of
circadian clock genes, such as CLOCK and CRY1/2 (Ohkura
et al., 2006; Cheng et al., 2011), were largely relevant to the
fibrinolytic system rather than the coagulation system. The
properties of diurnal rhythm were entirely lost for FVII and
antithrombin. Nonetheless, additional evidence on the regulation
of coagulation factors needs to be unveiled in Bmal1−/− mice.
This study showed that FVII level was tremendously declined
in Bmal1−/− mice (Figures 3C,E). Interestingly, FXII level was
markedly elevated in Bmal1−/− mice (Figures 3C,E). Thus,
our findings may be a significant breakthrough that BMAL1
plays a two-sided role in regulating the coagulation process.
In the endogenous coagulation pathway, decreased FXI and
FXI might explain the prolonged APPT despite the elevated
level of FXII in Bmal1−/− mice. In the exogenous coagulation
pathway, deficiency of BAML1 might explain the unchanged
PT by affecting the activation of coagulation factors despite
deduced FVII in Bmal1−/− mice (Figure 3G). This displays
that the regulation of FVII is complicated and sophisticated.
BMAL1 is crucial for the regulation of FVII expression. Low
expression of BMAL1 could still be found in Bmal1-knockout
cells (Figure 3G). These phenomena might explain the low
activity of FVII promoter, which could be found in Bmal1-
knockout cells (Figure 4F). In the future, it might be essential to
study the correlation between BMAL1 and coagulation.

The elevated FXII level ascribes the potentially elevated
generation of endogenous thrombin larger in BMAL1-deficient
mice (Hemmeryckx et al., 2019). Additionally, the level of
FGA (Fibrinogen α chain), FGB (Fibrinogen β chain), and
FGG (Fibrinogen γ chain) was elevated in Bmal1−/− mice
in accordance with the elevated plasma fibrinogen in the
blood coagulation arrays, which contributed to the formation
of the crypto-fibrin network (Figure 3G; Ninivaggi et al.,
2014). Although circadian rhythm disruption-driven coagulation

prevents the extravasation of S. oralis, more macrothrombusus is
induced than in the control group, which leads to multiple organ
failure on account of deduced BMAL1 expression.

In summary, our results demonstrated that the
downregulation of BMAL1 by S. oralis infection disrupts
these clotting factors in hepatocytes. Therefore, we identified
the coagulation factors VII and XII that were largely regulated
in Bmal1−/− mice. Interestingly, this study on circadian clock
genes BMAL1 might provide a novel view for the generation of
microthrombus in hematosepsis induced by S. oralis.
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