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Editorial on the Research Topic

Association between oral microbiota dysbiosis and the development of
systemic conditions

Human oral cavity harbors a complex ecosystem of numerous microorganisms,
including bacteria, fungi, viruses, and bacteriophages, referred to as the oral microbiota
(Peng et al,, 2022). In a healthy state, the oral microbiota is composed of commensals. The
mutual commensal oral microbiota plays a crucial role in promoting not only oral, but also
systemic health (Han et al., 2022). However, in a diseased state, host-microbial networks
lead to dysbiosis. The influence of oral microbiota dysbiosis can extend beyond the oral
cavity, and some systemic conditions are also associated with the oral microbiota (Peng
et al,, 2022). A mechanistic understanding for such associations may arise from the ability
of many oral microorganisms to alter the inflammatory microenvironment and to interfere
with host signaling pathways that control cell viability, proliferation and differentiation.

Furthermore, there is likely to be an alteration in oral microbial composition or
bacterial pathogenicity in systemic pathologic conditions (Graves et al., 2019). Therefore,
there may be a bidirectional relationship between the oral microbiota and systemic
diseases. The abundance of oral microbiota specifically associated with systemic diseases
appears to be a clinical biomarker to some extent, although further exploration is still
necessary. If this clinical phenomenon is confirmed, early prediction of systemic diseases
using microbial detection might be a crucial breakthrough. In the present research topic, we
aim to assemble original research articles and reviews discussing recent advancements in
understanding the association between oral microbiota dysbiosis and the development of
systemic conditions.
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Alteration in oral microbial
composition in systemic
pathologic conditions

Oral microbiomes are closely related to the health status of the
body. Oral squamous cell carcinoma (OSCC), one of the most
common malignant tumors of the head and neck, is closely
associated with the dysbiosis of the oral microbiome. Nie et al.
analyzed microbial samples collected from six oral niches, including
OSCC tumor tissue, adjacent normal tissue, cancer surface tissue,
anatomically matched contralateral normal mucosa, saliva, and
tongue coat. They found significant differences in microbial
composition and function among the six different oral niches,
and most of the genera significantly enriched in tumor tissue
samples were those that have been associated with periodontal
diseases. Nasopharyngeal carcinoma (NPC) is another common
head and neck cancer. Hao et al. established a non-invasive and
low-cost NPC risk screening model based on the oral and
nasopharyngeal microbiome. The oral microbiome accuracy rate
for NPC risk screening was reported to reach 77.2%.

Significant increases in circulating levels of estrogen and
progesterone are thought to have a significant effect on the
periodontium throughout pregnancy (Wu et al., 2015). The study
by Zhang et al. compared the microbial community characteristics
of supragingival plaque in 30 pregnant and 10 non-pregnant
women, and indicated a trend toward increased oral microbial
diversity during pregnancy. The imbalance of local and systemic
immunity and metabolism in HIV-infected/AIDS patients can
cause an imbalance in oral ecology (Tappuni and Sufiawati,
2020). Cao et al. demonstrated that highly active antiretroviral
therapy (HAART), the most effective therapy for HIV infection, has
a key role in the balance of salivary microecology in AIDS patients.
However, there are still some systemic diseases that do not result in
significant changes in oral microbiomes. Lu et al. explored the
impact of diabetes on periodontitis-related microorganisms in the
saliva, and showed that diabetes did not affect the diversity of
salivary microbiota in the context of periodontitis.

Effects of oral microorganisms on
systemic diseases

The detrimental effects of oral microorganisms are not confined
to the oral cavity, they can also contribute to systemic disorders,
such as type 2 diabetes mellitus, cardiovascular disease, and
inflammatory bowel disease (IBD) (Hajishengallis and Chavakis,
2021). The study by Kang et al. evaluated the influence of
periodontal organism on glucose metabolism disorder in mice.
After 22 weeks of periodontal pathogen infection, significant
differences were observed at 30 and 60 min for the glucose
tolerance test (GTT) and at 15 min for the insulin tolerance test
(ITT). In the review by Li et al. the authors provided a

Frontiers in Cellular and Infection Microbiology
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comprehensive overview on the influence of periodontitis and the
effect of periodontal therapy on vascular endothelial function, and
the molecular mechanisms involved. In the article by Chen et al. the
influence of periodontal pathogen infection on gut mycobiome was
explored. The authors demonstrated the first evidence of gut fungal
dysbiosis with periodontal pathogen administration. Wang et al.
further reported that periodontitis salivary microbiota gavage could
exacerbate intestinal inflammation, and aggravate long bone loss
through the oral-gut axis in ovariectomized (OVX) rats.

Pathogenic mechanism of
oral microorganisms

The presence of integrin 36 (ITGB6), an epithelial-specific
receptor, is essential for periodontal health, as its low expression
in the gingival epithelium is related to the development of
periodontal diseases (Ghannad et al, 2008). An interesting
research paper contributed by Xu et al. showed that the
interaction of the transcription factors forkhead box protein Ol
(FOXO1) and signal transducer and activator of transcription 3
(STAT3) mediated oral bacterial biofilm components induced
ITGB6 downregulation in human epithelial cells, and speculated
that targeting the FOXO1-STAT3 signaling axis might be an
effective method for treating periodontal diseases. Previous
research has confirmed that potassium ion is associated with
enhanced virulence of the plaque community in vitro (Yost et al,
2017). The study by Zou et al. deciphered the role of TrkA, the
regulatory subunit of the potassium uptake system Trk in
periodontal pathogen-Porphyromonas gingivalis (P.gingivalis). The
authors found that TrkA is required for the virulence of P.gingivalis
in vivo.

It has been concluded that P.gingivalis or its virulence factors
can induce memory impairment and Alzheimer’s disease (AD)-
related pathologies (Jiang et al., 2021; Tang et al., 2021). Outer
membrane vesicles (OMVs), secreted by Gram-negative bacteria,
could carry bacterial LPS, protease, membrane receptor, DNA,
RNA, and so forth, and act as long-distance weapons and cause
systemic disease (Toyofuku et al., 2019). In the study by Gong et al.
the authors demonstrated the relationship between P.gingivalis
OMVs and AD-like phenotypes for the first time. This
study indicated that oral gavage of P.gingivalis OMVs could
induce AD-like phenotypes, including memory dysfunction,
neuroinflammation, and tau phosphorylation, and NLRP3
inflammasome activation was a possible mechanism.

Conclusion

In summary, the articles presented in this research topic provide
readers with updated data on the association of oral microbiota
dysbiosis with systemic conditions. We hope that the knowledge
from these published articles will be useful for initiating new studies
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in this exciting area where the detailed or acquired molecular
mechanisms remain unexplored.
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The purpose of this study was to assess the clinical oral status and investigate the effect of
highly active antiretroviral therapy (HAART) on oral flora diversity in human
immunodeficiency virus (HIV)-infected/acquired immune deficiency syndrome (AIDS)
patients. We first recorded and analyzed the demographic indicators of 108 HIV-
infected patients and assessed their periodontal health, dental health and oral lesion
status by oral examination. Besides, we compared the changes in salivary microbial
communities of healthy controls, before and after treatment of HAART-processed AIDS
patients by Roche 454 sequencing and RT-gPCR. In HIV-infected/AIDS patients, age,
sex, marital status, income level, smoking and oral health behaviors had an effect on
periodontal clinical indicators; age and marital status were correlated with dental clinical
indicators; most of them were accompanied by oral manifestations, mainly including
candidiasis albicans, salivary gland disease, AIDS-associated periodontitis, and oral
ulcers. Besides, a total of 487 species were detected in the saliva of AIDS patients. The
microbial communities of HAART-unprocessed AIDS patients significantly differed from
those processed patients, with 112 unique microbial species. More importantly, a large
number of conditioned pathogens were also detected in the saliva samples of AIDS
patients, which may be associated with opportunistic infections. Therefore, HAART might
have a crucial role in salivary microecological balance in AIDS patients. And these patients
should pay attention to the maintenance of oral health, and the early initiation of HAART
may be important for the development of oral lesions.

Keywords: acquired immune deficiency syndrome, oral characterization, oral microbiota, roche 454 sequencing,
highly active antiretroviral therapy
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INTRODUCTION

Acquired immune deficiency syndrome (AIDS) is caused by
infection with the human immunodeficiency virus (HIV) (Upreti
et al., 2020; Chen and Wang, 2022). HIV can attack and disrupt
the immune system microbalance, producing a range of signs
and symptoms (Bbosa et al., 2019). Patients with AIDS are highly
susceptible to various bacterial or viral infections due to their
severely compromised immune function (Meer, 2019). Besides,
HIV infection can be combined with various opportunistic
infections and rare tumors, leading to death (Cilliers et al,
2019; Chen and Wang, 2022). In recent years, the number of
HIV infections worldwide is increasing and has become an
increasingly serious social problem (Lapointe and Harrigan,
2020). It has been reported that 30% of HIV patients first
present with oral symptoms, which will cause oral and
maxillofacial infections after immune compromise (Hulgan
and Samuels, 2021). Within 1-4 years prior to the onset of
AIDS, patients may present with various typical oral lesions
(Peacock et al., 2017). This has also become a key symptom for
the early detection and diagnosis of AIDS. Currently, the
international medical community attaches great importance to
the oral manifestations of HIV. Therefore, it is of scientific
importance to further investigate the oral representation of
AIDS and its potential treatment strategies.

Highly active antiretroviral therapy (HAART) is the most
effective therapy for HIV infection (Lu et al., 2018). And the
effective implementation of HAART therapy can greatly reduce
the opportunistic infections in AIDS patients, and decrease the
morbidity and mortality of HIV-infected patients (Andrade
et al, 2017). A decreasing trend has been reported in the
incidence of HIV/AIDS-related oral diseases after the
introduction of HAART (Oliva-Moreno and Trapero-Bertran,
2018). Research also testified that HIV/AIDS-related oral disease
can be applied as one of the indicators to evaluate the efficacy of
HAART (Shekatkar et al., 2021). Additionally, studies confirmed
that the development of oral diseases is relevant to the oral
microbial community (Graves et al., 2019; Mosaddad et al,
2019). The oral cavity is inhabited by vast commensal and
pathogenic microorganisms (Gao et al, 2018). Dysbiosis of
ecological balance is the initiating factor in the progression of
oral infectious diseases (Zhang et al., 2018). The imbalance of
local and systemic immunity and metabolism in HIV-infected/
AIDS patients can cause an imbalance in oral ecology, which
often result in multiple infectious diseases (Tappuni and
Sufiawati, 2020). However, the alteration of the oral microbial
community in AIDS patients after HAART is not completely
clear. Therefore, it is crucial to explore the changes and
characteristics of oral microorganisms in AIDS patients during
HAART for the evaluation of HAART efficacy.

Currently, 454 pyrophosphate sequencing can enable deep
sequencing of microorganisms in the oral environment, which
also can identify the changes in the structure of the oral
microbiome (Keijser et al., 2008; Yan et al.,, 2016). This has an
essential role in exploring the dynamic relationship between oral
microorganisms and changes in the oral environment and
systemic health status. The Roche 454 GS FLX+ is the latest

upgraded high-throughput sequencing system from 454 Life
Science (Forgetta et al., 2013). And its maximum read length
can reach 1000bp, and the sequencing accuracy reaches 99.997%
(Allali et al., 2017). This technique has been successfully applied
to study the microbiome of oral samples, such as saliva, plaque,
pulp infections, etc (Keijser et al., 2008; Nasidze et al., 2009;
Lazarevic et al., 2010; Li et al., 2010; Ling et al., 2010).

Above all, we collected the demographic characteristics of
HIV-infected patients through questionnaires and conducted
detailed oral examinations of these patients, thereby assessing
the relationship between patient demographic risk factors and
periodontal or dental health status. Besides, we also adopted the
Roche 454 GS FLX+ sequencing platform to compare the
differences in salivary microbial communities among normal
controls, before and after treatment of HAART-processed AIDS
patient. Furthermore, we investigate the oral health and oral
microbalance in HIV-infected patients. Therefore, the study will
be clinically important for the disease control of HIV-infected
patients and the efficacy monitoring of HARRT treatment. This
will also have key clinical implications for monitoring the efficacy
of HARRT treatment in AIDS patients.

MATERIALS AND METHODS

Patient Samples

108 HIV-infected patients were obtained from the Public Health
Clinical Medical Center (Chengdu, Sichuan, China). The
informed consent forms were signed by all patients. Inclusion
criteria included being 18 years of age and older, having the
ability to express themselves, and meeting the diagnostic criteria
for HIV-infected patients and AIDS patients (Volberding et al.,
2012). Exclusion criteria included co-infection with serious
opportunistic infections; co-infection with other serious or
unstable chronic diseases; inability to move autonomously; and
women during pregnancy. All study subjects completed an
epidemiological questionnaire before undergoing clinical
examination. This study also received the approval of the
ethics committee in West China Hospital of Stomatology,
Sichuan University (WCHSIRB-D-2015-004).

Clinical Assessment of Periodontal Health
All enrolled patients underwent a comprehensive periodontal
examination using Hu-Friedy William Probe and disposable
mouth mirror. Periodontal clinical examination was performed
by 4 dentists based on the Carranza’s Clinical Periodontology
method (Newman et al., 2011). And the examination indexes
contain probing Depth (PD), clinical attachment loss (CAL),
CAL > 3 mm, and CAL > 5 mm, PD > 4 mm, and bleeding on
probing (BOP). For PD and CAL, six locis (Proximal mid-buccal
loci, buccal loci, distal mid-buccal loci, distal mid lingual loci,
lingual loci and proximal mid-lingual loci) of each tooth were
evaluated using a periodontal probe (Williams probe; Hu-Friedy;
Hu-Friedy, Chicago, IL, USA). For BOP: a total of 4 locis in distal
mid-buccal, median, proximal mid and lingual locis were
examined. 0 = no bleeding, 1 = bleeding.
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Clinical Assessment of Dental Health

The dental examination method was consistent with periodontal
examination. In line with the World Health Organization
(WHO) method of oral health survey (Newman et al., 2011),
natural teeth were counted as 28 teeth, excluding upper and
lower third molars, and missing teeth were recorded as missing.
Non-carious teeth: complete teeth without fillings and without
filling treatment. Caries: sulcus or smooth surface of the tooth
with a softened lesion at the base, and potential damage to the
enamel or softening of the sulcus wall (Liu et al., 2020). The
dental examination included number of permanent sound teeth,
number of missing teeth from oral disease, number of decayed,
missing, filled teeth (DMFT), and Number of decayed, missing,
filled surfaces (DMES).

Oral Mucosa Examination

Fungal culture was performed in oral mucosal scrapings from the
included patients. The examination was uniformly conducted
using the WHO-recommended CPI probe and planar mouth
mirror. Oral mucosal disease is diagnosed by referring to the
criteria developed by the WHO collaborating centre for oral
manifestations of HIV infection (Pinna et al., 2019; Indrastiti
et al., 2020).

Experimental Grouping

The study population was randomly divided into healthy control
group (H, n = 78), AIDS group (before treatment of HAART-
processed AIDS patients (UT), n = 64), and HAART treatment
group (after treatment of HAART-processed AIDS patients (T),
n = 62). Healthy controls were age-sex matched healthy people,
which were chosen at random. And inclusion criteria for healthy
controls included 18 years of age or older, HIV antibody test was
negative, having the ability to express themselves, informed
consent, voluntary participation. Exclusion criteria included
combination of fatal opportunistic infections, combination of
various malignancies, combined with cranial infection,
unconsciousness, inability to move on their own, women
during pregnancy.

Bacterial Total Genomic DNA Extraction

Referring to the method described in previous study, 5 mL
of non-stimulated saliva samples were collected and stored in a
-80°C refrigerator (Wong, 2009). Based on the kit instruction
and previous research (Tian et al., 2010), the collected saliva
samples were subjected to extraction of total bacterial genomic
DNAs through the MasterPure'™ DNA Purification Kit
(Epicentre, Madison, USA) after optimizing the conditions.
Briefly, an equal volume of saliva was mixed with PBS,
centrifuged, and the supernatant was collected. The
supernatant was centrifuged at 14,000 x g for 10 min at 4°C
and the precipitate was retained. The precipitate was added to
299 L of cell lysate and 1 pL of 50 ug proteinase K in a 65°C
water bath for 40 min. The sample was cooled to 37°C, and added
with 1.5 pL of RNase A in a 37°C water bath for 30 min. After
3 min on ice, 175 pL of MPC Protein Precipitation Reagent was
added to the sample and centrifuged at 14,000 x g for 10 min at

4°C. the precipitate was added to 500 uL of isopropanol and
centrifuged. The precipitate was washed with 75% alcohol and
the DNA was lysed with 20 uL TE buffer.

Roche 454 Sequencing

Each group contained 5 samples were collected for Roche 454
sequencing. The bacterial genomic DNA was first amplified
using multiple pairs primers. And we selected the universal
primer 347F/803R for the V3-V5 region of the bacterial 16S
rDNA gene (Nossa et al., 2010). Roche 454 universal junction
primers (454 A and B), multiplex identifier (MID) and target
amplification primers were integrated as fusion primers. Then
genomic DNA was amplified by multiplex PCR through the
FastStart High Fidelity PCR System (Roche Applied Science,
Mannheim, Germany). The amplification product is the
amplicon library. Next, the libraries were purified using
Agencourt AMPure XP PCR (Agencourt Bioscience, MA,
USA). The libraries were assayed for fragmentation and
concentration using LabChip GX (Caliper Life Sciences, MA,
USA). Libraries were emulsified with GS FLX Titanium emPCR
Kit (454 Life Sciences, CT, USA). And the library was sent to the
GS FLX Titanium sequencing platform (454 Life Sciences, CT,
USA) for pyrosequencing.

Quantitative Real-Time PCR Analysis
Quantitative real-time PCR (RT-qPCR) assays were performed
using the 16S rRNA gene as the target and using PCR
amplification primers and hydrolysis-probe detection on the
Light Cycler 96 (Roche, Basel, Switzerland). Each microbial
DNA RT-qPCR array plate analyzed one sample for 93 species
(NCBI Tax ID)/gene at a time. Overall bacterial load and host
genomic DNA were measured as internal reference (Korona-
Glowniak et al., 2021).

Composition and Abundance Analysis

of Operation Taxonomy Unit in

Microbial Community

The sequences of 16S rDNA V3-V5 region were sequenced to
obtain the raw sequence data, which were then processed using
Mothur (Version 1.32.1, http://www.mothur.org/) to acquire
Unique Reads. And then the operation taxonomy unit (OUT)
with species were annotated (Schloss et al., 2009). The
VennDiagram package in R language was applied to produce
the Venn diagram (Chen and Boutros, 2011). The heat map was
produced using R language (v2.15.3, http://www.r-project.org/
index.html). Phylogenetic trees were constructed and plotted
using QIIME (Version 1.50, http://qiime.org/index.html) and
R language.

Diversity Analysis

o-diversity analysis refers to the analysis of species diversity in
individual samples (Kemp and Aller, 2004). The o-diversity of
samples was calculated using mothur (Schloss et al., 2009).
Differences in o-diversity indices between groups were
compared using R language and the corresponding dilution
curves were plotted. The B-diversity can reflect the differences
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in species diversity of different samples, which was analyzed with
QIIME (Crawford et al., 2009).

Cluster Analysis of Species Composition

Using QIIME software, 75% of the reads were randomly chosen
for calculation in each sample, and the final clustering tree was
obtained after 100 iterations of comprehensive statistics, which
was plotted using R language. Significant differences in microbial
composition between groups were analyzed using Metastats
software, and p-values were corrected for the Benjamini-
Hochberg method using the R language (Crawford et al., 2009).

Statistical Analysis

The clinical data was compared using non-parametric Kruskal
Wallis test with SPSS 23.0 software (Inc., Chicago, IL). For a-
diversity analysis, the Wilcoxon Rank-Sun test was applied for
the comparison of two samples; the Kruskal-Wallis test was
applied for the comparison of multiple samples. P < 0.05
signified that the difference was significant.

RESULTS

Relationship Between Demographic
Variables and Periodontal Clinical
Indicators in HIV-Infected Patients

By analyzing the relationship between demographic variables
and clinical indicators of periodontal health, we found that age
was associated with probing depth, CAL, PD > 4 mm, CAL >

3 mm, and CAL > 5 mm in the study population (P < 0.01). Sex
was relevant to probing depth and CAL only (P < 0.05), with the
female group being higher than the male group. There was no
statistically significant difference between ethnicity and
periodontal clinical indicators. Marital status was related to
probing depth, CAL, PD > 4 mm, and CAL > 5 mm (P < 0.05,
P < 0.01), and all three indicators were lower in the unmarried
group than in the other groups. Education and income per year
were associated with probing depth, CAL, CAL > 3 mm and CAL
>5mm (P < 0.05, P <0.01). Residence had an effect on CAL only
(P < 0.05) and was higher in the rural group than in the urban
group. BMI was correlated with BOP-positive sites and probing
depth (P < 0.05), and both indicators were also higher in the
higher BMI group (Table 1). Besides, we found that alcohol
consumption was relevant to CAL > 3 mm (P = 0.044), while the
smoking population was statistically associated with probing
depth, CAL, PD > 4 mm, CAL > 3 mm, and CAL > 5 mm.
Moreover, we discovered that in the target population, frequency
of tooth was only associated with BOP-positive sites (P = 0.035);
Dental flossing was statistically associated with BOP-positive
sites and CAL > 5 mm (P < 0.05). Dental visit experience was
negatively associated with BOP-positive sites, PD, PD > 4 mm,
CAL > 3 mm, and CAL > 5 mm (P < 0.05) (Table 2).

Oral Lesions in HIV-Infected Patients

Among the 108 HIV-infected patients, oral manifestations were
higher in candidiasis albicans (47.23%), salivary gland disease
(7.41%), AIDS-associated periodontitis (19.44%), and oral ulcers
(20.37%), and low in oral hairy leukoplakia (1.85%) and herpes

TABLE 1 | Comparison of demographic variables with periodontal health status in HIV-infected patients, n = 108.

Variables N BOP (%) Mean Probing Depth (mm)
Age (years) 108
13~24 26 36.47 1.58
25~44 32 33.29 2.75
45~64 29 34.74 4.28
>65 21 29.84 3.88
p value 0.275 0.000**
Sex 108
Male 50 33.92 2.95
Female 58 32.73 3.75
p 0.587 0.021*
Ethnic 108
Han 97 33.94 3.16
Minority ih 30.50 2.46
p value 0.508 0.202
Marital status 108
Single 19 31.94 2.23
Married 45 35.68 3.12
Divorced 25 33.58 3.68
Widowed 19 30.63 3.24
p value 0.497 0.004**
Education (years) 108
<9 43 33.09 3.57
9~12 46 34.92 3.031
>12 19 31.41 2.08

Mean CAL (mm)

PD>4mm (%) CAL>3mm (%) CAL>5mm (%)

0.59 3.40 7.02 2.66
2.46 14.43 31.40 9.94
411 24.62 41.74 13.49
3.88 17.36 39.06 12.38
0.000** 0.000** 0.000** 0.000**
2.59 156.43 28.05 9.207
3.36 13.71 37.33 11.41
0.046* 0.554 0.088 0.145
2.81 15.34 29.96 9.86
2.03 11.86 29.85 7.23
0.258 0.362 0.919 0.209
1.50 8.42 19.16 3.95
2.90 14.23 31.59 10.59
3.47 18.63 35.02 11.61
2.68 20.31 31.13 11.67
0.001** 0.038* 0.088 0.001**
3.35 18.18 36.02 11.50
2.61 1412 27.83 8.98
1.43 9.16 19.04 6.47
(Continued)
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TABLE 1 | Continued

Variables N BOP (%) Mean Probing Depth (mm) Mean CAL (mm) PD >4 mm (%) CAL>3mm (%) CAL > 5 mm (%)
p value 0.463 0.000** 0.000** 0.077 0.000** 0.012*

Income per year 108

(RMB)

<12000 12 30.06 4.03 3.42 19.36 38.77 10.76

12000~36000 62 33.91 3.30 3.12 16.18 32.12 10.80

>36000 34 34.61 2.45 1.85 11.61 22.95 7.28
p value 0.612 0.004** 0.001** 0.090 0.015* 0.038*

Residence 108

Urban 38 33.14 2.79 2.27 14.41 25.40 8.46

Rural area 70 33.62 3.31 3.03 15.55 32.40 10.28
p value 0.931 0.127 0.031* 0.560 0.070 0.183

BMI (kg/m?) 108

<18.5 25 27.81 3.88 3.30 17.78 35.16 10.90

18.56~24 78 34.37 2.83 2.51 14.71 28.08 9.29

24~28 5 52.75 3.95 3.79 7.56 34.40 9.35
p value 0.024* 0.006** 0.072 0.196 0.254 0.762

Non-parametric Kruskal Wallis test. *, P < 0.05; **, P < 0.01. BOP, Bleeding on probing; CAL, Clinical attachment loss,; PD, Probing depth. Bold values means p < 0.05.

simplex stomatitis (3.70%). Lymphadenitis, Kaposi’s sarcoma,
and non-Hodgkin’s lymphoma were not found (Table 3).

Overall Characteristics of Roche 454
Sequencing in the Oral Flora in AIDS
Patients After HAART

Further, we adopted Roche 454 sequencing to investigate the
impacts of HAART on the diversity of salivary microbial
communities in 5 healthy controls, 5 HAART processed AIDS
patients, and 5 HAART unprocessed AIDS patients. We
obtained 150,342 valid 16s rDNA gene sequences. After the
raw sequences were optimized and filtered, 81,182 high quality
valid sequences were applied for data analysis. And the effective
length of the sequences was around 241 bp after removing
primer and Barcode (Figure 1).

Diversity Analysis of Microecological
Communities in the Saliva Samples of
AIDS Patients After HAART

We first applied the rarefaction curve to evaluate the diversity of
the original community. When the curve flattens out or reaches a
plateau, the sequencing depth has largely covered all species in
the sample. Our data displayed that the sequencing level has
reached a good depth at the 0.03 cut off level. With the increase of
sequencing volume, the shannon index curve gradually became
flat. Therefore, our sequencing volume can basically reflect the
diversity of oral flora in each group (Figure 2A). The o.-diversity
reflects the species diversity of individual samples and mainly
includes: Shannon index and Chaol index. The Shannon index
was adopted to estimate the level of community diversity, and the
higher the shannon value, the higher the community diversity.

TABLE 2 | Effect of oral health care behaviors on periodontal clinical indicators in HIV-infected patients, n = 108.

Variables N BOP Probing Depth
(%) (Mean, mm)
Frequency of tooth brushing 108
Twice a day 23 26.60 2.87
Once a day 76 35.07 3.1
Seldom/Never 9 45.05 4.43
P value 0.035* 0.246
Dental flossing 108
Once a day 14 27.47 2.58
Seldom/Never 94 34.78 3.21
p value 0.034* 0.062
Dental prophylaxis 108
Once a year 4 1.5 2.10
Dentists’ advice 39 34.56 2.75
Never 65 34.33 3.39
p value 0.025* 0.034*
Dental visit 108
Less than a year 4 25.73 3.30
1~2 years ago 39 37.00 2.87
3~5 years ago 31 31.37 3.07
>5 years ago 34 32.98 3.36
p value 0.503 0.408

Mean CAL PD > 4 mm Sites CAL > 3 mm Sites CAL > 5 mm Sites
(mm) (%) (%) (%)
2.42 15.70 24.79 8.21
2.80 15.00 30.88 9.89
3.55 13.29 39.63 12.88
0.406 0.988 0.310 0.390
217 10.10 22.54 5.62
2.85 15.96 31.26 10.38
0.173 0.173 0.136 0.028*
1.77 5.82 22.90 3.97
2.21 14.06 23.55 7.80
3.12 16.20 34.21 11.09
0.058 0.207 0.026* 0.016*
3.29 30.87 37.10 13.80
2.34 10.41 24.37 8.87
2.94 14.84 30.42 6.37
2.95 18.47 34.48 10.89
0.529 0.042* 0.267 0.584

Non-parametric Kruskal Wallis test. *, P < 0.05. BOP, Bleeding on probing; CAL, Clinical attachment loss; PD, Probing depth. Bold values means p < 0.05.
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TABLE 3 | Oral lesions in HIV-infected patients.

Lesion type Cases Percentage
Candidiasis albicans 51 47.23%
Salivary gland disease (xerostomia) 8 7.41%
Oral hairy leukoplakia 2 1.85%
Herpes simplex stomatitis 4 3.70%
AIDS-associated periodontitis 21 19.44%
Oral ulcers 22 20.37%

The chaol index can assess the number of OUTs contained in
the community by calculating the colony abundance, which
responds to the total number of species. Our results denoted
that the P values corresponding to shannon and Chao indices
were less than 0.05, indicating the significant differences in
community diversity from each group (Figures 2B, C).
Besides, B-diversity can be applied to compare the differences
between multiple groups of samples. And we compared the
salivary microbial community diversity of AIDS patients using
the UniFrac weighting algorithm to plot Heat map. Vertical
clustering signifies the similarity of all species in samples, and
horizontal clustering signifies the similarity in abundance of the
species in samples. Based on the UniFrac clustering analysis of B-
diversity of salivary microecological communities, we found that
samples from healthy controls, samples from before treatment of
HAART-processed AIDS patients, and samples from after
treatment of HAART-processed AIDS patients were clustered
together respectively (Figure 2D). Therefore, the microecological
communities in the saliva of the three groups of patients had
their own characteristics.

Species Composition and Distribution of
Flora in Saliva Samples From AIDS
Patients After HAART at the Genus Level
Additionally, based on the sequencing alignment results, we
discovered that there are 10 phyla of bacteria at the level of
taxonomic “phylum” of biological species. Among them,
Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, and
Actinobacteria accounted for more than 90% of the total bacterial
phyla. And the differences between the three groups of samples were

not statistically significant at this level of classification (Table 4).
Moreover, at the “genus” level, we detected a total of 105 genera.
And three of these genera (Streptococcus, Synergistetes, and
Veillonella), were detectable in all three sets of saliva samples. The
distribution of Solobacterium, Gemella, Rothia, Neisseria,
Leptotrichia, Parvimonas, and Haemophilus was not significantly
different in the three groups of samples. Kingella, Slackia,
Capnocytophaga, Peptostreptococcaceae, Atopobium,
Porphyromonas, and Lactobacillus were only present in the
healthy control group. And some genera, such as Fusobacterium,
Selenomonas, Campylobacter, Capnocytophaga, Prevotella, and
Granulicatella were significantly increased in the samples from
after treatment of HAART-processed AIDS patients compared
with samples from before treatment of HAART-processed AIDS
patients (Figure 3).

Distribution of Saliva Sample Flora
Species in AIDS Patients After HAART
Furthermore, we also analyzed the distribution of flora species
at the species level in three groups of saliva samples. As
exhibited in Figure 4A, at the level of “species”, a total of 91
species were annotated in the saliva of healthy controls, 185
species in saliva samples from before treatment of HAART-
processed AIDS patients, and 136 species in saliva samples of
after treatment of HAART-processed AIDS patients. In the
Venn diagram, we more intuitively understand the common
presence of 93 OTUs in the three groups with significant
diversity variation; there were 216 unique OTUs in the
HAART unprocessed group, and these species might be
associated with opportunistic infections (Figure 4B).

Distribution of Different Genera of Bacteria
in Saliva Samples of AIDS Patients After
HAART Treatment

Based on the sequencing alignment results, RT-qPCR was
performed to confirm the distribution of different genera of
bacteria in saliva samples of AIDS patients after HAART
treatment. As shown in Table 5, the positive samples of
Kingella, Slackia, Capnocytophaga, Peptostreptococcaceae,
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FIGURE 1 | Overall characteristics of Roche 454 sequencing in the oral flora in HIV-infected/AIDS patients after HAART. The statistics of Read Number for each
sample. H, Normal control; UT, HIV-infected/AIDS patients not processed with HAART; T, HIV-infected/AIDS patients processed with HAART.
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Atopobium, Porphyromonas, and Lactobacillus were significantly ~ Granulicatella in AIDS samples were significantly decreased in
lower in AIDS patients compared with healthy control group, = AIDS patients compared with healthy control group, meanwhile
meanwhile which were increased after HAART treatment. which were increased after HAART treatment (Table 6). The
Furthermore, the contributions of Fusobacterium,  RT-qPCR results were consistent with the Roche 454 sequencing
Campylobacter, Prevotella, Capnocytophaga, Selenomonas, and  alignment results.

TABLE 4 | Relative abundance of microbial diversity in saliva samples at the phylum level for different subgroups.

Phylum Relative Distribution %

Group H Group T Group UT
Actinobacteria 8.98 9.01 8.09
Bacteroidetes 12.81 12.82 11.89
Deinococcus-Thermus 0 0.21 0
Fusobacteria 6.68 4.24 5.05
Proteobacteria 10.12 11.12 10.97
Spirochaetes 2.86 1.78 3.87
Tenericutes 0 0.12 0.21
Firmicutes 58.44 58.81 58.91
Other 0.11 0.96 1.01
SR1 0 0.98 0

Group H, Healthy control; Group T, After treatment of HAART-processed AIDS patients; Group UT, Before treatment of HAART-processed AIDS patients; HAART, Highly active
antiretroviral therapy.
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processed AIDS patients.

DISCUSSION

Different opportunistic infections can invade different tissues
and organs of the body (Duff, 2019). And the oral cavity is a
common infection site for AIDS opportunistic infections

(Peacock et al., 2017). AIDS-related oral lesions are considered
the key indications for the detection and diagnosis of HIV
infection (Keijser et al., 2008; Nasidze et al., 2009; Lazarevic
etal.,2010; Liet al., 2010; Ling et al., 2010). Periodontal disease is
a group of periodontal support tissue infections caused by oral
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TABLE 5 | Different genera of bacteria in saliva samples of AIDS patients after HAART treatment.

Genura
Group H (n = 78)

Capnocytophaga 68 (87.18%)
Slackia 67 (85.90%)
Porphyromonas 72 (92.31%)
Kingella 74 (94.87%)
Peptostreptococcaceae 71 (91.03%)
Lactobacillus 69 (88.46%)
Atopobium 73 (93.59%)

Positive

Group UT (n = 64) Group T (n = 62)

8 (12.50%)* 51 (82.26%)"*
12 (18.75%)™* 48 (77.41%)"*
7 (10.94%)* 43 (69.35%)**
15 (23.44%)* 49 (79.03%)™*
14 (21.88%)™ 51 (82.26%)""
13 (20.31%)™ 48 (77.42%)™*
10 (15.63%)* 42 (67.74%)"*

Group H, Healthy control; Group T, After treatment of HAART-processed AIDS patients;, Group UT, Before treatment of HAART-processed AIDS patients; HAART, Highly active

antiretroviral therapy. **P < 0.01 vs Group H; **P < 0.01 vs Group T.

bacteria and is the most frequent microbial infectious disease
(Carrizales-Sepulveda et al., 2018). Studies demonstrated a
correlation between the occurrence of periodontal lesions and
HIV infection, reflecting a close relationship between oral and
systemic status (Patton et al., 2000; Paster et al., 2002; Vernon
et al., 2009; Vernon et al., 2011).

In our study, we performed statistics on the relationship
between periodontal and dental health indicators and
demographic variables of HIV-infected/AIDS patients. The
data displayed that age, sex, and marital status were associated
with several periodontal health indicators. Although study has
concluded that there is no statistical relationship between marital
status and periodontal health status (Persson et al., 2004) a series
of events such as family relationship breakups and financial
pressures leading to increased mental stress in HIV-infected
individuals may have had an impact on periodontal disease
(Leserman et al.,, 1999; Ketchen et al., 2009; Dalmida et al.,
2013; Warren et al., 2014). Meanwhile, socioeconomic variables
such as income, education level, and residence were correlated
with PD and CAL. And these results are consistent with the
published literatures (Ababneh et al., 2012; Soares et al., 2013;
Soares et al., 2014). Besides, our data revealed the percentage of
BOP positive loci was lower in the group with lower BMI,
probably because of the poorer systemic nutritional status of
this group of patients. Researches confirmed that smoking can
greatly increase the risk of periodontal destruction (Johnson,
2017); alcohol consumption is also a risk factor for developing
periodontitis (Ryder et al, 2019). Our data further reveal an
association between smoking and alcohol consumption and
periodontal health of HIV-infected patients. Also, HIV-

infected patients with good oral hygiene behaviors had better
periodontal health. Additionally, our data also manifested that
age, marital status and BMI were associated with dental health.
And mouth rinsing frequency was also\ associated with number
of permanent sound teeth and DMFT. Our present study also
found that the most common oral lesion among HIV-infected
patients was oral candidiasis, as previously reported (Suryana
et al., 2020). And oral ulcers are the second most frequent oral
lesion after oral candidiasis. Other study also proved that ulcers
in people with HIV/AIDS are larger, deeper and longer lasting
than those in HIV recessive patients (Tappuni, 2020). Dry mouth
was also found in some patients in this study, but no enlargement
of the salivary glands was detected. Therefore, oral hygiene
behaviors are key for maintaining periodontal health in HIV-
infected patients.

Oral microbiomes, as a complex and abundant microbiota,
play a vital role in maintaining a normal oral physiological
environment (Gao et al, 2018). In the human body, oral
microbiomes can interact with the body to affect oral health
and some systemic diseases (Graves et al., 2019). HIV-infected/
AIDS patients are in a state of chronic immune system
compromise, which has a significant impact on the overall oral
flora (Hegde et al., 2014). The widespread application of HAART
has been reported to improve oral representations (Fidel et al.,
2021). However, the effect of HAART on the oral flora of AIDS
patients has not been clearly elucidated. In our study, we adopted
Roche 454 sequencing to analyze the salivary microbial diversity
of healthy controls, before and after treatment of HAART-
processed AIDS patient. Our data suggested that salivary
microbial diversity can be reduced in AIDS patients processed

TABLE 6 | Different genera of bacteria in different saliva samples.

Genura Contribution (%)
Group H (n =78) Group UT (n = 64) Group T (n = 62)

Fusobacterium 6.27 + 0.74 1.49 + 0.41* 2.83 £ 0.47%*
Campylobacter 8.62 + 0.58 3.27 + 0.65"* 5.34 + 0.46""
Prevotella 4.26 + 0.41 2.32 + 0.34* 3.86 + 0.37%*
Capnocytophaga 1.24 £ 0.21 0.24 £ 0.11* 0.12 + 017"
Selenomonas 0.76 +0.13 0.26 + 0.08** 0.57 + 0.12%#
Granulicatella 3.58 + 0.52 1.38 + 0.47* 2.86 + 0.33"

Group H, Healthy control; Group T, After treatment of HAART-processed AIDS patients; Group UT, Before treatment of HAART-processed AIDS patients; HAART, Highly active

antiretroviral therapy. **P < 0.01 vs Group H; "*P < 0.01 vs Group T.
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with HARRT. This may be related to the increase of Candida and
other genera including Dialister, Aggregatibacter, Atopobium,
Actinomyces, etc. Besides, we detected 105 genera in the three
groups of samples. Of these, Streptococcus and Veillonella were
the dominant groups. Although these two genera are oral
commensals, they contain many vital species that may cause
human infections (Moussa et al., 2021; Yuan et al., 2021).
Interestingly, seven genera were present only in the healthy
control group. Five genera notably increased in the AIDS
group; Six genera including Aggregatibacter prominently
increased in the HAART-processed group, and Aggregatibacter
dramatically decreased in the HAART-processed group. At the
“species” level, we identified 319 strains. 7% of the strains only
appeared in healthy control group and 24% of the strains
appeared only in the AIDS group. Some strains exhibited
significant differences among the three groups of samples,
covering Atopobium spp, Actinomyces gerencseriae, and
Aggregatibacter segnis.

In this study, the 108 HIV-infected patients have poor
periodontal and dental health, mostly with oral lesions, and the
severity of which is related to age, gender, BMI, and degree of
immunodeficiency. Salivary microflora species were increased in
HIV-infected patients relative to healthy controls. And HARRT
treatment can obviously reduce salivary microbial diversity in
AIDS patients. Therefore, the maintenance of oral health and
oral ecosystem balance in HIV-infected/AIDS patients are of
great importance. And HAART has a key role in the balance of
salivary microecology in AIDS patients. Early HAART has an
irreplaceable role in improving the oral health status of AIDS
patients, reducing oral lesions and prolonging the survival of
AIDS. Although HAART treatment has a beneficial effect on
salivary microecological balance in AIDS patients, its possible
mechanism of action is not clear and needs further study.
Besides, we will also further collect more information about
HAART-treated patients for examining and comparing the
periodontal or dental health of patients before and after
treatment. The small sample size of patients included in the
Roche 454 sequencing is also a potential limitation of the current
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Aim: There is a bidirectional association between diabetes and periodontitis. However,
the effect of diabetes on the periodontitis salivary microbiota has not been elucidated. The
aim of this study was to determine the effect of the presence of diabetes on the microbiota
among Chinese patients with periodontitis.

Materials and Methods: Unstimulated whole saliva samples were collected from the
periodontitis with diabetes group (TC), chronic periodontitis group (CP), and periodontally
healthy and systemically healthy group (H) by spitting method. Bacterial genomic DNA
was PCR-amplified at the V4 variable region of 16S rRNA gene. The library was
constructed according to the obtained sequence results, and biological analysis and
statistical analysis were carried out. Functional prediction of three groups of microbial
communities was performed by the PICRUSt algorithm.

Results: There was no significant difference in bacterial diversity between the TC and CP
groups. Compared with the H group, the TC group and CP group presented a higher
diversity of salivary flora. Firmicutes, Streptococcus, Haemophilus, Veillonella, and
Haemophilus parainfluenzae dominated the H group. Corynebacterium, Leptotrichia,
Dialister, Comamonas, Capnocytophaga, Catonella, Filifactor, Campylobacter,
Treponema, Campylobacter concisus, Prevotella oralis, and Porphyromonas gingivalis
were significantly enriched in the TC and CP groups. Among them, Treponema and P.
oralis were the most abundant in the TC group. The PICRUSH results showed that many
pathways related to cell motility and functional metabolism of the salivary microbial flora
changed in the TC group and the CP group.

Conclusions: Diabetes was not the main factor causing the altered diversity of salivary
microbiota in patients with periodontitis; however, the presence of diabetes altered the
abundance of some microbiota in saliva.

Keywords: diabetes, periodontitis, saliva, 16S rDNA, microbiota
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INTRODUCTION

Diabetes mellitus is a common metabolic disorder characterized
by chronic hyperglycemia. The latest epidemiological studies
have shown that more than 440 million people worldwide suffer
from diabetes (Lovic et al., 2020), mainly in countries in the Asia-
Pacific region. According to statistics, China has the largest
number of diabetic patients in the world (Ma, 2018).
Therefore, diabetes is an unresolved public health problem in
China and throughout the world.

Periodontitis is the sixth most common complication in people
with diabetes (Loe, 1993). Current epidemiological investigations
have demonstrated a bidirectional relationship between diabetes
and periodontitis. Type 2 diabetes mellitus (T2DM) is the most
common type of diabetes, and its age of onset is more similar to
periodontitis. Considering the different etiologies of type 1 diabetes
(TIDM) and T2DM, and the potential differences in the
pathobiology of these two diseases, it is more beneficial to explore
their effects on periodontitis separately to explain their relationship
with periodontitis. Systemic effects associated with T2DM and
periodontitis may act synergistically to produce more severe
periodontal disease progression than TIDM (Novak et al., 2008).
Increased severity of periodontal disease in T2DM may reflect the
altered pathogenic potential of periodontal bacteria and/or altered
host inflammatory response characteristics, which may lead to a
breakdown of periodontal homeostasis (Naguib et al., 2004).
However, studies on the effect of T2DM on the periodontitis
microbiota have yielded conflicting results (Polak and Shapira,
2018). This may be due to factors such as different regions, ethnic
differences, and age (Taylor et al.,, 2013). Therefore, it is necessary to
conduct in-depth research on the differences in the microbiota
structure of periodontitis patients with or without diabetes among
different populations.

In the Chinese population, the impact of diabetes on
periodontitis salivary flora is relatively unknown. In the study of
inflammatory mediators and microbiota in periodontitis and
systemic diseases, saliva has been proven to be a viable substitute
for serum and gingival crevicular fluid (Deepa and
Thirrunavukkarasu, 2010), which helps to solve some problems
inherent to gingival crevicular fluid sampling (Ghallab, 2018), such
as time consumption, multiple sampling, and blood contamination.
With the loss of periodontal attachment and the appearance of deep
periodontal pockets, many serum-like fluids and microorganisms in
gingival crevicular fluid infiltrate into saliva; thus, most periodontal
pathogens and inflammatory mediators can be detected in saliva
(Kim et al., 2018). Therefore, this study used a Chinese population
as the research object to explore the impact of diabetes on
periodontitis-related microorganisms in the saliva, in order to
provide a theoretical basis for further research on the microbial
mechanism of diabetes on periodontitis.

METHODS
Study Population

The subjects of the study were patients who visited the Department
of Stomatology and Endocrinology of the First Affiliated Hospital of

Jinan University from January 2021 to January 2022. Thirty
volunteers were recruited by convenience sampling and divided
into the periodontitis with diabetes group (TC group, n = 10),
chronic periodontitis group (CP group, n = 10), and healthy group
(H group, n = 10).

Periodontitis was defined by the presence of alveolar bone
resorption in at least 30% of sites and more than 4 sites with
probing depth (PD) 24 mm and clinical attachment loss (CAL)
22 mm (Zhou et al, 2013). T2DM was defined as glycated
hemoglobin (HbA;C) 26.5% and fasting blood glucose (FBG)
>7.0 mmol/L (Maboudi et al., 2019). Individuals who were
diagnosed with periodontitis and had no history of diabetes,
self-reported systemic health, or blood tests with normal HbA,C
were included in the CP group. Patients newly diagnosed with
T2DM in the endocrinology department and periodontitis
diagnosed in the stomatology department were included in the
TC group. Individuals without periodontitis and self-reported
systemic health were included in the H group.

The following patients were excluded from our study: 1) any
patient diagnosed with metabolic disease other than diabetes and
systemic disease that may have affected the progression of the
periodontitis, such as hyperthyroidism or cancer; 2) prior to the
experimental history of special medication, such as antibiotics or
hormones, within 6 months; 3) received periodontal treatment,
such as scaling, within 6 months; 4) pregnant or breastfeeding; 5)
current smokers (Becker et al., 2014); 6) remaining tooth with
root caries. All participants signed a written informed consent
form and agreed to use their own saliva samples for this study.
This study was approved by the Medical Ethics Committee of the
First Affiliated Hospital of Jinan University in China (Approval
Number Kyk-2022-014) and strictly followed the Declaration
of Helsinki.

Saliva Collection and DNA Extraction

Before the periodontal assessment, unstimulated whole saliva
samples were collected by spitting. All research subjects were
asked to fast for at least 8 h and to avoid eating, rinsing, brushing
their teeth, and performing other oral exercises for at least 2 h
before sampling. Then, 2 ml of saliva was collected between 9:00
am and 11:00 am and immediately stored in a —80°C refrigerator.
The genomic DNA of the samples was extracted by the
conventional cetyl trimethylammonium bromide method
(CTAB), and the purity and concentration of the DNA were
then detected by agarose gel electrophoresis.

High-Throughput Sequencing

With the use of the diluted genomic DNA as a template and
specific primers with Barcode, PCR amplification was performed
on the 16S rRNA gene V4 variable region. The forward primer
sequence was 515F (5'-GTGCCAGCMGCCGCGCTAA-3'),
and the reverse primer sequence was 806R (5'-GGAC
TACHVGGGTTWTCTAAT-3'). The TruSeq® DNA PCR-Free
Sample Preparation Kit (Illumina, San Diego, CA, USA) was
used for library construction. The library quality was assessed on
the Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham, MA,
USA) and Agilent Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, USA). After the library was
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qualified, the Illumina NovaSeq 6000 platform was used for on-
machine sequencing.

Biological Analysis and Statistical Analysis

The original sequence was spliced and filtered to obtain clean data
(effective tags). Then, Uparse software (Uparse v7.0.1001, http://www.
drive5.com/uparse/) was used to perform operational taxonomic unit
(OTU) clustering on the effective tags of all samples. Species
annotation taxonomic analysis was performed using the Silva
database (http://www.arb-silva.de/) based on the Mothur algorithm.
Differences in dominant species between groups were compared using
MUSCLE software (version 3.8.31, http://www.drive5.com/muscle/).
After the data were normalized, alpha diversity analysis and beta
diversity analysis were performed using QIIME software (Version
1.9.1) and R software (Version 2.15.3). With the use of R software
(Version 2.15.3), statistical analysis methods, such as T-test, MetaStat,
and analysis of similarity (ANOSIM), were used to test the significance
of differences in the species composition and community structure of
the grouped samples. PICRUSt predicted microbial function,anda T-
test was used to detect functional differences between groups.
Statistical analysis was performed on the baseline data of the study
population using ANOVA or Tukey’s test and the chi-square test in
GraphPad Prism software.

RESULTS

Sociodemographic Characteristics and
Clinical Examination

As shown in Table 1, there was no significant difference in age or
sex among the TC group, CP group, and H group (p > 0.05).
There were significant differences in CAL and PD between the
CP group, TC group, and H group (p < 0.05), but there were no
significant differences in CAL or PD between the CP group and
TC group (p > 0.05). The average levels of HbA,C and FBG in
the TC group were 8.54% + 1.38% and 12.03 + 2.63 mmol/L.

Operational Taxonomic Unit and
Sequencing Depth Analysis

To study the bacterial community composition of each sample,
OTUs were clustered with 97% consistency for the effective tags of

all samples, and species annotation was then performed on the
sequences of OTUs. In total, 2,471 OTUs were identified in this
study, from which 22 phylum-, 277 genus-, and 264 species-level
taxa were detected. As shown in Figure 1A, 711 OTUs overlapped
in the three sets of samples. The CP group had 1,094 OTUs, the TC
group had 1,045 OTUs, and the H group had 1,952 OTUs. The CP
group had 224 unique OTUs, the TC group had 188 unique OTUs,
and the H group had 1,150 unique OTUs. The sparsity curve among
the three groups was flat (Figure 1B), indicating that the sequencing
sampling of the study was reasonable and that more data volumes
would yield only a small number of new species.

Microbial Diversity Analysis

The alpha diversity among the three groups is shown in Figures 2A,
B. From the Beeswarm of the observed species (Figure 2A), there
was no significant difference in species abundance among the three
groups (p > 0.05). The Beeswarm of Shannon indicated (Figure 2B)
that the diversity of the TC group and the CP group was
significantly increased compared with that of the H group.
However, there was no significant difference in species abundance
or diversity between the TC group and the CP group.

The beta diversity among the three groups is shown in
Figure 2C. The principal coordinate analysis (PCoA) based on
the weighted UniFrac distance showed that the samples in the TC
group and the CP group were closer in distance, indicating that the
degree of bacterial evolution of the samples between the two groups
was similar, and the bacterial community structure between the two
groups was similar. The distance between the H group and the TC
and CP groups was farther, indicating that the bacterial community
structures of the disease study group (TC and CP groups) and the H
group were significantly different. ANOSIM further showed that
there was no significant difference in the flora structure between the
TC group and the CP group (R* = 0.008, p > 0.05). The bacterial
community structure between the CP group and the H group
(R* = 0.162, p < 0.001) and the TC group and the H group
(R* = 0.204, p < 0.001) were statistically significant.

Differences in Bacterial Community
Structure Between Groups at the Phylum
Level

As shown in Figure 3A, at the phylum level, the three groups of
samples were dominated by Proteobacteria, Bacteroidota,

TABLE 1 | Social demographic characteristics and clinical parameters among TC, CP, and H groups.

Variable TC CP H P-value
(mean = SD) (mean = SD) (mean = SD)
Age (years) 36.10 + 2.60 32.40 + 6.26 32.70 + 3.56 p > 0.05%
Sex (male/female) 5/5 6/4 5/5 p > 0.05°
PD (mm) 451 +0.53% 4.09 + 0.38% 1.65 £ 0.29 p < 0.052
CAL (mm) 2.27 +0.98% 1.78 + 0.51% 0.00 + 0.00 p < 0.05%
HbA;C (%) 8.54 + 1.38 - - -
FBG (mmol/L) 12.03 + 2.63 - - -

PD, pocket depth; CAL, clinical attachment loss; HbA;C, glycosylated hemoglobin; FBG, fasting blood glucose. p < 0.05 is statistically significant.

#p > 0.05 between TC and CP groups.
FANOVA.

PChi-square test.

“Turkey test.
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Firmicutes, Fusobacteriota, and Actinobacteria. The MetaStat and
T-test results (Figure 4 and Supplementary Figure S1) showed that
the phyla Fusobacteriota, Cyanobacteria, and Spirochaetota in the
TC group were higher than those in the H group, and the phylum
Gracilibacteria was lower than that in the H group; the phyla
Fusobacteriota, Campylobacterota, Spirochaetota, and
Cyanobacteria in the CP group were higher than those in the H
group, while Firmicutes was lower than that in the H group;
Spirochaetota was higher in the TC group than in the CP group.

Differences in Bacterial Community
Structure Between Groups at the Genus
Level

As shown in Figure 3B, the genus-level distribution among the
three groups of samples was in the order of Neisseria, Prevotella,
Haemophilus, Streptococcus, Veillonella, and Porphyromonas. The
MetaStat and T-test results (Figure 5 and Supplementary Figure
S2) showed that the Leptotrichia, Selenomonas, Campylobacter,
Catonella, Treponema, Corynebacterium, Capnocytophaga,
Dialister, Comamonas, and Filifactor genera were higher in the
TC group than in the H group; Haemophilus was lower than that in
the H group; the Neisseria, Leptotrichia, Campylobacter, Catonella,
Treponema, Corynebacterium, Capnocytophaga, Dialister, and
Filifactor genera were higher in the CP group than in the H
group, and Haemophilus, Streptococcus, and Veillonella were lower
than those in the H group; the Treponema genus was higher in the
TC group than the CP group.

Differences in Bacterial Community
Structure Between Groups at the Species
Level

The MetaStat and T-test results (Figure 6 and Supplementary
Figure S3) showed that, at the species level, Campylobacter concisus,
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FIGURE 1 | Venn diagram and rarefaction curve diagram. (A) Venn diagram. Each circle in the figure represents a group, the numbers in the overlapping parts of the
circles and the circles represent the number of operational taxonomic units (OTUs) shared among the samples (groups), and the numbers without overlapping parts
represent the unique OTUs of the groups. (B) Rarefaction curve diagram. The abscissa is the number of sequencing strips randomly selected from a sample, and the
ordinate is the number of OTUs that can be constructed based on the number of sequencing strips. Different groups are represented by curves with different colors.

Prevotella oris, Porphyromonas gingivalis, and Prevotella intermedia
were higher in the CP group and TC group than in the H group and
that Haemophilus parainfluenzae was lower than that in the H
group. The relative abundances of P. intermedia were higher in the
TC group, compared with the CP group (Supplementary
Figure S3).

Predictive Analysis of Salivary Microbial
Community Function

Using the PICRUSt algorithm, we performed functional
predictions based on the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database for the three groups of microbial
communities. As shown in Supplementary Figures S4A, B, at
level 1, there were significant differences in the genetic
information processing and the functions of cellular processes
between the TC group, the CP group, and the H group (p < 0.05).
As shown in Supplementary Figures S4C, D, S5, and S6, at level
2 and level 3, the TC group exhibited significantly enriched
cellular processes (bacterial motility proteins, flagellar assembly,
and bacterial chemotaxis), signaling (two-component system),
basal energy (oxidative phosphorylation), and amino acid
metabolism (aspartate metabolism, glutamate metabolism,
histidine metabolism, tyrosine metabolism, tryptophan
metabolism, etc.); the CP group showed significantly enriched
amino acid metabolism (alanine, aspartic acid, glutamine, lysine,
histidine, tyrosine, tryptophan, phenylalanine, etc.), cellular
processes (cell motility, bacterial motility proteins, flagellar
assembly, and bacterial chemotaxis), membrane transport
(secretory system), basal energy (energy metabolism and
oxidative phosphorylation), and other functions; group H
showed significantly enriched replication and repair,
translation, nucleotide metabolism (purine metabolism,
pyrimidine metabolism) and other functions.
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DISCUSSION

Periodontitis is an inflammatory disease that is thought to be
associated with a variety of microbial disturbances (Darveau,
2010). Considering the bidirectional relationship between diabetes
and periodontitis, in the context of diabetes, the bacterial
community structure and diversity of periodontitis may be
altered, thereby exacerbating periodontal bone loss. In recent
years, many countries have carried out research on the impact of
diabetes on periodontitis-related flora. However, the findings of
these studies are not necessarily applicable to the Chinese
population. Therefore, based on the Chinese population, we
explored the influence of the presence or absence of diabetes on
the salivary flora of periodontitis patients.

Similar to our findings, Liu (Liu et al, 2021) and Farina
(Farina et al., 2019) et al. showed that diabetes did not affect the
diversity of salivary microbiota in the context of periodontitis
disease. Previous studies have shown that the presence of

00
PC1(47.88% )

FIGURE 2 | Diversity analysis plot. (A) Beeswarm of the observed species index. (B) Beeswarm of the Shannon index. (C) Principal coordinate analysis (PCoA) plot.
The samples of the same group in the figure are represented by the same color, each point represents a sample, and the distance between the points represents

diabetes alone does not affect the structure of the salivary flora.
This is further supported by studies by Almeida-Santos
(Almeida-Santos et al., 2021) and Shi et al. (2020) In the study
by Sun et al., periodontitis patients with and without T2DM had
an increased diversity of salivary flora compared with healthy
controls, while there was no significant difference between
T2DM and periodontitis with T2DM patients after active
blood sugar control (Sun et al., 2020). Therefore, they believe
that periodontitis-related parameters are the main factors
affecting the composition of salivary microbes, and the
combined effect of T2DM and periodontitis on changes in the
salivary microbiome is significantly greater than that of
T2DM alone.

Compared with the H group or the CP group, the TC group
showed an increasing trend in the flora biodiversity. This is
similar to that reported by Balmasova (Balmasova et al., 2021)
and Chen (Chen et al., 2020). However, Sabharwal (Sabharwal
et al., 2019) and Saeb et al. (2019) believed that the presence of
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diabetes reduces the diversity of periodontitis salivary flora.
These studies have different viewpoints, which may be
attributed to the following reasons: 1) the sample size of each
study was different, and small sample sizes may lead to a limited
detection rate of flora related to the background of periodontitis.
2) Salivary flora may be affected by blood sugar status and
different stages of periodontal disease, but many studies have
not strictly distinguished whether the differential changes in
salivary flora are caused by hyperglycemia or periodontal
disease. 3) Studies have shown that the microbiota of
stimulated saliva samples and unstimulated saliva samples is
different (Gomar-Vercher et al., 2018); thus, the different ways of
collecting saliva samples in each study may have affected the
microbiota analysis results.

The dominant bacterial phyla in saliva were mainly
Firmicutes, Bacteroidota, Proteobacteria, Actinobacteria, and
Fusobacteriota (Lazarevic et al., 2010; Wade, 2013), among

which Firmicutes were mainly enriched in healthy people
(Griffen et al,, 2012; Esparbes et al., 2021). This is largely
consistent with the findings of this study. The statistical
analysis of the differences in community structure at the
phylum level showed that the common dominant bacterial
phyla in the TC and CP groups were Fusobacteriota,
Spirochaetota, and Campylobacterota, and Spirochaetota was
more significantly enriched in the TC group. The
Spirochaetota phylum is mainly composed of the genus
Treponema. At the genus level, differential expression of this
genus was observed in the TC group. It has been reported that
the Spirochaetota flora accounts for 50% of the subgingival
microbial population in periodontitis and less than 1% in
healthy individuals (Chan and McLaughlin, 2000). They were
found to be significantly higher in relative abundance in
moderate-to-severe periodontitis (Listgarten and Levin, 1981;
Armitage et al., 1982). The results of Marotz et al. confirmed that
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FIGURE 4 | MetaStat analysis; phylum annotation heatmap. Different colors in the heatmap represent the values obtained after the Z score of the relative content of
differential metabolites is standardized, reflecting the level of their relative content (red represents high content, and blue represents low content).
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the log ratio of Treponema and Corynebacterium is a novel At the genus level, the three groups of saliva samples were
microbial indicator of periodontitis, and the increase in the  dominated by Neisseria, Prevotella, and Haemophilus species.
detection rate of Treponema predicts the trend of periodontitis ~ The relative relationship between Corynebacterium, Leptotrichia,
(Marotz et al.,, 2022). Diabetes has been reported to significantly ~ Dialister, Comamonas, Capnocytophaga, Catonella, Filifactor,
increase the expression levels of these genera in the oral cavity ~ Campylobacter, and Treponema in the TC and CP groups was
(Sabharwal et al., 2019; Sun et al., 2020; Balmasova et al., 2021). A higher than that in the H group, while Haemophilus, Veillonella,
potential reason for the selective increase in this microbiota in ~ and Streptococcus were more abundant in the H group. In the
periodontitis with diabetes may be the altered microenvironment  process of plaque formation, Streptococcus, Haemophilus,
due to differences in blood glucose, leading to the preferential ~ Veillonella, Actinomyces, and Fusobacterium are the main flora
proliferation of microorganisms with different growth  in the early stage of bacterial colonization (Marsh, 2010).
requirements in specific oral niches. Periodontal disease-associated flora was observed to increase in
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abundance within the plaque as the plaque matured (Borisy and
Valm, 2021). Belstrom et al. suggested that Streptococcus
gradually decreased in the late stage of oral plaque formation,
while the abundance of some periodontal disease-related genera,
such as Leptotrichia and Prevotella, gradually increased
(Belstrom et al., 2018). Therefore, the differences in the
composition of microflora in saliva may indirectly reflect
different stages of plaque formation and different stages of
periodontitis. At the genus level, oral Streptococcus was
confirmed to be the most abundant genus in healthy
populations. However, Haemophilus, Veillonella, Prevotella,
Leptotrichia, Campylobacter, Neisseria, and Capnocytophaga
were not only expressed in periodontitis but also enriched in
the periodontally healthy (Cao et al.,, 2018; Chen et al., 2018;
Abusleme et al., 2021). This may be due to differences in the
pathogenic potential of bacteria of the same genus.

At the species level, the dominant floras of the TC group and
CP group were C. concisus, Prevotella oralis, and P. gingivalis,
while the dominant flora of the H group was H. parainfluenzae.
The presence of diabetes increased the expression of P.
intermedia in saliva. These two bacteria belong to a core group
closely associated with periodontitis and were confirmed to be
positively associated with the subgingival plaque flora (Sakamoto
et al., 2000; Belstrom et al., 2017). Therefore, we speculate that
patients with T2DM are more susceptible to the dysbiosis of oral
flora, which in turn increases the risk and severity of
periodontitis. In fact, the role of P. gingivalis and Prevotella
(e.g., P. intermedia) in periodontitis has been extensively studied,
while research on C. concisus in periodontitis is still limited.
Studies have reported that the abundance of C. concisus is
associated with increased levels of attachment loss in subjects
with periodontitis (Haffajee et al., 1984). Henne et al. suggested
that periodontitis does not affect changes in the absolute
abundance of periodontitis and does not affect absolute
changes in the abundance of C. concisus in the oral cavity, but
the proportion of different species within Campylobacter may
reflect microbial community changes as periodontitis progresses
(Henne et al.,, 2014). The role of Campylobacter in periodontitis
still needs further research in the future.

This study used the PICRUSt algorithm to predict the
biological functions of differential enrichment of salivary
microbiota in different groups. It is worth noting that cell
motility, bacterial motility proteins, flagellar assembly, and
bacterial chemotaxis were significantly enriched in the TC and
CP groups. These biological functions related to the microbial
virulence system can promote the adhesion and invasion of
pathogenic microorganisms in periodontal tissue and then play
an important role in the pathological process of periodontitis
(Cai et al., 2021). In addition, similar to previous studies (Ikeda
et al., 2020), we observed upregulation of pathways related to the
metabolism of amino acids, such as aspartate, glutamate,
tyrosine, tryptophan, and phenylalanine, in the TC group and
the CP group. Although the underlying mechanism of amino
acids in diabetes and periodontitis is not clear, amino acid
metabolism (e.g., phenylalanine, tryptophan, and tyrosine) has
been associated with the risk of diabetes and periodontitis in

previous studies (Chen et al., 2016; Liebsch et al., 2019). Increases
in certain amino acid catabolism-derived metabolites may
induce disruption of host homeostasis, which in turn promotes
the progression of periodontal inflammation (Kim, 2011).

It is worth noting that the small sample size of this study may
have limited the detection rate of microbiota. In addition, we did
not consider the effect of different periodontitis states on the
expression of salivary flora. Therefore, the findings of this study
need to be interpreted with caution. Nonetheless, we detected
differential expression of some microbiota in periodontitis saliva
in the presence of diabetes, and these results may inform future
studies of these two common diseases.

CONCLUSIONS

Diabetes was not the main factor causing the altered diversity of
salivary microbiota in patients with periodontitis, but the
presence of diabetes altered the expression abundance of some
microbiota in saliva.
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Supplementary Figure S1 | T test analysis of species differences at the phylum
level between groups. (A) TC and H groups. (B) CP and H groups. (C) TC and CP
groups. The left picture shows the difference in species abundance between
groups, and each bar in the figure represents the mean value of species with
significant differences in abundance between groups in each group.

Supplementary Figure S2 | T test analysis of species differences at the genus
level between groups. (A) TC and H groups. (B) CP and H groups. (C) TC and CP
groups. The left picture shows the difference in species abundance between
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Outer membrane vesicles of
Porphyromonas gingivalis
trigger NLRP3 inflammasome
and induce neuroinflammation,
tau phosphorylation, and
memory dysfunction in mice

Ting Gong™**, Qi Chen™*?, Hongchen Mao™**, Yao Zhang*?,
Huan Ren'?*?, Mengmeng Xu**?, Hong Chen'*?
and Deqin Yang****

tDepartment of Endodontics, Stomatological Hospital of Chongqging Medical University, Chongging,
China, ?Chongging Key Laboratory of Oral Diseases and Biomedical Sciences, Chongging Medical
University, Chongging, China, *Chongging Municipal Key Laboratory of Oral Biomedical
Engineering of Higher Education, Chongqing Medical University, Chongging, China

Background: Porphyromonas gingivalis (Pg), the keystone pathogen in chronic
periodontitis, is reported to initiate Alzheimer’s disease pathologies in
preclinical studies. However, the specific mechanisms and signaling
pathways acting on the brain still need to be further explored. Outer
membrane vesicles are derived from Gram-negative bacteria and contain
many virulence factors of bacteria. We hypothesized that outer membrane
vesicles are an important weapon of Porphyromonas gingivalis to initiate
Alzheimer’s disease pathologies.

Methods: The outer membrane vesicles of Porphyromonas gingivalis (Pg
OMVs, 4 mg/kg) or saline were delivered to 14-month-old mice by oral
gavage every other day for eight weeks. Behavioral alterations were assessed
by the open field test, Morris water maze, and Y-maze test. Blood—brain barrier
permeability, neuroinflammation, tau phosphorylation, and NLRP3
inflammasome-related protein were analyzed.

Results: Pg OMVs impaired memory and learning ability of mice and decreased
tight junction-related gene expression ZO-1, occludin, claudin-5, and
occludin protein expression in the hippocampus. Pg OMVs could be
detected in the hippocampus and cortex three days after oral gavage.
Furthermore, Pg OMVs activated both astrocytes and microglia and elevated
IL-1B, tau phosphorylation on the Thr231 site, and NLRP3 inflammasome-
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related protein expression in the hippocampus. In in vitro studies, Pg OMV (5
pg/ml) stimulation increased the mRNA and immunofluorescence of NLRP3 in
BV2 microglia, which were significantly inhibited by the NLRP3 inhibitor
MCC950. In contrast, the tau phosphorylation in N2a neurons was enhanced
after treatment with conditioned media from Pg OMV-stimulated microglia,
which was attenuated after pretreatment with MCC950.

Conclusions: These results indicate that Pg OMVs prompt memory
dysfunction, neuroinflammation, and tau phosphorylation and trigger NLRP3
inflammasome in the brain of middle-aged mice. We propose that Pg OMVs
play an important role in activating neuroinflammation in the AD-like pathology
triggered by Porphyromonas gingivalis, and NLRP3 inflammasome activation is
a possible mechanism.

KEYWORDS

porphyromonas gingivalis, outer membrane vesicles, inflammasome,
neuroinflammation, Alzheimer’s disease, tau

1 Introduction

Alzheimer’s disease (AD) is the main cause of dementia and
represents an enormous burden for the health economies. [3-
amyloid (AB) and tau phosphorylation, the main components of
senile plaque and neurofibrillary tangles (NFTs), respectively, in
the brain, are characteristic pathological hallmarks of AD (Braak
and Braak, 1991).

Epidemiological studies propose that periodontal disease is a
risk factor for AD (Sparks et al., 2012; Noble et al., 2014; Ryder,
2020). Porphyromonas gingivalis (Pg) is a Gram-negative
bacterium known as a major pathogen of periodontal disease
(Darveau et al,, 2012). Many experimental studies conclude that
Pg or its virulence factors could induce memory impairment and
AD-related pathologies (Wu et al, 2017; Ding et al., 2018;
Ilievski et al., 2018; Zhang et al., 2018; Dominy et al., 2019;
Hayashi et al., 2019; Nie et al.,, 2019; Gu et al., 2020; Hu et al.,
20205 Chi et al., 2021; Hao et al., 2022 Jiang et al.,, 2021; Qian
etal,2021;Suetal, 2021; Tang et al., 2021). Gingipains are toxic
proteases secreted by Pg, it is reported that gingipains are
neurotoxic in vivo and in vitro, causing detrimental effects on
tau, a protein needed for normal neuronal function (Dominy
et al, 2019), and gingipains could degrade tight junction
proteins of human cerebral microvascular endothelial cells in
vitro (Nonaka et al., 2022), suggesting that gingipains may be
responsible for blood-brain barrier (BBB) damage.
Lipopolysaccharide (LPS) is another virulence factor of Pg; Pg
LPS can induce neuronal inflammation through the TLR4/NF-
kB pathway (Zhang et al., 2018) and intracellular AP
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accumulation in neurons in a cathepsin B-dependent manner
(Wu et al, 2017). However, the specific virulence factors,
mechanisms, and signaling pathways acting on the brain still
need to be further explored.

Outer membrane vesicles (OMVs) are gaining researchers’
attention. OMVs are secreted by Gram-negative bacteria; range
from 20 to 250 nm in diameter; and carry bacterial LPS,
protease, membrane receptor, DNA, RNA, and so forth
(Toyofuku et al,, 2019). It is suggested that OMVs could act as
long-distance weapons and cause systemic disease, including AD
(Amano et al., 2010; Schertzer and Whiteley, 2013; Singhrao and
Olsen, 2018; Seyama et al., 2020; Wei et al., 2020; Nara et al,,
2021). In fact, the majority of Pg gingipains are packaged and
associated with Pg OMVs (Nara et al,, 2021), and Pg OMVs
could increase BBB permeability and degrade tight junction
proteins in a human in vitro model (Pritchard et al., 2022).
Thus, we aimed to explore the effect of Pg OMVs on
AD pathologies.

Neuroinflammation is suggested to play a critical role in AD
onset and progression (Heneka et al., 2015). IL-1f are elevated in
brains of AD patients and can be associated with the onset and
progression of AD (Alvarez et al, 1996; Griffin et al., 2000;
Oprica et al., 2007; Deniz-Naranjo et al., 2008). The nucleotide-
binding oligomerization domain-like receptor family, pyrin
domain containing 3 (NLRP3), is an intracellular signaling
molecule that senses many pathogen-, environmental-, and
host-derived factors (Wen et al, 2013). Upon activation,
NLRP3 binds to an apoptosis-associated speck-like protein
containing a CARD (ASC), and ASC, in turn, interacts with
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procaspase-1, forming a complex termed the inflammasome.
This results in the formation of the active caspase-1 p10/p20
tetramer, which then processes cytokine proforms, such as IL-1f
and IL-18, to generate active molecules and mediates a type of
inflammatory cell death known as pyroptosis (Schroder and
Tschopp, 2010). The NLRP3 inflammasome is found to play an
important role in microglial activation (Tan et al., 2013), and
inhibition or knock-out of the NLRP3 inflammasome could
reduce AP and tau phosphorylation in vitro and in vivo (Heneka
et al., 2013; Ising et al., 2019; Beyer et al., 2020).

Given that the NLRP3 inflammasome is important in AD
progression, it has become the focus of research, which may help
to uncover the mechanism of AD. Recently Pg OMVs were
reported to activate the NLRP3 inflammasome and induce IL-1§
production in macrophages and monocytes (Cecil et al., 2017;
Fleetwood et al., 2017).

The aim of this study was to explore whether Pg OMVs can
trigger the NLRP3 inflammasome and neuroinflammation in
the hippocampus, thus potentially inducing behavioral
cognitive changes.

2 Materials and methods

2.1 Bacterial cultures and preparation
of OMVs

Pg strain ATCC 33277 was cultured on anaerobic agar plates
supplemented with defibrillated sheep blood, brain-heart infusion
(OXOID, Britain), hemin (0.5 mg/mL), and menadione (10 mg/
mL) in an anaerobic system (Gene Science, America) with 10%
CO,, 10% H,, and 80% N,. OMVs were isolated by an established
protocol (Seyama et al., 2020). Briefly, when Pg cells were grown
to the late exponential phase, the bacterial culture medium was
collected and centrifuged at 2800 xg for 15 minutes at 4°C to
remove bacterial cells. The supernatant was filtered with a 0.22-
pm syringe filter. The supernatant was concentrated to <1 mL by
using an Ultra-15 Centrifugal Filter Device for nominal molecular
weight limit (NMWL) 100,000 (Amicon, Merck, USA). The
concentrate was mixed with Total Exosome Isolation Reagent
(Invitrogen) and incubated overnight at 4°C. Afterward, the
sample was centrifuged at 10,000 xg for 60 minutes at 4°C. The
OMYV fractions were eluted with phosphate buffered saline (PBS)
and quantified by protein concentrations using a BCA protein
assay kit (Pierce, Rockford, IL, USA). Characterization of Pg
OMVs utilized nanoparticle-tracking analysis (NTA) and
transmission electron microscopy (TEM). To characterize the
proteins of Pg OMVs, the same amount of Pg and OMVs (10
ug of total protein) were separated by sodium dodecyl sulfate
(SDS)-poly-acrylamide gel electrophoresis (PAGE) and stained
with Coomassie blue for one hour, washed in PBS overnight, and
images were taken.
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2.2 Animals

Fourteen-month-old male C57BL/6 mice were obtained
from the Dashuo company. All animal studies were conducted
following the guidelines approved by the Institutional Animal
Care and Use Committee of the Stomatological Hospital of
Chongqing Medical University. All mice were housed in
groups of two to four mice per cage in biosafety barriers with
a controlled light cycle and given sterile food and water ad
libitum. The light-dark cycle was 1:1 with lights on at 7:00 a.m.
Room temperature was 18°C + 2°C, and humidity was 55% +
10%. After one week of habituation, mice were treated with Pg
OMVs or PBS by oral gavage using feeding needles (n = 12 in
each group). The experimental group received Pg OMVs (4 mg/
kg) diluted in PBS every other day for a consecutive eight weeks.
The control group received an equivalent volume of PBS. The
dosage of Pg OMVs were deduced from a previous study (Ho
et al., 2016).

2.3 Mouse behavioral tests

A battery of behavioral tests comprising the Morris water
maze (MWM), Y-maze, and open field tests were conducted to
assess behavioral performance of mice.

2.3.1 Morris water maze test

The MWM was conducted in a circular pool that was 120 cm
in diameter, and it was filled with opaque water stained with
milk and surrounded by a set of spatial cues. The tank was
imaginarily divided into four quadrants. A platform that was
9 cm in diameter was submerged 1 cm under the water surface in
a quadrant. The MWM test consisted of three platform trials per
day for five consecutive days, followed by a probe trial. In the
platform trial, the mouse navigated in the pool to locate the
platform and was then able to escape. If the mouse failed to
locate the platform within 60 seconds, it was directed to the
platform. The mouse was allowed to remain on the platform for
60 seconds once it escaped onto the platform. The escape latency
was measured to test spatial learning ability. In the probe trial,
the platform was withdrawn. The mouse navigated freely in the
pool for one minute. The time spent in each quadrant and the
number of annulus crossings were recorded to assess
memory consolidation.

2.3.2 Y-maze test

A novel arm exploration test was performed in the Y-maze.
One arm was blocked (defined as the novel arm), and the mice
were allowed to explore the other two arms (home arm and
familiar arm) for five minutes. After a one-hour interval, the
mice were allowed to freely explore all three arms for five
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minutes. The number of novel arm entries and time spent in the
novel arm were recorded.

2.3.3 Open-field test

The mice were placed in the center of the open field
apparatus for five minutes. The paths were tracked, and the
distance travelled was recorded.

2.4 RNA isolation, reverse transcription,
and quantitative real-time PCR

Total RNA was isolated by using the Trizol reagent (Takara,
Japan), and it was subjected to reverse transcription by using
the cDNA Reverse Transcription Kit (Takara, Japan). The
quantitative real-time PCR analyses were carried out in the ABI
Prism 7500 Real-Time PCR System (Applied Biosystems, Foster
City, CA) with the SYBR Green PCR master mix reagent (Takara,
Japan). PCR primer sequences are detailed in the supplementary
data. The 24" value was used to calculate the relative gene
expression normalized by the expression level of GAPDH.

2.5 Western blot assay

The hippocampus was homogenized and sonicated. The
protein concentration was determined with a BCA protein assay
reagent (Pierce, Rockford, IL, USA) according to the
manufacturer’s instructions. The same amount of protein
samples (30 ug) from each tube was boiled in 5 x loading buffer
for 10 minutes at 95°C. The sample was then separated on 10%
tris-glycine SDS-PAGE gels and transferred onto immobilon PTM
polyvinylidene fluoride (PVDF) membranes. To block nonspecific
background, the membranes were incubated in 5% nonfat milk in
Tris-buffered saline containing 0.1% Tween-20 (TBST) at 37°C for
one hour. The target proteins were immunoblotted with primary
antibody overnight at 4°C (see the supplemental information for
details) followed by incubation with a secondary antibody (1:1000;
Cell signaling technology) at room temperature for one hour. The
blots were imaged by the Bio-Rad Imager using ECL Western
blotting substrate (Beyotime Technology). The relative level of
target protein is expressed as the percentage between the intensity
of the target protein and that of the marker protein, GAPDH. The
band intensity of each protein was quantified by ImageJ software.

2.6 Brain sampling
The mice were killed by transcardial perfusion with saline

after anesthetization. The left hemispheres were fixed in 4%
paraformaldehyde (pH 7.4) for 24 hours, followed by incubation
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with 30% sucrose for 24 hours, and coronal sections were cut at
30 um thickness for histological analysis. The right hemispheres
were snap frozen in liquid nitrogen and stored at —80°C for
Western blots and real-time PCR.

2.7 Immunofluorescence

Tissue sections were washed with PBS, penetrated with
0.5% Triton-100 for 20 minutes, blocked with normal serum,
and incubated with primary antibodies (detailed in the
supplemental information) at 4°C overnight. After PBS
washing, anti-rabbit 488 (1:1000; Beyotime Technology) and
anti-mouse 555(1:1000; Beyotime Technology) were added at
37°C for two hours. Then, the sections were incubated with
DAPI (1:200; Beyotime Technology) and mounted in
antifading medium (Beyotime technology), and images were
acquired by confocal microscopy.

2.8 Tracking Pg OMVs in the brain

The OMVs (100 pg/mice) and the same volume of PBS were
labeled with DiO (Beyotime Company, China) for 20 minutes at
37°C, fetal bovine serum was used to neutralize excessive dye,
ultracentrifugation at 150,000 x g for one hour at 4°C was used
to recollect labeled Pg OMVs, and then mice were treated with
Pg OMVs or PBS by oral gavage. After three days, the mice were
killed by transcardial perfusion with saline, and the brains were
fixed in 4% paraformaldehyde for 24 hours, followed by
incubation with 30% sucrose for 24 hours, and coronal
sections were cut at 50-um thickness, stained with DAPI, and
viewed by confocal microscopy.

2.9 Cellular experiment

BV2 microglia cells and mouse neuroblastoma cell line N2a
(kindly gifted by Dr. Zhifang Dong from Children’s Hospital of
Chongqing Medical University) were maintained in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 100
mg/ml streptomycin. For the vesicle uptake experiment, BV2
cells (1.5%10%well) were seeded on glass cover slides and cultured
in 12-well plates overnight. Pg OMV’s (10 p1g/ml) and saline were
stained with PKH26 (Merck, USA) and then were added to the
cultures and incubated for 30 minutes. After fixing with 4%
paraformaldehyde at room temperature for 10 minutes and
penetration with 0.1% Triton-100 for 10 minutes, the nuclear
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was stained with DAPI, and images were acquired by confocal
microscopy. For BV2 and N2a stimulation experiments, the BV2
were stimulated with different concentrations of Pg OMVs, and
5 ng/ml was chosen for the rest of the in vitro experiments. BV2
were stimulated with Pg OMVs or pretreated with MCC950
(NLRP3 inhibitor; 20 uM; AbMole) for one hour. After six hours
of Pg OMV stimulation, the medium was changed to fresh
medium, and the BV2 conditioned medium was harvested 24
hours later. The N2a was treated with the BV2 conditioned
medium and harvested 24 hours later.

2.10 Statistical analyses

Two-way repeated measures ANOVA was used for escape
latency in MWM measurements. The statistical analyses

10.3389/fcimb.2022.925435

were performed by Student’s t-test and one-way ANOVA
using the GraphPad Prism software package (GraphPad
Software, California, USA). Data were expressed as means *
SEM, and a value of p <.05 was considered to indicate
statistical significance.

3.1 Characterization of Pg OMVs

Pg OMVs were characterized by TEM, which revealed that
Pg OMVs are spherical bilayered cell portions ( ), and
NTA showed the average diameter of Pg OMVs was 115.7 + 4.1
nm ( ), which is the typical OMV diameter of Gram-
negative bacteria. To analyze the protein contents of Pg OMVs,
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FIGURE 1

Characterization of Pg OMVs. (A) Pg OMVs observed by TEM. Scale bar = 100 nm. (B) NTA measured the diameter of Pg OMVs. (C) SDS-PAGE
gel showed cargo proteins of Pg OMVs. White arrows indicate the bands in Pg OMVs samples (Pg OMVs) that correspond to Pg bacterial cell
proteins (Pg). (D) Confocal images of Pg OMVs uptake by BV2 cells within 30 minutes, Nuclei (blue) were labeled with DAPI, Pg OMVs or PBS
were labeled with PKH26 (red). Scale bar = 50 pm. TEM, transmission electron microscopy; NTA, nanoparticle-tracking analysis
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Days

Pg OMVs did not affect body weight or survival rate. The mice were weighed before (A) and after (B) treatment, and the weight change (C) is
shown. (D) Kaplan—Meier survival plots of mice. Data are presented as mean + SEM. (ns: P >.05)

Pg OMVs and Pg fractions were separated by SDS-PAGE and
visualized by Coomassie blue. We found that some Pg OMV
protein bands corresponded to those of the Pg bacterial cell,
suggesting that Pg proteins were present in the OMVs
(Figure 1C). The Pg OMVs could be internalized by BV2
microglia cells within 30 minutes (Figure 1D).

3.2 Effect of Pg OMVs on body weight
and survival

Twenty-four normal C57BL/6 mice, 14 months of age, were
randomly divided into two groups: Pg OMVs and control. The
mice were weighed before and after the eight-week treatment, and
the results were analyzed. There was no significant difference in
the weight change (Figures 2A-C) or survival rates (Figure 2D)
among the two groups before and after treatment.
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3.3 Pg OMVs cross blood—brain barrier
of mice and decrease tight junction-
related gene and protein expression in
the hippocampus of mice

To determine whether Pg OMVs could cross the blood-
brain barrier, Pg OMVs labeled with DiO were applied to mice
by oral gavage, and labeled Pg OMV's were clearly detected in the
hippocampus and cortex after three days (Figure 3). To test
whether Pg OMVs changed BBB permeability, we performed
Western blot analysis and RT-qPCR to detect tight junction-
related protein and gene expression after eight weeks oral
gavage. Claudin-5, ZO-1, and occludin are important proteins
for the tight junctions between capillary endothelial cells. RT-
qPCR showed that claudin-5, ZO-1, and occludin gene
expression were decreased in the hippocampus of Pg OMV-
treated mice (Figures 4A-C). The Western blot indicated that
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FIGURE 3
Pg OMVs enter the brain. Pg OMVs labeled with DiO (green) were applied by oral gavage for three days and were detected by confocal

microscopy in the hippocampus and cortex of mice. Scale bar = 50 um

occludin was significantly decreased in the hippocampus of Pg
OMV-treated mice ( , E).

3.4 Oral gavage of Pg OMVs impairs
learning and memory ability in mice

Sickness may reduce local motor activity, which may affect
mouse behavior in the MWM and Y-maze tests. To exclude the
effects of sickness symptoms on mouse behavior, the open field
test was performed. In open field test, there was no significant
difference in traveling distance or velocity between the two
groups ( , B), suggesting that Pg OMVs did not
impair the locomotor activity of mice. To test whether Pg
OMVs had an effect on memory and learning ability, we
performed the MWM and Y-maze tests. In the MWM test, Pg
OMVs impaired learning and spatial reference memory in mice
as reflected by an increase in the escape latency in the five-day
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platform trial ( ). In the probe trial on the sixth day, the
Pg OMV-treated mice showed worse memory consolidation as
reflected by a lower number of platform area crossings and less
time spent in the target quadrant compared with controls

( ,

maze on the sixth day were shown in s

) representative tracing graphs of Morris water
. In the Y-
maze test, the Pg OMV-treated mice showed a significantly
decreased number of entries and time spent in the novel arm

( -10.

3.5 Oral gavage of Pg OMVs increases
tau phosphorylation in the brain of mice

Tau phosphorylation is one of the hallmark pathologies in
AD and is closely related to memory consolidation.
Immunofluorescent images showed that the Thr231-site
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Oral gavage of Pg OMVs decreases tight junction-related gene and protein expression in the brain. (A—C) Gene expression of claudin-5,
occluding, and zo-1 in the brain. (D) Occludin protein expression was measured by Western blot analysis. (E) The quantitative analysis of
occludin immunoblots in (D). Values are expressed as the mean + SEM. OMVs, outer membrane vesicle; SEM, standard error of the mean.

(n =3, ns: P>.05, *p <.05, **p <.01).

phosphorylation in the hippocampus was significantly increased
in the experimental group (Figures 6A, B), and the mean degree
of tau phosphorylation on the Thr231 site was increased
significantly in the hippocampus of mice in the experimental

group (Figures 6C, D).
3.6 Oral gavage of Pg OMVs induces
neuroinflammation

To clarify whether Pg OMVs could induce neuroinflammation,

we detected microglia, astrocytes, and IL-1f3 by immunofluorescence.
Microglia are resident macrophage-like cells in the brain, which
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would be overactivated and release proinflammatory cytokines in
response to microbial infection. The immunofluorescent images
showed that a number of Ibal-positive microglia were significantly
increased in the experimental group (Figures 7A, B). Astrocytes are
known to function in biochemical support of endothelial cells that
form the BBB. An increased number of astrocytes can be induced by
infection. We then examined whether astrocytes in the hippocampus
were activated by using a GFAP antibody. There was a
significantly higher number of astrocytes in the experimental group
compared with controls (Figures 7A, C). IL-1B played a central
role in neuroinflammation, and the number of IL-1fB positive cells
were significantly increased in the experimental group
(Figures 7A, D).
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Oral gavage of Pg OMVs impairs memory and spatial learning of mice. (A, B) Distance and velocity traveled in the open-field test. (C) Latency to
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spent in the novel arm in the Y-maze test. (J, K) Representative hot spot graphs. (n = 8, ns: P >.05, *p <.05, ****p <.0001)

3.7 Oral gavage of Pg OMVs activates the
NLRP3 inflammasome in the
hippocampus of mice

Since the NLRP3 inflammasome is reported to drive
microglia activation and tau pathology (Ising et al, 2019;
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Lempriere, 2020), we next explored whether the NLRP3
inflammasome was activated. Proteins of NLRP3, ASC, and
caspase-1 were elevated significantly in the hippocampus of
the experimental group (Figures 8A-D). Immunofluorescence
double staining showed that ASC co-localized mainly with
microglia (Figure 8E; Figures SI, 2). Immunofluorescent
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Oral gavage of Pg OMVs increases tau phosphorylation in the hippocampus of mice. (A) Immunofluorescent images of p-Tau231 (red) in the

hippocampus of mice. Scale bar = 50 um. (B) Mean relative fluorescence intensity (r

relative integrated density) of p-Tau231 in image (A) (n = 3,

**p <.01, Student’s t-test). (C) The Western blots showing p-Tau231 in the hippocampus of mice. (D) The quantitative analyses of the ratio of p-

Tau231 immunoblots in the image (C) (n = 4, *p <.05)

images showed that the fluorescent intensity of ASC and NLRP3
were significantly increased in the experimental group in the
hippocampus ( ), and intracellular and extracellular

ASC specks were significantly increased in the experimental
group ( -K).

3.8 Pg OMVs activate the NLRP3
inflammasome in cultured microglia and
contributes to tau hyperphosphorylation
in cultured neurons

To test whether Pg OMV:s activate the NLRP3 inflammasome
and promote tau phosphorylation in vitro, we first measured
extracellular ASC specks of BV2 cells with Pg OMV stimulation.
The result showed that the extracellular ASC specks increased in a
Pg OMV-dosage manner ( , B), the 5 ug/ml dosage of
Pg OMVs was chosen in the rest of the in vitro experiments. The

expression of NLRP3 was increased with Pg OMV stimulation
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and decreased when pretreated with the NLRP3 inhibitor
MCC950 ( , D). To clarify whether the effects of Pg
OMVs on tau phosphorylation in neurons are exerted indirectly
via microglial activation, we treated N2a neurons with microglia-
conditioned medium (MCM). Compared with MCM from
control, a significantly increased mean degree of phosphorylated
tau at Thr231 ( -C) was observed in the N2a neurons
following incubation with MCM stimulated by Pg OMVs. In
contrast, the expression of phosphorylated tau at Thr231 was
significantly decreased in the N2a neurons following incubation
with NLRP3 inhibitor-pretreated and Pg OMV-treated MCM.

The present study indicates that chronic infection by oral
gavage of Pg OMVs induced AD-like phenotypes, including
learning and memory deficiency, microglia-mediated
neuroinflammation, and intracellular tau phosphorylation.
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Oral gavage of Pg OMVs induces neuroinflammation. (A) Activation of microglia (Ibal marker, red) and astrocytes (GFAP marker, red) and
expression of IL-1B (red) in the hippocampus of mice. Scale bar left = 50 um, scale bar right = 5 um. (B) Number of microglia (Ibal positive)
counted in the hippocampus from five slides for each mouse and are means + SEM; n = 3 mice/group. (C) Number of astrocytes (GFAP
positive) in the hippocampus counted from five slides for each mouse and are means + SEM; n = 3 mice/group. (D) Number of IL-1Bpositive
cells in the hippocampus counted from five slides for each mouse and are means + SEM; n = 3 mice/group. *p <.05

NLRP3 inflammasome activation is involved in this process. To
the best of our knowledge, this study, for the first time,
demonstrates the relationship between Pg OMVs and AD-
like phenotypes.

There are studies showing Pg LPS (
DNA ( ;
specimens from brains of AD patients. Gingipains, the toxic

) and Pg
) in autopsy

protease of Pg, was also detected in the brain of AD patients, and
). In
vivo studies identified gingipains in the neuron, microglia, and

levels correlated with tau pathology (

astrocytes after oral application of Pg for 22 weeks in mice
( ). However, none of these studies recovered
Pg in the brains of AD patients or in the brains of mice, leaving
the question of whether live Pg or just its virulence factors
entered the brain. We focused on Pg OMVs because Pg OMVs
contain LPS, DNA, and gingipains that were detected in the
brain of AD patients. Compared with Pg, Pg OMVs have
advantages to enter the brain. First, they are greater in
quantity. The number of Pg OMVss is about 2000 times of the
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number of Pg ( ). Second, they are smaller
in size; the diameter of Pg OMVs is about 80 nm on average,
whereas the diameter of Pg is about 600 nm ( ),
which is seven times larger than that of Pg OMVs. Third, Pg
OMVs contain gingipains and LPS, which are reported to cause
pathological changes related to AD. Compared with the same
protein amount of Pg, Pg OMV's are reported to contain three to
five times the gingipains compared with that of Pg (

). Last but not least, Pg OMVs invade epithelial cells more
efficiently than Pg (
OMVs are important virulence factors of Pg in the relationship
between Pg and AD.

The first question is whether Pg OMVs can cross the BBB
and enter the brain. We detected Pg OMVs in the cortex and
hippocampus of mice three days after oral gavage. This is in

). Thus, we speculate that Pg

agreement with Lee et al. In their study, five days after oral
gavage of extracellular vesicles of Paenalcaligenes hominis, a
member of the Proteobacteria in the gut, the extracellular
vesicles could be detected in the hippocampus of mice, and
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Oral gavage of Pg OMVs triggers NLRP3 inflammasome in the hippocampus of mice. (A) The Western blots showed NLRP3, caspase-1, and ASC
in the hippocampus of mice. (B—D) The quantitative analyses of immunoblots in image (A) (n = 3, *p <.05). (E) Co-localization of ASC with
neuronal cell marker (NeuN) and microglia marker (Ibal) revealed expression of ASC in microglia but not in neurons, scale bar left = 50 pm,
scale bar right = 20 um. (F) Immunofluorescent images showed ASC (red) and NLRP3 (red) expression in hippocampus of mice, scale bar = 50

um. (G, H) The quantitative analyses of immunoblots in image (F) (n

3, *p <.05) (I) Immunofluorescent images showed intracellular ASC (white

arrow) and extracellular ASC (yellow arrows) in hippocampus of mice. Scale bar = 5 um. (J) The percentage of intracellular ASC positive
microglia in hippocampus of mice, counted from five slides per mouse and expressed as means + SEM; n = 4 mice/group. (n = 4, ***p <.001)
(K) Number of extracellular ASC per field in hippocampus of mice. (n = 4, **p <.01)

vagotomy inhibited the accumulation of Paenalcaligenes
hominis extracellular vesicles in the hippocampus (Lee et al.,
2020). OMVss of Aggregatibacter actinomycetemcomitans, a well-
known periodontal pathogen, can cross BBB and be detected in
the brain 24 hours after cardiac injection (Han et al., 2019) or
intravenous injection (Ha et al., 2020). OMVs of gut microbiota
could be detected in the hippocampus 12 hours after intravenous
injection (Wei et al., 2020). Bittel et al. found that OMVs of
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Escherichia coli could be detected in the brain after oral gavage of
Escherichia coli, but Escherichia coli could not be detected in the
brain. This is the first proof-of-principle study visualizing that
OMVs, but not the parental bacteria could transport to the brain
from the gut (Bittel et al., 2021).

The BBB forms an effective barrier between the central
nervous system and the blood to maintain homeostasis of the
brain microenvironment (Keaney and Campbell, 2015). A
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FIGURE 9

Pg OMVs triggers NLRP3 inflammasome in microglia in vitro. (A) Immunofluorescent images showed intracellular ASC (white arrow) and
extracellular ASC (yellow arrows) of BV2 cells stimulated with different concentrations of Pg OMVs. Scale bar = 10 um. (B) Number of
extracellular ASC per field. (n =4, ns, not significant, **p <.01). (C) Immunofluorescent images showed NLRP3 staining of BV2 cells stimulated by
Pg OMVs. MCC950 (20 uM) were used for pretreatment for one hour. (D) The mRNA expression of NLRP3 in BV2 cells stimulated by Pg OMVs
MCC950 (20 uM) were used for pretreatment for one hour. (n=3, *p <0.05).

correlation between BBB dysfunction and tau pathology is maintaining the integrity and permeability of the BBB (
reported ( ). Tight junctions, consisting of ). We found that Pg OMVs decreased ZO-1 and
cytoplasmic proteins (ZOs), transmembrane proteins (occludin occludin gene expression and also decreased occludin protein
and claudins), and cytoskeleton proteins, play a critical role in expression, suggesting that Pg OMVs caused disruption of the
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Microglia-conditioned medium (MCM) stimulated by Pg OMVs contributes to tau hyperphosphorylation in cultured neurons

(A) Immunofluorescent images of P-Tau231 in N2a cells treated with MCM from control, Pg OMV-primed MCM, or Pg OMV-primed MCM
pretreated with NLRP3 inhibitor for 24 hours. (B) The Western blot images of P-Tau231 in N2a cells treated with MCM from control, Pg OMV -
primed MCM, or Pg OMV-primed MCM pretreated with NLRP3 inhibitor for 24 hours, samples from three independent experiments are shown
(C) The quantitative analyses of immunoblots in image (B) (n = 3, *p <.05, **p <.01). (ns: p >.05).

BBB, which would facilitate Pg OMVs and other harmful
compounds in the blood to enter the brain. OMVs of gut
microbiota were also reported to decrease tight junctions of
the BBB (Wei et al,, 2020). In vitro, Pg OMVs could induce
degradation of ZO-1 and occludin in human cerebral
microvascular endothelial cell lines, and gingipains in Pg
OMVs played a critical role in tight junction degradation
(Nonaka et al., 2022).

In our study, chronic oral gavage of Pg OMVs did not
influence body weight or locomotion, suggesting that Pg OMV-
induced learning and memory impairment was not associated
with sickness behaviors. Tau pathology is closely linked to
learning and memory functions in AD pathology (van der
Kant et al, 2020). Tau phosphorylation on the Thr231 site is
shown to be significantly increased in the early stage of AD
(Neddens et al.,, 2018). We show that Pg OMVs could increase
tau phosphorylation on the Thr231 site in the hippocampus of
mice, which may be caused by gingipains of Pg OMVs. The
abundance of gingipains correlates with the tau protein load in
AD brain autopsies (Dominy et al., 2019), and gingipains can

Frontiers in Cellular and Infection Microbiology

cleave tau in vitro (Dominy et al., 2019), an activity that might
contribute to aberrant tau phosphorylation and accumulation of
insoluble tau forms in AD (Kovacech and Novak, 2010). Other
studies also demonstrate that Pg or Pg LPS can elevate tau
phosphorylation. Tang et al. intravenously injected Pg for 12
weeks and found that tau phosphorylation on the Thr231 and
Thr181 sites were increased in the hippocampus of rats (Tang
etal., 2021), and Jiang et al. peritoneally injected Pg LPS for three
weeks in APPNYTNET mjce and found that tau phosphorylation
on the Ser202, Thr231, and Ser396 sites were elevated in the
cortex of mice (Jiang et al., 2021). Tlievski et al. orally applied Pg
for 22 weeks in mice and detected that tau phosphorylation on
the Ser396 site was increased in the hippocampus of mice
(Ilievski et al., 2018).

Microglia-mediated neuroinflammation is a key factor
involved in regulating AD pathogenesis, and IL-1f is
associated with the progression and onset of AD (Alvarez
et al, 1996; Oprica et al,, 2007; Deniz-Naranjo et al., 2008).
Since Pg OMVs could activate the NLRP3 inflammasome and
induce IL-1PB in macrophages (Cecil et al., 2017), we speculate
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that NLRP3 inflammasome activation is involved in the process.
We found that NLRP3 and ASC were significantly elevated in
the hippocampus of mice. ASC mainly co-localized with
microglia, and few co-localized with neurons (Figure S1),
which is in accordance with other studies (Lei et al., 2017;
2021). ASC specks were reported to be
principally in the nuclei of microglia with a small amount in

Reimers et al.,

microglia processes (Reimers et al., 2021). Since inflammasome
activation results in the activation of highly pro-inflammatory
cytokines and the death of the activated cell, ASCs specks could
be found in the extracellular space after cell death. In fact,
extracellular ASC specks were reported to have prionoid
activities and further promote IL-1f maturation (Franklin
et al., 2014). We found that both intracellular and extracellular
ASC specks were increased in the experimental group, which
suggested an inflammatory state. Overexpression of IL-1
exacerbates tau phosphorylation and tangle formation (Sheng
2000; Kitazawa et al,,
plasticity, inhibiting long-term potentiation and, subsequently,

et al, 2011), which affects synaptic
learning and memory (Pickering and O'Connor, 2007).

Oral gavage of Pg OMVs was applied in this study. Ding
et al. applied Pg by oral gavage to middle-aged mice and induced
AD-like pathologies (Ding et al., 2018). We speculate that oral
gavage of Pg OMVs would change gastrointestinal microbiota
and, thus, indirectly influence AD-like pathologies since
gastrointestinal microbiota were reported to be related to AD
(Pistollato et al., 2016, Doulberis et al., 2019, Papaefthymiou

\

NLRP3

Intracellular itemsoe 5 g
pro-caspase-1

10.3389/fcimb.2022.925435

et al, 2019, Giovannini et al, 2021). In fact, according to a
quantitative analysis, it was estimated that patients with severe
periodontitis swallowed approximately 10'2~10"* Pg per day
(Boutaga et al., 2007; Saygun et al., 2011; He et al., 2012), oral
gavage of Pg once or for five weeks in mice have been reported to
change gut microbiota with Bacteroidetes increased and
Firmicutes decreased, indicating an inflammatory state
2015; Kato et al,, 2018). Ligature-induced
periodontitis is reported to change gut microbiota and

(Nakajima et al,

associated with memory decline in mice, and tight junctions of
the gut and brain were decreased (Xue et al., 2020).

The current study is beset with certain limitations. First, the
dosage and duration of Pg OMVs treatment should be
investigated in further study. Second, oral gavage of Pg OMVs
may not fully simulate the pathology of periodontitis. Last, the
effect of Pg OMVs compared with Pg in inducing AD-like
pathology is not explored in this study. Our group is
conducting relevant studies now to further deduce the effect of
Pg OMVs in Pg related to AD. However, this study is a novel
attempt, and we believe that OMVs are important weapon of
bacteria and expect the current study to draw readers’ attention
to OMVs.

In conclusion, we reveal for the first time that Pg
OMVs promote the activation of astrocytes and microglia,
activate NLRP3 inflammasome, elevate IL-1B and tau
phosphorylation, which further impairs the cognitive
function (Figure 11).

»

ﬁ'- NLRP3

.-prowpasel
0@ prolL-1p
@ 18

Microglia

. . Activated-caspase-1

pro-IL-1 a! — @ 1w

Extracellular

FIGURE 11

M
Y e
v e Tau phosphorylation
' , phospl
C

caspase-1 activtion
-1 T

Neuron

Schematic to show the roles of Pg OMVs on microglia and neurons. In microglia, Pg OMV induce IL-1B production though the activation of the
NLRP3 inflammasome. In neurons, the microglia-released IL-1p is involved in tau phosphorylation, neuronal degeneration, and memory

impairment. Created with BioRender.com.
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Saliva microbiome changes in
thyroid cancer and thyroid
nodules patients
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Objective: Thyroid disease has been reported to associate with gut microbiota,
but the effects of thyroid cancer and thyroid nodules on the oral microbiota are
still largely unknown. This study aimed to identify the variation in salivary
microbiota and their potential association with thyroid cancer and thyroid
nodules.

Methods: We used 16S rRNA high-throughput sequencing to examine the
salivary microbiota of thyroid cancer patients (n = 14), thyroid nodules patients
(n =9), and healthy controls (n = 15).

Results: The alpha-diversity indices Chaol and ACE were found to be relatively
higher in patients with thyroid cancer and thyroid nodules compared to healthy
controls. The beta diversity in both the thyroid cancer and thyroid nodules
groups was divergent from the healthy control group. The genera
Alloprevotella, Anaeroglobus, Acinetobacter, unclassified Bacteroidales, and
unclassified Cyanobacteriales were significantly enriched in the thyroid cancer
group compared with the healthy control group. In contrast, the microbiome
of the healthy controls was mainly composed of the genera Haemophilus,
Lautropia, Allorhizobium Neorhizobium Pararhizobium Rhizobium, Escherichia
Shigella, and unclassified Rhodobacteraceae. The thyroid nodules group was
dominated by genre uncultured Candidatus Saccharibacteria bacterium,
unclassified Clostridiales bacterium feline oral taxon 148, Treponema,
unclassified Prevotellaceae, Mobiluncus, and Acholeplasma. In contrast, the
genera unclassified Rhodobacteraceae and Aggregatibacter dominated the
healthy control group. The study also found that clinical indicators were
correlated with the saliva microbiome.

Conclusion: The salivary microbiota variation may be connected with thyroid
cancer and thyroid nodules.
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Introduction

Thyroid nodules are common in clinical practice, with
approximately 60% of adults harboring one or more thyroid
nodules, and the majority of them are benign. Palpable thyroid
nodules occur in about 4-7% of the population, but only about
8% to 16% of thyroid nodules harbor thyroid cancer (Burman
and Wartofsky, 2015). Thyroid cancer is the most common
endocrine malignancy and is responsible for 586000 cancer cases
worldwide, with a higher global incidence rate in women (Ferlay
etal., 2015; Sung et al., 2021). Over the past 3 decades, the global
incidence rate of thyroid cancer has rapidly increased by 300%,
but the mortality rate remains much lower and comparatively
stable (Kitahara and Sosa, 2016; Lortet-Tieulent et al., 2019;
Sung et al., 2021). As a result, though better-prognosis thyroid
cancer may seem like a “good cancer,” previous studies have
shown that thyroid cancer survivors with a better prognosis have
a poorer quality of life than normal people and other worse-
prognosis cancer survivors (Singer et al., 2012; Goswami et al.,
2018; Chan et al, 2021). Some risk factors, such as familial
influences, sex, obesity, hormonal exposure, smoking, and
environmental risk factors, may increase the risk of thyroid
cancer, but the etiology of thyroid cancer remains poorly
understood to date (Kim et al, 2020). Interestingly, some
studies have suggested that thyroid cancer and thyroid nodules
may have a relationship with microbiota, and the risk factors of
thyroid diseases such as hormones and obesity are also linked to
the composition and diversity of microbiota, implicating the
microbiota perhaps play a role in thyroid cancer and thyroid
nodules (Maruvada et al.,, 2017; Stefura et al, 2021; Dong
et al,, 2021).

It is known that the relationship between oral microbiota
and cancer has been extensively studied. Several oral taxa have
been shown to promote cancer development through different
mechanisms such as inhibiting apoptosis, activating cell
proliferation, promoting cell invasion, inducing chronic
inflammation, and directly producing carcinogens (Irfan et al,
2020; Tuominen and Rautava, 2021). Indeed, a growing number
of studies have shown associations between changes in the oral
microbiota and a wide variety of cancer types such as colorectal
cancer, esophageal cancer, throat cancer, liver cancer, and lung
cancer (Peters et al., 2017; Yang et al., 2018; Wang et al., 2019; Li
et al., 2020; Uchino et al., 2021). These studies suggest that the
oral microbiota may provide a potential biomarker for some
cancer diagnoses. Additionally, a study reported that salivary
microbial profiles change with increasing serum TSH (thyroid-
stimulating hormone), which is reflected in increased taxa
diversity, changes in community structure, and species
composition (Dong et al., 2021). And there is evidence that
serum TSH at presentation is an independent predictor of

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2022.989188

differentiated thyroid cancer (DTC) and the thyroid nodules
are at increased risk for malignancy with elevated serum TSH
concentrations within the normal range (Haymart et al., 2008).
Another study suggests that sex hormones affect the change of
oral microbiota, while estrogen has been proven to play an
essential role in thyroid nodules (Kim et al, 2010; Lin et al,
2018). Moreover, recent evidence has revealed that thyroid
cancer and thyroids nodules are associated with gut
microbiota (Feng et al, 2019; Zhang et al, 2019; Li et al,
2021). Oral-to-gut and gut-to-oral microbial transmission can
modulate the pathogenesis of various human diseases,
suggesting the potential interaction between thyroid diseases
and oral microbiota despite the paucity of studies on the role of
the oral microbiota in thyroid cancer (Kitamoto et al., 2020; Park
et al., 2021).

Therefore, we compared the microbiota in human saliva
from healthy controls and patients with thyroid cancer and
thyroid nodules using 16s rRNA gene sequencing to identify the
potential relationship between the oral microbiota and thyroid
cancer and thyroid nodules.

Materials and method
Participant recruitment

This study enrolled patients with thyroid cancer and thyroid
nodules from March 2022 to May 2022 in North China and
recruited healthy people as controls from the resident
community in Qingdao, China. The inclusion criteria for
patients with thyroid disease were as follows: (1) clinically
diagnosed with thyroid nodules by ultrasound; (2) Some high-
grade thyroid nodules such as TI-RADS level 4a and thyroid
cancer identified by pathological examination. The healthy
controls were frequently matched with the thyroid cancer and
thyroid nodules patients for age, gender, and body mass index
(BMI); no healthy controls had thyroid lesions. The following
exclusion criteria were applied to all groups: pregnancy;
lactation; cigarette smoking; alcohol addiction; hypertension;
diabetes mellitus; kidney disease; BMI < 18.5; BMI > 30.3;
recent (< 3 months prior) use of antibiotics, probiotics,
prebiotics, symbiotics, hormonal medication; known history of
disease with an autoimmune component; and history of
malignancy; unwilling to sign the informed consent.

This study followed the Declaration of Helsinki on medical
protocols and ethics and obtained approval from the Regional
Ethical Review Board of the Hospital of stomatology, Jilin
University. All participants have been informed of the
intention of the sample collection and signed written
informed consent.
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Anthropometric, biochemical
measurements, and group definition

Demographic information, including height, gender, and
body mass index (BMI), was obtained during subject
recruitment. The clinical indicators were obtained from the
participants who were required to fast for 8 hours. Two
independent ultrasonography clinicians verified the description
of the thyroid nodules and classified them according to the
Kwak-TIRADS criteria (Kwak et al.,, 2011). At least two
pathologists confirmed the diagnosis of thyroid cancer.

We recruited 14 thyroid cancer patients, 9 thyroid nodules
patients, and 15 healthy controls. All the thyroid cancer
patients we recruited were papillary thyroid cancer (PTC).
All the thyroid nodules patients were not malignant. All
participants live in the northern coastal provinces of CHINA,
where the typical diet includes steamed bread, meat, seafood,
vegetables, and fruits.

Sample collection

Saliva samples were obtained from recruited patients before
brushing their teeth and eating breakfast. Subjects started by
rinsing the mouth with stroke-physiological saline solution
before sampling. Then, 2 to 5 ml saliva was collected in a
10ml sterile Eppendorf tube, transferred to the laboratory
immediately in an ice box, and stored at -80°C until sequencing.

DNA extraction, amplification, and high-
throughput sequences

The genomic DNA was extracted from saliva samples with a
QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA) according
to the manufacturer’s instruction and then quantified using a
spectrophotometer and 1% agarose gel electrophoresis.

The V3-V4 variable regions were high-throughput sequenced
by Biomarker Technologies Co, Ltd. (Beijing, China) using an
Mlumina NovaSeq6000 platform according to established
protocol. A sample-unique 8-base barcode was contained in each
forward primer. The V3-V4 region of the bacterial 16S rRNA gene
was amplified using the universal forward primer 338F: 5'-
ACTCCTACGGGAGGCAGCA-3’ and reverse primer 806R: 5'-
GGACTACHVGGGTWTCTAAT-3". The PCR program was as
follows: 95°C, 5 min; 25 cycles of 30 s at 95°C, 30 s at 50°C, and 40 s
at 72°C; and a final extension of 72°C for 7 min. PCRs were
performed with a 10uL reaction mixture containing 5 UL of KOD
FX Neo Buffer, 2 uL of 2mMDNTPS, 0.3 UL of each primer (10pm),
0.2 U of KOD EX Neo, and 15 ng of template DNA.

1.8% agarose gel electrophoresis separated the PCR
products. Purified amplicons from different samples were
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pooled in equimolar and sequenced in the Illumina
NovaSeq6000 platform.

Data processing

Merging the paired-end reads used FLASH v1.2.7 (Yang
et al,, 2020). According to the default settings, the minimum
overlap length and maximum mismatch ratio of merged paired-
end reads were 10bp and 0.2, respectively. Simultaneously, the
tags with more than six mismatches were eliminated. Quality
control was performed using Trimmomatic (version 0.33) to
determine the merged tags with an average quality score < 20 in
a 50bp sliding window and remove those shorter than 350bps
(Sheng et al., 2019). Denoising and removing the chimeras in
dada2 via QIME2 2020.6 and obtaining amplicon sequence
variations (ASVs) feature sequences (Callahan et al., 2016;
Bolyen et al., 2019).

Statistical analysis

Data analyses were undertaken using SPSS (version 25.0)
and R software (version 4.20). P values < 0.05 were considered
statistically significant. For continuous variables with normal
distributions and equal variance, including BMI (body mass
index), WBC (white blood cell), RBC (red blood cell), PLT
(platelet), TP (total protein), and GLU (glucose), analysis of
variance (ANOVA) was carried out for group comparisons.
Continuous variables conforming to normal distribution but
with unequal variance included AST (aspartate transaminase)
and FT3 (free triiodothyronine), which were analyzed by the
ANOVA after Welch correction. Wilcoxon rank-sum test was
utilized to detect the continuous variable without normality,
including age, ALT (alanine aminotransferase), TBIL (total
bilirubin), TG (triglyceride), CHOL (total cholesterol), HDL
(high-density lipoprotein), LDL (low-density lipoprotein), FT4
(free thyroxine), TSH (thyroid-stimulating hormone), TGAb
(antithyroglobulin antibody), TPOADb (antithyroperoxidase
antibody), and PTH (parathyroid hormone). The Fisher exact
test was assessed for the data of categorical variables of gender.

We drew a Venn diagram to depict the unique or shared
ASVs in three groups (Figure 1) (Chen and Boutros, 2011).
Alpha diversity was calculated on the basis of the gene profile for
each sample, based on the Simpson, Chaol, and ACE index.
Alpha-diversity estimates were computed using QIIME2 2020.6
software (Figure 2) (Bolyen et al., 2019). The ANOVA method
was used to examine the differences between the three groups.

The B-diversity index comparisons were used to compare
differences in microbial diversity among the three groups using
principal coordinate analysis (PCoA) based on the unweighted
UniFrac analysis. The weighted UniFrac used to calculate the
Phylogenetic distances of the system took the evolutionary
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Thyroid cancer

FIGURE 1

Healthy control

A Veen diagram comparing the distribution of amplicon sequence variations (ASVs) among the thyroid cancer, thyroid nodules, and healthy
control groups. The different colors represent different groups. The overlap represents shared bacteria.

Thyroid nodules

distance between the species into account to compare the
microbial diversity differences (Lozupone and Knight, 2005).
Permutational multivariate analysis of variance
(PERMANOVA) was used to test the significance of the
differences among the three groups.

LEfSe (Linear discriminant analysis Effect Size) can be used
to analyze the differences between groups and look for
biomarkers with statistical differences between groups.

First, Kruskal-Wallis (KW) was used to detect features with
significant differences in abundance between different groups,
and significance was set to 0.05; Subsequently, a set of pairwise
tests among subclasses was performed to use the Wilcoxon rank-
sum test, with significance set at 0.5; At last, linear discriminant
analysis (LDA) was used to downscale the data and assess the
influence of species with significant differences. Lefse was
performed to identify the most discriminating taxa in groups
from phylum to genus, and taxa with an LDA score > 2.0 were
considered the most discriminating species (Segata et al., 2011).
Correlations between the clinical parameters and different
microbiota were quantitatively evaluated using the Pearson
correlation coefficient, and the correlation was presented using
a heatmap.
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Result
Study population

To establish the salivary microbiota characteristics of
patients with thyroid cancer and thyroid nodules, we analyzed
38 saliva samples from 38 participants (14 patients with thyroid
cancer, 9 patients with thyroid nodules, and 15 healthy controls)
using 16S rRNA gene sequencing. No significant differences
were noticed in the clinical parameters (p > 0.05) among the
three groups. The demographic and biochemical variables of
patients with thyroid cancer and thyroid nodules were
summarized in Table 1.

Bacterial composition in saliva in patients
with thyroid cancer and patients with
thyroid nodules and HCs

After filtering poor-quality reads, we collected an average of

79,817 clean reads per sample and 1035 ASVs in total. Among
the 1035 ASVs found in the 38 samples, 488 were shared among
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Thyroid nodules
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Alpha diversity of the saliva microbiome in thyroid cancer patients, thyroid nodules patients, and healthy controls. (A) Richness of saliva
microbiota assessed by ACE. (B) Simpson is a diversity index. (C) Richness of saliva microbiota assessed by Chaol.

all three groups. We identified 790 ASVs, 689 ASVs, and 779
ASVs in the thyroid cancer, thyroid nodules, and healthy control
groups, respectively (Figure 1). Additionally, 118 ASVs were
found only in thyroid cancer group, 69 were observed only in the
thyroid nodules group, and 113 unique were observed in the
healthy control group. Sixty-nine ASVs were shared by patients
with thyroid cancer and those with thyroid nodules, 63 were
found in the thyroid nodules group and healthy control group,
and 115 were observed in patients with thyroid cancer and

healthy controls.
Alpha-diversity in three groups

An increase in abundance (CHAOI, ACE) was observed in
the thyroid cancer group and thyroid nodules group compared
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with the normal control group, though the differences showed
little statistical significance among the three groups (ANOVA,
p > 0.05). Also, the Shannon index, which reflects community
abundance and evenness, did not show significant differences
among the three groups (ANOVA, p > 0.05). Hence, there was
no significant difference in the alpha diversity among the three

groups (Figure 2).

Salivary microbiota composition and
abundance in thyroid cancer and thyroid
nodules patients, and healthy controls

The dominant abundance of bacterial species at the genus

and phylum levels was shown in Figure 3. The dominant phyla
among the thyroid cancer, thyroid nodules, and healthy control
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TABLE 1 Basic characteristics of participants.

Variables Thyroid cancer Thyrois nodules Healthy control P- value
Gender (M: F) 11:3 9:0 12:3 0.40
Age (years) 54.50 (41.30, 58.80) 54.00 (49.00, 57.00) 55.00 (36.50, 59.50) 091
BMI (kg/m?) 24.20 + 3.380 23.70 + 2.88 2320 + 2.65 0.71
WBC (10°/L) 552 + 1.10 5.84 + 1.31 563 £ 1.16 0.82
RBC (10'/L) 459 +0.33 448 +0.39 448 +0.47 0.72
PLT (10°/L) 239.71 + 58.01 221.44 + 66.97 226.00 + 40.89 0.69
ALT (U/L) 18.00 (13.30, 26.80) 17.00 (15.00, 18.00) 18.00 (17.00, 21.50) 0.55
AST (U/L) 22.00 + 6.88 18.89 + 1.83 17.13 + 6.40 0.19
TP (g/L) 7111 £ 6.42 7122 + 741 70.67 £ 3.92 0.95
TBIL (umol/L) 10.60 (9.44, 14.40) 12.00 (8.57, 14.70) 11.00 (9.00, 12.50) 0.88
GLU (mmol/L) 5.15 + 0.57 5.42 + 0.66 5.19 £ 0.48 0.55
TG (mmol/L) 1.03 (0.74, 0.81) 1.10 (1.01, 1.21) 0.98 (0.81, 1.20) 025
CHOL (mmol/L) 4.38 (4.08, 4.78) 4.39 (4.35, 4.77) 4.29 (4.04, 4.52) 0.14
HDL (mmol/L) 1.31 (1.20, 1.38) 1.04 (0.97, 1.49) 1.32 (121, 1.38) 0.40
LDL (mmol/L) 2.96 (2.80, 3.47) 2.78 (2.72, 3.36) 291 (2.80, 3.21) 0.59
FT3 (Pmol/L) 5.14 + 1.48 4.90 + 0.44 NA 0.58
FT4 (Pmol/L) 15.20 (14.00, 19.40) 17.10 (15.20, 18.80) NA 0.55
TSH (ulU/ml) 1.940 (1.43, 4.35) 227 (1.17, 2.39) NA 0.61
TG-Ab (IU/ml) 16.50 (15.00, 17.80) 16.40 (14.60, 20.10) NA 0.90
TPO-Ab (IU/ml) 9.50 (9.00, 10.20) 10.00 (9.00, 10.30) NA 041
PTH (pg/ml) 37.30 (29.70, 47.70) 38.90 (36.00, 41.70) NA 0.66

10.3389/fcimb.2022.989188

The analysis of variance (ANOVA) was carried out to compare BMI, WBC, RBC, PLT, TP, and GLU. The ANOVA analyzed AST and FT3 after Welch correction. Wilcoxon rank-sum test
was used to detect age, ALT, TBIL, TG, CHOL, HDL, LDL, FT4, TSH, TGAb, TPOAb, and PTH. The Fisher exact test was assessed for the data of categorical variables of gender.

group were Firmicutes, Proteobacteria, Bacteroidata,

thyroid nodules, and healthy control group, respectively. The
proteobacteria accounted for 19.21%, 19.80% and 27.52% in
three groups respectively, the Bacteroidata accounted for
22.35%, 20.34%, and 18.31%, the Actinobacteriota accounted

Actinobacteriota, and Fusobacteriota. We found that the above
bacteria ranked differently in various groups. The Firmicutes
accounted for 42.63%, 44.53%, and 36.38% in thyroid cancer,

FIGURE 3
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for 5.99%, 7.29%, and 7.12%, and the Fusobacteriota accounted
for 5.70%, 4.39%, and 5.42%. In addition, the most prevalent
genera were Streptococcus, Neisseria, Veillonella, Haemophilus,
Prevotella 7, Prevotella, and Porphyromonas.

In conclusion, Firmicutes was the most prevalent phylum in
all three groups. However, Proteobacteria only ranked second in
the healthy control group, and Bacteroidata was more abundant
in the thyroid cancer and thyroid nodules group than in the
healthy control group.

Variation in the composition and
diversity of community of thyroid cancer,
thyroid nodules, and healthy control

group

Beta-diversity analyses based on principal coordinates
(PCoA) analysis suggested the differences in the composition
and abundance of salivary microbiota of thyroid cancer, thyroid
nodules, and healthy control groups. The differences between the
three groups assessed by PERMANOVA based on unweighted
UniFrac distance matrices were significant (p < 0.05, Figure 4).
In a PCoA analysis, the closer the two samples were, the greater
the similarity in community composition. The two circles for the
thyroid cancer group and thyroid nodules group overlapped
each other on the map, which indicated that the bacterial
composition of the thyroid cancer group is similar to that of
the thyroid nodules group. Moreover, the circle for the healthy

10.3389/fcimb.2022.989188

control group was far from the other groups, suggesting that the
saliva microbiota of the patients with thyroid cancer and thyroid
nodules differed from healthy controls.

Bacterial taxa differences in the salivary
microbiota among the three groups

To further compare the structure of the salivary microbiota
in the thyroid cancer group, thyroid nodules group, and healthy
controls, we used a combination of linear discriminant effect size
(LEfSe) and linear discriminant analysis discriminant effect size
(LDA value of 2.0).

In total, 34 taxa differed between the thyroid cancer and
healthy controls; 15 taxa were significantly enriched in the
thyroid cancer group (Kruskal-Wallis test, P < 0.05). One
phylum Cyanobacteria, one class Cyanobacteria, one order
(Cyanobacteriales), two families (unclassified Bacteroidales,
unclassified Cyanobacteriales), and five genera (including
Alloprevotella, Anaeroglobus, Acinetobacter, unclassified
Bacteroidales, unclassified Cyanobacteriales) were significantly
enriched in the thyroid cancer group compared with the healthy
control group. In contrast, the microbiome of the healthy
controls was mainly composed of the genera Haemophilus,
Lautropia, Allorhizobium Neorhizobium Pararhizobium
Rhizobium, Escherichia Shigella, and unclassified
Rhodobacteraceae (Figure 5). Moreover, 36 taxa were siseven
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FIGURE 4
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Principal coordinate analysis (PCoA) showing bacterial differences among groups. PCoA analysis is based on unweighted UniFrac distance
matrices, and each symbol represents a sample. Blue rounds show samples from healthy controls (Group C), green rounds represent patients
with thyroid cancer (Group A), and orange rounds represent patients with thyroid nodules (Group B). The healthy control group is separated

from the others.
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Partial bacterial taxa that differed significantly between healthy control and thyroid cancer groups. (A) Shows differentially abundant taxa in
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respectively. Yellow indicates no significant difference. (C—E) Relative abundance of taxonomy between thyroid cancer and healthy control

groups was compared (P < 0.05)

gnificantly different between the thyroid nodules group and

healthy controls (Kruskal-Wallis

test, P < 0.05). The thyroid

nodules group was dominated by genre uncultured Candidatus

Saccharibacteria bacterium, unclassified Clostridiales bacterium

feline oral taxon 148, Treponema, unclassified Prevotellaceae,

Mobiluncus, and Acholeplasma, whereas the genera unclassified

Rhodobacteraceae and Aggregatibacter dominated the healthy

control group (Figure 6).
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Associations between clinical indices and
salivary microbiome

To explore the correlation between the relative abundance of

saliva microbiota and clinical indices of patients with thyroid

disease, we used Pearson’s correlation coefficient (p < 0.05, |

correlation coefficient| > 0.4). The clinical parameters including
TSH (thyroid-stimulating hormone), FT3 (Freetriiodothyronine),
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groups was compared (P < 0.05).

FT4 (Freetetraiodothyronine), TgAb (Thyroglobulin antibody),
TPOAb (Thyroid peroxidase antibody), and PTH (Parathyroid
hormone) and the genera with abundance ratios above 0.01 were
visualized with a heatmap (Figure 7). TPOADb exhibited a positive
correlation with the genera Treponema, Comamonas,
Abiotrophia, unclassified Clostridia vadinBB60 group,
unclassified Candidatus Saccharibacteria bacterium UB2523,
Acholeplasma, Kingella, Gemella, and unclassified
Saccharimonadaceae and showed a negative association with
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genera Solobacterium, Alloprevotella, Family XIII UCG 001,
[Eubacterium] nodatum group, Prevotella 7, Butyrivibrio,
unclassified Clostridia UCG 014, and unclassified
Lachnospiraceae. The TGADb was negatively correlated with the
genera Parvimonas, Peptococcus, and unclassified Bacteria. In
addition, FT4 showed a positive connection with the genera
unclassified Clostridia UCG 014 and unclassified Clostridia
vadinBB60 group, but genera Actinobacillus was positively
correlated with FT4 level. What’s more, a positive association

frontiersin.org


https://doi.org/10.3389/fcimb.2022.989188
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Jiao et al.

10.3389/fcimb.2022.989188

Actinobacilus

unclassified_f
Haemophiius

0.4

unciassiie_Clostidiales._bacterium_feline_oral_taxon_148 0.6
Lactobacills

Lautropia
Hiycopi

iycoplasma
Mogibacterium
unciassified

unciassifiedPrevotellaceae
Candiatus Saccharimonas 0.2

uncia
‘Solobactei 0

i
{Eubacterum] nodatum_group

Ia_7
Anaeroglobus
Centipeda

Selenomonas.
Bulyrivibrio
Prevotella

T ‘Atopobium

Acnomyees
Negauprasta .
TM7x 0.4
inciasafed SR1_backerom_oral wxon 875

unciassified_Clostridiales_bacterium_oral_taxon_075
Amnipla

ol
[Evbacterium)_yurii_group.

Streptobacills

Lachnospiraceae

unciassified_L
Family_Xiil UCG_001

unciassified_(
Rikenellacedc_RC9_gut_group

unclassified_candidate_dvision_SR1_bacterium_MGEHA

uncla

Fooss
Porphyromonas

unculured_Candidatus_Saccharibacteria_bacterium

unclassified_Neisseriaceae

Neisseria

Gapnocytophaga

Bergeyella

Corynebacterium

unclassified_Lactobacilales.

Abiotrophia

Comamonas

unclassified_Candidatus_Saccharibacteria_bacterium_UB2523
‘Saccharimonadaceat

unclassified_Clostridia_vadinBB60_group.

Gemella

Kingella

unclassified_Bacili

Dialister
Shut

Jonsonella
Leptotrichia

Moraxela
unclassified_Bacteria
Aloprevoielia
unciassified_Clostridia_UCG_014
Fo332

Tannerella
Parvi

imonas
unclassified_Absconditabacteriales_SR1
._UCG_011

Fifactor

[Evbacterium]_saphenum_group
Catonella

Fretibacterium

Hld
HSL1
avoLl
qvodLl

FIGURE 7

Heatmap of Pearson'’s correlation analysis between the saliva microbiota at the genera levels of thyroid cancer and thyroid nodules and clinical
variables. R value shows in different colors, red indicates positive correlation while blue indicates negative correlation. The darker the color, the
greater the correlation coefficient. Species clustering trees were presented on the left side of the heat map. *P < 0.05; **P < 0.01.

€14
14

can be observed between the genera Bergeyella and FT3. However,
FT3 exhibited a negative correlation with genera Prevotella and
[Eubacterium] brachy group. Additionally, the correlation
between the genera Lautropia, unclassified Lachnospiraceae, and
Stomatobaculum and the level of PTH was positive, but PTH was
negatively correlated with unclassified Neisseriaceae and
Haemophilus. At the same time, we observed that the genera
Alloprevotella enriched in thyroid cancer was positively correlated
with TPOAD levels. Similarly, the microbiota enriched in thyroid
nodules, including genera Treponema and Acholeplasma, family
Spirochaetaceae and Acholeplasmataceae, all exhibited a strong
positive correlation with TPOAb (p < 0.05, Figures 7, 8).

Discussion

In this study, we characterized the richness and abundance
of salivary microbiota of patients with thyroid cancer and
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thyroid nodules by 16S rRNA gene sequencing of saliva
samples from patients with thyroid cancer and thyroid
nodules, and healthy controls. The study demonstrated that
the richness of saliva microbiota of the patients with thyroid
cancer and thyroid nodules was higher than healthy controls,
although the difference showed little significance. Several
studies have investigated the relationship between the saliva
microbiota and cancer (Galloway-Pena et al., 2017; Wang et al.,
2019; Zhao et al., 2020). According to our data, the microbial
richness was relatively higher in patients with thyroid cancer
and thyroid nodules than in healthy controls, though there is
no significant difference. Increased saliva microbiota richness
has been documented in cancer cases and is believed to be one
of the manifestations of oral microbial dysbiosis (Zhang et al.,
2019; Wei et al,, 2020). Notably, increasing evidence indicates a
strong correlation between gut microbes and oral microbes
(Arimatsu et al., 2014; Qin et al., 2014; Olsen and Yamazaki,
2019; Maki et al., 2020). There were some studies has reported
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the relationship between gut microbiota and patients with
thyroid cancer and thyroid nodules, and some of our
findings are consistent with the previous result. In 2018,
Zhang et al. found an increase in the richness of the gut
microbiota in patients with thyroid cancer and thyroid
nodules by the Chao indices (Zhang et al., 2019). In the same
year, another study indicated that patients with thyroid cancer
show more extraordinary richness and diversity (c-diversity)
of gut microbiota compared to healthy controls, as estimated
by the Shannon and Chao induces (Feng et al., 2019). However,
one opposite result was recently found in patients with thyroid
cancer. Xia et al. found that the richness and diversity (o-
diversity) of gut microbiota in thyroid cancer patients are
significantly increased, as estimated by the Ace and Shannon
index. The difference in the results may be related to the
sampling area, time, and dietary habits of the patients. Still,
most of the above results for the gut microbiota variation in
thyroid cancer are consistent with our study.
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In addition to changes in richness and diversity, we found a
significant difference in the composition of salivary microbiota.
The relative abundance of genera Alloprevotella, Anaeroglobus,
Acinetobacter, unclassified Bacteroidales, and unclassified
Cyanobacteriales was significantly higher in thyroid cancer
patients. Genera Alloprevotella inhabits the human oral cavity
and is related to but different from genera Prevotella (Downes
et al,, 2013). Previous studies evaluating the differences in saliva
microbiota between patients with pancreatic adenocarcinoma
(PDAC) and healthy people observed a significantly increased
abundance of Alloprevotella among the patients with bloating in
PDAC (Wei et al, 2020). Wu et al. found that the genera
Alloprevotella was associated with a higher risk of cardia
cancer (Wu et al,, 2018). Zhang et al. reported that oral
carcinoma showed a significantly higher abundance of genera
Alloprevotella (Zhang et al., 2019). Additionally, a prior study
indicated that the abundance of genera Alloprevotella as one of
the periodontal pathogens has progressively increased along
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with the order of controls-PML (premalignant lesions)-OC-SCC
(oral cavity squamous cell cancer) and contributed to enriched
the variety of proinflammatory genes, which suggests a strong
association between Alloprevotella spp. and cancer (Ganly et al.,
2019). These studies suggest an increased abundance of
Alloprevotella is associated with certain cancers. Additionally,
recent studies indicate a strong relationship between the genera
Alloprevotella and chromosomal aberrations, which have been
shown to be related to the pathogenesis of anaplastic thyroid
cancer and impact cancer incidence (Zitzelsberger et al., 2010;
Saini et al., 2019; Druzhinin et al., 2020; Farkas et al., 2021).
Based on these findings, we conclude that the increased
abundance of Alloprevotella in the saliva is associated with
thyroid cancer.

A study has demonstrated that the species Anaeroglobus
geminatus are associated with the four lipid mediators in human
periodontitis (Lee et al,, 2021). To the best of our knowledge,
inflammation is a hallmark of cancer, and the level of lipid
mediators has a relationship with different cancers such as oral
cancer, gastric cancer, melanomas, pancreatic cancer, colon
cancer, liver cancer, and lung cancer (Sulciner et al., 2018;
Biswas et al., 2022). Therefore, we hypothesized that variation
in the species Anaeroglobus geminatus might have a relationship
with cancer through lipid mediator levels.

Our study found the genera Acinetobacter was enriched in
the saliva microbiota of patients with thyroid cancer. A 16s
rRNA gene sequencing analysis of thyroid cancer tumor tissues
and matched peritumor tissues reveals that the abundance of
genus Acinetobacter is significantly enhanced in the tumor
tissue. This result accords with our observation which
suggested that the genera Acinetobacter could be strongly
related to thyroid cancer patients. Besides, the genera
Acinetobacter is confirmed to be the potential biomarkers of
White-thin coating of GC (gastric cancer) patients using 16S and
18S rRNA high-throughput sequencing (Xu et al., 2019). A 16s
rRNA gene sequencing analysis of saliva microbiota found that
the genera Acinetobacter shows lower abundance in patients
with lung cancer (Yang et al., 2018). The above studies indicate
that the genus Acinetobacter plays a vital role in the
carcinogenesis of different malignancies.

Regarding the changes in the salivary microbiota of patients
with thyroid nodules, our study found that the abundance of
Treponema and unclassified Prevotellaceae was significantly
increased compared to the healthy population. In reviewing
the literature, the genera Treponema shows potential
pathogenic importance in autoimmune thyroid disease by
molecular mimicry (Benvenga and Guarneri, 2016). Also, the
prevalence and abundance of Treponema denticola evaluated by
the real-time polymerase chain reaction of dental plaque in
patients with esophageal cancer are higher than in healthy
people (Kawasaki et al., 2021). The potential mechanisms for
Treponema denticola contributing to carcinoma are associated
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with Treponema denticola chymotrypsin-like proteinase
(Nieminen et al., 2018). Therefore, the virulence factor
chymotrypsin-like proteinase of the Treponema genera
enriched in thyroid nodules may affect the thyroid glands.
Both unclassified Prevotellaceae and Prevotella are in the
family prevotellaceae. Two studies indicate that the abundance
of prevotellaceae is enriched in healthy people compared with
thyroid cancer patients using a 16S rRNA analysis of the stool
samples (Feng et al., 2019; Ishaq et al., 2022). In our study, we
observed that the genera unclassified Prevotellaceae were
enriched in salivary microbiota of thyroid nodules patients
compared to healthy controls, which is somewhat different
from the results of the two studies mentioned above.
According to reports, the abundance levels of Prevotella are
11.56% in the microbiota of the throat, palatine tonsils, tongue
dorsum, and saliva, and 3.16% in the fecal sample, which has the
potential to explain the above opposite results (Segata et al.,
2012). The reverse results may be related to the different effects
of thyroid cancer and thyroid nodules on the body’s microbiota
and, more likely, to the differences in the oral and gut
microbiota. A previous study that evaluated the shifts of oral
microbiota related to pregnancy has indicated that the
abundance of genera Treponema spp and Prevotella spp is
positively correlated with sex hormones (Lin et al, 2018).
Moreover, some studies have suggested that estrogen might
play a key role in thyroid nodules (Kim et al, 2010). The
above studies show that the genera Treponema and
unclassified Prevotellaceae may promote the progress of
thyroid nodules.

In our study, we discovered that the genera Alloprevotella
enriched in the thyroid cancer group showed a significant
negative correlation with the level of TPOAb. Moreover, the
genera Treponema (p < 0.05, r = 0.42) and genera Acholeplasma
(p <0.01, r = 0.53) enriched in thyroid nodules were positively
correlated with TPOAb (p < 0.05). The family Spirochaetaceae
(p < 0.05, r = 0.42) and Acholeplasmataceae (p < 0.01, r = 0.53)
enriched in thyroid nodules patients were also significantly
associated with the level of TPOAb. Hence, these results
suggest that TPOAD is positively associated with parts of oral
microbiota enriched in patients with thyroid nodules. However,
current studies suggest that the relative role of TPOAD in thyroid
nodules and thyroid cancer is unclear and remains to be further
elucidated (Boi et al., 2017). Azizi et al. indicated that papillary
thyroid carcinoma had a significant association with TSH levels
and serum TgAb except for TPOAD in a prospective cytological
study (Azizi et al,, 2014).

In summary, our results indicated that the composition of
saliva microbiota in patients with thyroid decrease is different
from healthy controls, especially in some periodontal pathogenic
bacteria. However, the mechanism is still not precise. While past
studies have focused on changes in gut microbes in patients with
thyroid cancer and thyroid nodules, our study presents the first
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characterization of salivary microbes in patients with thyroid
cancer and thyroid nodules. However, the present study has
several limitations that require further investigation. First, this
study did not assess the function of bacterial and bacterial
metabolites, and the mechanism is uncertain. Second, due to
the limited conditions at the sampling time, we did not have a
specialist to determine the patient’s periodontal condition, and
the patient was unaware of any history of periodontal disease.
Third, we included a relatively small sample size and did not
validate across regions and time. Forth, the detection method is
16S gene sequencing. However, there are still many tentative
names and unknown and unclassified bacteria in the database;
hence further exploration of multiple groups such as macrogenes
is recommended. Fifth, we were unable to observe changes in the
microbiota after cancer or nodules development due to the
experimental design. Last but not least, our findings should be
validated with animal models.

Conclusion

We identified the variation of salivary microbiota is
connected with thyroid cancer and thyroid nodules. Based on
our preliminary findings, the potential pathogens in thyroid
cancer and thyroid nodules are active. However, it is still
unknown whether thyroid disease causes dysbiosis of the oral
microbiota or dysbiosis of the oral microbiota causes thyroid
disease. These findings point the way forward for future research
using modelled organisms to scrutinize the underlying
mechanisms of the relationship between the salivary
microbiome and thyroid disease.
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Salivary microbiota of
periodontitis aggravates bone
loss in ovariectomized rats

Nannan Wang', Lichun Zheng', Jun Qian, Min Wang, Lili Li,
Yuezhen Huang, Qian Zhang, Yanfen Li* and Fuhua Yan*

Department of General Dentistry, Nanjing Stomatological Hospital, Medical School of Nanjing
University, Nanjing, China

The mechanisms underlying the crosstalk between periodontitis and
osteoporosis remain unclear. Recently, the gut microbiota has been
recognized as a pivotal regulator of bone metabolism, and oral and gut
mucosae are microbiologically connected. In this study, we investigated the
effects of periodontitis on osteoporosis through the oral-gut axis. The salivary
microbiota of patients with periodontitis was collected and then pumped into
the intestine of Sprague—Dawley rats via intragastric administration for 2 weeks.
An osteoporosis model was established using ovariectomy. Changes in the
maxillae and femora were evaluated using microcomputed tomography (micro
CT) and HE staining. Intestinal barrier integrity and inflammatory factors were
examined using real-time quantitative polymerase chain reaction and
immunofluorescence. The gut microbiota was profiled by 16S rRNA gene
sequencing. Metabolome profiling of serum was performed using liquid
chromatography-mass spectrometry sequencing. Micro CT and HE staining
revealed osteoporotic phenotypes in the maxillae and femora of
ovariectomized (OVX) rats. Our results confirmed that the salivary microbiota
of patients with periodontitis aggravated femoral bone resorption in OVX rats.
In addition, intestinal inflammation was exacerbated after periodontitis salivary
microbiota gavage in OVX rats. Correlation analysis of microbiota and
metabolomics revealed that lipolysis and tryptophan metabolism may be
related to the bone loss induced by the salivary microbiota of patients with
periodontitis. In conclusion, periodontitis can aggravate long bone loss
through the oral-gut axis in OVX rats.
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Introduction

Periodontitis is a chronic inflammatory disease caused by
dysbiosis of the periodontal microbiota, resulting in resorption
of alveolar bone and destruction of the periodontal ligament.
The alveolar bone is responsive to the oral microenvironment
and influenced by systemic metabolism (Hathaway-Schrader
and Novince, 2021). Osteoporosis is characterized by low bone
mass and deterioration of the trabecular microstructure, which
often occurs in elderly individuals, especially postmenopausal
women. Previous studies have revealed a positive association
between periodontitis and osteoporosis (Luo et al., 2014; Xu
et al, 2021); however, the mechanism by which periodontitis
influences systemic skeletal metabolism remains unclear.

The gut microbiota has emerged as an important regulatory
factor of bone metabolism (Chen et al, 2017; Li et al., 2019;
Chevalier et al,, 2020) and is necessary for the pathological process
of bone loss in ovariectomized (OVX) animal models (Yuan et al.,
2022). A large population-based study showed that the genera
Bacteroides, Blautia, Phascolarctobacterium, Oscillospira,
Ruminococcaceae and Actinobacillus were elevated in
osteoporosis (Ling et al., 2021). Probiotics such as Lactobacillus
reuteri and Lactobacillus rhamnosus significantly decrease the
intestinal permeability and prevent bone loss (Britton et al,
2014; Li et al,, 2016). Furthermore, metabolites produced by the
gut microbiota—such as short-chain fatty acids, amino acids, and
polyamines—are related to the change of systemic bone mass
(Lucas et al., 2018; Chevalier et al., 2020; Ling et al., 2021).

The oral cavity, which is the entry site into the gastrointestinal
tract, harbors diverse microbial communities (Peng et al., 2022),
and previous reports support the hypothesis that oral and
gastrointestinal mucosae are microbiologically connected (Read
etal, 2021; Bao et al,, 2022). In addition, the salivary microbiota of
periodontitis, which is rich in oral pathobionts, can translocate
from the oral cavity to the intestine and disrupt the colonization
resistance of gut-resident microbiota (Kitamoto et al., 2020). Our
previous study demonstrated that treatment with the periodontitis
salivary microbiota can lead to gut dysbiosis and worsen colitis
(Qian et al,, 2022a). Therefore, we speculate that the oral-gut axis
might play a pivotal role in periodontitis affecting the
systemic diseases.

Currently, studies on the salivary microbiota in periodontitis
have mainly adopted the method of single-strain or in vitro
culture. To better simulate the complex oral microbiota in
periodontitis, we collected salivary microbiota from patients
with periodontitis. Subsequently, we explored the effect of the
periodontitis salivary microbiota on bone mass in rats with
OVX-induced osteoporosis, where the potential biological
pathways—including the gut barrier, microbiota, and
metabolic profiling—were also explored (Supplementary
Figure S1).
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Materials and methods
Patient saliva collection and preparation

Patients diagnosed with periodontitis were recruited from
the Nanjing Stomatological Hospital, Medical School of Nanjing
University (NJSH-2021NL-93). The inclusion criteria were as
follows: (1) patients diagnosed with Stage IIT or IV periodontitis
based on the new classification proposed in the 2017 AAP and
EAP World Workshop, and (2) patients over the age of 18. The
exclusion criteria were set as follows: (1) patients who had
received periodontal therapy in the last 12 months; (2)
patients who had received medication in the last 6 months;
and (3) patients with systemic disease, psychiatric disorders,
pregnancy or lactation, and other oral diseases that might affect
the periodontal status. All the included patients were confirmed
by an experienced periodontist. A total of 18 eligible patients
were recruited for the present study.

Unstimulated salivary samples were collected and analyzed
using a previously described method (Atarashi et al, 2017).
Briefly, saliva samples were mixed with an equal volume (w/v) of
phosphate-buffered saline (PBS) containing 20% glycerol/PBS,
later snap-frozen in liquid nitrogen, and then stored at -80°C
until use.

Animals and experimental design

The experimental animal protocol was approved by the
ethics authorities of Nanjing Agriculture University
(PZW2021026). Thirty-two female Sprague-Dawley rats (9-
week-old) were purchased and kept in a specific pathogen-free
facility. After a 3-week adaptation period, the rats were
anesthetized and either sham-operated (Sham) or bilaterally
ovariectomized (OVX). At 10 weeks after the operation, the
rats were gavaged with PBS or the salivary microbiota of patients
with periodontitis. Before the intragastric administration, the
frozen salivary samples were thawed, centrifuged at 3,300 x g for
10 min at 4°C, and suspended in an equal volume of PBS. The
saliva samples from different patients were well mixed when
used. Each rat was given 1 mL of liquid (PBS or saliva) every
other day for 2 weeks. All rats were then sacrificed, and samples
were collected for subsequent tests. The rats were randomly and
equally allocated to the following groups:

1. ShamPBS group: sham-operated and PBS gavaged;

2. ShamSP group: sham-operated and gavaged with the
salivary microbiota of patients with periodontitis;

3. OVXPBS group: ovariectomized and PBS gavaged;

4. OVXSP group: ovariectomized and gavaged with the
salivary microbiota of patients with periodontitis.
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Microcomputed tomography analysis

Femora and maxillae dissected from rats were fixed in 4%
paraformaldehyde for 72 h and scanned using micro-computed
tomography (micro-CT) with a Skyscan 1176 scanner (Bruker,
Karlsruhe, Germany). Data Viewer and CTAn software were
used to analyze bone parameters. Bone mineral density (BMD)
was obtained using two hydroxyapatite [Ca;o(PO,)s(OH),]
phantoms with BMD values of 0.250 and 0.750 g/cm’ as
a reference.

The region of interest for the femoral trabecular was set at
1.00 from the distal growth plate level, extending toward the
proximal femora (112 slides). For maxillae, trabecular
morphometry was measured in the furcation area of the left
maxillary second molar root, as previously described, with minor
modifications (Dai et al., 2014; Johnston and Ward, 2015). The
trabecular parameters of bone volume versus total volume ratio
(BV/TV), trabecular thickness (Tb.Th), trabecular spacing
(Tb.Sp), and trabecular number (Tb.N) were measured
and quantified.

Histological analysis

Femora and maxillae were decalcified and embedded in
paraffin blocks. Sections were prepared for hematoxylin and
eosin (HE) staining. PANNORAMIC MIDI (3DHISTECH Ltd.,
Budapest, Hungary) and CaseViewer software were used to scan
and evaluate the sections.

Tartrate-resistant acid
phosphatase staining

The number of osteoclasts was quantified using tartrate-
resistant acid phosphatase (TRAP) staining of femurs. The
sections were evaluated using the CaseViewer software. The
osteoclast numbers were calculated by averaging each section’s
four different visual regions in each section.

Immunofluorescence analysis

Immunofluorescent staining was performed to determine
the expression of zona occludens protein 1 (ZO-1) in the colon.
Briefly, sections were incubated with rabbit anti-ZO-1
(Servicebio, Wuhan, China) overnight at 4°C and incubated
with a cyanine 3-conjugated goat anti-rabbit IgG secondary
antibody (Servicebio, Wuhan, China). Nuclei were then
stained with 4',6-diamidino-2-phenylindole for 10 min. A
confocal laser microscope (NikonAl, Nikon Inc., Tokyo,
Japan) was used to obtain the images.
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Serum analysis

The levels of high-density lipoprotein cholesterol (HDL-C)
(Fosun Diagnostics, Shanghai, China) and low-density
lipoprotein cholesterol (LDL-C) (Fosun Diagnostics, Shanghai,
China) in serum were assayed using a Siemens ADVIA 1800
Automated Chemistry Analyzer. In addition, serum levels of
CTX-I (Cusabio, Wuhan, China) were measured using enzyme-
linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions.

Colonic RNA preparation and
quantitative polymerase chain reaction

RNA was extracted from colonic tissues using the RNAprep
Pure Tissue Kit (Tiangen, Beijing, China) and then reverse-
transcribed into ¢cDNA using the HiScript III RT SuperMix
(Vazyme, Nanjing, China). An ABI ViiA 7 detection system
(Thermo Fisher Scientific, Waltham, USA) was used for
quantitative polymerase chain reaction (QPCR) following the
manufacturer’s instructions. All reactions were carried out in
triplicate. Analysis was performed using the 27**“" method. The
B-actin was set as the housekeeping gene. The primers used in
this study are listed in Supplementary Table S1.

Gut microbiota analysis

Cecal samples were collected after sacrificing the rats, then
snap-frozen and stored at —-80°C. 16S rRNA sequencing was
conducted by OeBiotech (Shanghai, China). Briefly, microbial
DNA was isolated from cecum samples using MagPure Soil
DNA LQ Ki (Magen, Guangzhou, China). The V3-V4 region of
the 16S rRNA gene was amplified. Sequencing was performed
using an Illumina NovaSeq6000 system (Illumina Inc., CA,
USA). The original two-terminal sequence was dehybridized
using Trimmomatic software. Clean reads were subjected to
primer sequence removal and clustering to generate operational
taxonomic units (OTUs) using the VSEARCH software with a
threshold of 97% similarity. All representative reads were
assigned to a taxon using the Ribosomal Database Project
classifier (confidence threshold of 70%) against the Silva
database (version 132). The o/ indices were calculated using
QIIME (Version 1.8.0).

Metabolome profiling of serum
Metabolome profiling of serum was performed using

chromatography-mass spectrometry (LC-MS) sequencing, as
previously described (Zhang P. et al., 2021). Data were
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processed using Progenesis QI V2.3 (Nonlinear). Online
databases, including the Human Metabolome Database,
Metlin, Electron Microscopy Data Bank, Lipidmaps (V2.3),
and Protein Model DataBase, were used to qualify the data.
Orthogonal partial least squares discriminant analysis (OPLS-
DA) was used to identify the metabolites of different groups and
obtain variable importance of projection (VIP) values. The
pathways involved in the differential metabolites were
annotated using the metabolic pathways in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database
(https://www.kegg.jp).

Statistics

The statistical analyses were carried out by GraphPad Prism
9 unless otherwise specified. Differences between two groups
were evaluated using a two-tailed Student’s ¢-test (parametric) or
the Mann-Whitney U test (nonparametric). For more than two
groups, one-way analysis of variance (ANOVA; parametric) or
the Kruskal-Wallis test (nonparametric) was performed,
followed by Bonferroni’s multiple comparisons test. A value of
P < 0.05 was considered significantly significant.

Results

OVX reduces bone density of
alveolar bone

A schematic diagram is shown in Figure 1A. Body weight
increased rapidly following OVX surgery (Figure 1B). Treatment
with the periodontitis salivary microbiota alone showed no effect
on the gain rates of body weight and HDL-C levels compared
with PBS gavage (p > 0.05) (Figure 1C). LDL-C levels in the
OVXSP rats were higher than those in the OVXPBS rats (p <
0.05). Neither HDL-C nor LDL-C showed statistically significant
differences between the ShamPBS and ShamSP rats (Figure 1D).

To investigate the effects of OVX surgery and periodontitis
salivary microbiota on the alveolar bone, we determined the
microstructure of the trabeculae using micro-CT. The OVXPBS
and OVXSP groups had a porous microarchitecture
(Supplementary Figure 2), including a lower BMD (Figure 1E)
and looser construction of more widely separated trabeculae
than the ShamPBS and ShamSP groups (Figures 1F-I). HE
staining revealed that the area of the periodontal ligament
increased in the root furcation of OVX rats (Figure 1),
suggesting that the interradicular bone mass reduced as a
result of OVX surgery. Furthermore, the serum CTX-I levels
were significantly increased after OVX (p < 0.05) (Figure 1K);
thus, an osteoporotic phenotype was successfully established in
the alveolar bone. Nevertheless, no significant changes in
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alveolar bone were observed after intragastric administration
of PBS or periodontitis salivary microbiota (Figures 1E-]).

Salivary microbiota of periodontitis
patients aggravates long bone loss in
OVX rats

Micro-CT analysis and HE staining validated an osteoporotic
phenotype in the femurs of OVX rats (Figures 2A, B).
Furthermore, the periodontitis salivary microbiota gavage led to
a significant decrease in bone mass and impaired bone
microstructure of the femurs in OVX rats, as indicated by lower
BMD, BV/TV, and Tb.N, and a higher Tb.Sp, compared to the
OVXPBS group; in contrast, no difference was observed between
the ShamPBS and ShamSP groups (Figures 2C-G). Histological
analysis showed that the trabecular bone area of the femur in the
OVXSP group was markedly smaller than that in the OVXPBS
group (Figure 2B). Osteoclasts were almost absent in the
trabecular region, except in the growth plate, of the femur in
OVX rats (Figure 2H), suggesting that the destruction of
trabeculae had peaked. The largest number of osteoclasts was
observed in the ShamSP group (Figures 2H, I). These results
suggest that the salivary microbiota of patients with periodontitis
aggravates long bone loss, particularly in OVX rats.

OVX and salivary microbiota affect
intestinal inflammation

To determine whether the periodontitis salivary microbiota
affects intestinal barrier integrity, the expression of tight junction
(TJ) proteins was analyzed. Immunohistochemical staining
showed lower ZO-1 expression in the colon of OVX rats
(Figure 3A), while the transcription of ZO-1 and occludin was
also downregulated in these rats (Figures 3B, C). No significant
difference in ZO-1 or occludin was observed after the
periodontitis salivary microbiota treatment in this experiment.
The OVX rats exhibited a higher IL-1B mRNA expression;
moreover, the expression of IL-13 mRNA was significantly
elevated after gavage with the periodontitis salivary microbiota
(p < 0.05) (Figure 3D). The above results indicate that OVX may
impair intestinal barrier integrity; furthermore, OVX and
periodontitis salivary microbiota may have a synergistic effect
in promoting intestinal inflammation.

Salivary microbiota alters the
microbiota composition

Previous studies have demonstrated crosstalk between the
gut microbiota and bone metabolism. In order to reveal the
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FIGURE 1

Effects of OVX and salivary microbiota treatment on alveolar bone. (A) Experimental schematic diagram. (B) Line chart of body weight change in
rats. (C) HDL-C and (D) LDL-C levels in serum from the four groups. (E-I) Quantitative analysis of bone-related parameters. Compared to the
Sham groups, the OVX groups exhibited significant trabecular bone loss at furcation area of the maxillary second molar, which showed
decreased BMD (E), BV/TV (F), Tb.Th (G), Tb.N (H), and a higher Th.Sp (). (J) Representative images of HE staining of alveolar bone. (K) Serum
CTX-I levels measured using ELISA. Data are presented as the mean + SD (n = 8/group). AB, alveolar bone; D, dentine; PL, periodontal ligament

area. Scale bar = 100 um. *p < 0.05 and **p < 0.01.

possible mechanism of the oral-gut axis in treatment with
salivary microbiota of patients with periodontitis, alterations in
the gut microbiota were analyzed by detecting the 16S rRNA
gene. The indices of o diversity (Observed, Shannon, Chaol) in
OVX rats were significantly higher than those in Sham rats (p <
0.05; Figure 4A). Furthermore, the salivary microbiota of
periodontitis slightly reduced the observed species diversity in
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OVX rats but not in Sham rats, which is similar to the trabecular
phenotype of the femur. Principal component analysis (PCA)
revealed distinct clustering of the gut microbiota composition in
the four groups (Figure 4B). The ratio of Firmicutes to
Bacteroidota, a known marker of obesity, was elevated in OVX
rats (Figure 4C), consistent with the changes in weight and LDL-
L. At the family level, the OVXSP group possessed a significantly
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FIGURE 2

Effects of OVX and salivary microbiota treatment on the femur. (A) Representative reconstruction of trabeculae in the femurs used for analysis

(B) Representative images of the HE-stained femurs. Scale bar = 500 um. (C—G) Quantitative analysis of bone-related parameters. Compared to
the OVXPBS group, the OVXSP group had a significant decrease in bone mass and impaired bone microstructure; (C) BMD, (D) BV/TV, (E) Tb.N,
(F) Tb.Th, and (G) Tb.Sp (n = 8/group). (H, I) Immunohistological analysis of TRAP staining (n = 6/group). Arrows indicate TRAP+ cells. Scale bar
= 50 um. Data are presented as the mean + SD. GP, growth plate; TB, trabecular bone. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

higher relative abundance of Lactobacillaceae than the OVXPBS
group (p < 0.05; Figure 4D). To further identify the gut microbial
composition affected by the salivary microbiota of patients with
periodontitis, the relative abundance of the gut microbiota at the
genus level was compared. The abundance of 77 genera (29
genera in Sham rats and 48 genera in OVX rats) significantly
changed in response to treatment with periodontitis salivary
microbiota (Supplementary Figures 3A, B). We then integrated
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the differential gut microbiota using random forest analysis
(Supplementary Figures S3C, D). Specifically, after gavage with
saliva, a significant increase in Prevotella, Colidextribacter and
Pygmaiobacter abundances, as well as a decrease in that of
Lachnospiraceae_NK4A136, were detected in the Sham rats
(Figure 4E). However, the salivary microbiota exhibited a
completely different effect on the gut microbiota composition
in OVX rats. The OVXSP group presented higher amounts of
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FIGURE 3

Effects of OVX and salivary microbiota treatment on intestinal permeability and inflammation. (A) Immunofluorescence analysis of ZO-1
expression (ZO-1, red; nucleus, blue) in colon. Scale bar = 100 um. (B—=D) mRNA levels of ZO-1 (B), occludin (C), and IL-1f (D) were measured
using RT-qPCR. Data are presented as the mean + SD (n = 5 to 6/group). *p < 0.05, ***p < 0.001, and ****p < 0.0001
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FIGURE 4

The salivary microbiota alters the gut microbiota. (A) Violin Plots of alpha diversity estimated by Observed, Shannon, and Chaol. (B) PCA of the
cecum microbiota. (C, D) Relative abundance of gut microbiota at the phylum (C) and family (D) levels. (E, F) Relative abundance of the main
differential gut microbiota combined with random forest at the genus level in Sham rats (E) and OVX rats (F). The relative abundance was
transformed by logarithm (log;o). Boxplots and whiskers show the median, quantiles, and 1.5 interquartile ranges (n = 8/group). *p < 0.05, **p <

0.01, and ***p < 0.001.

Roseburia and Lactobacillus and lower relative abundances of
Oscillibacter, Colidextribacter, and Bacteroides than the
OVXPBS group (Figure 4F).

Salivary microbiota affects
serum metabolites

Serum metabolic profiles are shown in an OPLS-DA plot
(Figure 5A) and were notably separated from each other,
indicating that the salivary microbiota of patients with
periodontitis has a profound effect on the serum metabolic
profiles. Hierarchical clustering was conducted for differential
metabolites—variables with p < 0.05 and VIP > 1.0. Notably, the
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differential metabolites influenced by the periodontitis salivary
microbiota were enriched for lipids, indoles, and their
derivatives (Figure 5B). The differential metabolic pathways
identified by KEGG analysis are shown in Figures 5C, D. In
Sham rats, serotonergic synapse, inflammatory mediator
regulation of TRP channels, and the GnRH signaling pathway
were the top three pathways. In OVX rats, the most different
pathways between OVXPBS and OVXSP groups were choline
metabolism in cancer, vascular smooth muscle contraction, and
the regulation of lipolysis in adipocytes. Serotonin, indole, and
derivatives are tryptophan metabolites. Given the above, these
findings suggest that metabolism related to lipolysis and
tryptophan might play an important role in aggravating
bone loss.
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FIGURE 5

Effect of salivary microbiota on serum metabolites. (A) OPLS-DA plot of serum metabolites. (B) Heatmap showing the differential metabolites by
salivary microbiota gavage. (C, D) Pathway analysis of the top 20 differentially enriched metabolites after gavage in Sham groups (C) and OVX

groups (D).

Correlations among parameters of bone,
serum metabolites, and gut
microbiota composition

As the differential metabolic profiling pointed to lipids, indole,
and tryptophan metabolites, Spearman’s rank correlation analysis
was conducted for bone parameters (BMD, BV/TV, Tb.Th, Tb.N,
and Tb.Sp) and metabolites (lipids, lipid-like molecules, indoxyl
sulfate, indoles and derivatives). A total of 28 serum metabolites were
identified (Figure 6A). We then explored the potential involvement
of the differential gut microbiota (48 genera) in mediating the
metabolites induced by the periodontitis salivary microbiota in
OVX rats (Figure 6B). Indoxyl sulfate, known as tryptophan
metabolite catabolism by the gut microbiota, was significantly
correlated with 15 genera. Glycerophosphocholine was
significantly correlated with 10 genera. PC (14:0/22:1(13Z)) was
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significantly correlated with 7 genera. LysoPCs, 12-HETE, linoleic
acid, indoleacrylic acid, N-ethyl trans-2-cis-6-nonadienamide, and
other phosphatidylcholines were significantly correlated with no
more than 5 genera. A total of 7 metabolites and 10 genera were not
significantly correlated with any other genera or metabolites.

Discussion

Periodontitis and osteoporosis are prevalent conditions
characterized by bone resorption. The consensus report of the
2017 World Workshop concluded that postmenopausal
osteoporosis can increase alveolar bone turnover leading to net
bone loss (Albandar et al., 2018; Jepsen et al., 2018). To further
explore the relationship between periodontitis and osteoporosis,
a bilateral ovariectomy was performed in our study. We
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FIGURE 6

Correlation analysis of metabolites. (A) Spearman’s rank correlation analysis of the femoral parameters (BMD, BV/TV, Tb.Th, Tb.N, and Tb.Sp) and
serum metabolites (lipids, lipid-like molecules, indoxyl sulfate, indoles and derivatives). Only p < 0.05 and correlations with a correlation
coefficient greater than 0.1 are presented. (B) Correlation between metabolites screened from (A) and changes in genus abundance of OVX rats.

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

successfully established a postmenopausal osteoporosis rat
model, and the alveolar bone density was reduced significantly
in OVX rats compared to Sham rats, consistent with our
previous study (Luo et al.,, 2014).

The periodontal pocket provides a convenient channel for
periodontal pathogens and inflammatory cytokines to enter the
circulation, which is considered a major mediator of osteoporosis
and periodontitis (Yu and Wang, 2022). To avoid the influence of
the periodontal pocket, the rats were gavaged with the salivary
microbiota of periodontitis, instead of the maxillary molar ligation.
In the femoral neck, periodontal salivary microbiota led to a marked
decrease in BMD and an impaired bone microstructure in OVX
rats; nevertheless, no significant changes were observed in the
alveolar bone. Earlier reports found that bone loss in the femur
occurred 4 weeks after OVX (Li et al., 1997); however, it was not
until 9 weeks after OVX that the reduced alveolar bone volume was
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significant (Tanaka et al., 2002; Johnston and Ward, 2015),
suggesting that the alveolar bone was much more resistant to
bone resorption than the femur.

The intestinal epithelium is an essential barrier for pathogen
resistance. TJ proteins play crucial roles in paracellular permeability.
The expression and distribution of TJ proteins can be affected by
both physiological and pathological stimuli, leading to increased
paracellular permeability and facilitation of pathogen colonization
(Konig et al., 2016). In our study, OVX induced the disruption of TJ
proteins, consistent with previous studies (Jia et al., 2019; Li et al,,
2020). This finding may explain why the periodontitis salivary
microbiota aggravated long bone resorption only in OVX rats.
Proinflammatory cytokines, which can stimulate osteoclastogenesis
and induce bone loss, also participate in regulating intestinal barrier
integrity (Xu et al,, 2017; Wang et al., 2021; Qiao et al., 2022).
Consistent with changes in the femoral phenotype, the IL-1B
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expression was significantly elevated in OVX rats after salivary
gavage. Our previous study also showed that IL-1B was highly
expressed in colitis mice after periodontitis salivary microbiota
gavage (Qian et al, 2022b). Recent studies have shown that
ectopic colonization of oral pathobionts into gut may contribute
to the activation and/or expansion of memory T cells by inducing
IL-1B expression (Kitamoto et al, 2020; Read et al., 2021).
Moreover, the IL-1B expression of periodontitis patients was
higher than healthy patients, according to previous reports (Park
et al, 2014; Qian et al., 2022b). These results suggest that IL-1 is
potentially involved in the bone loss induced by periodontitis
salivary microbiota.

The o diversity of the gut microbiota was significantly
increased in OVX rats. After salivary gavage, more differential
bacteria were observed in the OVX groups than in the Sham
groups, suggesting that the colonization resistance mediated by
the gut microbiota was weakened in OVX rats. In our study, the
proportions of genera, including Oscillibacter, Roseburia,
Colidextribacter, Lactobacillus, and Bacteroides, were
significantly altered; these genera are related to lipid and
amino acid metabolism (Natividad et al.,, 2018; Liu et al., 2022;
Yan et al., 2022). Interestingly, the family Lactobacillaceae and
genus Lactobacillus were both increased in the OVXSP group.
Lactobacillus is one of the most well-understood probiotics.
Effector metabolites include short-chain fatty acids,
tryptophan, bacteriocins, and lactic acid (Xiao et al, 2021). A
previous study indicated an association between Lactobacillaceae
and obesity (Li et al., 2013). The relative abundance of
Lactobacillus was also increased in obesity and osteoporosis
(Larsen et al,, 2010; Li et al., 2013; Das et al, 2019; Huang
et al., 2019). However, no significant correlation was observed
between Lactobacillus and BMD; thus, it appears that the change
in Lactobacillus might be due to a compensatory effect.

Excessive fat accumulation can increase intestinal permeability,
which, in turn, could lead to bone metabolism disorders (Zhang Z.
et al,, 2021). Our study showed that nearly half of the differential
metabolites between OVXPBS and OVXSP were lipids and lipid-
like molecules. According to hierarchical clustering and Spearman’s
rank correlation analysis, 12-HETE, indoxyl sulfate, and LysoPC
(20:4(8Z,11Z,14Z,17Z)) may be associated with the bone loss
induced by the salivary microbiota. The level of 12-HETE, a
bioactive lipid derived from arachidonic acid, significantly
decreased in the OVXSP group; however, the levels of LysoPCs,
which reportedly have proinflammatory activity (Xia et al,, 2020),
were significantly increased in the OVXSP group. In addition,
indoxyl sulfate, a chronic kidney disease-specific renal
osteodystrophy metabolite, was substantially reduced in the
OVXSP group. Indoxyl sulfate is a product of tryptophan, which
is metabolized to indole by the gut microbiota. As previously
reported, indoxyl sulfate can control bone cellular processes
through aryl hydrocarbon receptor signaling (Liu et al, 2018).
Short-term and low-dose indoxyl sulfate leads to osteoclast
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differentiation, whereas long-term and high-dose indoxyl sulfate
inhibit osteoclast differentiation (Liu et al., 2020). Thus, the optimal
concentration and duration of metabolites remain to be studied.
Considering the changes in gut microbiota, periodontitis salivary
microbiota aggravates bone loss in OVX rats, possibly through lipid
and amino acid metabolism generated by gut microbiota.

Our study has several limitations. First, the two-week
salivary gavage period was too short to detect changes in the
jaw; therefore, it is necessary to extend the treatment duration in
subsequent studies. Second, the potential pathways identified in
our results need to be confirmed by further in vitro and in vivo
studies. Nevertheless, our study demonstrated that the
contribution of the oral-gut axis to periodontitis salivary
microbiota aggravates bone loss. The salivary microbiota of
patients with periodontitis can alter the composition of the gut
microbiota and increase intestinal inflammation, leading to
changes in serum metabolites. These results suggest a novel
mechanism by which periodontitis affects systemic disease.
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Oral squamous cell carcinoma (OSCC), one of the most common malignant tumors of the
head and neck, is closely associated with the presence of oral microbes. However, the
microbiomes of different oral niches in OSCC patients and their association with OSCC
have not been adequately characterized. In this study, 305 samples were collected from
65 OSCC patients, including tumor tissue, adjacent normal tissue (paracancerous tissue),
cancer surface tissue, anatomically matched contralateral normal mucosa, saliva, and
tongue coat. 16S ribosomal DNA (16S rDNA) sequencing was used to compare the
microbial composition, distribution, and co-occurrence network of different oral niches.
The association between the microbiome and the clinical features of OSCC was also
characterized. The oral microbiome of OSCC patients showed a regular ecological
distribution. Tumor and paracancerous tissues were more microbially diverse than
other oral niches. Cancer surface, contralateral normal mucosa, saliva, and tongue coat
showed similar microbial compositions, especially the contralateral normal mucosa and
saliva. Periodontitis-associated bacteria of the genera Fusobacterium, Prevotella,
Porphyromonas, Campylobacter, and Aggregatibacter, and anaerobic bacteria were
enriched in tumor samples. The microbiome was highly correlated with tumor
clinicopathological features, with several genera (Lautropia, Asteroleplasma,
Parvimonas, Peptostreptococcus, Pyramidobacter, Roseburia, and Propionibacterium)
demonstrating a relatively high diagnostic power for OSCC metastasis, potentially
providing an indicator for the development of OSCC.

Keywords: oral squamous cell carcinoma, oral microbiome, distribution characteristics, oral niches,
clinicopathological features
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INTRODUCTION

Oral squamous cell carcinoma (OSCC), one of the most common
malignant tumors of the head and neck, accounting for
approximately 90% of oral cancers (Chi et al., 2015), is
characterized by invasiveness, rapid development, early
metastasis, and poor prognosis (Siegel et al., 2020). The
incidence of OSCC has increased significantly in recent years,
accounting for over 370,000 new cases and 170,000 deaths
worldwide in 2020, while the five-year survival rate remained
between 50% and 60% (Choi et al., 2014; Patel et al., 2016; van
Dijk et al.,, 2016). The pathogenesis of OSCC is multifactorial,
among which tobacco, alcohol, chewing betel nut and human
papillomavirus (HPV) have been demonstrated as risk factors
(Chi et al,, 2015). Recently, chronic pathogenic infections,
including Candida infection and periodontitis, have been
recognized as high-risk factors for the occurrence and
development of OSCC (Peres et al., 2019).

More than 700 bacterial species have been detected in the oral
cavity, and the oral microbiome, which is considered highly
diverse compared to other body sites, encompasses a wide
variety of microorganisms from different niches, such as tongue,
buccal mucosa, and saliva, reflecting site-specificity in oral species
(Minarovits, 2021). Human oral microbiome composition are
closely correlated with oral and systematic health (Verma et al,
2018). For example, the oral pathogen, Fusobacterium nucleatum,
has been well studied as an oncogenic pathogen of colorectal
cancer (Brennan and Garrett, 2019). Additionally, more and more
oral pathogenic microbes, such as Porphyromonas gingivalis,
Actinobacillus actinomycetemcomitans, Tannerella forsythus, and
Prevotella intermedius, have been demonstrated to be risk factors
for esophageal, gastric, and pancreatic carcinomas (Mascitti
et al., 2019).

Dysbiosis of the oral microbiome has gained significant
attention as a potential oncogenic factor of OSCC in recent
years. Most bacterial taxa isolated from tumor tissue were
periodontitis-related and saccharolytic or aciduric species in
comparison to non-tumorous paracancerous mucosal tissue
(Hooper et al.,, 2007; Zhao et al., 2017), while the abundance of
Streptococcus progressively decreased with the progression of
OSCC (Chattopadhyay et al., 2019; Ganly et al, 2019). Oral
inflammatory-related bacteria (e.g., Fusobacterium nucleatum
and Pseudomonas aeruginosa) are more likely to be enriched in
OSCC tissue (Al-Hebshi et al., 2017b; Perera et al., 2018).
Abundances of the bacteria Porphyromonas endodontalis and
Peptostreptococcus anaerobius in salivary were reported to be
significantly correlated with increases of inflammatory cytokines
IL-6, IL-8, TNF-a, IFN-y, and GM-CSF in OSCC patients (Rai
et al., 2021).

Studies have increasingly shown that oral microorganisms are
closely related to oral cancer, while the microbial compositions
in different oral niches differ significantly due to the different
microenvironments. However, in OSCC patients, whether there
exists a substantial difference in the oral microbiome signature
among intratumor and oral other niches remains scarcely
reported. In this study, microbial samples of six oral niches
were collected from OSCC patients. Phenotypic and functional

characteristics of the oral microbiome were identified, and the
association between the oral microbiome and the clinical
biological behavior of OSCC was investigated.

MATERIALS AND METHODS

Participant Recruitment and

Sample Collection

The study was approved by the Ethics Committee of Qilu
Hospital of Shandong University (KYLL-2017-256), and
conducted in accordance with the Declaration of Helsinki. All
subjects gave written informed consent before participating in
the study. The patients diagnosed with OSCC for the first time
based on clinical symptoms and histopathological detection were
eligible for this study. Prior to sampling, no patients received any
treatments such as surgery, immune therapy, radio- or
chemotherapy. Exclusion criteria were the use of antibiotics in
the past 3 months or diseases/conditions known to modify oral
microbial composition such as pregnancy, nursing, and oral
mucosal diseases. Subjects with a history of any previous
cancer diagnosis or any other severe systemic disorder, such as
diabetes, infectious disease, HBV, syphilis, and HIV infection,
autoimmune diseases, gastrointestinal and respiratory diseases
were excluded from the study.

A total of 65 patients with OSCC were recruited from the Qilu
Hospital of Shandong University (Shandong, China) from 2018
to 2020. Samples from six oral niches (tumor tissue,
paracancerous tissue, cancer surface, anatomically matched
contralateral normal mucosa, saliva, and tongue coat) were
collected according to the protocols of Human Microbiome
Project (HMP) (McInnes and Cutting, 2010). Participants were
instructed not to eat, drink, smoke, or to brush their teeth for at
least 2 hours before sample collection. For the saliva samples,
participants were asked to stop swallowing for 1 minute and to
spit saliva into a 50 mL collection tube, repeating the procedure
several times and finally collecting approximately 5mL saliva.
The samples from the cancer surface, contralateral normal
mucosa, and tongue coat niches were obtained with a sterile
swab by swabbing the surface of the soft tissue with pressure for
10 times in one direction, then turning the swab 180° and
swabing 10 times with the opposite side. The central 1 cm?
area of tongue dorsum, the entire buccal mucosa, and the entire
cancer surface were samplings, avoiding the teeth and the
internal tumor. Tumor tissue and paracancerous tissue samples
were collected during the surgical resection of OSCC from the
regions of the tumor lesion and from the adjoining clinically
uninvolved normal tissue (paracancerous niche). Concisely,
around 5 mm® tumor samples were excised from the deep
tissue of tumor mass without involving the margin, and paired
normal tissues of similar size were excised from the
paracancerous region 2 cm away from the edge of tumor
lesions. All operation maintained consistency in the sampling
process to facilitate the repetition of experimental results.

All the samples were placed in prepared oral swab
preservation solution (Tris, EDTA, and antiseptic) to prevent
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DNA degradation and transported to the laboratory on ice
within 20 mins of collection before being stored at —80°C
until processing.

DNA Extraction

DNA was extracted from all samples using DNeasy Blood and
Tissue Kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol. The concentration and purity of the
isolated DNA were detected using 1% agarose gels
electrophoresis. DNA was diluted to 1ng/ul using sterile water.

16S rDNA Amplification and Sequencing
Genome DNA from each sample was used as an amplification
template. PCR targeting of the V3-V4 region of the 16S rDNA
hypervariable region was conducted, using the primers 341F (5'-
CCTAYGGGRBGCASCAG-3’) and 806R (5'-GGACTACNN
GGGTATCTAAT -3’). PCR was performed in a total volume
of 30uL reactions, composing 15UL of Phusion® High-Fidelity
PCR Master Mix (New England Biolabs), 0.2uM of forward and
reverse primers, and 10 ng of the template DNA. Thermal
cycling was initially used to denature samples at 95°C for
10 min, followed by 30 cycles of denaturation at 95°C for 30s,
then annealing at 50°C for 30s and extension at 72°C for 40s,
followed finally by elongation at 72°C for 7 min.

PCR products were then purified using a 2% agarose gel
electrophoresis and GeneJET Gel Extraction Kit (Thermo
Scientific, USA), selecting samples with a single amplification
product for further analysis. The library was sequenced on an
Ilumina Hiseq 2500 platform (Novogene, Beijing, China).

Sequencing Data Analysis

The microbiome bioinformatics platform QIIME2 was used to
analyze the raw sequence. Usearch software (Usearch, version
11.0.667_i86linux64) was used to identify the Operational
Taxonomic Units OTUs (Edgar, 2010). Sequence data were
clustered into OTUs at 97% similarity by Usearch, and then
taxonomic annotation of the representative sequences of OTUs
was performed by the database Ribosomal Database Project
(RDP) at a threshold of 0.8.

The alpha-diversity index reflected the species richness,
evenness, and diversity in every group, and the beta-diversity
was used to compare the degree of similarity or dissimilarity
among different groups, both performed using the QIMME2
(Bolyen et al,, 2019). Alpha-diversity was analyzed by comparing
the Chaol index, Faith-PD, observed OTUs, Shannon index, and
Simpson diversity index. Principle Coordinate Analysis (PCoA)
based on unweighted UniFrac were performed to visualize beta-
diversity. ADONIS analysis was used to evaluate any statistical
differences. Microbiome variations in different niches were
analyzed at the phylum, genus, and species levels. The taxonomic
composition and average relative abundance of microbiome were
displayed using a histogram (R package: “ggplot2”, version 3.3.5),
and the differential microbiomes between groups at the genus and
species levels were demonstrated using a heatmap (R package,
pheatmap, version 1.0.12).

By following the law of power-law distribution, the SparCC
network was constructed using the FastSpar to analyze the

correlation and interaction between flora species, as well as to
identify the key flora and related flora according to the co-
occurrence network of flora-species interaction (Friedman and
Alm, 2012; Watts et al., 2019).

To characterize the relationship between oral microbiome and
the clinical characteristics of OSCC, tumor tissue samples were
divided by tumor size, grade, stage, and metastasis. The bacteria
related to the clinical indicators were screened using Maaslin2 (R,
version 1.6.0) at a significance threshold of p < 0.05. Subsequently,
the Boruta algorithm (R package version 7.0.0) was used to select
the taxa exhibiting predictive power. Finally, a random forest
algorithm (R package, randomForest, version 4.6-14) was
performed with 500 classification trees based on leave one out
cross validation (LOOCV) to establish classification models for
the diagnosis of OSCC (Basu et al, 2018). The predictive
performance of each classification model was assessed using the
ROC curve (R package: pROC, version 1.16.2), and for each the
area under the curve (AUC) was calculated.

The functional prediction of the microbial community was
investigated using a phenotypic classification based on BugBase,
and metabolic pathway prediction based on Tax4Fun2 (R package
version 1.1.5). OTU abundance table and representative OTU
sequences were aligned against the Ref99NR database using
Tax4Fun2, then Kyoto Encyclopedia of Genes and Genomes
(KEGQG) functional classification between samples were realized
by STAMP software (version 2.1.3) (Kanehisa and Goto, 2000).

RESULTS

Sociodemographic Characteristics and
Statistics of the Sequencing Data

A total of 65 subjects with OSCC were recruited and 305 samples
were collected from 6 different oral niches. Clinical characteristics
of the study subjects were presented in the Table 1. 16S rDNA
regions V3-V4 were amplified and sequenced successfully from
each sample according to the standard process described in the
Methods section. After post-processing and quality filtering,
23,451,170 reads were obtained across all samples, with 76,889
reads per sample on average. OTU detection based on the RDP
database showed 2,398, 2,542, 2,030, 1,562, 1,279, 1,149 bacterial
OTUs were obtained from the six niches (tumor tissue,
paracancerous tissue, cancer surface, contralateral normal
mucosa, saliva, and tongue coat), respectively. The rarefaction
curve showed that all samples reached saturation, indicating that
almost all detectable microbial species in each sample
were identified.

Alpha and Beta Diversity Across

Oral Niches

Alpha diversity was assessed to compare the richness,
uniformity, and diversity of the microbiome. Using Chaol,
Faith PD, and OTU analyses (Figure 1A and Supplementary
Figures 1A-C), we identified a gross spatial trend of microbial
communities with species richness being highest in the tumor
and paracancerous samples, while cancer surface, contralateral
normal tissue, saliva, and tongue coat samples exhibited a trend
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TABLE 1 | Clinicopathological characteristics of the patients.

Variable C (n=37) PC (n=37) CS (n=64) N (n=38) S (n=65) T (n=64)
Age (mean = SD) 579 +£9.6 58.1£9.7 59.5 + 10.9 58.2 + 10.3 59.5 + 10.8 59.5 + 10.9
Males: No. (%) 27 (73.0) 27 (73.0) 41 (64.1) 25 (65.8) 41 (63.1) 41 (64.1)
Cancer site:
Tongue 15 14 23 17 24 23
Buccal 2 2 8 4 8 8
Floor of Mouth 7 7 10 5 10 10
Pharynx 1 1 1 1 1 1
Palate 3 3 6 4 6 6
Maxilla 2 2 4 2 4 4
gingiva 7 8 12 5 12 12

of progressively decreasing richness. The Shannon and Simpson
indices suggested that the diversity and uniformity of bacteria
were significantly higher in the tumor tissue than in other niches
(P < 0.001).

Non-metric multidimensional scaling (NMDS) and principal
coordinate analysis (PCoA) were conducted to measure the
niche-related differences in microbial communities and their
clustering relationships. The PCoA was based on unweighted
UniFrac. As shown in Figures 1B, D, the six niches formed
separate clusters, and this difference was found using ADONIS to
be statistically significant. Further ADONIS analysis of the
distributions of samples from different niches showed that the
core regions of tumor samples and paracancerous samples were
highly similar (P > 0.05), suggesting similar microbial diversities
in those two niches, while the contralateral normal mucosa,
saliva, and tongue coat were different from the tumor and
paracancerous samples, but similar to each other.

Generality and Discrepancy of Microbial
Composition Across Oral Niches

The generality and discrepancy of oral microbial composition
was compared across niches to elucidate the microbial
transitions along different oral niches. As indicated in
Figures 1C, E, F, there were significant differences in oral
microbial composition across niches. Proteobacteria,
Firmicutes, Bacteroidetes, Fusobacteria, and Actinobacteria were
the predominant microorganisms in all niches at the phylum
level. Among these, Proteobacteria, Firmicutes, and Bacteroidetes
accounted for the greatest proportion. The microbiome of
contralateral normal mucosa and saliva samples showed great
similarity at the phylum, genus, and species levels. Further,
Pseudomonas beteli was the most abundant species in both
tumor and paracancerous tissue samples, whereas, in the other
four niches, Streptococcus dentisani accounted for the largest
proportion, indicating a more similar community composition
between tumor and paracancerous tissues, while the other four
niches were more similar to each other. We propose that it is the
fluidity of saliva and activity of tongue that caused microbial
composition of this saliva, tongue coat, cancer surface, and
contralateral normal mucosa resemble each other, especially
contralateral normal mucosa and saliva (Mager et al., 2003; Li
et al,, 2020). This finding might facilitate selecting sampling sites
for microbial composition research.

Microbiome Profiles of Tumor and
Paracancerous Tissues

The tumor and paracancerous tissues were sampled from the
surgically resected tumor and adjacent non-tumorous tissues,
while the other four groups were sampled from liquid saliva and
using swabs. This may be a major contributor to the microbial
differences observed. Thus, subsequent analyses focused on the
variations between tumor and paracancerous tissue samples to
characterize the dysbiosis of the oral microbiome associated
with OSCC.

The bacterial composition of tumor tissue was noticeably
different in comparison to the paracancerous tissue in most
patients, suggesting a shift in bacterial colonization. The results
of phylum-level taxonomic analysis in Figures 2A, B, E show that
Proteobacteria were overwhelmingly dominant in paracancerous
tissue, while significantly reduced in tumor tissue, while
Firmicutes, Bacteroidetes, Fusobacteria, and Spirochaetes were
increased in tumor tissue. At the genus level, tumor tissue
showed a greater abundance of Fusobacterium, Prevotella,
Porphyromonas, Campylobacter, Aggregatibacter, Treponema, and
Peptostreptococcus, and a lower prevalence of Stenotrophomonas
(the most abundant in control tissue), Neisseria, Sphingomonas,
and Veillonella (Figures 2A, C, F, P < 0.05). At the species level,
Pseudomonas beteli accounted for the highest proportion in
paracancerous tissue but was significantly reduced in tumor
tissue. Rothia mucilaginosa, Sphingomonas alpina, and Veillonella
dispar were also significantly decreased in tumor tissue.
Conversely, Porphyromonas endodontalis, Campylobacter gracilis,
Peptostreptococcus stomatis, prevotella intermedia, Eubacterium
vuril subsp schtika, and Parvimonas micra were significantly
increased in tumor tissue (Figures 2D, G, P <0.05).

To further distinguish differences of the microbial community
between cancer tissue and paracancerous tissue, differential clusters
were visualized using a heatmap (see Figure 3). 22 genera were
identified as being differentially enriched between tumor and
paracancerous tissue samples. Compared to paracancerous tissue,
prevotella, Slackia, Peptostreptococcus, Treponema, Selenomonas,
Porphyromonas, parvimonas, Peptococcus, Mycoplasma, and
Bulleidia were enriched in tumor tissue. Interestingly, these are
all anaerobic or facultative anaerobes. Conversely, Actinomyces,
Veillonella, Neisseria, Rothia, Delftia, Ralstonia, Stenotro
phomonas, pelomonas, Proteus, Bradyrhizobium, and Serratia,
were less abundant in tumor tissue. There were also differences
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in the species level cluster distributions, whereby tumor tissue
exhibited increased Porphyromonas endodontalis and Parvimonas
micra, and reduced Pseudomonas beteli, Rothia mucilaginosa,
Sphingomonas alpina, and Veillonella rogosae.

SparCC Analysis of the Co-Occurrence
Network and Core Microbiome

To describe the microbial symbiosis and the connections across
different bacterial communities, the microbial co-occurrence

network was constructed using SparCC analysis (Supplementary
Figure 2). SparCC provides a novel method of sequencing data to
infer correlations between species (Rai et al., 2021). The degree of
microbial symbiosis in the network corresponded with the power-
law distribution, indicating the ecologic characteristics of the oral
microbiome in OSCC patients (Figure 4B). The nodes of the
network represented the bacterial species, while the edges between
nodes represent ecological relationships between species. The node
with most edges was considered as the key species. As shown in
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Supplementary Figure 2, tumor and paracancerous group were the
two densest clusters among the six niches, indicating increased
network complexity of the two groups. Clostridium disporicum and
Veillonella dispar, with the most associations in the clusters, were
the key species in tumor and paracancerous tissue samples,
respectively (Figure 4A). On the cancer surface, the key species
was Faecalibacterium prausnitzi, one of the most abundant and
important commensal bacteria in the human intestinal microbiome.
Contralateral normal mucosa, saliva, and tongue coat samples
exhibited the same key species, Prevotella pallens, indicating that
this species heavily participates in the bacterial ecology structure of
the 3 niches, and the three niches presented relatively similar
microbial community compositions.

As showcased in Figure 4C, the Venn diagram was generated
by the bacterial species in Figure 4A, and it represented the
overlap of species among different groups. For the species
directly connected to the key species, there were no
overlapping species across all six groups. Besides, 2 species
overlap across the tumor tissue, paracancerous tissue, and
cancer surface, and 9 species overlap among the other three
groups were observed, suggesting that the controlateral normal
mucosa, saliva, and tongue coat had similar microbial structure
in their co-occurrence networks. These findings were consistent
with the results shown above.

Diagnostic Performance of the Oral
Microbiome in Discriminating OSCC

To assess the association between the microbial community and
the clinical index of OSCC, tumor samples were grouped by tumor
size (1: T1, 2: T2, 3: T3, 4: T4), grade (1: highly differentiated, 2:
moderately differentiated, 3: poorly differentiated), stage (1: T1 NO
MO, 2: T2 NO MO, 3: T1-2 N1 MO0 and T3 NO-1 MO0, 4: T1-3 N2 M0
and T4a NO-2 M0), and metastasis (1: metastasis, 2: no metastasis)
using the TNM classification of the American Joint Committee on
Cancer (AJCC Cancer Staging Manual, Eighth Edition). MaAsLin2
analysis was conducted to identify bacterial differences between
groups. ROC curve analysis was performed to evaluate whether the
relative abundances of specific microorganisms reflected any
clinical characteristics. As presented in Figures 5A, B, the ROC
curve was constructed to assess the diagnostic ability of selected
bacterials for OSCC metastasis. The AUC reached 0.823 at the
genus level, indicating a good level of diagnostic performance of the
genera Lautropia, Asteroleplasma, Parvimonas, Peptostreptococcus,
Pyramidobacter, Roseburia, and Propionibacterium to predict
tumor metastasis. The species Parvimonas micra, Prevotella
pallens, Propionibacterium acnes, Pyramidobacter piscolens,
Luteimonas marina, and Peptostreptococcus stomatis also
correlated significantly with metastasis (AUC = 0.776;
Figures 5C, D). However, the associations between bacterial
populations and other clinicopathological characteristics (tumor
size, grade, and stage) were poor (Supplementary Figure 3).

Prediction of Microbiome Phenotype

and Functions

BugBase was used to predict and compare the microbial
phenotype across the six sample locations. As shown in

Supplementary Figure 4, tumor tissue was characterized by
the highest abundance of anaerobes, while the highest abundance
of aerobic, gram-negative bacteria, biofilm formation, potential
pathogenicity, and stress tolerance were found in the
paracancerous tissue. Tumor and paracancerous tissues both
showed a low abundance of mobile elements. Upon comparing
tumor tissue and paracancerous tissue, tumor tissue exhibited a
greater abundance of gram-positive bacteria, anaerobes, and
facultative anaerobes than paracancerous tissue, while gram-
negative bacteria, aerobic, biofilm formation, potential
pathogenicity, and stress tolerance were more frequent in the
paracancerous tissue (all p < 0.05; Figure 6A).

Tax4Fun2 analysis was used to predict and compare changes
in microbial function and metabolism pathways between the two
groups (Figure 6B). Functions related to nucleotide metabolism,
including amino sugar and nucleotide sugar metabolism, purine,
and pyrimidine metabolism, as well as functions related to
mRNA translation including ribosome and aminoacyl tRNA
biosynthesis, were significantly enriched in tumor tissue (P <
0.05). Several metabolic pathways related to biosynthesis, energy
supply, such as biosynthesis of amino acids, carbon fixation
pathways, carbon metabolism, fructose and mannose
metabolism, pyruvate metabolism, glycolysis/glucogenesis, and
ABC transporters were also more abundant in tumor tissue (P
<0.05), While biofilm formation, fatty acid biosynthesis,
metabolism and degradation were decreased.

DISCUSSION

The oral microbiome plays an essential role both in the stability
and balance of oral microecology and host defense. Once
homeostasis is disturbed, an imbalance of microbial flora
contributes to oral diseases such as dental caries, periodontitis,
and oral mucosal diseases, and systemic diseases, such as
cardiovascular disease, diabetes, rheumatoid arthritis,
Alzheimer’s disease, and head and neck cancers (Sampaio-
Maia et al,, 2016; Long et al., 2017; Kilian, 2018; Sudhakara
etal., 2018; Sureda et al., 2020; Radaic and Kapila, 2021). There is
much evidence that the colonization, translocation, and
imbalance of oral microflora play key roles in OSCC, providing
potential biomarkers for the occurrence, development, and
prognosis of OSCC (Wang and Ganly, 2014; Sun et al., 2020).
However, at present, differences in oral microbiome across
multiple oral niches in OSCC patients have not been
truly investigated.

In the present study, samples were collected from 65 patients
with OSCC, and 16S rDNA sequencing was used to characterize
the microbial profile in tumor tissue, paracancerous tissue,
cancer surface, contralateral normal mucosa, saliva, and tongue
coat to evaluate associations between the oral microbiome and
OSCC. Significant differences in microbial composition and
function were found between the six different oral niches. The
diversity and uniformity of tumor tissue were found to be higher
than that of other niches, as indicated by the Shannon and
Simpson diversity indices, consistent with previous findings
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(Zhao et al., 2017; Yang et al., 2018; Su et al., 2021). However,
some contradictory results have also been reported, such as
decreases in the diversity of bacterial communities in tumor
samples (Pushalkar et al., 2012; Schmidt et al., 2014; Wang et al.,
2017; Sarkar et al., 2021).

Previous studies have shown Proteobacteria, Firmicutes,
Bacteroidetes, Fusobacteria, and Actinobacteria to be the
dominant phyla (Schmidt et al., 2014; Guerrero-Preston et al.,
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FIGURE 5 | ROC curve analyses were performed to evaluate the diagnostic performance of oral microbiome for OSCC metastasis. (A, C) Boruta algorithm was
used for feature selection and to assess the importance of variables. (B, D) ROC curves were constructed to predict diagnostic power of microbiome for tumor
metastasis. It suggested that higher abundance of Lautropia, Asteroleplasma, Parvimonas, Peptostreptococcus, Pyramidobacter, Roseburia and Propionibacterium
in the tumor tissue appeared to be associated with higher rates of tumor metastases.

2016; Al-Hebshi et al., 2017b; Wang et al., 2017; Sarkar et al.,
2021), in support of our findings. The Firmicutes have been
reported to be the most abundant phylum in the oral
microbiome (Schmidt et al., 2014; Guerrero-Preston et al,,
2016; Perera et al., 2018; Sarkar et al., 2021). In this study,
Firmicutes was the most abundant phylum in contralateral
normal mucosa and saliva, and the microflora of the two
niches was similar at the phylum, genus, and species levels.
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FIGURE 6 | Prediction of microbiome phenotypes and functions. (A) Phenotypes prediction was conducted by BugBase analysis, including gram-positive, gram-
negative, biofilm forming, stress tolerance, potential pathogenicity, aerobic, anaerobic, facultatively aerobic and mobile elements. (B) Microbial functional profile was
predicted by Tax4Fun2 based on the KEGG pathway, and statistically analyzed by STAMP. KEGG pathways with significant abundance difference (P < 0.05) are
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Upon comparing tumor tissue and paracancerous tissue, the
tumor tissue demonstrated greater populations of
Fusobacterium, Prevotella, Porphyromonas, Campylobacter,
Aggregatibacter, Treponema, and Peptostreptococcus, and lower
populations of Stenotrophomonas, Neisseria, Sphingomonas, and
Veillonella. Most of the genera significantly enriched in tumor
tissue samples were those that have been associated with
periodontal diseases, in agreement with previous studies (Zhao
etal.,, 2017; Li et al,, 2020; Kavarthapu and Gurumoorthy, 2021).
Periodontitis-associated bacteria promote the production of pro-
inflammatory mediators, such as interleukin, TNF-0., and matrix
metalloproteinase, which are released into the oral
microenvironment, causing chronic inflammation, and
promoting tumor cell migration and invasion (Champagne
et al,, 2003; Tezal et al., 2009; Schmidt et al., 2014; Li et al,
2020). Fusobacterium, a normal component of the oral
microbiome, coexists with other bacteria in dental plaque,
forming a bridge between early and late colonizers (Zhao et al.,
2017). The virulence factors produced by Fusobacterium, such as
adhesins, LPS, and RadD, have been associated with aberrant
immune responses, chronic infection, modulating oral
carcinogenesis, and promoting cancer progression (Gholizadeh
et al, 2017; De Andrade, et al,, 2019). Aggregatibacter has been
associated with invasive periodontitis (Ando et al., 2012) and can
induce inflammation through cytolethal distendin toxin (CDT),
leukotoxin and lipopolysaccharide (LPS) (Herbert et al., 2016).
Further, the abundance of Neisseria, Veillonella, Rothia, and
Streptococcus had been reported to decrease significantly in
tumor tissue, which may be related to a decrease in the health
of the oral cavity (Pushalkar et al., 2012; Zhao et al., 2017; Al-
Hebshi et al., 2017b; Sun et al., 2020).

At the species level, the relative abundances of Porphyromonas
endodontalis, Campylobacter gracilis, Peptostreptococcus stomatis,
Prevotella intermedia, Eubacterium vuril subsp schtika, and
Parvimonas micra in tumor tissue increased in comparison to
those in paracancerous tissue. Notably, these florae are all
anaerobes or facultative anaerobes. The phenotype prediction
also showed that tumor samples exhibited the highest abundances
of anaerobes. Tumor cells live in an environment that is
comparatively hypoxic and of a lower pH in comparison to
healthy tissue, which may be due to the increased metabolic
rate of tumor cells combined with an insufficient local blood
supply, causing most of the bacteria that are found thriving in
tumor tissue to be anaerobes. Porphyromonas Endodontalis, a
newly discovered periodontal pathogen, was observed to be highly
abundant in cancerous tissue (Tezal et al., 2009; Perez-Chaparro
et al., 2014; Gongalves et al., 2016). Parvimonas micra was also
reported to be enriched in OSCC tumor lesions and be associated
with tumor stages. (Al-Hebshi et al., 2017a; Yang et al., 2018).

We used SparCC analysis to illustrate the microbial network.
In tumor tissues, the key species was Clostridium disporicum.
Clostridium disporicum was first isolated from rat intestinal flora
in 1987 (Horn, 1987). Otherwise, Clostridia are an important
component of the human intestinal anaerobic flora, so the
predisposing factors of clostridial infections are commonly
associated with malignancy or antibiotherapy (Mallozzi et al.,

2010). As a common conditional pathogen, Clostridium can
colonize to colonic epithelial cells and produce carcinogenic
substances to promote tumorigenesis.

ROC curve analysis is typically used to evaluate the
discrimination ability and diagnostic efficacy of a predictive
model. In this study, the ROC model containing Lautropia,
Asteroleplasma, Parvimonas, Peptostreptococcus, Pyramidobacter,
Roseburia, and Propionibacterium provided a good level of
prediction accuracy for OSCC metastasis, with a statistically
significant diagnostic accuracy of 82.3%, suggestive of a significant
correlation with the metastasis of OSCC. OSCC is prone to early
transfer to the regional lymph nodes, so the tumor metastasis trend
is an important predictor of survival outcomes in OSCC patients.
Mager et al. found that high abundance of several bacterials in
salivary may be diagnostic indicators of OSCC (Mager et al., 2005).
Wei et al. proved that salivary metabolomics (Valine, lactic acid, and
phenylalanine) had the potential for detection of OSCC (Wei et al,,
2011). Furthermore, two other studies have demonstrated good
diagnostic power of oral microbiome for the OSCC (Zhao et al,
2017; Li et al., 2020). The above studies compare OSCC patients to
healthy control individuals, while our research performed a
comparison between patients with tumor metastasis and patients
without lymph nodes and other organ metastases, drawing the
conclusion of good diagnostic ability of oral microbiome for
OSCC metastases. Our study has some limitations in samples
and methodology, further research is needed to confirm the
present results.

Finally, Tax4Fun2 was used to predict the functional profile
based on 16S rDNA gene sequences, furthering the understanding
of the significance of the oral microbiome. Nucleotide metabolism is
an important pathway providing purine and pyrimidine molecules
for DNA replication and RNA biogenesis (Siddiqui and Ceppi,
2020), and mRNA translation is a critical process of gene expression
and protein synthesis. The current study showed that functions
related to nucleotide metabolism and mRNA translation, such as
amino sugar and nucleotide sugar metabolism, purine and
pyrimidine synthesis, ribosome and aminoacyl tRNA biosynthesis,
and the functions related to biosynthesis and energy supply were
significantly enriched in OSCC samples, likely reflecting the
enhanced fundamental requirements for bacterial life in the
OSCC habitat and specific adaptation to distinct micro-ecological
environment. The variations of bacterial metabolic pathways in
tumor tissues indicated a contribution of the oral microbiome to
creating the tumor microenvironment through the biosynthesis of
secondary metabolites (Zhao et al., 2017; Li et al., 2020).

In summary, the present article reports a comprehensive
comparison of the microbiome across different oral niches in
patients with OSCC, and these findings reveal differences in the
characteristics of the oral microflora. The human oral
microbiome has been demonstrated to be site-specific (Tanner
et al., 2006), and the present study further elucidates species
similarities and differences among microbial communities in
different oral niches. Periodontitis-related flora and anaerobes
were shown to be significantly enriched in tumor tissue. Further,
the microorganisms in tumor tissue might be potential indicators
of the development and metastasis of OSCC. This study provides
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evidence that the dynamic balance between the resident oral
microflora and the host is altered in OSCC, which may be the key
mechanism by which oral symbiotic bacteria promote or prevent
the occurrence of oral cancer. This study had some limitations.
Firstly, the taxonomic accuracy of 16S rDNA was limited (Zhao
et al., 2017; Johnson et al., 2019). Recent studies have shown that
although more than 99% of the sequencing analyses can be
correctly classified at the genus level, many bacteria are
misclassified (Winand et al., 2019). Further, many bacteria
have not yet been sequenced or discovered. Also, the exact
pathogenesis of this phenomenon is still to be clarified and it is
not currently possible to determine with sufficient certainty,
based on these data, whether the observed bacterial changes
contribute to the carcinogenesis or progression of OSCC.
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Pyroptosis in periodontitis: From
the intricate interaction with
apoptosis, NETosis, and
necroptosis to the

therapeutic prospects
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Periodontitis is highly prevalent worldwide. It is characterized by periodontal
attachment and alveolar bone destruction, which not only leads to tooth loss
but also results in the exacerbation of systematic diseases. As such,
periodontitis has a significant negative impact on the daily lives of patients.
Detailed exploration of the molecular mechanisms underlying the
physiopathology of periodontitis may contribute to the development of new
therapeutic strategies for periodontitis and the associated systematic diseases.
Pyroptosis, as one of the inflammatory programmed cell death pathways, is
implicated in the pathogenesis of periodontitis. Progress in the field of
pyroptosis has greatly enhanced our understanding of its role in
inflammatory diseases. This review first summarizes the mechanisms
underlying the activation of pyroptosis in periodontitis and the pathological
role of pyroptosis in the progression of periodontitis. Then, the crosstalk
between pyroptosis with apoptosis, necroptosis, and NETosis in periodontitis
is discussed. Moreover, pyroptosis, as a novel link that connects periodontitis
with systemic disease, is also reviewed. Finally, the current challenges
associated with pyroptosis as a potential therapeutic target for periodontitis
are highlighted.

KEYWORDS

pyroptosis, periodontitis, programmed cell death, diabetes, cardiovascular diseases,
rheumatoid arthritis
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Introduction

Pyroptosis has been demonstrated to participate in the
pathophysiological processes of various inflammatory diseases,
such as coronavirus disease—2019, colitis, rheumatoid arthritis,
Crohn’s disease, and neuroinflammatory injury (Xu et al., 2019;
Wu et al., 2020; Cai et al., 2021; Tan et al., 2021; Vora et al.,
2021). Pyroptosis is categorized as inflammatory programmed
cell death that is mainly dependent on caspases and gasdermins
(GSDMs). The canonical pyroptosis pathway is initiated by the
activation of the NOD-like receptor (NLR) family pyrin domain
containing 3 (NLRP3), followed by caspase-1-mediated cleavage
and activation of GSDMD, pro-interleukin (IL)-1f, and pro-IL-
18. Mature GSDMD (N-terminal fragment of GSDMD)
ultimately assembles on the plasma membrane and forms
pore-like structures, allowing water to enter cells and enabling
the excretion of cellular contents and mature inflammatory
factors (Yu et al., 2021). This determines the distinct
morphological characteristics of pyroptosis compared to other
forms of programmed cell death. Recent studies on pyroptosis
have reported that apoptosis-associated caspase-3 and 8 can also
mediate the cleavage of GSDMs, thus mediating the activation of
pyroptosis (Sarhan et al., 2018; Jiang et al., 2020). This highlights
the crosstalk between pyroptosis and apoptosis. According to the
existent proofs of pyroptosis in infectious diseases, appropriate
pyroptosis activation is beneficial in defending and clearing
foreign pathogens, while aberrant activation can cause
uncontrolled inflammatory responses and tissue damage.
Hence, there are two sides to pyroptosis in the
pathophysiological processes of periodontitis, with the
potential to be either beneficial or detrimental to the host’s
defense and periodontal tissue regeneration.

Periodontitis is initiated by infection with pathogenic
microorganisms; inadequate treatment results in long-term
plaque accumulation, leading to a sustained inflammatory
response and irreversible loss of periodontal tissues. Genetics,
treatments, and self-performed oral hygiene all affect the
prognosis of periodontitis (Kinane et al., 2017). Among the
reported mechanisms, various programmed cell death pathways
have been reported to be involved in the progression of
periodontitis. To date, more than ten kinds of programmed
cell death pathways have been identified, and studies have
addressed their roles in the pathogenesis of periodontitis.
While apoptosis is well studied in periodontitis, there is still a
lack of an in-depth investigation of pyroptosis and its relation to
apoptosis, necroptosis, and NETosis in this field. Pyroptosis was
reported to be associated with an extensive inflammatory
reaction in periodontitis. Clinical studies of apical
periodontitis (AP) have shown that the level of periodontal
pyroptosis correlates positively with disease severity (Cheng
et al., 2018). Furthermore, an increased level of pyroptosis in
periodontal tissue leads to overactive immune responses and
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promotes the secretion of active inflammatory factors (IL-1f3, IL-
18), further contributing to the overactivation of inflammatory
signaling pathways. This, in turn, leads to reduced bone
formation ability via the suppression of osteoblast activity and
enhanced bone resorption via the upregulation of the
proliferation and activity of osteoclasts (Li et al., 2021).
Ultimately, this results in the exacerbation of the destruction
of periodontal tissue and the suppression of its regeneration (Li
et al,, 2021). The exact mechanisms will be discussed below.

Recent studies have broadened our understanding of the role
of pyroptosis in periodontitis. However, there remains a
significant gap in comprehending the specific molecular
mechanisms of pyroptosis in periodontitis, and the favorable
aspect of pyroptosis in periodontitis, regarding its role in
clearing pathogens, also requires further verification. This
review summarizes the most recent contributions to our
understanding of the potential mechanisms underlying the
role of pyroptosis in the pathogenesis and development of
periodontitis. Moreover, the crosstalk between pyroptosis and
apoptosis, necroptosis, and NETosis is discussed. Based on this
review, it is hypothesized that pyroptosis might be a novel target
that connects periodontitis with systemic disease. Finally, the
recent progress and challenges in the translation of pyroptosis
research into therapeutic targets are summarized to reveal the
new therapeutic options applicable to periodontitis.

Mechanisms of pyroptosis activation
in periodontitis

Pyroptosis is initiated by canonical and noncanonical
activation of inflammasomes. In the canonical pathway,
pathogen-associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPs) bind to the major
histocompatibility complex or pattern recognition receptors
(PRRs), which leads to the increased transcription and
translation of inflammasome constituents, and also promotes
the activation of inflammasomes by oligomerization and
recruitment of the components of the inflammasomes
(Rathinam and Fitzgerald, 2016). Inflammasomes are
heterologous oligomeric protein complexes usually comprised
of NLRs or absent in melanoma 2 (AIM2)-like receptors (ALRs),
apoptosis-associated speck-like proteins containing a caspase
recruitment domain (ASC), and pro-caspase-1 (Li et al., 2021).
Among the 23 identified NLRs in humans, only a few of them
participate in the formation of inflammasomes; they include
NLRP3, NLRP1, NLRP6, and NLRC4. NLRs usually possess a
leucine-rich repeat (LRR) domain at the C-terminal, a
nucleotide-binding domain (NBD) or a nucleotide-binding
and oligomerization (NACHT) domain in the central region,
and a pyrin domain (PYD) at the N terminal of the NLRP or a
caspase recruitment domain (CARD) at the N terminal of the
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NLRC (Swanson et al., 2019; Li et al, 2021; Yu et al, 2021).
Following the activation of inflammasomes, the PYD in the
NLRP, such as NLRP3, assembles pro-caspase-1 (full-length) by
indirectly binding to the ASC (containing a CARD at the C-
terminal and a PYD at the N-terminal) of the inflammasome via
the homotypic interaction between PYD-PYD and CARD-
CARD. However, the CARD in NLRP1 and NLRC4 can
promote the recruitment of pro-caspase-1 by directly binding
to their CARD domains (Kay et al., 2020; Taabazuing et al., 2020;
Sundaram and Kanneganti, 2021). Once bound to
inflammasomes, there is the promotion of the dimerization
and autoproteolysis of pro-caspase-1, followed by the release
of central and small catalytic domains, p20 and p10 (Guo et al,,
2015; Huang et al., 2021; Li et al., 2021).

Unlike in the canonical pathway, in the noncanonical pathway,
caspase-4/5 in humans and caspase-11 in mice function as both
sensor and effector molecules of lipopolysaccharide (LPS)-induced
pyroptosis. After the recognition of LPS, caspase-4/5/11
dimerization and autoproteolysis occur, releasing the p10 and p20
domains (Kayagaki et al, 2015; Downs et al., 2020). Recent
advances in this field have indicated that several guanylate
binding proteins (GBPs) are involved in caspase-4 signaling
induced by LPS (Fisch et al, 2020; Kutsch et al, 2020; Santos
et al, 2020; Wandel et al., 2020); however, this requires further
investigation in periodontitis. The active caspases in the canonical
and noncanonical pathways ultimately proteolytically cleave pro-
IL-1f and pro-IL-18 into their biologically active forms. Although
caspase-4/5/11 cannot directly cleave pro-IL-1f and pro-IL-18, they
can promote the maturation and secretion of IL-1B and IL-18 by
activating the NLRP3/caspase-1 pathway (Yu et al, 2021).
Simultaneously, the active caspase-1/4/5/11 cleaves the GSDMD
protein, the key effector protein of pyroptosis, to form active N- and
C-terminal kinase portions. The N-terminal of GSDMD binds to
phosphatidylserine, phosphatidic acid, and phosphatidylinositol on
the cell membrane, promoting oligomerization and resulting in the
formation of pore-like structures on the cells. Changes in
membrane permeability lead to cell swelling and membrane
rupture, which facilitate the active forms of inflammatory factors
to pass through the membrane pores. Moreover, new evidence
indicates that the GSDMD pore conduit is predominantly
negatively charged, thus favoring the passage of positively charged
and neutral cargo, such as the mature forms of IL-1f and IL-18 (Xia
et al., 2021).

As mentioned above, GSDMD is the most studied member
of the GSDM family, and it mediates both the canonical and
noncanonical pathways. GSDMA, -B, -C, and -E, as well as
autosomal recessive deafness-59 (DFNB59), are less studied and
require further investigation. Aside from DFNB59, all GSDMs
have a pore-forming domain at the N-terminal, an
autoinhibitory domain at the C-terminal, and a loop domain
that links the N- and C-terminal domains (Julien and Wells,
2017; Kovacs and Miao, 2017; Xia et al., 2020). Except for
DFNB59, they were proved to be involved in the activation of
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pyroptosis. Restricted reports showed that GSDME can be
cleaved by caspase-3, which specifically generates an N-
terminal fragment of GSDME, thus promoting pyroptosis
(Wang et al., 2017; Jiang et al., 2020). Moreover, GSDMC was
reported to be cleaved by caspase-8, specifically with TNFo
treatment, generating an N-terminal fragment of GSDMC,
thereby inducing pyroptosis (Hou et al., 2020; Zhang et al,
2021). Caspase-8 has also been reported to cleave GSDMD to
induce pyroptosis (Orning et al., 2018; Sarhan et al, 2018;
Demarco et al., 2020). These results also indicated that
GSDME and GSDMC might be two points linking pyroptosis
with apoptosis. This will be discussed below. Aside from
caspases, granzyme A has been reported to cleave GSDMB in
lymphocytes (Zhou et al., 2020), and granzyme B was reported to
directly cleave GSDME in tumor cells (Zhang et al., 2020),
ultimately contributing to tumor suppression by invoking
pyroptosis. In addition, a recent study reported that
neutrophil-specific serine protease-neutrophil elastase
(ELANE) can also cleave GSDMD at the N terminal to
promote pyroptosis, thereby mediating its biological effects
(Kambara et al., 2018). However, non-caspases-dependent
cleavage of GSMDs was not clarified in periodontitis.
Therefore, detailed molecular and biological investigations
need to be conducted to shed light on it.

Accumulating evidence has shown that pyroptosis
participates in the pathophysiological process of periodontitis
(Bullon et al., 2018; Zhou et al., 2020; Li et al., 2021). Continuous
pathogenic microorganism infection is the initiating factor in
periodontitis, including bacterial, fungal, viral, and mycoplasma
infections. Toll-like receptor 4 (TLR4) is the most characterized
pattern recognition receptor during periodontitis and has been
largely argued for its crucial role in the LPS-mediated pyroptosis
pathway. Basic studies using TLR4 knockout mice models have
documented that TLR4 is involved in periodontitis and peri-
implantitis initiated by P. gingivalis (Lin et al., 2014; Deng et al.,
2020). Recent advances documented that after recognizing and
binding to the lipid A portion of LPS by TLR4 particularly, the
myeloid differetial protien-2 mediates the binding of LPS with
TLR4, followed by initiating the homotypic interaction of
TLR4’s intracellular toll/interleukin-1 receptor domain with
adaptors, including myeloid differentiation factor88 (MyD88)
and TIR domain-containing adapter protein inducing IFN-Beta
(TRIF). Consecutively, MyD88 binds to interleukin-1 receptor-
associated kinase (IRAK) 1 and 2, which facilitates the assembly
of TRAF6 and provokes TAK1-mediated phosphorylation and
activation of IkB kinases o/f (IKKo/P) (Ciesielska et al., 2021),
ultimately leading to nuclear translocation of NF-kB. This step is
essential for the transcription of NLRP3, pro-IL-1f, and pro-IL-
18, the priming step for the activation of NLRP3 inflammasome
(Ciesielska et al., 2021). In the TRIF-dependent pathway, TRAF3
and TRAF6 were involved in the activation of the MAPK and
ERK1/2 pathways, which also contributed to cytokine
production (Ciesielska et al., 2021). The activation of NLRP3
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was demonstrated to be associated with posttranslational
modification, which was supported by NLRP3
deubiquitination by BRCC3 or phosphorylation by JNKI,
promoting the activation of the NLRP3 inflammasome (Py
et al., 2013; Song et al., 2017). In addition, ion flux,
mitochondrial damage, ROS and mitochondrial DNA, and
lysosomal disruption were also documented to be involved in
NLRP3 activation (Huang et al, 2021). However, the exact
underlying mechanisms are still obscure. In addition to
recruiting and activating inflammasomes in the canonical
pyroptosis pathway, downstream molecular TRIF initiates the
activation of IRF3/7 and the induction of type I interferon
release in parallel. This is followed by IFNAR1/2-dependent
activation of JAK/STAT signaling to initiate pro-caspase-11
expression, thus participating in the noncanonical pyroptosis
pathway (Gurung et al., 2012; Rathinam et al., 2012; Zamyatina
and Heine, 2020). These findings extend our understanding of
LPS and TLR4 in pyroptosis. However, these results have not
been verified in periodontitis. Pyroptosis was demonstrated to
arise in human gingival fibroblasts (HGFs), macrophages, oral
epithelial cells, human periodontal ligament fibroblasts
(HPDLFs), human periodontal ligament stem cells
(HPDLSCs), and osteoblasts during periodontitis (Ziauddin
et al., 2018; Zhuang et al., 2019; Chen et al.,, 2021; Lei et al,
2021; Li et al, 2021; Zhao et al, 2021). The human gingival
epithelium (HGEs) is considered the first line of periodontal
defense, protecting the periodontal tissue against various
harmful pathogens. Streptococcus sanguinis and oral anaerobic
bacteria-produced butyrate can destroy the epithelial barrier
through the activation of pyroptosis by upregulating caspase-
3/GSDME and caspase-1, respectively (Liu et al., 2019; White
etal,, 2020). HGFs are the most abundant cells in the periodontal
tissue; activation of the pyroptosis pathway in gingival
fibroblasts contributes to the exacerbation of inflammation
and the destruction of periodontal tissues. Porphyromonas
gingivalis (P. gingivalis) and LPS are reported to induce
pyroptosis in HGFs by activating the NLRP3/NLRP6/caspase-
1/GSDMD pathway (Liu et al., 2018; Huang et al.,, 2020; Yang
etal., 2021). Moreover, caspase-4/GSDMD, which belongs to the
noncanonical pathway, can also be activated in HGFs in
response to the Treponema pallidum surface protein Tp92
(Jun et al., 2018). Macrophages are key mediators of the
inflammatory response in the innate immune system and are
involved in defense against pathogen invasion by recognizing the
byproducts of pathogens and other endogenous factors.
Nonetheless, overactivation of microphages results in an
extended inflammatory response and tissue damage (Shapouri-
Moghaddam et al,, 2018). In addition, macrophages are
remarkable plastic cells that can be phenotypically polarized to
classically activated or inflammatory (M1) and alternatively
activated or anti-inflammatory (M2) forms. While M2 can be
induced by IL-4 and IL-13, which is followed by the production
of anti-inflammatory factors IL-10 and TGF-3, M1 is triggered
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by recognizing IFN-y, TNF-0,, or LPS with TLRs and IL-1R, and
this is followed by the production of pro-inflammatory cytokines
TNF-o, IL-10, IL-1B, IL-6, 1L-12, and IL-23 (Murray, 2017;
Locati et al., 2020). Cytokine production during this process was
activated NF-xB signaling dependent (Murray, 2017; Locati
et al., 2020). These results showed that M1 polarization shares
the same initiated signaling pathways with pyroptosis.
Concomitant with these findings, M1 macrophages showed
increased caspase-1 expression (Xia et al, 2022), and
polarization to M1 can be prevented by caspase-1 suppression
(Li et al., 2019). So, we speculate that in response to infection,
M1 polarization occurs in the early stage, while accumulating
inflammatory factors produced by M1 contribute to pyroptosis
activation. Given that M2 macrophages have scavenger
receptors, they might participate in the phagocytosis of cells
undergoing pyroptosis, thus restricting the amplification of
inflammation. However, the interaction between macrophage
polarization and pyroptosis has never been investigated in
periodontitis; gene knockout of pyroptosis-related caspases will
help us understand this topic. Limited evidence in periodontitis
revealed that P. gingivalis, Mycoplasma salivarium, Treponema
denticola surface protein Td92, E. faecalis, and LPS can induce
pyroptosis in macrophages through the NLRP3/caspase-1/
GSDMD pathway, contributing to the pathogenesis and
development of periodontitis (Jun et al., 2012; Sugiyama et al.,
2016; Li et al., 2019; Li et al., 2020; Ran et al., 2021). Moreover,
pyroptosis induced by the cyclic stretch, dental calculus, and
outer membrane vesicles of P. gingivalis in macrophages can also
promote periodontitis (Fleetwood et al., 2017; Ziauddin et al.,
2018; Zhuang et al., 2019).

Table 1 presents a summary of the current research on the role
of pathogens and their byproducts in the induction of pyroptosis
in periodontal tissue, providing an update on the comprehensive
understanding of the possible effects of pyroptosis on periodontal
diseases. As displayed in Table 1, studies restricted their focus on
caspase-1/GSDMD, the role of caspases, GSDMs, granzymes, and
ELANE, which, beyond caspase-1/GSDMD, remain to be fully
elucidated in periodontitis. Also, the favorable aspect of pyroptosis
in macrophages, which might contribute to the clearance of
periodontal pathogens, needs to be clarified.

Advances in the field have led to a more detailed understanding
of how pyroptosis is regulated. Recent studies have shown that
Ninjurin-1 mediates the breakdown of the plasma membrane to
smaller pieces after pyroptosis induced by GSDMD (Kayagaki et al,,
2021), thus amplifying inflammation and helping clear pathogens.
The Ragulator-Rag complex of mTORCI is reported to be
necessary for GSDMD pore-forming activity in macrophages
(Evavold et al., 2021). Posttranslational modification of GSDMs
also contributes to the regulation of pyroptosis. For example, it has
been reported that the Shigella ubiquitin ligase IpaH7.8 mediates
the ubiquitylation of N-terminal PFD in human GSDMD and
GSDMB and promotes their degradation in immune cells to
prevent pyroptosis, enabling infection (Hansen et al, 2021;
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TABLE 1 Reported periodontal pathogenic factors in the activation of pyroptosis-related caspases and gasdermins.

Tissue and/or cells Pyroptosis inducers

THP-1 Mycoplasma salivarium
T. denticola surface protein Td92
LPS from E. coli
E. faecalis
U937 P. gingivalis
XS106 Mycoplasma salivarium
HPDLCs Cyclic stretch
P. gingivalis and LPS
HGEs Butyrate
HGFs T. denticola surface protein Tp92

LPS from E. coli

Combination of hypoxia and LPS from P.

gingivalis
P. gingivalis
LPS from P. gingivalis

Human macrophages from blood A. actinomycetemcomitans leukotoxin

HSC-2; Dental calculus

HOMK107;

Immortalized mouse macrophages

RAW 264.7 co-cultured with Hyperglycemia

HPDLSCs

RAW 264.7; High glucose, diabetes, and LPS from P.

Mice gingival tissue gingivalis

Murine bone-marrow-derived P. gingivalis and its outer membrane
macrophages; vesicles
Human monocyte-derived

macrophages

Oral epithelial cell Streptococcus sanguinis

MG63 cells LPS from E. coli

HPDLFs LPS from P. gingivalis and E. coli

Inflammasome Caspases Gasdermins Reference

NLRP3 Caspase-1 N/A Sugiyama et al., 2016
NLRP3 Caspase-1 N/A Jun et al., 2012
NLRP3 Caspase-1/4  GSDMD Li et al., 2020
NLRP3 Caspase-1 GSDMD Ran et al., 2021
NLRP3 Caspase-1/  GSDMD Li et al., 2019
11
NLRP3 Caspase-1 N/A Sugiyama et al., 2016
NLRP1 and NLRP3 Caspase-1/5 GSDMD Zhao et al., 2016; Zhuang et
al,, 2019
NLRP3 Caspase-4 GSDMD Chen et al.,, 2021
N/A Caspase-3/  GSDME Liu et al.,, 2019
1/5
N/A Caspase-4 GSDMD Jun et al.,, 2018
NLRP3 Caspase-1 GSDMD Huang et al., 2020
NLRP3 Caspase-1 GSDMD Yang et al., 2021
NLRP6 Caspase-1 GSDMD Liu et al,, 2018
NLRP3 Caspase-1/  GSDMD Li et al,, 2021
4/5
N/A Caspase-1 N/A Kelk et al., 2011
NLRP3 Caspase-1 N/A Ziauddin et al., 2018
NLRC4 Caspase-1 GSDMD Zhao et al.,, 2021
AIM2 and NLRP3  Caspase-1 GSDMD Nie et al., 2021; Zhou et al.,
2020
NLRP3 Caspase-1 N/A Fleetwood et al., 2017
N/A Caspase-1/  N/A White et al., 2020
3/7
NLRP3 Caspase-1 GSDMD Liu et al.,, 2020
NLRP3 Caspase-1 ~ N/A Cheng et al., 2018

XS106, murine epidermal-derived Langerhans cell line; THP-1, human acute monocytic leukemia cell line; HPDLCs, human periodontal ligament stem cells; HSC-2, human oral squamous
carcinoma cells; HOMK107, human primary oral epithelial cells; HGFs, human gingival fibroblasts; RAW 264.7, murine macrophage line; MG63, human osteosarcoma MG63 cell line;

U937, human myelomonocytic cell line.

Luchetti et al,, 2021). In addition, succination at C192 of the N
terminal of GSDMD reduces its binding to caspase-1, thus blocking
its processing and oligomerization and preventing pyroptosis-
induced cell death (Humphries et al., 2020). Moreover,
chemotherapy drugs were reported to promote pyroptosis by
palmitoylation of GSDME (Hu et al., 2020). However, these
newly discovered regulation mechanisms have not been verified
in periodontitis.

Despite accumulating achievements in this field recently, few
studies have focused on the basic molecular mechanism of
pyroptosis in periodontitis and the potential favorable aspects
of pyroptosis in periodontitis, and whether the recently
discovered regulation mechanisms also participate in the
process of periodontitis are still unknown.

Frontiers in Cellular and Infection Microbiology

Role of pyroptosis-regulated cell
death mechanisms in periodontitis

Pyroptosis in periodontal tissue has been demonstrated to
induce inflammation, resulting in periodontal tissue damage
(Table 1). Pyroptosis-related inflammasomes, caspases, and
cytokines have been proven to be tightly associated with
inflammatory diseases and play important roles in pathogen
defense, bone resorption, and regeneration of various tissues.
Among all the pyroptosis-related inflammasomes and caspases,
NLRP3 and caspase-1 are the most comprehensively
characterized members in periodontitis. One study found that
caspase-1 deficiency suppressed the secretion of inflammation
factors from macrophages and alleviated bone resorption in
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periodontal tissue during periodontitis (Rocha et al., 2020).
These authors also found that NLRP3 deficiency did not
contribute to this process (Rocha et al., 2020). However, this is
inconsistent with the findings of (Zang et al., 2020), which
indicated that aged mice lacking NLRP3 showed better bone
mass, and inhibition of the activation of NLRP3 with MCC950
significantly suppressed alveolar bone loss (Zang et al., 2020). In
line with this result, Chen also found that in mice with ligature-
induced periodontitis, NLRP3 deficiency decreased osteoclast
precursors and suppressed osteoclast differentiation and alveolar
bone destruction (Chen et al., 2021). These contradictory results
might be attributed to the different ages of the studied mice;
however, this hypothesis requires clarification in future studies.

The activation of inflammasomes and caspases ultimately
leads to the maturation and secretion of inflammatory factors;
the active forms of IL-1P and IL-18 are the direct byproducts of
this process. IL-1P is considered to be the most important factor
contributing to periodontal tissue damage. It is expressed in
macrophages, dendritic cells, GFs, PDLCs, and osteoblasts. IL-
1B was markedly increased in the saliva of patients with
periodontitis and gingivitis, as compared to that of healthy
individuals (Lira-Junior et al., 2021). Evidence shows that
elevated IL-1P levels caused by pyroptosis play a direct role in
the pathophysiological process of periodontitis (Cheng et al.,
2020). Previous studies have reported that elevated IL-1B
enhanced extracellular matrix degradation and bone resorption
by directly upregulating collagenolytic enzymes and matrix
metalloproteinases (MMPs) in periodontal tissues (Panagakos
etal,, 1994; Polzer et al., 2010; Schett et al., 2016). IL-1P was also
found to upregulate receptor activator for NF-kB ligand
(RANKL) expression and promote osteoclast genesis directly,
thus promoting inflammatory bone loss (Bloemen et al., 2011;
Huynh et al.,, 2017). In line with this, IL-1f was also proved to
promote inflammatory cell infiltration toward alveolar bone in
experimental periodontitis (Graves et al., 1998), thus further
aggravating alveolar bone loss.

IL-1P certainly activates inflammatory pathways and triggers
the release of other inflammatory factors from various cell types,
amplifying the inflammatory pathway signals and mediating the
amplification of the inflammatory damage caused by pyroptosis.
For example, it stimulated chondrocytes to synthesize IL-8,
TNF-0o, and IL-6 (Guerne et al., 1990; Lotz et al., 1992; Xu
et al., 2021), promoted the expression of IL-6 and TNF-o in
human retinal microvascular endothelial cells (Giblin et al.,
2021), and facilitated the secretion of IL-1a, IL-8, and IL-18
from fibroblast-like synoviocytes (Kim et al., 2021). More
importantly, IL-1f3 was evidenced to promote the secretion of
C-C motif chemokine ligand (CCL) 20 and C-X-C motif
chemokine ligand (CXCL) 10 from HPDLSCs (Long et al,
2001; Zhu et al., 2012; Hosokawa et al., 2015); IL-2, IL-6, IL-8,
IL-23, interferon (IFN)-y, IL-13, and TNF-a from HPDLFs
(Abidi et al, 2020); and prostaglandin E2 (PGE2), IL-6, and
IL-8 from HGFs (Ono et al,, 2011). These elevated inflammatory
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factors in periodontal tissue ultimately lead to increased
inflammation in periodontitis. However, IL-1f was reported to
have dual roles in the osteogenesis of periodontal ligament stem
cells (PDLSCs), where low doses of active IL-1p can promote the
osteogenesis of PDLSCs through the BMP/Smad pathway, while
higher doses of IL-1 can inhibit osteogenesis through the
activation of NF-kB and MAPK signaling (Mao et al., 2016).
This needs to be verified in pyroptosis-mediated periodontitis,
which is usually a severe inflammatory condition. Besides, IL-13
is also reported to upregulate apoptotic signaling pathways
(Guadagno et al,, 2015; Liang et al., 2018; Wang et al., 2019;
Kang et al, 2021), autophagy (Romagnoli et al, 2018), and
oxidative stress and is thus involved in tissue damage through
inflammatory independent pathways (Zhu et al., 2015; Wang
et al., 2021).

IL-18 belongs to the IL-1 family. Its roles in viral, bacterial,
parasitic, and fungal infections have been comprehensively
studied. Polymorphism of the IL-18 gene was demonstrated to
be associated with periodontitis (Shan et al., 2020). In one study,
RANKL and periodontal bone loss were proved to be evoked in
IL-18 transgenic mice (Yoshinaka et al., 2014). Studies have also
reported that IL-18 stimulation promotes proinflammatory
cytokine production in periodontal ligament cells, including
IEN-y, IL-2, and TNFo (Vecchie et al., 2021). When infected
with P. gingivalis, neutralization of IL-18 inhibited the release of
cytokines, chemokines, and MMPs, i.., IL-1B, IL-6, IL-8, and
MMP-1/8/9. This also contributes to decreasing the recruitment
of inflammatory cells into periodontal tissues and to less alveolar
bone resorption (Zhang et al, 2021). In addition, IL-18 is
reported to promote the secretion of matrix metalloproteinases
in HPDLFs by activating NF-kB signaling (Wang et al., 2019).
Previous studies have indicated that IL-18 blockade is a
promising therapeutic target for rheumatic diseases and
infantile-onset macrophage activation syndrome (Vecchie
et al., 2021). Given its role in regulating the inflammation
damage associated with periodontitis, IL-18 blockade may also
be an option for the treatment of periodontitis. Further detailed
studies are warranted to investigate the exact role of IL-18
in periodontitis.

Taken together, the literature shows that an increased level of
pyroptosis in periodontitis can promote the secretion of active
inflammatory factors (IL-1fB, IL-18), thus amplifying the
inflammation response, leading to an overactive immune
response; this ultimately decreases bone formation, enhances
bone resorption by upregulation of RANKL, exacerbates the
destruction of periodontal tissue, and suppresses its regeneration
(Figure 1). Although persistent localized pyroptosis could enhance
periodontal tissue disruption and pathogen dissemination,
pyroptosis has also been found to limit pathogen replication,
enhance innate and adaptive immune responses, and improve
host survival in other tissues (Jorgensen et al., 2016), as a recent
study found that GSDMD deficiency diminished neutrophil-
killing responses against Escherichia coli infection (Kambara
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FIGURE 1
Pyroptosis in periodontal tissue. During the process of periodontitis, pyroptosis takes place in human gingival epithelial cells (HGEs), human
gingival fibroblasts (HGFs), osteoblasts, and human periodontal ligament stem cells. The induced pyroptosis involves the activation and
recruitment of immune cells, thus helping clear and prevent the spread of pathogens. However, the hyperactive and long-lasting pyroptosis
would accelerate the process of periodontitis by increasing cell death and elevating inflammatory factors, which mediate the activation of
oxygen species and matrix metalloproteinases, further causing connective tissue damage in periodontal tissue directly. The cascade
amplification of the inflammatory response during pyroptosis might also contribute to the aggravation of systematic diseases, such as
cardiovascular disease, diabetes, and rheumatoid arthritis.

et al,, 2018). However, whether this favorable aspect of pyroptosis
can help clear pathogens in periodontal tissue has yet to be
addressed experimentally.

Pyroptosis in the relationship
between periodontitis and
systemic disease

Emerging evidence demonstrates that pyroptosis might be
involved in the bidirectional relationship between periodontitis
and systemic diseases, such as diabetes, cardiovascular diseases,
and rheumatoid arthritis (Jain et al., 2021). These relationships
are further summarized below.

Diabetes

The association between diabetes and periodontitis has been
thoroughly investigated (Jain et al., 2021; Pirih et al, 2021).
Diabetes is characterized by chronic subclinical inflammation,
which is directly involved in the pathogenesis of diabetes-
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associated periodontitis (Pirih et al., 2021). In addition, diabetes
induces increased advanced glycation end-products (AGEs) (Yu
et al., 20125 Zizzi et al., 2013; Mei et al., 2019), oxidative stress
(Tothova and Celec, 2017; Buranasin et al., 2018), an unbalanced
periodontal microbiome (Shi et al., 2020; Sun et al, 2020;
Balmasova et al., 2021), and immune dysfunction (Lazenby and
Crook, 2010; Zhu and Nikolajezyk, 2014), which also contribute to
the progression of periodontitis. Recently, considerable attention
has been directed to pyroptosis caused by diabetes and its role in
diabetes complications. The induction of pyroptosis in human
retinal microvascular endothelial cells through the AGEs/P2X7R/
NLRP3/GSDMD pathway was found to contribute to the
progression of diabetic retinopathy (Yang et al, 2020). (Chai
et al, 2021) reported that intermittent high glucose induces
pyroptosis of cardiomyocytes through NLRP3/caspase-1/
GSDMD (Chai et al, 2021). Moreover, AGEs produced by
high-glucose induced pyroptosis in human kidney-2 cells
through AGEs/NLRP3/GSDMD were found to accelerate the
kidney damage caused by diabetes (Li et al., 2020).
Hyperglycemia also leads to an increase in NLRP3 in diabetic
muscle cells, further upregulating the pyroptosis pathway in
muscle cells (Aluganti Narasimhulu and Singla, 2021). There is
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also accumulating evidence indicating that pyroptosis mediates
the adverse outcomes of diabetes-associated periodontitis. (Nie
et al, 2021) reported that hyperglycemia triggers gingival
destruction and impairment of macrophage function, including
inflammatory cytokine secretion, phagocytosis, chemotaxis, and
immune responses (Nie et al., 2021). In line with this, (Zhao et al.,
2021) also reported that hyperglycemia promotes GSDMD-
dependent pyroptosis of macrophages through NLRC4
phosphorylation, thus activating NF-xB signaling in HGFs and
further aggravating periodontitis (Zhao et al., 2021). Diabetes also
inhibits the proliferation and differentiation of osteoblasts in
alveolar bone by activating the caspase-1/GSDMD/IL-1f3
pathway (Yang et al,, 2020). Given the evidence suggesting that
pyroptosis mediates the progression of diabetes-induced
periodontitis, pyroptosis may serve as a new therapeutic target
for diabetes-associated periodontitis. However, more
comprehensive research on pyroptosis in diabetes-associated
periodontitis is warranted to fully understand its mechanism.

Periodontitis also participates in the pathological process of
diabetes, as has been reviewed by others (Lalla and Papapanou,
2011; Preshaw et al., 2012; Polak and Shapira, 2018; Pirih et al,,
2021). Increased circulating levels of different inflammatory
cytokines are associated with poor glucose control and insulin
resistance (Polak and Shapira, 2018). IL-1B, a byproduct of
pyroptosis, has been suggested to link periodontitis and
systemic disorders (Zhu et al, 2015); however, this has not
been validated in diabetes-associated periodontitis. Therefore,
the exact mechanisms by which periodontitis-induced
pyroptosis affects the progression of diabetes are largely
unknown. Both in vivo and in vitro studies are needed to
address this issue.

Cardiovascular diseases

Cardiomyocytes, macrophages, vascular smooth muscle
cells, endothelial cells, and fibroblasts in the cardiovascular
system can undergo pyroptosis, resulting in the progression of
cardiovascular diseases (Fidler et al., 2021; Jan et al., 2021; Yao
et al, 2021; Zhou et al,, 2021). This was also evidenced by
alleviated cardiac damage in NLRP3 knockout mice (Busch et al.,
2021). Therefore, NLRP3-mediated pyroptosis has been
considered a candidate for cardiovascular disease treatment.

Periodontitis has been suggested to be the source of
inflammation resulting in cardiovascular diseases. However,
patients with periodontitis and cardiovascular diseases often
suffer from diabetes and are tobacco users, which can also
increase systemic inflammation, making it challenging to
prove that periodontitis is the direct source of inflammation
resulting in cardiovascular disease. Nonetheless, periodontal
pathogenic bacteria, such as P. gingivalis, have been confirmed
to be present in atherosclerotic plaques (Haraszthy et al., 2000;
Pavlic et al., 2021). The colonized periodontal pathogens in the
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cardiovascular system were suggested to come from transient
bacteremia caused by dental procedures, such as daily tooth care,
tooth extraction, scaling, and periodontal probing. This also
contributes to periodontal bacteria entering the circulation and
inducing low-grade inflammation. Moreover, bacterial
metabolic products, such as endotoxins and gingipains, can
also trigger systemic inflammatory responses, and some of
them have been shown to induce pyroptosis in other tissues
(Naderi and Merchant, 2020; Jain et al., 2021). However,
whether pyroptosis participates in periodontitis-associated
cardiovascular diseases remains largely unknown.

Rheumatoid arthritis

Studies have reported that periodontitis-related pathogens
and their byproducts can disturb the immune balance. Invasive
P. gingivalis promotes the occurrence and development of
collagen-induced arthritis in mice through the inhibition of
the process of B-cell differentiation into B10 cells (Zhou et al.,
2021). In addition, P. gingivalis can produce peptidyl-arginine
deiminase, thus increasing the formation of anticyclic
citrullinated peptide. Moreover, P. gingivalis—induced
gingipain mediates the degradation of fibrinogen and alpha-
enolase, which provides more substrates for citrullination
(Wegner et al, 2010; Quirke et al, 2014). Pyroptosis was
reported to participate in elevated inflammation in rheumatoid
arthritis (Li et al., 2019; Wu et al., 2020). Thus, we speculate that
pyroptosis might be involved in the pathophysiology of
periodontitis-associated rheumatoid arthritis. However, this
requires further clarification.

Crosstalk between pyroptosis
and other forms of programmed
cell death

Pyroptosis and apoptosis

Pyroptosis was traditionally conceived to have a distinct
morphology and undergo distinct pathways from apoptosis;
nonetheless, this has been challenged with more recent
evidence showing connections between pyroptosis and
apoptosis. Apoptosis was the first characterized form of
programmed cell death and can be classified as either extrinsic
or intrinsic apoptosis. Caspase-3 has traditionally been regarded
as a critical effector of apoptosis-induced cell death in intrinsic
apoptosis. Recent advances have indicated that caspase-3/
GSDME might be a switch between apoptosis and pyroptosis
(Jiang et al., 2020). A study by (Jiang et al., 2020) reported that in
coral, GSDME is cleaved by caspase-3 at two tetrapeptide motifs,
238DATD241 and 254DEPD257, yielding two active isoforms of
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the N-terminal domain of GSDME that are capable of inducing
pyroptosis (Jiang et al., 2020). (Rogers et al., 2017) reported that
during apoptosis in 293T cells, caspase-3 cleaves the
267DMPD270 domain of GSDME, which targets the plasma
membrane to induce pyroptosis (Rogers et al., 2017). In peri-
implantitis and periodontitis, this signal pathway has been found
to mediate TNF-o- and butyrate-triggered pyroptosis in human
gingival epithelial cells, respectively (Liu et al., 2019; Chen et al.,
2021). The relationship between pyroptosis and apoptosis was
also verified by the finding that exposure to cadmium, an
apoptosis trigger, can evoke the caspase-1 mediated pyroptosis
pathway (Wei et al., 2020). Caspase-8, the initiator of extrinsic
apoptosis, has also been found to be involved in the pyroptosis
signaling pathway (Sarhan et al., 2018; Fritsch et al., 2019; Zhang
et al, 2021). (Sarhan et al, 2018) reported that caspase-8
mediated pyroptosis during Yersinia infection in macrophages
by directly binding to GSDMD, driving the cleavage of GSDMD
(Orning et al., 2018; Sarhan et al., 2018). In addition, caspase-8
has been found to mediate the cleavage of GSDMC after -
ketoglutarate treatment in Hela cells, thus promoting pyroptosis
(Zhang et al., 2021). Furthermore, caspase-8 was found to
stimulate caspase-3-dependent GSDME cleavage, further
facilitating pyroptosis (Li et al., 2021). These results indicate
that caspase-8 is another molecular switch beyond caspase-3 that
controls apoptosis and pyroptosis (Fritsch et al., 2019). The roles
of granzyme A and B in apoptosis have been thoroughly studied
(Martinvalet et al.,, 2005; Velotti et al., 2020). Recently, it has
been discovered that they are also able to directly cleave GSDMs,
as discussed above, further confirming the connection between
apoptosis and pyroptosis.

In turn, the upstream signals of pyroptosis have also been
reported to evoke apoptosis pathways. Oligomerization of the
initiating proteins, such as AIM2 and NLRP3, was found to
promote apoptosis through the recruitment of caspase-8 by
ASC, thereby initiating apoptosis (Sagulenko et al., 2013).
During pyroptosis, activated caspase-1 can bidirectionally lead
to the activation of caspase-3/8/9-related apoptosis (Tsuchiya
et al, 2019). More recently, the N-terminal of GSDME was
found to permeabilize the mitochondrial membrane, releasing
cytochrome c and thus activating apoptosis through the intrinsic
apoptosis pathway (Yang et al., 2020). However, the role of
pyroptosis-dependent secondary apoptosis in periodontitis
is unclear.

In sum, these results confirm the presence of a bidirectional
relationship between pyroptosis and apoptosis and further
suggest that pyroptosis tends to be concurrent with apoptosis
(Xi et al,, 2016; Doitsh et al., 2017) (Figure 2). However, cells or
tissues are usually dominated by one programmed death
pathway in response to a certain trigger, and this can be
attributed to the expression levels of GSDMs and certain
caspases. Deficiency of pyroptosis-associated caspases or
GSDMs switches pyroptosis to apoptosis; for example,
deficiency of GSDMD reverts the cell-death morphology to
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apoptosis upon the activation of caspase-1 or caspase-8
(Pierini et al., 2012; Sarhan et al., 2018; Tsuchiya et al., 2019;
Jiang et al., 2020; Zhang et al., 2020). A sufficient amount of
substrates for pyroptosis contributes to the initiation of
pyroptosis (Wang and Kanneganti, 2021). In addition, the cell
type has also been suggested to influence the undergoing form of
programmed death (Yang et al, 2020). This requires further
clarification in various periodontal cell types.
Caspase-1/4/5/11/3/8 levels have all been reported to be
increased in periodontitis (Hirasawa and Kurita-Ochiai, 2018;
Jun etal, 2018; Liu et al., 2018). Elevated expression and activity
of caspase-3 and caspase-8 certainly participate in aggravating
the progression of periodontitis through the apoptosis pathway
(Alikhani et al., 2004; Hirasawa and Kurita-Ochiai, 2018; Aral
etal, 2019). However, no studies analyzed apoptosis-pyroptosis
interactions during this process, and whether pyroptosis can be
activated simultaneously and participate in the progression of
periodontitis is unclear. Given the accumulating evidence of a
connection between apoptosis and pyroptosis, we speculate that
the interaction between the two might contribute to the
pathophysiology of periodontitis. The role of the bidirectional
relationship between pyroptosis and apoptosis in periodontitis
needs to be investigated in more detailed mechanistic studies.

Pyroptosis and necroptosis

Necroptosis is another well-defined form of programmed
cell death. It is initiated by the activation of tumor necrosis factor
receptor (TNFR), death receptor, TLR, or type I interferon
receptor (IFNAR). This is followed by the formation of
complex I on the membrane, which contains TNFR-associated
death domain (TRADD), Fas-associated death domain (FADD),
TNFR-associated factors (TRAFs), receptor-interacting protein
1(RIPK1), and cellular inhibitor of apoptosis protein 1 and 2.
Then, there is the recruitment of RIPK3 and the formation of the
RIP complex, leading to the phosphorylation and activation of
mixed lineage kinase domain-like (MLKL). Activated MLKL
mediates pore formation, which facilitates the release of
inflammatory factors and cellular components, ultimately
resulting in the collapse of the membrane (Frank and Vince,
2019; Yuan et al., 2019; Bertheloot et al., 2021). This process has
already been summarized in detail. As alluded to above,
necroptosis occurs through a discriminate pathway compared
with pyroptosis. In addition, there are also distinct
morphologies: cells that undergo necroptosis usually exhibit
loose cellular detachment and exaggerated cellular swelling due
to the ion-selective MLKL pores (Frank and Vince, 2019).
Nonetheless, they still interact with each other, as the
previously defined receptors for initiating necroptosis have
also been demonstrated to be involved in pyroptosis pathways
(Frank and Vince, 2019). Triggers such as P. gingivalis and LPS
have been identified to induce both pyroptosis and necroptosis
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FIGURE 2

An overview of the crosstalk between pyroptosis with apoptosis, necroptosis, and NETosis in periodontal tissue (A—C).

in periodontitis (Ke et al., 2016; Geng et al., 2022; Yang et al.,
2022). More recently, RIPK1, RIPK3, and MLKL have been
identified to be involved in the mediation of the activation of
NLRP3/caspase 1, which might contribute to the activation of
pyroptosis during periodontitis (Conos et al.,, 2017; Speir and
Lawlor, 2021). These results suggest the simultaneous existence
of these two forms of death in periodontal tissue. Unlike
apoptosis, which is immunologically silent, the excessive
activation of pyroptosis and necroptosis consequently elicits a
destructive immune response that participates in the process of
periodontitis. The complex interaction of these pathways in
periodontitis is largely unknown, and the primary
inflammatory programmed death pathway in distinct
periodontal cells has yet to be deciphered. Understanding this
topic will provide us with new opportunities for potential clinical
treatments of periodontitis.

Pyroptosis and NETosis

There is growing evidence indicating neutrophils as crucial
regulators in periodontitis. In response to pathogens, the recruited
neutrophils exert their host defense effects by releasing cytotoxic
factors and enzymes, phagocytosing pathogens, and discharging
neutrophil extracellular traps (NETs) during NETosis
(Hajishengallis, 2020). NETosis is initiated by the activation of
neutrophils and, simultaneously, changes in intracellular calcium
concentration, the elevation of reactive oxygen species, and the
activation of kinase signaling cascades contributing to the
formation of NETs (Thiam et al., 2020). NETs are intercellular
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chromatins decorated with activated protease (such as elastase and
myeloperoxidase), acting as scaffolds to trap and obliterate
pathogens. The release of intracellular contents, including DNA,
histones, and proteins, during NETosis, contributes to the
autoimmune response, which directs research on NETosis
mainly to the field of autoimmune diseases. Limited evidence in
periodontitis showed that periodontal pathogens F. nucleatum,
Aggregatibacter actinomycetemcomitans, and P. gingivalis
contribute to the activation of NETosis (Hirschfeld et al., 2016;
Alyami et al, 2019; Bryzek et al, 2019). P. gingivalis-induced
NETosis was gingipains dependent, and gingipains in turn
mediated the proteolysis of components of NETs (Bryzek et al,
2019). This might lead to the amplification of the accumulation of
NETs during periodontitis and further aggravate tissue damage
caused by neutrophils. These NETosis-invoked pathogens have
also been reported to trigger pyroptosis in other types of cells in
periodontal tissues. The key factors that influence neutrophils to
undergo NETosis, pyroptosis, or phagocytose when responding to
identical triggers and pathogens remain unclear. In essence,
whether neutrophils can undergo pyroptosis is still controversial
(Sollberger, 2022). The large amount of neutrophil proteases and
the low expression level of caspases and inflammasomes
determine the priority for NETosis in neutrophils. In addition,
this was also evidenced by neutrophil protease-mediated
activation of GSDMD, and activated inflammasomes and
GSDMD tend to participate in the release of chromatin in a
feed-forward loop to promote NETosis instead of inducing
2018; Sollberger et al., 2018).
Researchers also failed to detect pyroptosis morphologies during

pyroptosis (Chen et al,

this process. This has been summarized in Figure 2. However,
these were not explored in periodontitis.
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Pyroptosis, apoptosis, and necroptosis
are interconnected

The recent progress in the research on cell death advanced our
understanding of the extensive and intricate crosstalk between
different cell death signaling cascades. Caspase-8 was proposed as
a master regulator of apoptosis, necroptosis, and pyroptosis.
Signal transduction via LPS binding to TLRs results in the
activation of caspase-8, RIPK1, and RIPK3, thus contributing to
the activation of necroptosis. During this process, mammalian
inhibitor of apoptosis (IAP) proteins, including X-linked IAP
(XIAP), cellular IAP1, and IAP2 (cIAP1/2), can bind caspase-8,
caspase-3, and caspase-7 directly and inhibit their apoptotic
caspase activity; this depends on the BIR domains in IAPs (Silke
and Meier, 2013; Bertheloot et al.,, 2021). The combined loss of
XIAP and cIAP1/2 enhanced the caspase-8-mediated apoptotic
pathway and cleavage of pro-IL-1B. In parallel, RIPK3-mediated
necroptosis and activation of NLRP3/IL-1 were also enhanced
(Tenev et al, 2011; Moulin et al, 2012; Lawlor et al., 2015).
Furthermore, tumor necrosis factor-related apoptosis-inducing
ligand decoy receptors, survivin and XIAP, have been suggested
to suppress the apoptosis of inflammatory cells in periodontitis
and are thus associated with a prolonged lifespan of inflammatory
cells (Lucas et al,, 2010). Caspase-8 deficiency failed to suppress
the maturation of IL-1P but enhanced the recruitment of RIPK1,
followed by phosphorylation of RIPK3, and ultimately
contributed to MLKL-mediated necroptosis and the activation
of NLRP3/IL-1B in pyroptosis (Fritsch et al., 2019). Notably,
RIPK1 is required to limit RIPK3 and caspase-8 mediated cell
death; this was evidenced by mice with Ripkl deficiency dying
soon after birth due to uncontrolled cell death depending on
caspase-8, RIPK3 (Rickard et al., 2014; Samir et al., 2020), or
RIPK3 mediated activation of NLRP3/IL-1B. However, whether
activated NLRP3/IL-1 was involved in the activation of
pyroptosis was not clear. Presumably, this depended on the
cellular substrate content and the specific type of cell and tissue.
c-FLIP is also identified as a checkpoint to control the activation of
caspase-8. c-FLIP was upregulated in LPS-primed macrophages.
The elevated short isoform of c-FILP inhibited caspase-8-
dependent apoptosis by disrupting pro-caspase-8 oligomer
assembly (Speir and Lawlor, 2021). Correspondingly, NLRP3/
IL-1PB and necroptosis signaling were evoked. Contradictorily, the
caspase-8-cFLIP (long isoform) complex is required for the
inhibition of both apoptosis and necroptosis to suppress cell
death (Van Opdenbosch et al., 2017). These results indicate the
intricate connection between cell death pathways and imply that
different periodontal cell types could undergo distinct cell death
pathways during periodontitis. However, these need to be clarified
in future explorations.

PANoptosis, another newly recognized proinflammatory
programmed cell death pathway, is executed by the
PANoptosome, which contains molecules involved in the
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pyroptotic, apoptotic, and necroptotic pathways. This new
definition of cell death highlights the crosstalk and concurrence
of these three pathways. The PANoptosome was regarded as a
platform that acts as a sensor and executor during infection; it was
initially shown to consist of NLRP3, NLRC4, AIM2, ASC, TNFR1,
RIPK1, RIPK3, MLKL, caspase-1/3/7/8, and GSDMD (Samir
et al., 2020). Recently, ZBP1 was recognized as an apical sensor
by recruiting RIPK3 and caspase-8 during IAV infection. This was
evidenced by ZBP1 deficiency completely abolishing IAV-induced
PANoptosis (Zheng and Kanneganti, 2020). Caspase-6 was
proved to facilitate the interactions between RIPK3 and ZBP1 in
this process (Zheng et al., 2020). These results extend our
understanding of the participating molecules. However, Sendai
virus and respiratory syncytial virus were demonstrated to trigger
PANoptosis through ZBP1-independent pathways, implying
different PANoptosome components in response to specific
microbes (Place et al., 2021). Hitherto, no study has focused on
this topic with regard to periodontitis. Considering the critical role
of PANoptosis in defending and restricting pathogens, exploring it
in periodontal disease might be helpful in the development of new
treatment strategies in this field.

Pyroptosis: A new therapeutic
opportunity for periodontitis

Appropriate pyroptosis plays a key role in the clearance of
pathogens by removing intracellular replication niches and
enhancing the host’s defense responses (Bergsbaken et al,
2009; Jorgensen et al., 2016; Hansen et al., 2021). The
adequate release of cytokines is critical for immune activity,
contributing to tissue angiogenesis and repair. However,
overactivation of pyroptosis can result in a massive
inflammatory response, leading to aggravation of damage to
tissues and organs; moreover, long-term exposure to an
inflammatory environment can also increase the risk of
diabetes, cancers, and so on (Schroder et al., 2010; Hou et al.,
2021). Studies have reported elevated levels of pyroptosis in
periodontitis, and pharmacological inhibition of pyroptosis
prevents the progression of periodontitis. For example, the
caspase-1 inhibitor vx-765 was found to suppress bone loss
and inhibit the expression of inflammatory factors (IL-1f3, MCP-
1, IL-6, and IL-8) in an experimental AP rat model (Cheng et al.,
2018). Another caspase-1 inhibitor, Z-YVAD-FMK, was found
to suppress gingivitis caused by LPS (Li et al., 2021). In addition,
the NLRP3 inhibitor MCC950 restored the osteogenic function
of MG63 cells under LPS stimulation (Liu et al., 2020). Also, the
pan-caspase inhibitor Z-VAD-FMK and the caspase-4 inhibitor
Z-LEVD-FMK have been found to alleviate inflammation in
PDLSCs exposed to P. gingivalis (Chen et al., 2021). Knockdown
of GSDMD has been found to alleviate P. gingivalis-related
inflammation in HGFs (Zhao et al., 2021). These results showed

frontiersin.org


https://doi.org/10.3389/fcimb.2022.953277
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Xu et al.

that pharmacological inhibition of canonical or noncanonical
pyroptosis pathways or gene knockout of pyroptosis-associated
molecules results in significantly reduced alveolar bone loss and
periodontal tissue inflammation and damage. Given the elevated
pyroptosis level in periodontal tissue during periodontitis and its
role in the pathological progression of periodontitis, treatments
targeting pyroptosis will provide another effective way to cope
with periodontitis. However, at present, the available inhibitors
of pyroptosis generally act on caspases and inflammasomes,
which also participate in other forms of programmed death; to
date, there is still a lack of direct and specific pyroptosis
inhibitors. Moreover, the role of pyroptosis in periodontitis is
only just beginning to be understood; further studies of the
signaling pathways involved in pyroptosis should be performed
to provide new directions for the treatment of periodontitis.

Summary

The last decade has witnessed tremendous progress in
pyroptosis research with an improved understanding of the role
of pyroptosis in inflammatory diseases, cancers, and metabolic
and autoimmune diseases. This review has provided a brief
overview of the mechanisms of pyroptosis in periodontitis and
the most recent research on the mechanisms of pyroptosis in
relation to apoptosis. A large number of studies have revealed the
critical role of pyroptosis-mediated activation of inflammation in
periodontitis; however, as discussed above, the existing studies
typically only explored the most characterized pyroptosis
pathways. The physiological roles of GSDMs other than
GSDMD in periodontitis remain poorly understood. Moreover,
knowledge of posttranslational modification and molecular
interactions between GSDMs in periodontitis remains
incomplete. Therefore, it is critical to continue performing
detailed investigations to gain extensive knowledge of pyroptosis
in periodontitis. In light of the clear evidence that periodontitis
causes systemic inflammation and increases the risk of systemic
chronic comorbidities, it can be speculated that pyroptosis may
link periodontitis with systemic disease. In this regard, future
studies should address the mechanisms of pyroptosis in the
connection between periodontitis and systemic diseases. This
will facilitate the establishment of pyroptosis-targeted adjunctive
treatments, thus contributing to reducing systemic inflammation
and promoting systemic health. Crosstalk between pyroptosis and
apoptosis, NETosis, and necroptosis has been investigated in
various cells and tissues. Caspase-3/8 are considered the switch
between apoptosis and pyroptosis, and deficiency in pyroptotic
substrates contributes to the switch from apoptosis to pyroptosis.
Notably, it seems that pyroptosis is usually concurrent with
apoptosis, NETosis, and necroptosis in periodontal tissues
during periodontitis. However, these conclusions have not been
verified, and it remains unclear which is the primary type of
programmed cell death in periodontal tissues during periodontitis.
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Understanding this topic will help us develop more precise
therapeutic methods.

With respect to infectious disease, pyroptosis participates in
the clearance of pathogens and enhances the host’s defense
responses. On the other hand, long-lasting pyroptosis leads to
inflammatory damage in periodontal tissue. While many studies
have reported that elevated pyroptosis contributes to the
pathophysiological progression of periodontitis, there is
limited research exploring the favorable aspect of pyroptosis in
the clearance of periodontal pathogens. This proves a challenge
for the application of pyroptosis inhibitors in periodontitis. The
exploration of the molecules that directly target pyroptosis and
the design of experiments to help understand the dual role of
pyroptosis in periodontitis will shed light on novel therapeutic
opportunities. Overall, it is crucial that pyroptosis be further
explored in detail, with the expectation that basic research will
translate to clinical practice prevention strategies.
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Glossary

GSDMs  Gasdermins

NLRP3 NLR family pyrin domain containing 3
PAMPs  pathogen-associated molecular patterns
AP apical periodontitis

L interleukin

DAMPs  damage-associated molecular patterns

MHC major histocompatibility complex

NLRs NOD-like receptors

ALRs absent in melanoma 2 (AIM2)-like receptors

ASC apoptosis-associated speck-like proteins containing a caspase

recruitment domain
LRR leucine-rich repeat domain

NBD nucleotide-binding domain

NACHT  nucleotide-binding and oligomerization domain

PYD pyrin domain
CARD caspase recruitment domain
GBPs guanylate binding proteins

DFNB59  autosomal recessive deafness-59

ELANE  neutrophil-specific serine protease-neutrophil elastase

HGFs human gingival fibroblasts

HPDLFs  human periodontal ligament fibroblasts
HPDLSCs human periodontal ligament stem cells
HGEs human gingival epithelium

MMPs matrix metalloproteinases

CCL C-C motif chemokine ligand

CXCL C-X-C motif chemokine ligand

IFN interferon

PGE2 prostaglandin E2

AGEs advanced glycation end-products.
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Multi-omics insights reveal the
remodeling of gut mycobiome
with P. gingivalis
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Fudan University, Shanghai, China, 2Shanghai Key Laboratory of Craniomaxillofacial Development
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People’'s Hospital, Shanghai Jiao Tong University School of Medicine, College of Stomatology,
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As a keystone periodontal pathogen, Porphyromonas gingivalis (P. gingivalis)
was suggested to be involved in the progression of systemic diseases by
altering the intestinal microecology. However, studies concerning gut
microbiome have focused entirely on the bacterial component, while the
fungal community (gut mycobiome) has been overlooked. In this study, we
aimed to characterize the alteration of gut mycobiome profile with P. gingivalis
administration using mice fecal samples. Metagenomic analysis showed a
distinct composition pattern of mycobiome and significant difference of beta
diversity between control and the P. gingivalis group. Some fungal species were
differentially characterized with P. gingivalis administration, among which
Pyricularia pennisetigena and Alternaria alternata showed positive correlation
with P. gingivalis. KEGG functional analyses revealed that three pathways,
namely, “pentose and glucuronate interconversions”, “metabolic pathways”,
and “two-component system®, were statistically enriched with P. gingivalis
administration. Moreover, the alteration of gut mycobiome was also closely
related with serum metabolites, especially lipid and tryptophan metabolic
pathways. Taken together, this study demonstrated the alteration of fungal
composition and function with P. gingivalis administration for the first time, and
investigated the fungi—bacterial interaction and fungi—metabolite interaction
preliminarily, providing a whole insight into gut mycobiome remodeling with
oral pathobiont through multi-omics analyses.

KEYWORDS

porphyromonas gingivalis, gut mycobiome, metagenomics, metabolomics, fungi-
bacterial interaction, fungi-metabolite interaction
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Introduction

Periodontitis is the most common oral infection with a wide
global prevalence and is characterized by the loss of tooth-
supporting tissues (Kinane et al., 2017). The dysbiosis of oral
microbial communities has been considered as the main cause of
this disease (Curtis et al., 2020). P. gingivalis, a Gram-negative
anaerobic bacterium, has been strongly implicated as a pathogen
in the development of periodontitis. The detection rate of P.
gingivalis in the periodontitis population ranges from 79% to
90%, which only accounts for 10% to 25% in the healthy
population (Igboin et al, 2009). Moreover, the detrimental
effects of P. gingivalis are not confined to the oral cavity; they
can also contribute to systemic disorders, such as type 2 diabetes
mellitus, cardiovascular disease, rheumatoid arthritis, and
inflammatory bowel disease (IBD) (Hajishengallis and
Chavakis, 2021).

The intestine harbors a complex diversity of
microorganisms, consisting of bacteria, fungi, viruses,
protozoa, and archaea, termed the gut microbiota. Due to the
multiple functions revealed in the last decade, the gut microbiota
has been recognized as a central regulator of some systemic
disorders. Deciphering the mechanisms of host-intestinal
microbiota interactions has been defined as a promising
therapeutic strategy (Augs et al., 2021). The oral cavity and
intestinal tract are linked by a constant flow of ingested food and
saliva along the gastrointestinal tract, providing an opportunity
for the translocation and colonization of oral microbiota (du Teil
Espina et al, 2019; Schmidt et al., 2019). The oral-gut
translocation of P. gingivalis has been proven in some
gastrointestinal diseases, including IBD, colorectal cancer,
nonalcoholic fatty liver disease, and other intestinal diseases
(Komiya et al., 2019; Park et al, 2021). Recent studies have
investigated the alterations of gut microbiota with P. gingivalis
administration, though most of them are merely concerned
about the bacterial microbiota (Nakajima et al., 2015;
Ohtsu et al, 2019); the characteristics of other important
components of the gut microbiome, such as fungi,
remain undefined.

Fungi are an indispensable part of the intestinal microbiome
and play a vital role in multiple physiological processes. Shotgun
metagenomics suggests that fungi constitute ~0.1% of the
human gut microbiome, which is termed the gut mycobiome
(Huffnagle and Noverr, 2013). Research using germ-free mice
indicated that the gut mycobiome could promote significant
alterations in bacterial microbiome ecology and participate in
the development of the innate and adaptive immune systems
(Van Tilburg et al., 2020). Dysbiosis of the gut mycobiome has
been illustrated in some systemic diseases, such as obesity,
alcoholic liver disease, IBD, and COVID-19, by regulating the
immune system and intestinal permeability (Sokol et al., 2017;
Yang et al., 2017; Zuo et al.,2020). Moreover, the interaction
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between bacteria and fungi shapes the complex ecosystem and
maintains intestinal homeostasis. For example, multiomics
research based on 1,244 adults implicated that the gut
mycobiome is interdependent on bacterial taxonomy and
function, in which Saccharomycetales spp. interact with gut
bacterial diversity to influence insulin resistance. Meanwhile,
bacterial function participates in the effects of Pichia on blood
cholesterol (Shuai et al., 2022).

Despite the emerging evidence of the importance of the gut
mycobiome and fungi-bacterial interactions in health and
disease, little research has focused on the remodeling of gut
mycobiome with P. gingivalis. Our previous research
demonstrated alterations in the gut bacteriome and serum
metabolite profile induced by P. gingivalis administration
(Dong et al., 2022). In this study, we aimed to demonstrate the
alteration of the gut mycobiome with P. gingivalis
administration, investigate the interaction between the gut
mycobiome and bacteriome, especially P. gingivalis, and
further explore the correlation of the gut mycobiome and
serum metabolites preliminarily.

Methods
P. gingivalis cultivation

P. gingivalis strain ATCC33277 was obtained from ATCC,
cultured in a brain-heart infusion (BD Bioscience, Franklin
Lakes, NJ) consisting of 0.5% yeast extract (BD Bioscience), 10
mg/L hemin (Wako Chemicals, Osaka, Japan), and 1 mg/L 2-
methyl-1,4-naphthoquinone (Tokyokasei, Tokyo, Japan) and
incubated under anaerobic conditions (80% N,, 10% CO,, and
10% H,) at 37°C. The bacterial suspensions were prepared in
phosphate-buffered saline (PBS) without Mg”*/Ca®", and the
optical density (OD) was measured at 600 nm with a
standard curve.

Animal experiments

C57BL/6 male mice at 8 weeks of age were obtained from
Vital River Laboratory Animal Technology Company (Beijing,
China) and group-housed in a specific pathogen-free (SPF)
controlled environment with free access to food and water
under a strict 12-h light/dark cycle. All animal experiments
were approved by the Committee for the Care and Use of
Laboratory Animals at Fudan University (Approval number:
2022020068S). Sixteen mice were randomly divided into two
equal groups. Mice in the P. gingivalis group were orally
administered with 10° CFU P. gingivalis twice a week for 6
weeks, and mice in the control group were administered PBS as
a control.
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Sample collection

All animals were euthanized with carbon dioxide 6 weeks
later. The colon contents were collected for metagenomic
sequencing at Majorbio Bio-Pharm Technology Co. Ltd.
(Shanghai, China). The serum samples were collected for
untargeted metabolomics at Majorbio. The detailed
information was demonstrated in our previous report (Dong
et al., 2022).

Untargeted metabolomics profiling

Untargeted metabolomics profiling of serum samples in the
P. gingivalis and control groups was performed by Majorbio Bio-
Pharm Technology Co. Ltd. (Shanghai, China).
Chromatographic separation of the metabolites was performed
on a Thermo UHPLC system equipped with an ACQUITY
UPLC HSS T3 (100 mm x 2.1 mm id., 1.8 um; Waters,
Milford, USA). Mass spectrometry (MS) was performed using
a Thermo UHPLC-Q Exactive Mass Spectrometer equipped
with an electrospray ionization source operating in either
positive or negative ion mode. Data acquisition was performed
with the data-dependent acquisition mode. The detection was
carried out over a mass range of 70-1,050 m/z. Raw data were
imported into Progenesis QI 2.3 for peak detection and
alignment. The preprocessing results contained the m/z values
and peak intensity. The mass spectra of these metabolic features
were identified using accurate masses. And the metabolites were
searched and identified, and the main database was the HMDB
(http://www.hmdb.ca/), Metlin (https://metlin.scripps.edu/) and
Majorbio Database. The variable importance of the projection
(VIP) score generated from orthogonal partial least squares
discriminate analysis was used to determine the most
differentiated metabolites. Metabolites with VIP > 1.0 and p-
value < 0.05 were defined as significantly changed metabolites.
A multivariate statistical analysis was performed using the
R package ropls version 1.6.2.

Metagenome taxonomic classification of
fungal genomic reads

The DNA extract was fragmented to an average size of
approximately 300 bp using Covaris M220 (Gene Company
Limited, China) for paired-end library construction. Paired-end
sequencing was performed on an Illumina NovaSeq/HiSeq Xten
(Ilumina Inc.,, San Diego, CA, USA) at Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China) using NovaSeq Reagent
Kits/HiSeq X Reagent Kits according to the manufacturer’s
instructions (www.illumina.com). Reads were aligned to the
mouse genome by BWA (http://bio-bwa.sourceforge.net), and
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any hits associated with the reads and their mates were removed.
All predicted genes with 95% sequence identity (90% coverage)
were clustered using CD-HIT (http://www.bioinformatics.org/
cd-hit/), and the longest sequences from each cluster were
selected as representative sequences to construct a
nonredundant gene catalog. After quality control, reads were
mapped to the representative sequences with 95% identity using
SOAPaligner (http://soap.genomics.org.cn/), and the gene
abundance in each sample was evaluated. Read counts
assigned to the fungal kingdom were then extracted for analysis.

Species and functional annotation

Representative sequences of the nonredundant gene catalog
were aligned to the NCBI NR database with an e-value cutoff of
le-5 using BLASTP (Version 2.2.28+, http://blast.ncbinlm.nih.
gov/Blast.cgi) for taxonomic annotations. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) annotation was
conducted using BLASTP (Version 2.2.28+) against the Kyoto
Encyclopedia of Genes and Genomes database (http://www.
genome.jp/keeg/) with an e-value cutoff of le-5.

Supervised integration for
interkingdom interactions

To identify the associations between the gut mycobiome and
bacteriome or metabolome that were altered in the control and
P. gingivalis groups, multi-omics datasets were integrated using
the DIABLO framework from the mixOmics package in a
supervised analysis. Standing for Data Integration Analysis for
Biomarker discovery using Latent variable approaches for Omics
studies, DIABLO is a novel multiomics framework for the
integration of multiple datasets in a supervised analysis (Kong
etal,, 2022). A signature of 10 bacterial and 10 fungal species was
selected for the integration of gut mycobiome and gut
bacteriome. For the analysis of gut mycobiome and serum
metabolome, the top 10 metabolites ranked with VIP (variable
important in projection) value and the top 10 fungi by
abundance were included. A design matrix of 0.1 was used to
place higher importance on the discrimination of genotypes
rather than maximizing the correlation between the two
datasets. A signature of 10 bacterial and 10 fungal species was
selected for the model. A correlation cutoff of 0.5 was set for the
network visualization using Gephi.

Statistical analysis

Alpha diversity was calculated using the Shannon index. The
equality of variance was confirmed with Levene’s test. Normality
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of the data was evaluated using the Shapiro-Wilk test. The
significance of genotype was assessed with the Student’s ¢-test.

Beta diversity was measured using the principal coordinate
analysis (PCoA) with Bray-Curtis distance used to calculate the
distance metric. Analysis of similarities (ANOSIM) test was used
for the statistical analysis.

Linear discriminant analysis effect size (LEfSe) was used to
identify the significant differential fungal biomarkers with a
linear discriminant analysis (LDA) score greater than 3.5. The
Kruskal-Wallis test was used to detect significant differences in
abundance, and the Wilcoxon rank-sum test was used for post-
hoc comparison. A p-value < 0.05 was considered significant.

For KEGG analysis, Wilcoxon rank-sum test was used for
the differential pathways and KEGG orthology (KO), and FDR
(false discovery rate) was performed on p-values. Two-tailed p <
0.05 was considered statistically significant. Correlation analysis
was constructed to investigate the interaction between fungal
species and KEGG pathways, and Spearman coefficient |r| > 0.5
and p-value < 0.05 are shown.

To investigate correlations between fungal taxa and
Porphyromonadaceae or P. gingivalis, correlation networks

10.3389/fcimb.2022.937725

with Spearman coefficient |r| > 0.6 and p-value < 0.05 were set.
A heatmap was used to demonstrate the correlations between the
39 differential metabolites and the top 20 species in
abundance. The Spearman coefficients represented by
R values (range from —0.8 to 0.8) are shown in different
colors. A p-value < 0.05 is marked with *, and a p-value < 0.01
is marked with **.

Results

Alterations in gut mycobiome
composition with P. gingivalis
administration

A total of 10,392 microorganisms were detected according to
the metagenomic sequencing, among which 0.52% (54/10,392)
of the reads aligned to fungal genomes. The alpha diversity
analysis measured by the Shannon index demonstrated no
significant differences in the richness of fungal communities
with P. gingivalis administration (¢ test, p = 0.285, Figure 1A).
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FIGURE 1

Diversity and composition of gut mycobiome with P. gingivalis administration in C57BL/6 mice. (A) Alpha diversity of fecal mycobiome measured
by Shannon index between P. gingivalis and control mice (t test, p = 0.285). (B) Principal coordinate analysis (PCoA) plots of the gut mycobiome
by Bray—Curtis distance between P. gingivalis and control mice (ANOSIM test, p = 0.047). (C) Mean relative abundances of gut fungi at the

phylum level. (D) Mean relative abundances of gut fungi at the species level.
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The PCoA results measured by Bray—Curtis distance indicated a
significant difference in the fungal diversity between the P.
gingivalis and control groups (ANOSIM test, p = 0.047,
Figure 1B). The composition of the gut mycobiome at different
levels was then characterized. Chytridiomycota, Ascomycota,
Basidiomycota, and Zoopagomycota constituted the main
dominant phyla in P. gingivalis-treated mice, with mean
relative abundances of 70.6%, 17.2%, 7.9%, and 1.4%,
respectively. Mice in the control group demonstrated a
different gut fungal pattern, consisting of 66.5% of
Chytridiomycota, 17.7% of Ascomycota, 10.6% of
Basidiomycota, and 3.2% of Zoopagomycota (Figure 1C). In
particular, 54 kinds of fungi were detected at the species level
(Table S1). Piromyces finnis was the most abundant species in
both the P. gingivalis and control groups, with proportions of
27.1% and 25.9%, respectively, followed by Anaeromyces
robustus (17.7%) and Neocallimastix californiae (17.1%) in the
P. gingivalis group and A. robustus (15.1%) and
Piromyces_sp._E2 (14.7%) in the control group (Figure 1D).
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FIGURE 2
Differential gut fungi based on LEfSe between P. gingivalis and
control groups. The differential fungal taxa are demonstrated
based on an LDA score greater than 3.5 and marked by
lowercase letters. (A) Cladogram of gut fungi at different levels.
Each small circle at different taxonomic levels represents a taxon
at that level, and the diameter of the circle is proportional to the
relative abundance. Node in different color represents different
group, and node in yellow represents no significant difference.
(B) Significant altered gut fungi at the species level in the P.
gingivalis and control groups. p < 0.05 with Wilcoxon rank-sum
test followed by Kruskal-Wallis test.
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Identification of differential gut fungi
with P. gingivalis administration

To further identify the gut fungi with significant differences
between the P. gingivalis and control groups, LEfSe was
introduced. The differential taxa at various levels (phylum,
class, order, family, genus, and species) based on an LDA
score greater than 3.5 were identified (Figure 2A). Specifically,
at the species level, Valsa malicola was abundant in the control
group, while eight other species, namely, N. californiae,
Pyricularia pennisetigena, Alterbaria alternata, Botrytis cinerea,
Candida glabrata, Aspergillus lentulus, Ceratobasidium
theobromae, and Amphiamblys_sp_WSBS2006, were abundant
in the P. gingivalis group (Figure 2B). We further characterized
the species with significant importance, and 20 of the top
important species were listed with P. gingivalis administration
according to the random forest algorithm (Figure S1). The most
important species was P. pennisetigena, followed by V. malicola
and Amphiamblys_sp_WSBS2006.
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Functional alteration of gut mycobiome with P. gingivalis
administration in C57BL/6 mice. (A) Principal coordinate analysis
(PCoA) plots of the functional alterations by Bray—Curtis distance
between P. gingivalis and control mice (ANOSIM test, p = 0.357).
(B) Altered pathways in response to P. gingivalis administration
based on the proportion of the abundance of each KEGG
pathway. The 95% confidence intervals are presented with
differences in the abundance of each pathway (Wilcoxon rank-
sum test, *p < 0.05). (C) Altered KOs in response to P. gingivalis
administration based on the proportion of KOs. The 95%
confidence intervals are presented with differences in the KO
abundance (Wilcoxon rank-sum test, *p < 0.05). (D) Correlation
network analysis between functional alterations and differential
fungal species. Spearman correlation of >0.5 or <— 0.5 was
represented.
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Alterations in gut mycobiome function
with P. gingivalis administration

To investigate the potential biological function arising from
alterations of the fungal community, the fungal genes were
annotated to KO. The PCoA results based on Bray-Curtis
distance showed no remarkable difference in the microbial
function between the P. gingivalis and control groups
(ANOSIM test, p = 0.357, Figure 3A). However, “pentose and

» «
>

glucuronate interconversions”, “metabolic pathways” and “two-
component system” were statistically enriched with P. gingivalis
administration (Wilcoxon rank-sum test, p < 0.05, Figure 3B).
K23107, encoding 1-deoxy-D-xylulose 5-phosphate synthase,
K02835, encoding peptide chain release factor 1, and K01051,
encoding pectinesterase, were increased with P. gingivalis
administration (Wilcoxon rank-sum test, p < 0.05, Figure 3C).
Correlation network analysis between significant functional

alterations and fungal species showed that Pyriculari

10.3389/fcimb.2022.937725

pennisetigena had positive correlations with “metabolic
pathways”, “pentose and glucuronate interconversions”, and

“two-component system” (r = 0.52), while Saccharomyces
cerevisine demonstrated a negative correlation with the

functional alteration (r = —0.57) (Figure 3D).

Interactions between the gut
mycobiome and bacterial microbiome

To investigate the relationship between mycobiome and
bacteriome in the gut, we performed correlation analysis with
the highest 10 species in abundance from the bacterial and
fungal communities using DIABLO. With a design matrix of 0.1,
which was set to maximize the discrimination between the two
genotypes, the correlation between the gut fungal dataset and the
0.86) (Figure 4A).
Components involved in the analysis were clustered as shown in
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Integration of gut bacteriome and mycobiome. (A) The gut bacteriomes and mycobiomes were highly concordant with each other (r = 0.86)
and revealed distinct clustering of samples from control and P. gingivalis mice. DIABLO was used for integration of gut bacteriome and
mycobiome compositions. (B) Clustered heatmap of the abundances of bacterial and fungal species that covary with each other as shown in

the column.
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Figure 4B. Additionally, correlation analysis was conducted
between the abundance of P. gingivalis and the fungal
mycobiome, and the Spearman coefficient was used to evaluate
the correlation. At the family level, Porphyromonadaceae
demonstrated a positive correlation with many fungal families,
among which Pleosporaceae, Sclerotiniaceae, Pyriculariaceae,
and Ceratobasidiaceae all showed positive correlations (r >
0.6) (Figure S2); these fungi are all recognized as pathogens
and play important roles in the occurrence and progression of
systematic diseases (Mahmoud et al., 2012; Klaubauf et al., 2014;
Teifoori et al., 2018; Feng et al,, 2021). In particular, two fungal
species, Alternaria alternata and P. pennisetigena, possessed
strong positive correlations with P. gingivalis (r = 0.82 and r =
0.76, respectively), while Phialocephala subalpina possessed a
negative correlation (r = —0.71) (Figure 5).

Correlation between the gut mycobiome
and the serum metabolome

Microbial metabolites are key factors in host-microbiota
crosstalk. Our previous analysis confirmed 39 metabolism-
related metabolites with P. gingivalis administration with
untargeted metabolomics profiling (Dong et al, 2022). To
further identify correlations between the fungi species and
metabolic features that differed between the two groups, we
integrated the two datasets using supervised analysis, and a
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strong correlation was concluded (r = 0.83) (Figure 6A). The top
10 metabolites by VIP value and the top 10 fungi by abundance
were clustered for the analysis (Figure 6B). Correlations between
the significantly altered metabolites and the gut mycobiome
were further investigated, and R values of Pearson correlation
coefficients and P values of significance were used to evaluate the
correlations. A total of 20 gut fungi were identified with
significant correlations. Notably, Amphiamblys, P.
pennisetigena, and V. malicola were significantly correlated
with most metabolites and were the top three most important
species in the random forest ranking. As a more abundant
species with P. gingivalis administration, P. pennisetigena was
positively correlated with lipid metabolism-related metabolites,
such as LysoPC, and negatively correlated with indole-3-
acetamide, 5-hydroxy-tryptophan, and indoleacetaldehyde
(Figure S3). All three metabolites are key actors in tryptophan
metabolism, suggesting an interpretation of the gut mycobiome
and functional synergism.

Discussion

The current study demonstrates the first evidence of gut
fungal dysbiosis with P. gingivalis administration. P. gingivalis
alters the gut fungal composition, which correlates with
metabolic pathways and serum metabolites, indicating an
interactive relationship between the gut bacteriome and the
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Correlation of P. gingivalis and gut mycobiome at the species level. Correlation network analysis revealed strong positive and negative correlation
associations between P. gingivalis and fungal species taxa. Spearman correlation of >0.6 or <—0.6 between fungal species was represented.
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Integration of serum metabolome and gut mycobiome. (A) The serum metabolome and gut mycobiome were highly concordant with each
other (r = 0.83) and revealed distinct clustering of samples from control and P. gingivalis mice. DIABLO was used for integration of serum
metabolome and gut mycobiome compositions. (B) Clustered heatmap of the abundances of serum metabolites and fungal species that covary

with each other as shown in the column.

gut mycobiome. Eight species were identified in the fecal
samples of P. gingivalis-treated mice, among which P.
pennisetigena ranked first due to its discrepant contribution
and correlation with metabolic pathways.

The gut mycobiome accounts for less than 1% of the entire
microbiome and has long been considered to be less important
than the bacteriome. However, recent studies have confirmed
the gut mycobiome as an integral part of the gut ecosystem
(Hillman et al., 2017). As a periodontopathic bacterium, P.
gingivalis plays a key role in the pathogenesis of periodontitis-
associated comorbidities. In this study, a remarkable difference
was observed in the fungal composition with P. gingivalis
administration. In particular, N. californiae, P. pennisetigena,
A. alternata, B. cinerea, C. glabrata, A. lentulus, and C.
theobromae were significantly enriched in P. gingivalis-treated
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mice, and most of these fungi have been reported as pathogens in
previous research. For example, A. alternata is a dematiaceous
fungus and can cause cutaneous, even fatal, infection in humans
(Sinha et al., 2021). C. glabrata can suppress immune responses
and adapt to changing environmental conditions through a
distinct set of virulence attributes (Bolotin-Fukuhara and
Fairhead, 2014; Rasheed et al., 2020). A. lentulus is a drug-
resistant species and has been identified as a main cause of azole-
breakthrough disease (Nematollahi et al., 2021). C. theobromae
is reported to be the causal agent of vascular streak dieback of
cacao (Ali et al, 2019). N. californiae has been regarded as a
member of the anaerobic gut fungi whose character has not been
extensively explored but showed a positive correlation with total
volatile fatty acids, including acetate, butyrate, and propionate
(Wu et al., 2021).
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Bacteria and fungi are in a dynamic balance. Some studies
have demonstrated that disturbance of bacterial communities
using long-term antibiotic treatments is often associated with
fungal overgrowth and is ultimately linked to infectious diseases
(Mason et al., 2012; Dollive et al., 2013). Sovran et al. revealed
that the detrimental effects of Candida albicans and the
beneficial effects of Saccharomyces boulardii in colitis depend
on a specific bacterial environment of the Enterobacteriaceae
population within the gut microbiota (Sovran et al., 2018). It has
also been shown that commensal anaerobic bacteria—
specifically Clostridial, Firmicutes, and Bacteroidetes—are
critical in promoting C. albicans colonization resistance in
mice by activating gut mucosal immune effectors (Fan et al,
2015). In our study, we found that administration of P. gingivalis
not only changed the composition of intestinal bacteria but also
altered the composition and function of intestinal fungi and
further showed strong correlations with some gut fungi,
illustrating the interaction between bacteria and fungi in
health and disease.

Although “pentose and glucuronate interconversions”,
“metabolic pathways”, and “two-component system” were
statistically enriched with P. gingivalis administration though
fungal KEGG annotations, the beta diversity of gut fungal
function demonstrated no significant difference between the P.
gingivalis and control groups, suggesting the potential role of the
gut bacteriome. However, co-abundance network analysis
revealed the mutual relationships between gut fungi and
bacteria. In this study, A. alternata and P. pennisetigena
possessed strong positive associations with P. gingivalis, while
P. subalpina possessed a negative association. Broad associations
between the gut mycobiome and the gut bacteriome and
intestinal metabolites have been illustrated in recent studies
(Shah et al, 2021; Shuai et al,, 2022). Our previous research
concerning the function of gut bacteria revealed that the
“tryptophan metabolism pathway” was significantly altered
with P. gingivalis administration and that indole and its
derivatives were downregulated (Dong et al., 2022). Here, P.
pennisetigena was shown to positively correlate with lipid
metabolism-related metabolites, such as LysoPC, and
negatively correlate with indole-3-acetamide, 5-hydroxy-
tryptophan, and indoleacetaldehyde, which might be a
potential reason for its correlation with the metabolic pathway.
Acting as a pathogen for many plants, P. pennisetigena was
found to be enriched in tuberculosis patients with
bacteriologically confirmed infection compared with the
negative group (Ding et al., 2021). In conclusion, it is
reasonable to speculate that the systemic diseases associated
with P. gingivalis or periodontitis may be related to the intestinal
fungal alterations caused by P. gingivalis.

There are some limitations in our study. First, due to the
technical difficulty of fungal culture, the correlations between gut
fungi and the bacteriome and serum metabolites could not be
validated in vitro. Moreover, we failed to relate these correlations

Frontiers in Cellular and Infection Microbiology

117

10.3389/fcimb.2022.937725

between P. gingivalis and fungi to the phenotype. Many of the
fungal species reported are of environmental origin, and their
biological relevance in mammals remains unknown. Despite
these findings, our study illustrated the remodeling of the gut
mycobiome with P. gingivalis and further suggested the potential
interrelationship between the gut mycobiome and metabolic
functions and metabolites.
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SUPPLEMENTARY FIGURE 1

Ranking of fungi species importance with P. gingivalis administration.
Random forests algorithm was used to rank the importance of fungal
species. The abscissa (Mean Decrease in Accuracy) is a measure of species
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SUPPLEMENTARY FIGURE 2

Correlation of Porphyromonadaceae and gut mycobiome at the family
level. Correlation network analysis revealed strong positive- and
negative-correlation associations between Porphyromonadaceae and
fungal family taxa. Spearman correlation of > 0.6 or < - 0.6 between
fungal family was represented.

SUPPLEMENTARY FIGURE 3

Association of serum metabolites and gut mycobiome. Heatmap of gut
mycobiome and serum metabolites with Spearman correlation. Color
denotes positive (red) and negative (blue) correlation values. *P < 0.05,
**P < 0.01, ***P < 0.001.
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Composition of gut fungi at species level both in P. gingivalis and
control groups.
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Periodontitis, an oral inflammatory disease, originates from periodontal
microbiota dysbiosis which is associated with the dysregulation of host
immunoinflammatory response. This chronic infection is not only harmful to
oral health but is also a risk factor for the onset and progress of various vascular
diseases, such as hypertension, atherosclerosis, and coronary arterial disease.
Vascular endothelial dysfunction is the initial key pathological feature of vascular
diseases. Clarifying the association between periodontitis and vascular
endothelial dysfunction is undoubtedly a key breakthrough for understanding
the potential relationship between periodontitis and vascular diseases. However,
there is currently a lack of an updated review of their relationship. Therefore, we
aim to focus on the implications of periodontitis in vascular endothelial
dysfunction in this review.

KEYWORDS

periodontitis, Porphyromonas gingivalis, vascular endothelial cells, vascular
endothelial dysfunction, vascular disease

Introduction

Periodontitis is a common inflammatory oral disease associated with periodontal
microbiota dysbiosis and host immune response dysregulation (Papapanou et al., 2018).
Periodontal dysbiosis signifies the shift from a symbiotic to a dysbiotic microbial
community, resulting in the transition from a periodontal healthy state to
inflammation (Slazhneva et al., 2020). Moreover, host immunological and genetic
mechanisms have been further discerned as contributory factors for periodontitis
(Sedghi et al., 2021b). Periodontal infection is not only harmful to oral health but is
also linked to a number of systemic diseases. Periodontal medicine, a term defined to
discover how periodontal infection affects extraoral health, is therefore considered
(Monsarrat et al.,, 2016; Beck et al., 2019). Over the past decades, great progress has
been made in periodontal medicine. Up to date, over 50 systemic diseases are now being
researched regarding their relation to periodontal diseases (Loos, 2016; Fi and Wo, 2021).

The role of periodontal inflammation in vascular pathology has been consistently
highlighted. Vascular endothelial cells (VECs), a layer of cells lining the lumen of the
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blood vessel, play an important role in vascular diseases. They
have active metabolism and can secrete various factors to
regulate cell migration and adhesion, thrombosis, smooth
muscle cell proliferation and migration, and vascular wall
inflammation, which are extremely significant for vascular
homeostasis (Kriiger-Genge et al., 2019; Hennigs et al., 2021).
When responding to adverse stimuli, the phenotype of VECs
changes to an activated one, i.e., endothelial dysfunction (ED)
(Corban et al,, 2019; Medina-Leyte et al., 2021). ED has been
demonstrated to have initiating and promoting effects on the
occurrence and development of vascular diseases, such as
atherosclerotic disease, hypercholesterolemia, diabetes, and
hypertension (Lyle and Taylor, 2019).

In addition to traditional risk factors, inflammatory diseases,
including periodontitis, are closely related to ED development
(Paul et al., 2020). A large number of epidemiological studies
and clinical evidences have confirmed the correlation between
periodontitis and ED. However, a causative link between
periodontal infection and endothelial cells and the direct
molecular mechanism of periodontitis role in ED remain
unclear. This review thus summarizes the possibility of the
link between periodontitis and ED.

Periodontitis

Periodontitis is a very common biofilm-associated infection
of the periodontium. It is now the sixth most prevalent disease
globally, affecting about 50% of the world population (Balta
et al., 2021). Despite its high prevalence, periodontitis is not
taken seriously enough in the early stage, and most patients
seeking treatment are in advanced stages of the disease.
Approximately 11% of the world population suffer from severe
periodontitis, which is the main reason leading to tooth loss and
life quality reduction (Sanz et al., 2020). Periodontitis is
characterized by inflammatory destruction of the tooth-
supporting tissues, and its clinical features comprise gingival
bleeding, periodontal pocket formation, clinical attachment loss,
alveolar bone absorption, and even tooth mobility and loss
(Slots, 2017; Kwon et al., 2021).

Periodontitis is a microbial-shift disease owing to
polymicrobial dysbiosis (Lamont et al, 2018; Sedghi et al,
2021a). During the transition from periodontal homeostasis to
dysbiosis, although the affected sites have greater microbial
diversity and richness or present no significant difference, these
sites exhibit unique microbial community structural
characteristics. Specific genera, including Porphyromonas,
Treponema, Campylobacter, Eubacterium, and Tannerella, have
been identified at high levels in periodontitis sites, while other
genera, such as Veillonella, Neisseria, Rothia, Corynebacterium,
and Actinomyces, were highly prevalent in the healthy gingival
sulcus (Plachokova et al., 2021; Abusleme et al., 2021). The
characteristic of the periodontal microbiota is thus an ideal
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predictor of periodontal status. Nevertheless, the underlying
mechanisms keeping the stability of and triggering the change
in the microbial community are still not well understood. The
inhibitory phenotype of P. gingivalis, Tannerella forsythia (T.
forsythia), and Treponema denticola (T. denticola), namely the
red-complex periopathogens, against the host innate response
might play a pivotal role during the transition from periodontal
health to disease (Xu et al., 2020; Prucsi et al., 2021). Moreover,
community-based attack of periodontal pathogens on the host
also offers a new possibility for periodontal microbial shift. The
inoculation of Porphyromonas gingivalis (P. gingivalis, a keystone
periodontal pathogen) with T. denticola (Verma et al., 2010) or S.
gordonii (Lamont et al., 2010) has led to enhanced periodontal
inflammation compared with P. gingivalis alone. Further research
is still needed to elaborate on the biological mechanism of the
dynamic change in the periodontal microorganisms.

More importantly, periodontitis presents a systematic
chronic low-grade infection burden. Evidence-based literature
has identified that periodontitis is not only a common oral
health problem but also a risk factor implicated in multiple
systemic cardiovascular diseases, such as hypertension, diabetes,
and stroke (Thomas et al., 2015; Priyamvara et al., 2020; Del
Pinto et al., 2020). Cardiovascular diseases are the biggest killers
of human life and health worldwide, and they also remain the
major public health problems in both developed and developing
countries (Roth et al., 2020). The risk for cardiovascular disease
is increased in periodontitis patients (Gheorghita et al., 2019;
Sanz et al., 2020).

Vascular endothelial dysfunction

VECs lining the inner layer of blood vessels are the main
regulator of vascular and organ homeostasis. The investigation
of the implications of periodontitis in vascular endothelial
function is undoubtedly a key breakthrough for the potential
relationship between periodontitis and cardiovascular diseases.

The endothelium is in direct contact with blood flow and
forms a barrier between blood and underlying tissues. Under
quiescent conditions, VECs sense and transduce signals between
blood and tissues, regulate the trafficking of cells in blood, and
maintain a non-thrombogenic blood vessel surface (Zhu and
Lee, 2016; Hennigs et al., 2021). When perturbed, these cells
respond rapidly to various stimuli, such as microbial
components, cytokines, oxidized low-density lipoproteins,
immune complexes, and mechanical damage, to maintain
vascular homeostasis (Eelen et al,, 2018; Shao et al., 2020).
However, exaggerated response of VECs may finally result in
ED. The inflammatory reaction is the main characteristic of
vascular ED. Vascular inflammation involves the onset of
signaling cascades triggered by endothelial signaling, leading to
increased production of cytokines, chemokines, and cell
adhesion molecules, finally directing the recruitment of
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inflammatory cells (Eelen et al., 2018). Additionally, this process
is also accompanied by the up-regulation of reactive oxygen
species, endothelin, lipid peroxidation, and thrombus regulatory
protein and the impaired production of nitric oxide (NO)
(Bondareva and Sheikh, 2020).

VEC dysfunction provides favorable conditions for
increased endothelial permeability, augmented immune cell
adhesion, platelet activation, activation of coagulation and
fibrinolytic systems, lipid deposition, vascular vasomotor
disorder, proliferation and migration of smooth muscle cells,
and deposition of extracellular matrix, finally resulting in
vascular diseases, such as hypertension, atherosclerosis, and
coronary arterial disease (Favarato, 2018; Corban et al., 2019;
Kriiger-Genge et al., 2019). The pathologic state of dysfunctional
endothelium as an early pathologic change occurring before
detectable morphologic changes in the blood vessel wall is
thought to be an independent predictor of the risk and
prognosis of cardiovascular diseases. For example, ED has
been observed in patients with hypertension, dyslipidemia,
diabetes mellitus, and inflammatory diseases (Haas et al.,
2018). And abnormal vascular endothelial function is a known
prognostic indicator in children with familial cardiomyopathies
(Tavares et al., 2012). Additionally, ED can also be used to
predict future restenosis and major cardiovascular events in
acute coronary syndrome patients treated with percutaneous
coronary intervention (Yamamoto et al., 2014; Cheng
et al., 2018).

Clinical assessment of endothelial function is an important
insight into the patient’s vascular status. The most widely
applied indicators for endothelial function measurement are
flow-mediated dilation (FMD) and nitroglycerin-mediated
dilation (NMD) of the brachial artery. Both of them are
performed by measuring macrovascular endothelial function
with brachial artery ultrasound (Ambrosino et al., 2021). In
contrast, the application of reactive hyperemia-peripheral
arterial tonometry (RH-PAT), evaluating the ratio of blood
flow volume of microvascular endothelium before and after
blood flow release, offers a simpler assessment approach.
However, there is currently no clinical guideline-based
recommendation for vascular endothelial function testing, and
more work are required to develop such a guideline. In addition
to clinical assessment, many laboratory biomarkers can also be
applied to ED evaluation. These biomarkers contain vascular cell
adhesion molecule-1 (VCAM-1), intercellular cell adhesion
molecule-1 (ICAM-1), pentraxin-3, e-selectin, von Willebrand
factor-1 (vWF), asymmetrical dimethylarginine (ADMA),
angiopoietin-1 (Ang-1), thrombomodulin, endothelial
microparticles (EMPs), and endothelial progenitor cells (Balta,
2021). Noteworthily, there are two novel biomarkers: endocan
and endoglin. Endoglin is a transmembrane receptor for
transforming growth factor B-1 and 3 in VECs (Jeng et al,
2021). The long-form endoglin (L-endoglin) and short-form
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endoglin (S-endoglin) are two isoforms of endoglin. L-endoglin
is undetectable in resting ECs but is highly expressed in ECs at
sites of angiogenesis, upon inflammation or ischemic stimuli
(Ollauri-Ibanez et al.,, 2017). Endocan is a soluble proteoglycan
secreted by vascular ECs (Cimen et al., 2016). The expression of
endocan in ECs can be upregulated in response to inflammatory
triggers, such as lipopolysaccharide and cytokines (Meurer and
Weiskirchen, 2020). Both of endoglin and endocan are suggested
as possible biomarkers for ED (Leite et al., 2020). However, they
are not VECs-specific and can be expressed in other cells like
monocytes and bronchi epithelial cells respectively, so more
research is necessary to evaluate their predictive value and
reproducibility in vascular diseases. In a word, all of the
current potential indicators have not been proven to be a
causal risk factor for cardiovascular disease, although they are
highly associated with worsening vascular endothelial function.

The implication of periodontitis in
vascular endothelial function

Epidemiological studies and clinical cohort and case-control
evidences have suggested that periodontal treatment can be an
effective measure for ED improvement. Additionally, the
biological plausibility of periodontitis impact on VECs has
been gradually revealed.

The effect of periodontal therapy on
vascular endothelial function

Epidemiologic evidences support that people with
periodontitis have a higher prevalence of subclinical
cardiovascular disease, peripheral artery disease, and coronary
events (Sanz et al, 2020). In a large longitudinal population-
based study, periodontitis has been significantly associated with
high FMD levels (Holtfreter et al., 2013). Moreover, in an update
pilot study, increased tooth mobility has been independently
correlated with endothelial dysfunction using RH-PAT after
adjustment for age and glycosylated hemoglobin (HbAlc)
(Fujitani et al., 2020). Ronaldo et al. (Lira-Junior et al., 2014)
have evaluated endothelial function in severe chronic
periodontitis patients. They have found that severe
periodontitis was associated with nailfold and gingival
microvascular and endothelial dysfunction. Specifically, there
was a decrease in functional capillary density, capillary
diameters, red blood cell velocity at rest, endothelium-
independent vasodilatation, and post-ischemic peak flow in
patients with periodontitis. Other experimental findings have
also supported the passive impact of periodontitis on function of
vascular endothelium (Brito et al., 2013; Lira-Junior et al., 2014;
Parvaneh et al., 2021).
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Intensive periodontitis treatment, consisting of oral hygiene
education, scaling, and root planing, has been suggested to
improve endothelial function by the vast majority of trials.
Potential biomarkers linking periodontitis with endothelial
dysfunction, including C-reactive protein (CRP), interleukin
(IL)-1, ICAM-1, E-selectin, vVWF, plasminogen activator
inhibitor type-1 (PAT-1), and plasminogen, have been found
to be decreased after periodontal treatment (Tonetti et al., 2007;
Li et al,, 2011b; D'Aiuto et al.,, 2013; Hansen and Holmstrup,
2022). More than 10 years ago, Tonetti et al. (2007) showed that
improved endothelial function paralleled periodontal health 60
and 120 days after periodontal therapy, although ED and an
increase in inflammatory factors were observed 24 h after
periodontal treatment. The immediate ED might be caused by
the acute, transient systemic inflammation after periodontal
treatment, and the improved endothelial function ultimately
benefits from good oral health after 2 months of therapy.
Additionally, the number of missing teeth, an easily accessible
clinic marker, has been reported to be correlated with higher
coronary artery calcium score (CACS) (Donders et al., 2020).
Combining the result of this explorative pilot study with
additional clinical information and biomarkers might
contribute to the further exploration of the relationship
between missing teeth and ED. The result of Matsui et al’s
study is appealing as well. Their result has shown that low
frequency and short duration of tooth brushing were associated
with an increased odds ratio of a low FMD after conventional
risk factors adjustment (Matsui et al., 2017). This conclusion was
in line with the findings of Kajikawa (Kajikawa et al., 2014).
Their research achievement has well confirmed the passive
impact of poor oral health on ED, but more large-scale clinical
studies are needed. Furthermore, several clinical trials have
confirmed the positive effect of periodontal treatment on
endothelial function in groups of periodontitis with other co-
morbidities. Endothelial function improvement and
inflammatory biomarkers reduction have been observed after
periodontal treatment of subjects with both periodontitis and
cardiovascular diseases, and this improvement sustained well
over half a year after therapy (Teeuw et al., 2014). In addition,
EMPs, together with systolic and diastolic blood pressure (BP),
have also been found to be markedly reduced by subgingival
scaling and root planing (without antihypertensive medication
therapy) in prehypertensive patients with periodontitis, and the
reduction in EMPs and BP levels has been significantly related to
the improvement in pocket depth (Zhou et al., 2017).

There are surely contradictory findings. A study has reported
that no significant improvement in vascular endothelial function
could be confirmed after periodontal treatment in patients with
moderate-to-severe periodontitis (Li et al., 2011a). We suggest
two possible reasons for their different results. First, their
assessment criterion of periodontitis degree (half-mouth
method at three sites per tooth) has been different from that
in other studies (full-mouth periodontal recordings), which
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might be the most potential influence factor. The difference
might also be explained by the study population, which has been
compromised by the broad age range and even confounding
factors, such as smoking, cardiovascular risk factors, diabetes
mellitus, and chronic kidney disease. In another 3-month
follow-up period, it has also not been shown that nonsurgical
periodontal therapy improved FMD in patients with coronary
disease (control 1.37% vs. test 1.39%) (Saffi et al., 2018). In this
study, the selected individuals were suffering from periodontitis
and chronic heart disease and even have already been receiving
cardiovascular treatments. Regular cardiovascular therapies may
explain the absence of significant between-group differences.
Generally, most existing clinical trials have tended to include
participants affected by chronic severe generalized periodontitis.
However, whether the improvement degree of vascular function
by periodontal therapy is influenced by periodontitis severity
remains unknown. Furthermore, current understanding of the
effect of periodontal therapy on ED is mainly based on patient
comparative and treatment clinical studies. More large-scaled
and well-designed cohort studies and clinical trials with
improved design in multicenter groups are indispensable.

The influence of periodontitis on
vascular endothelial function

Periodontitis can contribute to or increase endothelial
inflammation. Periodontal pathogens and their noxious stimuli
or periodontal cytokines can be detected by receptors on vascular
endothelial cells, leading to the activation of an inflammatory
cascades. The most well-characterized specialized pattern-
recognition receptors (PRRs) are toll-like receptor-2 (TLR-2)
and TLR-4, which play a key role in periodontal bacterial
recognition (Hajishengallis et al., 2006; Hajishengallis and
Lambris, 2011; Chen et al., 2021). Nucleotide-binding leucine-
rich repeat receptors (NLRs) and scavenger receptors (SRs) are
also involved in ED induced by periodontal infection (Zelkha
etal, 2010; Huck et al,, 2015; Li et al,, 2020). After the recognition
of noxious substances from the periodontium, the release of an
inflammatory cytokine network is initiated, which can result in a
complex proinflammatory and prothrombotic phenotype of
endothelial cells. For example, tumor necrosis factor (TNF)-o,
IL-1, IL-6, and IL-8 released by periodontal bacteria can invade
the endothelial layer (Chhibber-Goel et al., 2016) and promote the
expression of chemokines and adhesion molecules, including
ICAM-1, VCAM-1, lymphocyte function-associated antigen
1 (LFA-1), P-selectin, and E-selectin (Schenkein and Loos,
2013). These chemokines and adhesion molecules can be
induced or increased by lipopolysaccharide (LPS) and
endothelial microvesicles (MVs) of P. gingivalis as well (An
et al, 2014; Bugueno et al, 2020). Moreover, P. gingivalis
infection can also modulate the production of inflammatory
cytokines, such as IL-1, IL-6, TNF-0, myeloperoxidase, and
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matrix metalloproteinase 2 (MMP-2)/tissue inhibitor of
metalloproteinases 2 (TIMP-2) complex, and chemokines, such
as monocyte chemotactic protein-1 (MCP-1), IL-8, and CX3C
chemokine ligand 1 (CX3CL1), in VECs (Hashizume et al., 2011;
Moura et al,, 2017; Pan and Yan, 2019). The release of
inflammatory factors further induces the migration and
adhesion of leukocytes and monocytes to the intimal layer of
the blood vessel. These immune cells can transport periodontal
bacteria into the lesion and secrete more inflammatory factors at
the same time, ultimately exacerbating endothelial inflammation.
Moreover, ICAM-1 can bind to fibrinogen and reduce the
expression of actin-associated endothelial tight junction
proteins, such as occludin and zonula occludens-1, to increase
endothelial layer permeability (Patibandla et al., 2010; Leite et al,
2020). In an in vitro model, LPS has also been found to induced
caspase-mediated cleavage of adherens junction proteins (Ding
et al,, 2020). Other studies have ever reported that the gingipains
and outer membrane vesicles of P. gingivalis mediated increased
vascular permeability via a mechanism that involves proteolytic
cleavage of the platelet endothelial cell adhesion molecule 1
(PECAM-1) (Yun et al., 2005; Farrugia et al, 2020; Zhang
et al., 2021)

The increased permeability of the endothelium creates
conditions for the coagulation and fibrinolytic systems
activation, smooth muscle cells (SMCs) migration into the
intima, lipoprotein flux, and foam cell formation. The
coagulation and fibrinolytic system includes fibrinogen, vVWF,
tissue plasminogen activator (tPA), PAI-1, and coagulation
factors VII and VIII. They play a vital role in maintaining
vascular homeostasis. PAI-1 is one of the best-established
fibrinolytic members and risk factors for vascular diseases. P.
gingivalis infection can significantly reduce PAI-1 levels in
human endothelial cells, and the degradation of PAI-1 will
induce permeabilization and dysfunction of the vascular
endothelial cells via the low-density lipoprotein receptor-
related protein (Song et al, 2021). Fibrinogen is another
important member of the coagulation and fibrinolytic system.
Elevated fibrinogen is followed by an increased blood viscosity
and shear stress, which, in turn, activate endothelial cells and
platelets (Paraskevas et al., 2008; Luyendyk et al., 2018).
Periodontitis has been reported to present with higher plasma
fibrinogen levels and white blood cell counts than controls
(Jayaraman et al., 2021). The increased fibrinogen can further
stimulate the production of MCP-1, IL-6, IL-8, TNF-a,, MMP-1,
and MMP-9 (Patibandla et al., 2010; Luyendyk et al.,, 2018;
Surma and Banach, 2021), and aggravate endothelial
inflammation. A vicious pathogenic cycle is thus formed
where the damaged coagulation and fibrinolytic system and
endothelial inflammation reinforce each other by the positive
feedback loop between them.

Periodontitis has also been strongly associated with an
increase in the endothelial synthesis of Reactive oxidative
stress (ROS) and the reduction in NO bioavailability. ROS is
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an important factor in causing ED. Excessive ROS accumulation
interferes with the nitric oxide (NO) signaling pathway, thereby
reducing NO bioavailability and leading to ED and
endothelium-dependent relaxation reduction (Garcia and
Sessa, 2019). As described by Xie et al. (Xie et al, 2020),
increased mitochondrial ROS production has been observed in
endothelial cells infected with P. gingivalis. Furthermore, salivary
NO concentration has been reported as a potential linkage
between periodontitis and ED (Moura et al, 2017). The
reduced bioavailability of NO can inhibit the expression of
adhesion molecules and promote SMCs migration and
proliferation (Liccardo et al., 2019; Yang et al., 2022; Suh et al,
2019), further aggravating aberrant function of VECs. Recently,
Parvaneh et al. (Parvaneh et al., 2021) established periodontitis
in 8-week-old ApoE”" mice and showed that periodontitis
exhibited impaired endothelial-dependent vasorelaxation
responses to acetylcholine, which was indicative of NO
bioactivity impairment and the onset of ED. Similarly, Campi
et al. (Campi et al, 2016) have found that after 7 days of the
induction of periodontitis, the vascular response of adult rat
aorta was impaired in terms of norepinephrine-induced
contraction and acetylcholine-dependent relaxation, and the
endothelium-derived NO and cyclooxygenase 2 (COX-2) were
involved in the process (Zhou et al., 2019; De Oliveira et al.,
2021). Nuclear factor erythroid-derived 2-like 2 (Nrf-2) is a key
transcriptional factor protecting cells from oxidative stress and
influencing vascular endothelium homeostasis (Kovac et al,
2014). Periodontal infection can lead to impaired vascular
relaxation via the glycogen synthase kinase 3 (GSK-3B)/
tetrahydrobiopterin (BH4)/nitric oxide synthase (eNOS)/Nrf2/
NOS pathways (Kovac et al., 2014), which may contribute to a
potential new therapeutic strategy for periodontitis-induced ED.

Interestingly, Pereira et al. (Pereira et al., 2011) discovered
that no significant changes in endothelium-dependent
vasodilation were observed in 18-week-old mice with P.
gingivalis over 12 weeks. The authors have suggested that the
opposing results different from other studies might originate
from the older mice used. In 18-week old adult mice, the
senescence might begin, and even significant vascular
pathology might have already been established (Pereira et al.,
2011). However, significant ED has been observed in
periodontitis-treated middle-aged (57-week) rats, in which
increased nicotinamide adenine dinucleotide phosphate
oxidase (NADPH oxidase) and COXs, downregulated eNOS
and NO, and endothelium-derived hyperpolarizing factor-
mediated vascular relaxation were found (Silva et al., 2021).
Interestingly, Brito et al., (2013) have revealed that some
systemic inflammatory markers and oxidative stress products
returned to basal levels at day 28 after periodontitis
establishment in a 10-week rat. This might be a consequence
of host resistance to periodontal infection and inflammatory
stimuli. Moreover, the activation of the endothelial calcium-
activated potassium channel might be the key mediator for the
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recovery of VEC impairment (Jr et al.,, 2018). These findings
together make the result of Pereira more comprehensible. And
there is also a thought-provoking question that whether there are
limitations to applying endothelial-dependent relaxation as a
marker of endothelial dysfunction.

The mechanism of periodontitis affecting
vascular endothelial dysfunction

The biological pathways by which periodontitis accelerates
vascular diseases have not been fully elucidated so far. To date,
there are three plausible hypotheses, including the bacteriological,
inflammatory, and immunological theories (Hajishengallis, 2015;
Febbraio et al., 2022).

The bacteriological hypothesis postulates that the entry of
periodontal pathogens into the bloodstream activates
endothelial inflammatory response by multiple mechanisms,
resulting in ED. The inflammatory theory favors that
inflammatory mediators in infected periodontium are released
into the systemic circulation, in turn, affecting endothelial
function. The ulcerated periodontal pocket epithelium is one
of the main accesses whereby periodontal pathogens, noxious
products, and inflammatory cytokines enter the blood
circulation. The ulcerated periodontal pocket epithelial area in
patients with severe periodontitis is about 18-28 cm?® (Leira
et al,, 2018). This niche harbors 1x10°~1x10'" bacteria feeding
on the inflammatory spoils (Hajishengallis, 2015). Periodontal
microorganisms and their noxious products can enter the blood
circulation from the ulcerated area during chewing, brushing, or
invasive dental therapy (Dyke and Winkelhoff, 2013). Then, they
cause chronically sustained systemic infection. This persistent
low-level inflammation has detrimental effects on the blood
vessel endothelium. However, it is challenging to discriminate
the role of bacteria from the inflammatory response in ED. The
specific pharmacotherapeutic interventions might shed light on
this troublesome matter.

The detection of periodontal pathogens in atheromatous
plaques from patients further supports the hypothesis above
(Padilla et al., 2010; Rao et al., 2021). Moreover, these pathogens
also have been shown to invade and survive in endothelial cells
in vitro (Velsko et al.,, 2014; Dorn et al., 1999; Schenkein et al.,
2020). Results from mice with periodontitis have further
confirmed the systemic dissemination of periodontal bacteria
within aortic endothelial cells (Chulkkapalli et al., 2014; Velsko
etal., 2014; Velsko et al., 2015). The question of how periodontal
bacteria exit from ulcerated periodontal epithelium to systemic
circulation is currently broadly emphasized and explored.
Current evidences have suggested that periodontal bacteria can
exploit recirculating monocytes (Suwatanapongched et al,
2010), erythrocytes (Ganuelas et al., 2013), and dendritic cells
(Carrion et al, 2012) for dissemination. These cells engulf
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bacteria and transport them to distal vascular endothelial cells.
Fimbriae protein possessing adherence and invasive properties
may play a key role in this process, as the fimA-deficient mutant
strain of P. gingivalis failed to adhere and invade cells (Jotwani
and Culter, 2004; Hasegawa and Nagano, 2021). The
transmission of P. gingivalis among cells can be mediated by
membranous projections (Yilmaz et al., 2006) and
autophagosomes (Takeuchi et al., 2011). More recently,
research has shown that P. gingivalis was first encapsulated by
early endosomes immediately upon their entry into cells, and
then some of them were sorted to late endosomes for
degradation, whereas others escaped from cells for further
dissemination (Takeuchi et al., 2016). This discovery further
reveals the recycling pathways by which intracellular bacteria
exit infected cells. With such a dynamic, P. gingivalis can control
its population in infected cells and allow for persistent infection.

The immunological hypothesis is based on the fact that the
host immune response in susceptible individuals favors
vascular inflammation. Although microbial plaque is
indispensable in vascular pathology related to periodontitis,
it is the host immune system that primarily drives the outcome
of microbial infection. This is the underlying reason why
patients are not equally susceptible and do not respond
similarly to the same treatment (Dyke, 2020). There is a
phenotype of hyper-inflammatory monocytes when the host
is challenged by the periodontal bacteria, which can result in an
abnormal release of a high amount of proinflammatory
mediators (Jagannathan et al., 2014). People with this
phenotype of monocytes have a higher risk of suffering from
periodontitis and ED (Gurav, 2014). Noz et al. deepen this
theory. They applied trained immunity to describe that
monocytes/macrophages build immunological memory after
encountering a pathogen, resulting in a persistent hyper-
responsive phenotype (Noz et al., 2021). The results of them
revealed that P. gingivalis can induce trained immunity in
human monocytes, in terms of an augmented cytokine
production capacity (Noz et al, 2021). These augmented
cytokine production can further promote Thl responses to
increase macrophages activation to enhance inflammation in
the vessel (Tonetti and Dyke, 2013). And it is worth noting that
antibodies produced by adaptive immune cells may be cross-
reacting with endothelial cells to enhance inflammation at the
same time. For example, the autoimmune reaction against the
heat-shock proteins (HSPs) is responsible for periodontitis-
related ED. HSPs can activate dendritic cells and natural killer
cells and play a major role in MHC-antigen processing and
presentation (Bolhassani and Agi, 2019). They are protective
and function as chaperones under physiological conditions,
and their expression would enhance in response to various
physical, chemical and microbial stimuli (Finlayson-Trick
et al., 2019). Bacterial HSP60 (GroEL) of periodontopathic
bacteria is homologous with the host HSPs and displays a
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strong immunogenic nature. The homology between the host
HSP60 expressed by the ECs and GroEL in periodontal
microorganism is unrecognizable by the host T cells (Ford
et al., 2010). Thus, the antibodies directed against the bacterial
GroEL cross-reacts with HSP60 on ECs, finally resulting in
autoimmune responses that ensue in ED (Lee et al., 2011; Joo
et al,, 2020). The keystone pathogens are key contributors for
the host immune response subversion. For example, P.
gingivalis, the keystone bacterium, possess virulence factors
that can inactivate critical elements of the host response and
enhance the proliferation and differentiation of Th-17 cells
(Stein, 2015). However, further molecular mechanism
exploration is still imperative and is promising for host
homeostasis restoration that promote the resolution
of inflammation.

Recently, new evidence has suggested that periodontitis
can affect systemic health through the oral-intestinal axis,
which might be a novel pathway independent of blood
circulation (Bao et al., 2022). Whether periodontitis
affects vascular endothelial health through this pathway is
still unknown. However, there is a study that might
be instructive. It detected the trimethylamine-N-oxide
(TMAO), a harmful intestinal microbiota-dependent
metabolite in periodontitis (Jalandra et al, 2021). In this
research, elevated TMAO was presented in patients with
stage III-IV periodontitis, and its concentration has been
correlated with reduced circulating endothelial progenitor
cells (EPCs) and FMD levels (Zhou et al., 2022). These data
provide a novel perspective on the possibility of periodontitis

10.3389/fcimb.2022.998313

affecting endothelial function through the oral-intestinal axis,
which deserves deep exploration.

Summary

This review summarizes current insights into the implication
of periodontitis in ED (Figure 1). Current evidences suggest that
periodontitis is highly associated with ED, which is of
considerable importance for the risk and prognosis of
cardiovascular diseases. Most of the epidemiological studies
and clinical evidences have shown periodontal treatment as an
effective measure for ED improvement. But more evidences are
necessary for the impact of periodontal therapy on endothelial
function in subjects with less widespread and severe
periodontitis or with complex systemic conditions.
Furthermore, the biological plausibility of periodontitis impact
on vascular endothelium is being widely explored and gradually
revealed. But much more researches are needed to elaborate the
direct causal relationship between them.

To sum up, we still strongly recommend more
collaboration between stomatologists and cardiologists in
clinical work. Our stomatologists should pay more attention
to the systemic health of patients and recommend them to visit
cardiologists when necessary. At the same time, it is advocated
that our general physicians attach importance to the oral health
of patients and suggest them visit their stomatologists for
periodontitis screening. If they are diagnosed with
periodontitis, periodontal therapy is needed to improve their
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The potential pathways periodontitis induces vascular endothelial dysfunction.
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vascular endothelial function, thereby reducing the risk for
cardiovascular disease events.
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Patients with obstructive sleep
apnea can favor the
predisposing factors of
periodontitis by the presence
of P. melaninogenica and C.
albicans, increasing the severity
of the periodontal disease
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D.C., Colombia

Objective: The aim of this study was to analyze the cultivable oral microbiota of
patients with obstructive sleep apnea (OSA) and its association with the
periodontal condition.

Methods: The epidemiology profile of patients and their clinical oral
characteristics were determined. The microbiota was collected from saliva,
subgingival plaque, and gingival sulcus of 93 patients classified into four groups
according to the periodontal and clinical diagnosis: Group 1 (n = 25), healthy
patients; Group 2 (n = 17), patients with periodontitis and without OSA; Group 3
(n = 19), patients with OSA and without periodontitis; and Group 4 (n = 32),
patients with periodontitis and OSA. Microbiological samples were cultured,
classified, characterized macroscopically and microscopically, and identified by
MALDI-TOF-MS. The distribution of complexes and categories of
microorganisms and correlations were established for inter- and intra-group
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of patients and statistically evaluated using the Spearman r test (p-value <0.5)
and a multidimensional grouping analysis.

Result: There was no evidence between the severity of OSA and periodontitis
(p = 0.2813). However, there is a relationship between the stage of periodontitis
and OSA (p = 0.0157), with stage Il periodontitis being the one with the highest
presence in patients with severe OSA (prevalence of 75%; p = 0.0157), with
more cases in men. The greatest distribution of the complexes and categories
was found in oral samples of patients with periodontitis and OSA (Group 4 P-
OSA); even Candida spp. were more prevalent in these patients. Periodontitis
and OSA are associated with comorbidities and oral conditions, and the
microorganisms of the orange and red complexes participate in this
association. The formation of the dysbiotic biofilm was mainly related to the
presence of these complexes in association with Candida spp.

Conclusion: Periodontopathogenic bacteria of the orange complex, such as
Prevotella melaninogenica, and the yeast Candida albicans, altered the
cultivable oral microbiota of patients with periodontitis and OSA in terms of
diversity, possibly increasing the severity of periodontal disease. The link
between yeasts and periodontopathogenic bacteria could help explain why
people with severe OSA have such a high risk of stage Il periodontitis.
Antimicrobial approaches for treating periodontitis in individuals with OSA
could be investigated in vitro using polymicrobial biofilms, according to

our findings.

KEYWORDS

cultivable oral microbiota, periodontitis, obstructive sleep apnea, MALDI-TOF-MS,

Candida albicans

Introduction

Periodontitis is a chronic infectious disease that affects
approximately 50% of adults in the world (Genco and Sanz,
2020). This infection is caused by pathogenic microbial
communities known as dysbiotic microbiota. The dysbiotic
microbiota produce an inflammatory response of the
periodontal tissue resulting in the formation of periodontal
pockets, progressive loss of periodontal attachment with the
destruction of soft and hard supporting periodontal tissues, and
loss of teeth (Hajishengallis and Korostoff, 2017).

This dysbiotic microbiota was described by Socransky
(Socransky et al., 1998) who identified genera of
microorganisms with certain pathogenicity factors that
facilitate the colonization of periodontal tissue. In this way, he
proposed six microbial complexes present in subgingival plaque
recognized by colors: the yellow complex (Streptococcus spp.),
the blue complex (Actinomyces spp.), the purple complex
(Veillonella spp.), the green complex (Eikenella spp.,
Capnocytophaga spp., and Campylobacter spp.), the orange
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complex (Eubacterium sp., Fusobacterium spp., Parviomonas
sp., Prevotella spp., Slackia sp., and S. constellatus), and the red
complex (Porphyromonas sp., Tanarella sp., and Treponema
sp.). The last two complexes are recognized for grouping the
bacteria considered periodontal-pathogenic. Therefore, the
periodontal-pathogenic dysbiotic microbiota, which is mostly
bacterial, is strongly related to periodontitis as a determining
factor in the inflammatory reaction of the periodontal tissues
that results in systemic inflammatory events. (Lamont et al,
2018), triggering an exacerbated chronic inflammatory response,
which is associated with systemic diseases, such as
cardiovascular diseases (CVDs) (Bui et al., 2019), diabetes
mellitus (Escobar et al, 2014), and obstructive sleep apnea
(OSA) (Gamsiz-Isik et al., 2017).

OSA is a sleep-disordered breathing that occurs when the
soft tissues around the upper airway collapse, partially or
completely obstructing airflow despite the increased
ventilatory effort. It is probably the most common sleep
respiratory disorder in adults. OSA is more prevalent in men,
and it becomes similar in both sexes after menopause (Ruiz et al.,
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2016; Hidalgo-Martinez and Lobelo, 2017). In recent years, OSA
has been related to periodontitis. Previous studies have shown
that people with OSA have a higher risk of severe periodontitis
than people without sleep apnea and that periodontitis is more
frequent in young adults with mild OSA (Gunaratnam et al,
2009; Seo et al., 2013; Sanders et al., 2015; Cuervo et al., 2016).

Different mechanisms involving genetic, immunological,
and microbiological factors (Al-Jewair et al., 2015; Cade et al,
20165 Nizam et al., 2016; Zhang et al., 2021) have been suggested
for the cause—effect relationship between OSA and periodontitis.
The genetic predisposition, the inflammatory response shared in
both diseases (Nizam et al., 2016), and the oral dryness (Seo
etal, 2013) have been described among the hypotheses proposed
to explain the increase in periodontitis in patients with OSA.
Oral dryness decreases the ability of the immune system to
respond to infections, alters bone remodeling stimulated by
hypoxia, and increases CO, levels (Nizam et al., 2016),
enabling an environment that allows the colonization of a
different polymicrobial and dysbiotic microbiota, in such a
way that there may be a synergistic effect among these factors.
Consequently, environmental changes in the oral cavity due to
the relationship between periodontitis and OSA would allow
associations of bacteria and yeasts (Vieira Colombo et al., 20165
Janus et al., 2017), which can form polymicrobial biofilms in the
gingival sulcus. An in vitro study showed that Porphyromona
gingivalis’ Inl] protein and Candida albicans’ hyphal protein
Als3 facilitate the adhesion between the two microorganisms
and cause significant changes in gene expression by P. gingivalis,
thereby increasing the pathogenic potential of this bacteria
(Sztukowska et al., 2018). In addition, a study revealed that C.
albicans biofilms encourage the growth of anaerobic bacteria by
removing the oxygen that is present and creating a hypoxic
microenvironment (Fox et al., 2014).

Therefore, the presence of Candida spp. could play an
important role in the progression of periodontitis due to its
ability to colonize gingival tissue in greater proportion (Tamai
et al,, 2011; Canabarro et al.,, 2013; Arumugam, 2015). However,
some authors still consider that there is little evidence for the
association between periodontitis and OSA, the pathophysiological
mechanisms, and the cause—effect relationship between both
pathologies (Lembo et al, 2021). Then, it is necessary to start
with a periodontal clinic analysis of the microbiological aspects
present in patients with these pathologies and their relationship
with the periodontal condition and the systemic factors that the
patients are exposed to.

Proteomic tools such as Matrix-Assisted Laser Desorption/
Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF
MS) allow the identification of microorganisms from libraries
that store the mass spectrum of their cytoplasmic proteins,
especially chaperones and ribosomal proteins. This technology
allows the quick identification of up to 200 microorganisms as
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bacteria and yeasts, both aerobic and anaerobic (Barberis et al,
2014; Antezack et al,, 2020). In this study we used MALDI-TOF
MS to determine the microbial composition of cultivable oral
microbiota (yeast and bacteria) in patients with OSA and its
association with the periodontal condition.

Materials and methods
Patients/study population

A convenience sample of 93 eligible participants that fulfilled
the inclusion criteria (56 women and 37 men aged 30-72 years)
were enrolled from the Sleep Clinic of the Hospital Universitario
San Ignacio and the Sleep Clinic of the Faculty of Dentistry at the
Pontificia Universidad Javeriana-PU]J, Bogota, D.C., Colombia
with a polysomnographic diagnosis for OSA, and were included
in the present study between April 2019 and March 2021. This
study was carried out following the Declaration of Helsinki of
1975 revised in 2000 and approved by the Research and Ethics
Committee of the Faculty of Dentistry at the Pontificia
Universidad Javeriana-PUJ] (CIEFOU]J 016B). Informed
consent was obtained from all patients after the explanation of
conditions and before their clinical examination.

The inclusion criteria were as follows: (1) adults over 30
years old; (2) having at least six teeth in their mouth; and (3)
having a polysomnographic study done no more than 6 months
before. The exclusion criteria were as follows: (1) smoker; (2)
diabetic; (3) having taken antibiotics in the last 3 months; (4) no
previous periodontal treatment in the last 3 months; (5) treated
with continuous positive airway pressure (CPAP) or bilevel
positive airway pressure (BPAP); and (6) having received a
pharmacological or surgical treatment for OSA.

All patients were diagnosed by a sleep medicine
pulmonologist. The apnea-hypopnea index (AHI) described in
the polysomnogram was used to determine the presence and
severity of OSA. AHI was calculated as the total number of
apneas and hypopneas per hour of sleep. The occurrence of OSA
was determined with an AHI score >5; mild OSA with an AHI of
5-15; moderate OSA with an AHI of 16-30; and severe OSA
with an AHI >30 (Sateia, 2014). To determine the presence of
periodontitis, all patients were examined at the clinic of the
Faculty of Dentistry of the PUJ. Panoramic x-rays of each patient
were taken and then the specialists in periodontics followed the
same protocol to make the periodontal diagnosis of periodontitis
stages I, II, ITI, and IV according to the 2017 World Workshop
on the Classification of Periodontal and Peri-implant Diseases
and Conditions (Caton et al., 2018). Periodontal probing was
performed by two calibrated periodontists who used a North
Carolina (Hu-Friedy®) probe to determine the insertion level,
the gingival margin, and the pocket depth. Data from six points
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around the tooth were collected and bleeding with probing was
determined. The presence of biofilm was determined with the
O’Leary index (O’Leary et al., 1972). Patients were considered
periodontally healthy if they did not bleed while probing and
had a pocket depth of less than 3 mm.

The demographic data of the participants were recorded in the
medical history, including age, sex, and medical records. The
participants were assigned to one of four groups according to the
severity of their OSA and their periodontal diagnosis, as follows:
Group 1 (H), healthy patients: non-periodontitis and non-OSA
(n = 25); Group 2 (P), periodontitis and non-OSA patients (n = 17);
Group 3 (OSA), OSA and non-periodontitis patients (n = 19); and
Group 4 (P-OSA), periodontitis and OSA patients (n = 32).

Oral sample collection

There was no periodontal stimulus performed prior to the
collection of the samples (probing, prophylaxis, and calculus
removal). Three samples (saliva, subgingival plaque, and gingival
sulcus) were taken from the oral cavity of patients. First, they
were asked to simply spit into polypropylene tubes containing
thioglycolate medium (0x0id®) to collect approximately 1 ml of
unstimulated saliva (Nizam et al.,2014). Immediately, the
gingival sulcus sample was collected, performing a relative
isolation of the area of the tooth of interest with gauze and
cotton rolls, and constant drying with cotton swabs to eliminate
saliva contamination. In healthy patients, the gingival sulcus
sample collection was any area without bleeding, while in
patients with periodontitis, this sample was at a site diagnosed
with periodontitis. This sample was taken by inserting
standardized absorbent papers (Periopapers, Oral Flow®,
Plainview, NY), approximately 3 mm for 30 s into the
periodontal sulcus, which were then put into PBS to elute the
Periopaper content by vortexing for 10 s and subsequently
transferred to polypropylene tubes containing thioglycolate
medium (Gamsiz-Isik et al,, 2017). The supragingival plaque
was removed with a sterile curette and gauze before obtaining
the subgingival plaque sample, which was collected with a
curette and introduced into polypropylene tubes containing
thioglycolate medium (Nizam et al., 2016). The samples were
stored at 4°C during transportation until arrival at the laboratory
to be processed.

Microbial identification by MALDI-TOF-MS

All oral samples were centrifuged at 4,000 xg for 20 min and
the pellet was resuspended in 1 ml of thioglycolate medium. A
suspension aliquot was cultivated in BBL Columbia AgarTM with
5% sheep blood and another one in Sabouraud agar (Merck®),
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and incubated at 37°C for 2 and 7 days in anaerobiosis and
aerobiosis conditions, respectively. At the end of the incubation
time, each type of microbial colony was characterized
macroscopically and microscopically and identified by mass
spectrometry with MALDI-TOF MS, using the MALDI
Biotyper® system (Bruker Daltonics Inc., Billerica, MA). For
this procedure, the direct method for extracting proteins from
microorganisms in plaque was performed applying a small
amount of colony on a plaque of the MALDI in duplicate,
allowing it to dry at room temperature. Subsequently, 1 pl of
formic acid was added to the colonies allowed to dry and then 1
ul of the matrix solution (alpha-cyano-4-hydroxycinnamic acid)
was added to extract proteins, mainly ribosomal ones present in
high concentrations, and again allowed to dry at room
temperature. Once this procedure was performed, the mass
spectra were acquired using MALDI-TOF-MS equipment

(Microflex from®

Burker Daltonik Inc). The mass spectra
were analyzed within a range of 2,000 to 20,000 m/z. The
MALDI Biotyper version 3.0 library and the MALDI Biotyper
version 3.1 software were used for identification considering the
cutoff scores _1.5 for the genus level and _1.7 for the species
level. Finally, once the colonies were identified, they were stored
at —70°C in thioglycolate medium with 20% glycerol for

further studies.

Statistical analysis

The first part of this research consisted in the characterization
and level of the microbiota for each group. Then, the relative
abundances of microorganisms were quantified according to
Socransky’s microbial complexes (Socransky et al, 1998), adding
three categories: yeasts (Candida spp.), microorganisms of the oral
cavity not classified in the complexes (Lactobacillus spp.), and other
microorganisms neither classified in the complexes nor associated
with specific pathologies in the oral cavity (Staphylococcus spp.,
Rothia spp., Cutibacterium spp., and Atopobium spp.). In the
second part, tests were carried out to compare the relative
abundance of each category of microorganisms for each type of
sample (saliva, subgingival plaque, and gingival sulcus) within each
group of patients. The comparison of the relative abundances of
microorganisms among the different groups of patients was carried
out (p-value <0.5). Finally, association tests were performed within
each group using the Spearman r test (p-value <0.5) and a
multidimensional grouping analysis according to the abundance of
microorganisms common among the groups of patients. The tests
GraphPad Prism 9.0.2 (GraphPad Software, California, USA), the free
software R 4.01 license GPNU (Free Software Foundation, Boston,
USA), and XLSTAT statistical and data analysis solution (Addinsoft,
New York, USA) were used.
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Results

The demographic data, medical history and periodontal
parameters of the patients are presented in Table 1. The ratio
of women to men was high in all groups, except in the Group 4
(P-OSA), where there was a higher percentage of men. The
periodontal clinical parameters showed statistically significant
differences between Group 1 (H) and the other groups of
patients (p < 0.05) in relation to the percentage of teeth with
periodontitis and the percentage of biofilm (Table 1).

Regarding the periodontal condition, it was evidenced that
56% of patients in Group 1 (H) had biofilm-induced gingivitis in
a reduced periodontium vs. clinical gingival health on an intact
periodontium (p = 0.000419), followed by stable periodontal
disease in a reduced periodontium with a 32% prevalence vs.
clinical gingival health on an intact periodontium (p = 0.03248).
These conditions are considered in healthy patients according to
the latest classification of periodontal diseases (Caton et al.,
2018). In Group 2 (P), 65% of patients presented stage III
periodontitis vs. stage I periodontitis (p = 0.0012). In Group 3
(OSA), 79% of patients presented biofilm-induced gingivitis in a
reduced periodontium vs. Group 1 (p = 0.024). In Group 4 (P-
OSA), 81% of the patients presented stage III periodontitis vs.
Groups 1 and 3 (p < 0.0001). Regarding the diagnosis of OSA
according to the degree of severity in Group 3 (OSA), 63% of
patients presented mild OSA (mild OSA vs. moderate OSA: p =
0.006; mild OSA vs. severe OSA: p = 0.023), 16% presented
moderate OSA and 21% presented severe OSA, with mild OSA
being the most prevalent. However, in Group 4 (P-OSA), 19% of
patients had mild OSA, 31% had moderate OSA, and 50% had

10.3389/fcimb.2022.934298

severe OSA (p = 0.02), showing statistically significant
differences between Group 3 (OSA) and Group 4 (P-OSA)
(p = 0.04) (Table 2).

Similarly, when the link between OSA and periodontitis was
investigated, it was found that 35% of individuals with
periodontitis had mild OSA, 71% had moderate OSA, and
80% had severe OSA. Although the association between OSA
and periodontitis did not show statistically significant difference
(p = 0.2813), the stage III periodontitis was statistically
significant with severe OSA (p = 0.0157) (Table 3).

Distribution of complexes and categories
of microorganisms

A general descriptive analysis of all groups showed that the
relative frequency in the presence of the microorganisms for the
purple complex, the categories of Candida spp., Lactobacillus spp.,
and others, was higher in saliva and the relative frequency of the
other complexes was higher in subgingival plaque (Table 4).

The percentages of microorganisms for each complex and
category were adjusted to percentages of relative frequency
according to the total number of microorganisms identified by
complex and category in each group of patients and the total
number of microorganisms identified by each group. In this way,
the microbial composition inter- and intra-group of patients was
analyzed. According to the inter-group analysis (Figure 1, bar
graph) there is a greater number of microorganisms distributed
in all complexes and categories in Group 4 (P-OSA),
highlighting the greater presence of microorganisms of the

TABLE 1 Demographic data and clinical characteristics of the groups of patients.

Group 1 (H) Group 2(P) Group 3 (OSA) Group 4(P-OSA)

(n =25) (n=17) (n=19) (n=232)
Demographic parameters
Age (years), mean (SD) 46 (14) 41 (10) 50 (13) 49 (11)
Sex (female) (%) 80 76 63 34
Sex (male) (%) 20 24 37 66
Systemic conditions
HTN (%) 12 18 42 19
HLD (%) 8 6 11 3
HT (%) 8 18 11 19
Clinical parameters
Teeth present, mean (SD) 26.0 (3.92) 26.8 (2.22) 23.89 (6.29) 25,22 (5.59)
Missing teeth, mean (SD) 5.96 (3.92) 5.23 (2.22) 8.1 (6.29) 6.78 (5.62)
Percentage of teeth with periodontitis, mean 1.94 (3.57) 43.83 (24) * 1.62 (3.15) 38.48 (21.25) *
(SD)
Presence of caries (%) 12 18 5 31
Percentage of biofilm, mean (SD) 23 (16) 45.2 (25.95) ** 38.6 (20.63) ** 40.6 (18.7) **

Group 1 (H) healthy patients, non-periodontitis, and non-OSA; Group 2 (P) periodontitis and non-OSA patients; Group 3 (OSA) OSA and non-periodontitis patients; Group 4 (P-OSA)
periodontitis and OSA patients. SD, standard deviation. HTN, arterial hypertension; HLD, hyperlipidemia; HT, hypothyroidism. Significant differences, G1 (S) vs. G2 (P) p < 0.0001*; G1 (S) vs.
G4 (PA) p <0.0001% G1 (S) vs. G2 (P) p = 0.0014**; G1 (S) vs. G3 (P) p = 0.0072**, G1 (S) vs. G4 (P) p = 0.0004**. Multiple t-test (multiple comparisons using the Bonferroni-Dunn method).
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TABLE 2 Percentage of patients of each group according to periodontal condition and degree of OSA.

Group 1 (H) Group 2 (P) Group 3 (OSA) Group 4 (P-OSA) p-value* p-value?
(n =25) (n=17) (n=19) (n=32)

Percentage (%)

Periodontal condition

Clinical gingival health on an intact 4 0 5 0 ns ns
periodontium

Biofilm-induced gingivitis 8 0 0 0 ns ns
Biofilm-induced gingivitis in a reduced 56* 0 79% 0 0.000419 0.024
periodontium

Stable periodontal disease in reduced 32% 0 16 0 0.03248 ns
periodontium

Periodontitis Stage I 0 6 0 0 ns ns
Periodontitis Stage II 0 24 0 16 ns ns
Periodontitis Stage ITT 0 65* 0 81% 0.0012 0.0001
Periodontitis Stage IV 0 6 0 3 ns ns
Degree of OSA

Mild OSA 0 0 63*% 19 0.006 0.023
Moderate OSA 0 0 16 31 ns ns
Severe AOS 0 0 21 50*% 0,02 0,04

Group 1 (H): p-value* of Clinical gingival health on an intact periodontium vs. Biofilm-induced gingivitis in a reduced periodontium and Clinical gingival health on an intact periodontium
vs. Stable periodontal disease in reduced periodontium. Group 2 (P): p-value* of Periodontitis Stage I vs. Periodontitis Stage III. Group 3 (OSA): p-value* of Mild OSA vs. Moderate OSA; p-
valuet of Mild OSA vs. Severe AOS, and Clinical gingival health on an intact periodontium vs. Biofilm-induced gingivitis in a reduced periodontium. Group 4 (P-OSA): p-value* of Mild
OSA vs. Severe AOS; p-valuet of Moderate OSA vs. Severe AOS, and Periodontitis Stage I vs. Periodontitis Stage III.

TABLE 3 Frequency and percentage of the periodontal condition according to apnea diagnosis.

OSA Diagnosis
Periodontal diagnosis Non-OSA Mild OSA Moderate OSA Severe OSA p-value
Fr % Fr % Fr % Fr %
Non-periodontitis 25 60 11 65 4 29 4 20 0.2813
Stage I 1 2 0 0 0 0 0 0 0.0157
Periodontitis (Mild)
Stage II Periodontitis (Moderate) 3 7 1 6 3 21 1 5
Stage III Periodontitis (Severe) 12 29 5 29 6 43 15 75
Stage IV Periodontitis (Advanced) 1 2 0 0 1 7 0 0
Total 42 100 17 100 14 100 20 100

Fr: Frequency, %: Percentage; two-way ANOVA, p < 0.05.

TABLE 4 Relative frequencies of the distribution of complexes and categories by samples in the groups of patients.

Yellow Blue Purple Green Orange Red Candida  Lactobacillus Other
complex complex complex complex complex complex spp- spp-
Saliva 032 0.14 0.54 0.17 0.28 025 0.50 0.71 0.54
Subgingival 0.44 0.50 037 0.50 0.45 0.75 042 0.16 0.28
plaque
Gingival 0.24 0.36 0.09 033 0.28 0.00 0.08 0.12 0.18
sulcus

The bold values means Kruskal-Wallis chi-squared p-value < 0.05.
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Microbial community composition is grouped by complexes or categories. Bars indicate the percentages of the inter-group relative frequencies
of the complexes/categories in group patients. Pie charts show the intra-group distribution percentages of complexes/categories in group
patients: Group 1 (H) healthy patients, non-periodontitis and non-OSA; Group 2 (P) periodontitis and non-OSA patients; Group 3: (OSA) OSA
and non-periodontitis patients; Group 4 (P-OSA) periodontitis and OSA patients.

yellow (40.1%), blue (37.8%), purple (32.1%), green (38.9%),
orange (52.4%), and red (75%) complexes as well as Candida
spp. (37.5%) and Lactobacillus spp. (34.7%); on the contrary,
other microorganisms had a greater frequency in Group 1 (H)
(31.2%). Regarding the intra-group analysis, there was a different
composition of complexes and categories. The highest frequency
of microorganisms of the yellow complex was found in Group 4
(P-OSA) (43.9%); the blue complex had a higher frequency
(22.9%) in Group 1 (H); the purple complex had a higher
frequency (12.5%) in Group 2 (P); the green complex (2.6%),
Candida spp. (3.0%), and Lactobacillus spp. (5.7%) had a higher
frequency in Group 3 (OSA); the orange (10.5%) and the red
(0.7%) complexes had a higher frequency of microorganisms in
Group 4 (P-OSA); and, finally, other microorganisms (19.6%)
were identified more frequently in Group 1 (H).

Regarding the distribution of the complexes in each sample
(saliva, subgingival plaque, and gingival sulcus), it was evident that
the greatest distribution of the complexes and categories was found
in saliva and gingival sulcus of Group 4 (P-OSA), except for other
microorganisms. On the other hand, there was a greater distribution
of all complexes in subgingival plaque, except for Candida spp. and
Lactobacillus spp. in this same group of patients. Additionally, this
distribution was not group-dependent either in subgingival plaque
or in gingival sulcus. The comparison of the distribution for each
complex and the categories in the oral samples in the different
groups showed no significant differences for yellow and orange
complexes (p = 0.1988 and p = 0.3045, respectively). However, there
were significant differences in the distribution of the blue complex
between the Group 1 (H) saliva samples and the Group 2 (P)
subgingival plaque sample (p = 0.026). In addition, there were
significant differences (p = 0.009) in the distribution of the purple
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complex between saliva (Group 1, H) and gingival sulcus (Group 4,
P-OSA). Also, there were significant differences (p = 0.017) in the
distribution of Lactobacillus spp. between saliva (Group 1, H) and
gingival sulcus (Group 4, P-OSA). The distribution of other
microorganisms between the saliva (Group 1, H) and gingival
sulcus (Group 3, OSA) was statistically significant (p = 0.019)
(Kruskal-Wallis chi-square method; p-value < 0.05) (Figure 2).
Additionally, it was determined that S. salivarius, S. gordonii, S.
oralis, A. odontolyticus, A. naeslundii, V. parvula, E. corrodens, P.
micra, F. nucleatum, P. melaninogenica, P. gingivalis, C. albicans, L.
paracasei, and Staphylococcus spp. were the most frequent species
identified in oral samples from all the groups of subjects
(Supplementary Table 1).

Association between medical history and
cultivable oral microbiota

This association was established through the analysis of
multicomponent matrices to correlate the comorbidities and
oral conditions and the complexes and categories of
microorganisms present in the four groups of patients
evaluated. The association can be positive (+) or negative (-)
according to the Spearman correlation range (r;). R, values
greater than zero in blue tones represent a positive correlation,
while 7 values less than zero in reddish tones represent a
negative correlation (Figure 3). In Group 1 (H), there was a
positive, statistically significant correlation between the
percentage of biofilm and the presence of caries (r, = 0.44)
and the presence of blue complex (r, = 0.34), green complex (1 =
0.34), and orange complex (r; = 0.41). Also, it is noteworthy that

frontiersin.org


https://doi.org/10.3389/fcimb.2022.934298
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Téllez-Corral et al.

Group 4 (P-OSA)

10.3389/fcimb.2022.934298

Complex - category

] Yellow: Streptococcus spp.
* [ Blue: Actinomyces spp.

@ Purple: Veillonella spp.

Orange: Eubacterium sp.,
Fusobacterium spp.,
Parvimonas sp., Prevotella spp.,

Slackia sp., S. constellatus.
Green: Ejkenella spp.,

[ Capnocytophaga spp. y

* Campylobacter spp

B Red: Porphyromonas sp.

B Candida spp.

B Lactobacillus spp.

@ Other microorganisms

3
D Group 3 (OSA)
>
0
H Group 2 (P)
>
£
o Group 1 (H)
G -
o Group 4 (P-0SA)
3
T
o
5. Group 3 (OSA)
©
2
g’ Group 2 (P): B
§’ .
@ Group 1 (H)
Group 4 (P-OSA)
Group 3 (OSA):
o —
= —
3 Group 2 (P)—
Group 1 (H)
x i
T 1
0 50 100
Relative frequency (%)

FIGURE 2

Relative frequencies of the complexes/categories in the oral samples by groups of patients. Significant differences between the relative
frequencies of the complexes in each group were evaluated using the Kruskal-Wallis chi-square method; *p-value < 0.05, **p-value < 0.01.

the blue and green complexes are correlated with the percentage
of biofilm (r; = 0.54 and 0.37, respectively), in contrast to
Lactobacillus spp. and the percentage of the biofilm, which
showed a negative correlation (r; = —0.44). Also, there was a
positive correlation between the yellow complex and the blue
complex (r, = 0.43) and a negative correlation between the
yellow complex and the red complex, with slight statistical
significance (r; = —0.33) (Figure 3A).

In Group 2 (P), there was a positive correlation with
statistical significance between age and the presence of caries
as with the percentage of biofilm (r; = 0.51 and 0.45,
respectively). In turn, the percentage of biofilm is positively
correlated with hypertension, hypothyroidism, and the presence
of calculus (r; = 0.54, 0.50, and 0.59 respectively). Also, the
presence of Candida spp. was positively correlated with the
presence of caries (7, = 0.62) and the yellow complex (r; = 0.50).
Even though the percentage of teeth with periodontitis, the stage
of periodontitis, and the presence of calculus were negatively
correlated with the orange complex (r; = -0.43, —0.52, and —0.50,
respectively), they were positively correlated with the green
complex and other microorganisms, which likewise presented
a positive correlation between them (r; = 0.65). In addition, there
was a positive correlation between the number of teeth absent
and the presence of other microorganisms (r; = 0.43). Other
microorganisms have a negative correlation with the presence of
Candida spp. and the yellow complex (r; = —0.49 and —-0.59,
respectively) (Figure 3B).

In Group 3 (OSA), the age of the patients had a positive
statistically significant correlation with hypertension and the degree
of severity of OSA (r, = 0.48 and 0.45, respectively). In addition,
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HTN was positively correlated with severity of OSA (r; = 0.64), the
yellow complex (, = 0.38), and the blue complex (r, = 0.40). When
analyzing the percentage of teeth with periodontitis, it was possible
to identify a positive correlation with the presence of caries
(rs = 0.50), the severity of OSA (r, = 0.43), and the presence of
Candida spp. (r; = 0.55). The presence of caries and number of
decayed teeth were positively correlated with the percentage of
biofilm (r; = 0.39); the yellow (r; = 0.39), blue (r; = 0.40), and green
rs = 0.51) complexes; and Candida spp. (r; = 0.48). In turn, the
percentage of biofilm correlated positively with the presence of the
yellow and blue complexes (r; = 0.56 and 0.40, respectively). The
blue complex was correlated positively with the presence of calculus
and the severity of OSA (r; = 0.45 and 0.48, respectively). When
analyzing the relationship between the presence of the complexes, it
was evidenced that the yellow complex is positively correlated with
Candida spp. with a slight statistical significance (r; = 0.38). A
similar correlation was given between the blue and the green
complexes (r; = 0.38), which had a positive correlation with the
orange complex (r, = 0.50). The latter complex was positively
correlated with the purple complex (r; = 0.55), and Candida spp.
and Lactobacillus spp. presented a positive correlation (r; = 0.41).
Other microorganisms presented a negative correlation with the
presence of the yellow complex (r, = —0.43), purple complex
(rs = =0.52), and Lactobacillus spp. (r; = —0.58) (Figure 3C).

In Group 4 (P-OSA), the age of the patients was correlated
positively with the HTN (r, = 0.41), absence of teeth (v = 0.70), the
orange complex (r; = 0.41), and the red complex (r; = 0.32).
Similarly, it was found that HTN has a positive correlation with
HLD (r, = 0.37) and the severity of OSA (r; = 0.48). The lack of
teeth in patients with periodontitis and OSA has been shown to be
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FIGURE 3

1. Age 9. Stage of periodontitis 17. Purple complex

2. Sex 10. Presence of caries (%) 18. Green complex

3. HTN 11. Carious teeth 19. Orange complex

4. HLP 12. Biofilm (%) 20. Red complex

5. HT 13. Presence of calculus 21. Candida spp.

6. Teeth present 14. Grade of OSA 22. Lactobacillus spp.

7. Teeth absent 15. Yellow complex 23. Other microorganisms
8. Teeth with periodontitis (%) 16. Blue complex

Multicomponent matrix for the correlation of clinical factors and complex/categories of microorganisms present in each of the groups of
patients evaluated: (A) Group 1 (H), n = 25; (B) Group 2 (P), n = 17; (C) Group 3 (OSA), n = 19; (D) Group 4 (P-OSA), n = 32, using the Spearman's
rank correlation coefficient rs > 0.30, p<0.05. The blue tones represent a positive correlation and the red tones represent a negative correlation.

HTN, arterial hypertension. HLD, hyperlipidemia. HT: hypothyroidism.

strongly connected with periodontitis stage (r; = 0.32) and the
presence of red complex bacteria (ry = 0.42). On the other hand,
the percentage of teeth with periodontitis was correlated with the
percentage of biofilm (r, = 0.37), the presence of the orange
complex (r; = 0.41), and slightly with the red complex (r; = 0.31).
In this group of patients, the presence of calculus was positively
correlated with the severity of OSA (r; = 0.39) and the stage of
periodontitis was positively correlated with the presence of the red
complex (r; = 0.35). About the correlation of the presence of the
complexes, there was a positive correlation between the yellow
and blue complexes (r, = 0.45), the purple and green complexes (r;
= 0.35), the orange and red complexes (r; = 0.33), and the orange
complex with Candida spp. (r; = 0.30) (Figure 3D).
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Prevalence of complexes and categories

Figure 4 presents the percentile plots that indicate the
prevalence of the complexes and categories in each group of
patients evaluated. This figure indicates that the yellow complex
was detected in 27% of the patients of Group 1 (H), who
harbored up to 8% of the microorganisms of this complex. In
Group 2 (P), it was detected in 18% of the patients, who
harbored up to 11% of the microorganisms of this complex. In
Group 3 (OSA), it was detected in 21% of the patients, who
presented up to 14% of the microorganisms of the complex. In
Group 4 (P-OSA), it was detected in 35% of the patients, who
presented up to 7% of the microorganisms of the yellow
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Percentile

Percentile graph of the percentage of presence of complexes/categories in each of the groups of participants evaluated. Each point represents
the presence (%) of the complex/category in a patient. The x-axis represents the percentiles, the y-axis the presence (%) of the complexes/
categories, and the dotted line in the first panel indicates that 95% of the participants in Group 4 (P-OSA) have less than 5% presence of the
yellow complex, on the other hand, 5% of the subjects of this same group exhibit > 5% presence of the yellow complex.

complex. The blue complex was detected in 24% of the patients
of Group 1 (H), 14% of the patients of Group 2 (P), 16% of the
patients of Group 3 (OSA), and 30% of the patients of Group 4
(P-OSA), who presented up to 8%, 13%, 12%, and 9% of the
microorganisms of this complex, respectively. The purple
complex was detected in 14%, 12%, 11%, and 16% of the
patients of Group 1 (H), Group 2 (P), Group 3 (OSA), and
Group 4 (P-OSA), respectively, who presented respectively up to
12%, 13%, 20%, and 11% of the microorganisms of this complex.
The green complex was detected in 2%, 3%, 4%, and 6% of the
patients of Group 1 (H), Group 2 (P), Group 3 (OSA), and
Group 4 (P-OSA), respectively, who presented up to 50%, 33%,
33%, and 29% of the microorganisms of this complex,
respectively. The orange complex was detected in 8% of the
patients of Group 1 (H) and Group 2 (P), and in 12% and 28% of
the patients of Group 3 (OSA) and Group 4 (P-OSA)
respectively, who presented up to 33%, 25%, 20%, and 11% of
the microorganisms of this complex, respectively. The red
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complex was detected in 1% of Group 1 (H) and 2% of Group
4 (P-OSA) patients. The category Candida spp. was detected in
3% of the patients of Group 1 (H) and Group 2 (P), which
housed up to 50% of the yeasts of this category, and on the other
hand, this category was detected in 4% of the patients of Group 3
(OSA) and 9% of the patients of Group 4 (P-OSA), which
presented up to 42% and 11% of the yeasts of this category,
respectively. The category Lactobacillus spp. was detected in 6%,
9%, 10%, and 11% of the patients of Group 1 (H), Group 2 (P),
Group 3 (OSA), and Group 4 (P-OSA), respectively, who housed
up to 30%, 22%, 23%, and 29% of Lactobacillus spp.,
correspondingly. Finally, the category other microorganisms
was detected in 22%, 14%, 19%, and 26% of the patients of
Group 1 (H), Group 2 (P), Group 3 (OSA), and Group 4
(P-OSA), who presented up to 13%, 27%, 12.5%, and 10.6% of
the microorganisms in this category, respectively (Figure 4). All
complexes and categories of Candida spp., Lactobacillus spp.,
and other microorganisms were more prevalent in Group 4
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(P-OSA); however, no statistically significant differences
were found.

Multidimensional scaling analysis

To show the differences between the consortia of the most
common microorganisms present in each group of patients, we
performed a multidimensional scaling (MDS) analysis. This
analysis was established according to the dissimilarity (distance
matrix) of the microorganisms present in each consortium,
through the stress adjustment measure that is based on the
differences between the predicted and actual distances and
visualized in 3D plots (Figure 5). Six clusters formed the
consortiums of microorganisms in both the group of healthy
patients (Group 1) and the group of patients with periodontitis
(Group 2), which showed the greatest intra-group dissimilarity
(Kruskal stress = 0.188 and 0.198, respectively); on the other hand,
two clusters formed the consortium of microorganisms in patients
with OSA (Group 3) and six clusters formed the consortium of
microorganisms in patients with periodontitis and with OSA

A Group 1 (H)

st Sneparaisgram Krusars sves (12 0009)

C Group 3 (OSA)

om3

FIGURE 5

10.3389/fcimb.2022.934298

(Group 4), which showed the smallest intra-group dissimilarity
(Kruskal stress = 0.009 and 0.094, respectively).

In Group 3, dimension 3 was defined by Streptococcus
anginosus (yellow complex) and dimensions 1 and 2 were
composed of the rest of the common microorganisms; this
means that the presence of S. anginosus could be a distinctive
marker within the patients of this group, in terms of the most
common microorganism found. On the other hand, in Group 4,
another microorganism was found as the most common or
distinctive marker: Capnocytophaga ochracea (green complex),
which defined dimension 3 but with a negative modulation,
while the positive axis of dimensions 1 and 2 was differentiated
by Actinomyces georgiae (blue complex), Prevotella
melaninogenica (orange complex), and C. albicans, the three of
them forming a cluster, and Lactobacillus paracasei
predominated in the positive axis of dimension 3.

Discussion

This is the first report regarding the characterization of the
oral microbiota in patients with periodontitis associated with

B Group 2 (P)

om2

D Group 4 (P-OSA)

Multidimensional Scaling (MDS) based on Proximity Matrices (Euclidean Distance) and Kruskal Stress for the three-dimensional visualization
(XLSTAT3DPlot) of the consortia made up of the most common microorganisms by group of patients: (A) Group 1 (H); (B) Group 2 (P);

(C) Group 3 (OSA); (D) Group 4 (P-OSA)
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OSA using MALDI-TOF MS as a tool for rapid identification of
oral microorganisms. Additionally, the differences in the oral
microbiota between individuals with and without periodontitis,
and with and without OSA had not been reported before. The
present study showed that there are more cases of stage III
periodontitis in patients with severe OSA. Our results are similar
to the findings reported by Gamsiz-Isik et al. (2017) and support
the hypothesis that there is a higher prevalence of periodontitis
in patients with OSA (Gunaratnam et al., 2009; Ahmad et al,
2013; Seo et al., 2013; Cuervo et al., 2016; Gamsiz-Isik et al.,
2017; Latorre et al., 2018).

When determining the periodontal parameters of the
patients evaluated in this study, a higher percentage of biofilm
in patients with periodontitis, with OSA, and with both
conditions was detected in opposition to healthy patients
(p < 0.01). This finding is consistent with the significant
relationship between the presence of OSA and the percentage
of biofilm reported by Loke et al. (2015) and by Gamsiz-Isik et al.
(2017). The evidence suggests that the colonization of a dysbiotic
microbiota favored by oral dryness increases CO, levels and
decreased O,, and those three are the main factors involved in
the pathophysiology of OSA (Nizam et al., 2016), which, in turn,
affects bone remodeling in patients with periodontitis.

In the present study, a characterization of the microbiota
established in patients with OSA and periodontitis was carried
out. It was possible to determine the highest relative frequencies
of all of the Socransky’s complexes in the subgingival plaque,
except the purple one, while the purple complex, Candida spp.,
Lactobacillus spp., and other microorganisms presented
the highest relative frequencies in saliva. Although it
was evidenced that the complexes and categories of
microorganisms are present in all the groups evaluated, a
greater microbial diversity was demonstrated in the patients
with both conditions (OSA and periodontitis). All groups
showed different percentages of microorganisms according to
the sample evaluated (saliva, subgingival plaque, or gingival
sulcus), raising a possible “modulation” of the microorganisms
depending on the state of health or disease (Socransky and
Haffajee, 2005; Curtis et al., 2020).

The use of the MALDI-TOF MS, which only identifies
cultivable microorganisms, was one of the study’s limitations.
This method might have an impact on the findings and might
have omitted the presence of other microorganism species.
Additionally, these findings should be validated in further
studies with a bigger sample and in other populations.

Despite the limitations in having carried out microbial
identification by MALDI-TOF MS, it is important to highlight
that our results are comparable to those of prior studies and
support the hypothesis that OSA influences the colonization of a
potentially infectious dysbiotic microbiota in the oral cavity, as
other authors have proposed. Nizam et al. (2016) determined a
marked increase in Gram-negative bacteria in dental plaque
samples in patients with severe OSA and periodontal disease and
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also reported Gram-positive bacteria in dental plaque in severe
cases of OSA (Nizam et al.,, 2016), whereas Chen et al. (2021)
determined that well-known periodontal pathogen species do
not significantly increase their relative abundance in patients
with OSA; however, the salivary microbial community structure
was altered, affecting the interactions of different bacteria in the
pathogenesis process of periodontitis in patients with OSA,
along with an increase of Prevotella spp. In the present study,
we identified the most common microorganisms in patients with
both periodontitis and OSA (P-OSA), highlighting the presence
of A. georgiae, P. melaninogenica, L. paracasei , and C. albicans,
as potential distinctive markers for both diseases. These results
might explain the presence of periodontitis in patients with OSA.

Concerning the association of clinical factors and the oral
microbiota characterized in each group of patients, the
relationship between the percentage of biofilm and other oral
pathologies such as caries was evidenced, given the presence of
microorganisms mainly of the yellow and blue complexes in
healthy patients. This finding is consistent with previous reports
in the literature (Colombo and Tanner, 2019; Valm, 2019).
Despite not fulfilling all the parameters to be classified into the
group of periodontitis according to the new classification
adopted since 2018 (Caton et al., 2018), the presence of teeth
with periodontitis was detected in these patients, and it was
related to the bacteria of the yellow complex and Candida spp.
These data are relevant considering that different authors have
reported the colonization of yeasts of the genus Candida,
especially C. albicans, in periodontal pockets of patients with
severe chronic periodontitis (Canabarro et al., 2013), and the
prevalence of these species was 50% and 60% in patients with
aggressive and chronic periodontitis, respectively (Vieira
Colombo et al., 2016). These previous results suggest that C.
albicans plays a role in the progression of conditions such as
periodontitis, given its known pathogenic power to invade oral
epithelial tissue, form hyphae, secrete proteinases, and interact
with commensal streptococci to synergistically promote their
virulence (Martin et al., 2011; Xu et al., 2014; Belibasakis et al.,
2015; Charalampakis and Belibasakis, 2015; Chevalier et al,
2017; Mombelli, 2018).

In recent decades, there has been an increase in reports
demonstrating the bidirectional risk between periodontitis and
systemic diseases such as hypertension (Latorre et al.,, 2018),
CVDs (Bui et al,, 2019), hypothyroidism, metabolic syndromes
(Jaramillo et al., 2017), and diabetes (Zhou et al., 2013; Escobar
et al,, 2014; Genco and Borgnakke, 2020). In older patients, this
risk was confirmed by the correlation of the percentage of
biofilm detected in patients of Group 2 (P) with age of
patients (r; = 0.45, p = 0.035), and with diseases such as
hypertension (r; = 0.54, p = 0.0162) and hypothyroidism
(ry = 0.50, p = 0.0023). Additionally, the cases of caries present
in this group of subjects were associated with the presence of
Candida spp. and, in turn, with the bacteria of the yellow
complex, contributing to the hypothesis that yeasts of the
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genus Candida can behave as a primary colonizer in dysbiotic
biofilms (Janus et al., 2017). The percentage of teeth with
periodontitis was associated with the percentage of biofilm and
the presence of calculus. These results confirm that the
formation of polymicrobial consortia is one of the main
factors contributing to the risk of periodontitis. In Group 2
(P), periodontitis was mainly associated with the presence of
green complex bacteria, recognized in mature pathogenic
biofilms where environments with low oxygen concentrations
are produced (Haffajee et al.,, 2008). Therefore, these findings
support the role of these bacteria as indicators of ecological
changes in the subgingival biofilm during the progression of
periodontitis (Henne et al, 2014). Likewise, the category of
“other microorganisms”, in which those that are not usually
identified as oral pathogens were grouped, was also associated
with periodontitis. These results confirm the prevalence of other
potentially pathogenic species of clinical relevance in the oral
cavity as was evidenced by Vieira Colombo et al. (2016) who
showed the microbiota of the subgingival plaque of individuals
with different states of periodontitis, highlighting the presence of
bacteria of the genera Neisseria, Peptostreptococus,
Pseudomonas, Clostridium, and Enterobacteria, among others
(Vieira Colombo et al., 2016).

OSA is a risk factor for CVDs, as it increases morbidity and
mortality in patients with arterial hypertension (HTN), coronary
heart disease, atrial fibrillation, and heart failure (Zhou et al.,
2013; Genco and Borgnakke, 2020). The results of our study
showed that the severity of OSA in Group 3 was associated with
hypertension and with the percentage of teeth with periodontitis.
Thus, it is necessary to emphasize that the presence of teeth with
periodontitis in this group is correlated with the severity of OSA,
caries, and the presence of Candida spp., establishing a possible
association between the infectious processes in the periodontium
and the presence of microorganisms such as Candida spp. that
are different from the usual periodontopathogens.

The cause-eftect relationship between periodontitis and OSA,
however, is not fully understood. Several mechanisms have been
proposed, involving genetic, immunological, and microbiological
factors (Nizam et al,, 2014; Al-Jewair et al,, 2015). Our findings
suggest that there is an association between risk factors such as
HTN, HLD, and HT and patient age, which supports the
previously reported bidirectional relationship of both diseases
(Gunaratnam et al., 2009; Keller et al., 2013; Seo et al., 2013;
Sanders et al,, 2015; Cuervo et al., 2016; Latorre et al., 2018).
Additionally, it was evident that the bacteria of the orange
complex participate in this association, together with the red
complex, which, in turn, was associated with the loss of teeth
and the stage of periodontitis. In the same way, both complexes
were associated with the formation of the dysbiotic biofilm
(Lamont and Hajishengallis, 2015). While it is true that the
presence of bacteria considered periodontopathogenic was
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associated with the presence of periodontitis in patients with
OSA, it is important to note that the presence of Candida spp. was
more prevalent in patients with periodontitis, and in addition,
these yeasts were mainly associated with the bacteria of the orange
complex. Then, we propose a new hypothesis: in the presence of
both diseases, these opportunistic microorganisms may have a
behavior that allows the colonization of periodontopathogenic
bacteria. It has been demonstrated through in vitro studies that
yeasts such as C. albicans modulate the microenvironment,
causing anoxic conditions, favoring the growth of strictly
anaerobic bacteria, and synergistically promoting the formation
of dysbiotic biofilms (Diaz et al., 2012; Fox et al., 2014; Sztukowska
et al., 2018).

Even if OSA can favor the predisposing factors of
periodontitis by the presence of P. melaninogenica and C.
albicans increasing the severity of the periodontal disease,
questions arise as to whether the inhibition of these
microorganisms can control the pathogenicity of biofilm
associated with the conditions evaluated. These findings suggest
that antimicrobial strategies for treating periodontitis in patients
with OSA can be tested in vitro using polymicrobial biofilms.

Conclusions

“Men had a higher prevalence of stage III periodontitis and
severe OSA.

*There was a greater diversity of microorganisms in the oral
samples evaluated from the patients with periodontitis
and OSA, and the differences in the percentages of the
presence of each complex and category were notorious.

“The association between periodontitis and OSA was
evidenced by sharing risk factors such as comorbidities
and bacteria of the orange and red complexes associated
with yeasts such as Candida spp.

*Periodontal disease in patients showed positive and similar
correlations among yellow, blue, orange, green, and
purple bacteria complexes, P. melaninogenica, C.
albicans, and the different oral microenvironments,
indicating that the presence of P. melaninogenica and
C. albicans should be considered in the prevention and
treatment of this disease.
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of Basic Medical Science, School of Medicine, Xiamen University, Xiamen, China

Integrin B6 (ITGB6), an epithelial-specific receptor, is downregulated in the
gingival epithelium of periodontitis and is associated with inflammation
response and periodontitis development. However, the transcriptional
regulatory mechanism of ITGB6 downregulation in the human gingival
epithelium remains unclear. Fibroblast-stimulating lipopeptide-1 (FSL-1), an
oral biofilm component, promotes an epithelial cell-driven proinflammatory
response in periodontitis partially by suppressing ITGB6 expression. The aim of
the current study was to investigate the transcriptional regulatory mechanism
of ITGB6 inhibition by FSL-1 in human epithelial cells (HaCaT and primary
human gingival epithelial cells), and to delineate the transcriptional mechanism
of ITGB6 suppression in periodontitis. We found that FSL-1 inhibited ITGB6
transcription through increasing forkhead box protein O1 (FOXO1) expression
and inhibiting signal transducer and activator of transcription 3 (STAT3)
activation. Furthermore, FOXO1 bound to STAT3 directly, leading to
decreased STAT3 phosphorylation induced by FSL-1. Consequently, the
binding of phosphorylated STAT3 to the ITGB6 promoter was decreased, and
ITGB6 transcription was therefore downregulated following FSL-1 stimulation.
The reciprocal action of STAT3 and FOXO1 on ITGB6 downregulation was also
confirmed by the immunostaining of the inflammatory epithelium associated
with periodontitis. Our findings suggest that the interaction of FOXO1-STAT3
may be a useful signal target for the treatment of periodontitis.
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Introduction

Periodontitis is a chronic non-communicable disease
affecting approximately 47% of US adults (Teles et al., 2022)
and increasing the risk of developing chronic diseases
(Zemedikun et al., 2021). Deep periodontal pockets between
the gingiva and teeth, inflammation, and bone loss are
characteristic of periodontitis. Periodontal microbial insults
and associated proinflammatory cascades have been proposed
to contribute to the pathogenesis of systemic diseases, such as
Alzheimer’s disease, diabetes (Kocher et al., 2018),
cardiovascular disease (Sanz et al, 2020), respiratory disease
(Gomes-Filho et al., 2020), chronic renal disease (Hickey et al.,
2020), and oral cancer (Teles et al., 2022).

Integrin B6 (ITGB6) is an epithelial-specific receptor that is
absent from normal healthy epidermis and oral mucosa (Breuss
et al, 1993), but is constitutively expressed in the healthy
gingival epithelium (Meecham and Marshall, 2020). However
previous research has shown that gingival epithelial cells (GECs)
with reduced ITGB6 expression exhibit an enhanced
inflammatory response (Bi et al., 2017). Moreover, the absence
of ITGB6 was linked to the initiation and progression of
periodontitis in a mouse model (Ghannad et al,, 2008). In
addition, patients with ITGB6 mutations can develop severe
periodontal disease (Ansar et al., 2016). Therefore, repression of
ITGB6 may play a key role in acute inflammation and
periodontitis development.

Dysbiotic bacterial dental plaque biofilms are considered the
main cause of periodontitis and ITGB6 suppression (Bi et al.,
2019). ITGB6 expression is transcriptionally regulated. We
previously identified several transcriptional binding sites for
transcription factors, such as signal transducer and activator of
transcription (STAT) and forkhead box-O (FOXO) in the core
promoter of ITGB6 (Xu et al., 2015). However, the regulatory
mechanisms underlying the repression of ITGB6 expression by
oral biofilm components in periodontitis remain unexplored.

The transcription factor family FOXO includes four
members: FOXOI, 3, 4, and 6 (van der Vos and Cofter, 2008;
Maiese et al., 2009). FOXO proteins are increasingly considered
to be unique cellular targets that regulate several cellular
processes, including cell differentiation, immune status,
apoptosis, and inflammation (Maiese et al., 2009). FOXOL1 has
been linked to the development of periodontitis. FOXO1
mediates the inflammatory effect of prostaglandins (Pg) in
GECs, as FOXOL1 silencing attenuates Pg-induced production
and secretion of IL-1B (Wang et al., 2015). The FOXOL1 signaling
axis can regulate periodontal bacteria-epithelial interactions,
immune-inflammatory responses, bone remodeling, and
wound healing (Ren et al.,, 2021).

Fibroblast-stimulating lipopeptide-1 (FSL-1) is a diacylated
lipopeptide mimicking the 44 kDa lipoprotein of Mycoplasma
salivarium and is suspected to play an etiological role in
periodontal diseases (Shibata et al., 2000). Inflammatory
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cytokines such as monocyte chemotactic protein (MCP)-1,
MMP-9, IL-6, tumor necrosis factor (TNF)-o, and IL-8 can be
induced by FSL-1 in monocytes/macrophages (Ahmad et al,
2014). Studies have confirmed that biofilm components and
FSL-1 can downregulate ITGB6 expression in the pocket
epithelium, thus, promoting an epithelial cell-driven
proinflammatory response in periodontal disease (Li et al.,
2013; Bi et al., 2017). However, the transcriptional regulatory
mechanism of ITGB6 inhibition by FSL-1 in the human gingival
epithelium remains unclear.

In the present study, we investigated the transcriptional
regulatory mechanism of ITGB6 inhibition by FSL-1 in human
epithelial cells (HaCaT and primary human GECs) and
delineated the transcriptional mechanism of ITGB6
suppression in periodontitis. We identified that the FOXO1-
STAT3 interaction may potentially contribute to FSL-1-
suppressed ITGB6 expression in the gingival epithelium
of periodontitis.

Materials and methods
Cell culture and FSL-1 treatment

The human keratinocyte cell line HaCaT was purchased
from the Kunming Cell Bank of the Chinese Academy of
Sciences. HaCaT cells were maintained in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin at 37°C in a cell
incubator containing 5% CO,. Primary human GECs were
grown from explants of gingival biopsies obtained from
healthy volunteers with no gingival inflammation, as described
previously (Kedjarune et al., 2001). Primary GECs were
maintained in keratinocytes (K)-SFM medium (Gibco)
supplemented with human keratinocytes growth supplement,
1% antibiotics, and 10 UM Y-27632 (Sigma-Aldrich, Shanghai,
China). When the GECs reached 80% confluence, subculturing
was performed via trypsin digestion. A third generation of cells
was used in the experiment. Primary cells within six generations
were used in this study. HaCaT and GECs were stimulated with
FSL-1 (Abcam, Shanghai, China) for indicated times at 37°C.
Cells were harvested for detection of ITGB6 mRNA and
protein levels.

Reverse transcription quantitative
polymerase chain reaction (RT-qPCR)

Total RNA was extracted from HaCaT cells and GECs using
a generic RNA extraction kit (Dongsheng Biotechnology,
Hangzhou, China). Reverse transcription into ¢cDNA was
performed according to the instructions of the TaKaRa
PrimeScriptTM RT Reagent KIT (Takara, Dalian, China). The
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RT- qPCR assay was performed in ABI 7500 (Applied
Biosystems, USA) using SYBR Green. The obtained data were
analyzed using a comparison threshold cycle (2722€Y 10 indicate
relative mRNA expression, and GAPDH was used as an internal
control. The following primers were used for PCR: ITGB6
forward, 5- GCAAGCTGCTGTGTGTAAGGAA-3’; ITGB6
reverse, 5-CTTGGGTTACAGCGAAGATCAA-3’; FOXO3
forward, 5'- GCGTGCCCTACTTCAAGGATAAG-3'; FOXO3
reverse, 5'-GACCCGCATGAATCGACTAATG-3"; STAT3
forward, 5- GAGCTGCACCTGATCACCTT-3"; STAT3
reverse, 5'-CTACCTGGGTCAGCTTCAGG-3’; FOXO1
forward, 5'- GTTGCTGACTTCTGACTCT-3’; FOXO1
reverse, 5'-GCTGCCATAGGTTGACAT-3"; GAPDH forward,
5'- CATCACCATCTTCCAGGAG-3’; and GAPDH reverse, 5'-
AGGCTGTTGTCATACTTCTC-3'.

Western blotting

The cells were collected in a 1.5-mL centrifuge tube and
placed in ice. RIPA buffer (70-100 puL) was added to the samples,
and the tubes incubated for 30 min for cell lysis. Subsequently,
the cells were further lysed using ultrasound. The supernatant
was then centrifuged in a low-temperature centrifuge at 12000
RPM for 15 min. The supernatant was collected in a new
centrifuge tube and the protein concentration was determined
using the BCA method. Polyacrylamide gel was prepared
according to the size of the target protein. After sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, the target
protein was transferred to a PVDF membrane. The membrane
was placed in 5% milk or bovine serum albumin for 1 h to block
non-specific sites. After washing and the corresponding primary
antibody was incubated at 4°C overnight. Then, the membrane
was rinsed with 1xPBS-0.1% Tween three times, and mouse or
rabbit secondary antibodies with corresponding primary
antibody properties were incubated at room temperature for
1 h. Enhanced chemiluminescence solution was used to develop
the protein bands, and the image was used to quantitatively
analyze the optical density of the protein bands.

Cell transfection

When the cell density was approximately 70%, a mixture
containing the transfection reagent and plasmid was prepared
according to the lipofectamine manufacturer’s instructions.
After incubating for 15 min, the medium containing the
plasmid-liposome complex was gently mixed with the cell
supernatant. Transfected cells were collected for subsequent
experiments 48 h after incubation at 37°C in a humidified 5%
CO, atmosphere.
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Human tissue and
immunohistochemistry

Gingival tissue samples without gingival inflammation
(healthy control group, n = 5) and gingival tissue samples
with periodontal disease (deep pocket > 5mm) (Inflammation
group, n = 5) were selected from routine oral care patients
undergoing orthodontic treatment or periodontitis tooth
extraction in the Stomatological Hospital of Xiamen Medical
College. This study was approved by the Ethics Committee of
the Stomatological Hospital of Xiamen Medical College
(HS20200908001), and informed consent was obtained from
each patient. Tissues were fixed with 4% formaldehyde at 4°C
for 24 h, dehydrated, and embedded in paraffin wax. The
embedded specimens were cut into 5-pum tissue slices and
baked for 2 h in an oven at 65°C. Immunohistochemistry
was performed as described previously (Xu et al., 2009).
Primary antibodies against ITGB6 2746294 (Millipore,
Billerica, MA, USA), pSTAT3 (Y705; Cell Signaling
Technology, Danvers, MA,USA), and pFOXO1 (ab76055;
Abcam, Cambridge, MA, USA) were used. The staining
intensity in each section was measured using the cell
counting function of the Image-Pr0® Plus software.

Double luciferase reporter gene assay

A double luciferase reporter assay kit was used to detect the
effect of FOXO1 and STAT3 plasmids on the ITGB6 gene
promoter. The passive lysis buffer (PLB, 20 pL) was added to
the cells plated in 96-well plate. After 15 min, 20 pL of PLB lysate
was transferred into a 1.5-mL centrifuge tube. First, 20 uL of the
LAR solution was added to the tube to determine the firefly
luciferase value. The Renilla luciferase value was obtained by
immediately adding 20 pL of STOP&GIlo buffer. The firefly
luciferase/Renilla luciferase intensity ratio was calculated for
each group.

Chromatin immunoprecipitation

The chromatin immunoprecipitation (ChIP) assay was
performed using a ChIP kit (Cell Signaling Technology, Danvers,
MA, USA). Cells were cultured to a density of 70%-80% (10-cm
dish) collected after drug stimulation. Crosslinking was performed
with 1% formaldehyde. After fixation, 10x glycine units were
added to terminate the cross-linking process. After three times
of washing with PBS, the sample was collected in a 1.5-mL
centrifuge tube, and 1 pL of 100 mM PMSF and 1 pL of PIC
were added. The sample was resuspended in 1 mL of ChIP-lysis
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buffer. Ultrasound treatment was performed 30 min after ice lysis
to concentrate chromatin DNA fragments of 500-1000 bp. The
sample was centrifuged at 12000 RPM at 4 °C for 10 min, and the
supernatant was collected in a new centrifuge tube. After the DNA
fragments were separated and purified, chromatin fragmentation
was observed using 12% agarose gel electrophoresis. The number
of immunoprecipitation (IP) and Ig G groups was calculated
according to the concentration. Proteins were captured via
immunoprecipitation using the corresponding primary antibody
or control IgG and incubated overnight at 4°C. Further collection
and purification of chromatin fragments was performed, followed
by protein unlinking at 65°C. The precipitated DNA fragments
were analyzed using PCR.

Coimmunoprecipitation

Three groups of cells (IP-FOXO1 group, IP-STAT3 group,
and IgG control group) were prepared using two 10-cm discs in
each group. HaCaT cells were washed twice with pre-cooled PBS
and then collected in a 1.5-mL centrifuge tube with a pre-cooled
cell scraper. Subsequently, 1 mL of mild IP cracking solution was
added, sloshed slowly for 15 min, and left to crack on ice for 1 h.
After centrifugation at 14000 RPM for 15 min at 4°C, the
supernatant was collected in a new centrifuge tube, 100 uL was
removed from each set as input, and its concentration was
determined using the BCA method. Each input group was
supplemented with 25 pL of 5x loading buffer. This was boiled
for 10 min and store at —20°C. After cleaning the protein A
agarose twice with pre-cooled PBS, the protein A agarose with
concentration of 50% was prepared. Protein A agarose (100 pL)
was added to each centrifuge tube and incubated for 2 h in a
suspension apparatus at 4°C. The IP group was incubated with
the corresponding antibodies, and protein A agarose and
incubated overnight under continuous rotation at 4°C. After
centrifugation, the supernatant was carefully removed. Another
1 mL of IP lysate was added and washed three times for 3 min
each, followed by centrifugation at 4°C at 3000 RPM for 3 min.
After the last washing, 30 uL of 2x loading buffer was boiled and
centrifuged to remove the precipitate, and the supernatant was
collected as the protein sample of the IP group. Proteins released
from the complex components were examined via SDS-PAGE
and western blotting.

Statistical analysis

The significance of differences between groups was
determined using an unpaired two-tailed Student’s ¢-test and
ANOVA using GraphPad Prism software (version 7.0). All
experiments were independently repeated at least three times,
and the differences were considered significant when *P < 0.05,
**P <0.01, and ***P < 0.001.
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Results

Lipopeptide FSL-1 downregulates ITGB6
expression in epithelial cells

To elucidate the mechanism underlying ITGB6
downregulation in periodontitis, oral biofilm component FSL-
1 was used as the stimulus.

As 100ng/mL FSL-1 has been reported to significantly
inhibit ITGB6 expression in human GECs (Bi et al,, 2017), we
chose this concentration to investigate the mechanism of ITGB6
downregulation in epithelial cells. Epithelial HaCaT and GECs
were exposed to FSL-1 (100 ng/mL) for the indicated times (0.5-
2 h). ITGB6 mRNA and protein levels were detected using RT-
qPCR and western blotting, respectively. The results showed that
FSL-1 significantly downregulated ITGB6 mRNA expression in
a time-dependent manner in both HaCaT and GECs
(Figures 1A, B), with a 50% reduction in HaCaT and 30%
reduction in GECs after 2 h of stimulation. FSL-1 also
significantly attenuated ITGB6 protein production after 0.5-2
h of stimulation in HaCaT and GECs (Figures 1C, D). These
results indicate that FSL-1 can reduce ITGB6 transcriptional
expression in both the human epithelial cell line and primary
derived GECs.

FOXO1 and STAT3 binding sites are
located in ITGB6 promoter

As ITGB6 expression is transcriptionally regulated and the
transcription factors FOXO1 and STAT3 are involved in the
inflammatory response, we hypothesized that FOXO1 and
STAT3 are involved in ITGB6 transcription in epithelial
cells. Sequence analysis predicted several putative
transcription factor FOXO1 and STAT3 binding sites in
the —289 to —150 region of the ITGB6 promoter (Figure 2A).
Overexpression of FOXO1 or STATS3 significantly upregulated
the activity of the pGL2-B6(—421/+208) construct but had no
effect on the activity of the pGL2-B6(-150/+208) construct,
suggesting that the region between —421 and —150 bp upstream
of the translational start codon may contain binding sites for
the transcription factors FOXO1 and STAT3 (Figures 2B, C).
To determine whether cellular FOXO1 and STAT3 can bind to
the ITGB6 promoter, a ChIP assay was performed and assayed
using PCR targeting the —421 to —150 region of the ITGB6
promoter. ChIP with an antibody against FOXO1 and STAT3
resulted in marked enrichment of the ITGB6 promoter DNA
compared to the control IgG (Figures 2D, E). These results
suggest that FOXO1 and STAT3 could bind to the region
located at positions —421 to —150 of the human ITGB6
promoter in vivo and may be involved in human ITGB6
promoter transcriptional activity.
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FIGURE 1

Suppression of ITGB6 by FSL-1 in human epithelial cells. (A) HaCaT (Left) or GECs (Right) were treated with 100 ng/mL FSL-1 for 2 h. ITGB6
MRNA were then extracted, and the mRNA levels were measured by qRT-PCR. (B) HaCaT (Left) or GECs (Right) were treated with 100 ng/ml
FSL-1 for indicated times, and the ITGB6 mRNA expression levels were detected by gRT-PCR. (C) HaCaT or GECs were treated with 100 ng/mL
FSL-1 for indicated times and the protein levels were assessed using western blotting. (D) Densitometric analysis was used to quantify protein
bands. Data are presented as mean + SEM from triplicates. no significance (ns), *P < 0.05, **P < 0.01, ***P < 0.001, comparison with time zero

medium control cells.

FOXOL1 is involved in FSL-1-mediated
ITGB6 downregulation

To explore whether FOXOL1 is involved in FSL-1-decreased
ITGB6 expression in HaCaT and GECs, we first examined the
effect of FSL-1 on FOXO1 expression using western blotting. As
shown in Figure 3, FSL-1 significantly upregulated FOXO1
(Figures 3A, B) protein levels in a time-dependent manner in
both HaCaT and GECs. Furthermore, overexpression of FOXO1
significantly decreased the expression level of mRNA (about
40%, P < 0.01) and protein of ITGB6 (Figures 3C-E). In
addition, the FSL-1 inhibitor AS1842856 significantly reversed
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the expression of mRNA (about 20%, P < 0.05) and ITGB6
protein (Figures 3F-H), which was inhibited by FSL-1. These
results indicated that FOXO1 is involved in the downregulation
of ITGB6 expression.

Next, a ChIP assay was performed to further clarify whether
FOXO1 mediates the effect of FSL-1 on ITGB6 transcription via
increased binding to the ITGB6 promoter in vivo. HaCaT cells were
treated with FSL-1 (100 ng/mL) for 1-2 h, and whole-cell chromatin
was extracted. As shown in Figure 31, no increase in the binding of
FOXOL1 to the ITGB6 promoter was detected after FSL-1 stimulation,
suggesting that FOXO1 involvement in ITGB6 downregulation was
not mediated by increased binding to the ITGB6 promoter site.
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FOXO1 and STAT3 binding sites located at the ITGB6 promoter. (A) Potential binding sites at the ITGB6 promoter were predicted by the JASPER
database. All numbers presented are relative to the TSS of the human ITGB6 gene. There are three latent STAT3 binding sites and two FOXO1
binding sites between —26 and +18 of the ITGB6 promoter. (B, C) Effect of FOXO1 (B) and STAT3 (C) overexpression on ITGB6 promoter activity
in HaCaT. Luciferase reporter constructs containing various lengths of the ITGB6 promoter, or the empty plasmid pGL2-basic, were co-
transfected with pRL-TK and with either FOXO1 or STAT3-overexpressing plasmid into HaCaT cells. Luciferase activity was measured at 48 h
after transfection. The luciferase value of the pGL2-basic was set to a value of one. Relative promoter activities are presented on the right (mean
+ SEM, at least three independent experiments) and were analyzed using one-way ANOVA. (D, E) Measurement of FOXO1 and STAT3 binding to
the ITGB6 promoter. ChIP assay was performed using anti-FOXOL1 antibody (D), anti-STAT3 antibody (E), or IgG as a control in HaCaT cells
Input and immunoprecipitated DNA was then amplified by PCR using primer pairs covering FOXO1 and STAT3 binding sites from —289 to —150

bp. The associated ITGB6 promoter DNA was amplified using PCR and resolved using agarose electrophoresis. **P < 0.01 and ****P < 0.0001.

STAT3 suppression is involved in ITGB6
downregulation by FSL-1

To explore the role of STAT3 in FSL-1-decreased ITGB6
transcription, we first examined the effect of STAT3 on ITGB6
expression in HaCaT and GECs. As shown in Figure 4, STAT3
overexpression increased the expression levels of ITGB6 mRNA
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and protein in both HaCaT and GECs (Figures 4A, B). These
results indicated that STAT3 may be involved in the
upregulation of ITGB6 expression.

Next, we examined the effect of FSL-1 on STAT3 activation
using western blotting. As shown in Figure 4, FSL-1 significantly
decreased STAT3 phosphorylation in both cell lines from 0.5 h
onwards (Figure 4C). Furthermore, the ChIP assay results
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FOXOL1 is involved in ITGB6 suppression by FSL-1 in HaCaT and GECs. Serum-starved HaCaT and GECs were treated with FSL-1 (100 ng/mL) for
0.5-2 h, and the total FoxO1 (A) protein expression levels were analyzed using western blotting. Protein loading was verified using GAPDH.

(B) Densitometric analysis was used to quantify protein bands. Data are presented as mean + SEM from triplicates, comparised with time zero
medium control cells (C) HaCaT cells were transfected with pCMV6-Ctrl or pPCMV6-FOXO1 for 48 h. Total RNA was extracted, and the mRNA
expression of ITGB6 was detected by RT-gPCR. Data are shown as the mean + SEM of triplicates and comparisoned with the pCMV6-Ctrl
group. (D) Protein expression levels were analyzed using Western blotting. Protein loading was verified using GAPDH. (E) Densitometric analysis
was used to quantify protein bands. Data are presented as mean + SEM from triplicates and compared with pCMV6-Ctrl group. The effect of the
FSL-1 inhibitor AS1842856 (AS) on the expression level of ITGB6 mRNA (F) and protein (G). HaCaT cells were exposed to FSL-1 (100 ng/mL) for
2 h with or without pre-incubation with AS (1 uM) for 0.5 h. Final concentrations of DMSO were kept constant for all treatment conditions.
ITGB6 mRNA levels were determined using gRT-PCR. Data are shown as mean + SEM of triplicates. Protein levels of ITGB6, FOXO1, and GAPDH
(loading control) were measured using western blotting. The blots are representative of three independent experiments with similar results (G).
(H) Densitometric analysis was used to quantify protein bands. Data are presented as mean + SEM from triplicates. (I) Measurement of FOXO1
binding to ITGB6 promoter. HaCaT cells were treated with FSL-1 at the indicated times, and the binding of FOXO1 to the ITGB6 promoter was
detected by ChIP assay. The associated /TGB6 promoter DNA was measured using gPCR. The results were normalized to the input control. Data
are shown as mean + SEM of triplicates. no significance (ns), compared to the time zero. *P < 0.05, **P < 0.01, ***P < 0.001.

Frontiers in Cellular and Infection Microbiology frontiersin.org
152


https://doi.org/10.3389/fcimb.2022.998693
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Xu et al.

showed that FSL-1 stimulation inhibited the binding of
phosphorylated STAT3 to the ITGB6 promoter site from 1 h
onwards (Figure 4D). Overall, these results suggest that
inhibition of phosphorylated STAT3 binding to the ITGB6
promoter is involved in the FSL-1-mediated ITGB6
transcriptional downregulation.

Transcription factor FOXOL1 interacts
with STAT3 to mediate the effect of FSL-
1 on ITGB6 downregulation

As FOXOI negatively regulates leptin-induced pro-
opiomelanocortin (POMC) transcription through its direct
interaction with STAT3 (Ma et al, 2015), we speculated that
FOXO1 may mediate the negative effect of FSL-1 on ITGB6
expression via interaction with STAT3. To test this possibility,
we first performed co-immunoprecipitation experiments to
assess the interaction between FOXOI1 and STAT3, and the
results confirmed the interaction between FOXO1 and
STATS3 (Figure 5A).

Moreover, FOXO1 overexpression attenuated STAT3
phosphorylation. In addition, incubation with FSL-1 after
FOXO1 overexpression further downregulated STAT3
phosphorylation levels, suggesting a synergistic effect on
STAT3 phosphorylation level by FSL-1 incubation and
FOXO1 overexpression (Figure 5B). Next, we performed a
ChIP assay to determine the effect of FOXO1 overexpression
on the binding of phosphorylated STAT3 (p-STAT3) to the
ITGB6 promoter. The results (Figure 5C) showed that FOXO1
overexpression significantly inhibited the binding of p-STAT3 to
the ITGB6 promoter.

Thus far, the in vitro data strongly suggest that transcription
factor FOXOL1 is involved in regulating the effect of FSL-1 on
ITGB6 downregulation by inhibiting STAT3 activation and
reducing the binding of p-STAT3 to the ITGB6 promoter region.

To confirm the role of FOXO1 and STAT3 and its relation to
ITGB6 expression in vivo, we performed immunohistochemistry
to detect the expression of ITGB6, FOXOI, and STAT3 using
sequencing slices from healthy human gingival tissue and
gingival epithelium of patients with periodontitis. First, we
confirmed the reduction of ITGB6 expression level in
periodontitis samples as compared with that in the healthy
controls (Figures 6A, B). As shown in Figures 6E, F, p-STAT3
was expressed in the nucleus of healthy gingival epithelium but
was minimally detected in inflammatory tissue. On the contrary,
FOXO1 was strongly detected in the inflammatory epithelium,
both in the nucleus and cytoplasm, and was weakly detected in
healthy gingival epithelium (Figures 6C, D). These results
suggest that FOXO1 interacts with STAT3 and may be
involved in the downregulation of ITGB6 in the inflammatory
epithelium associated with periodontitis.
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Discussion

The presence of ITGBG6 is essential for periodontal health, as
its low expression in the gingival epithelium is related to the
development of periodontal diseases (Ghannad et al., 2008).
Although previous research has confirmed that periodontal
bacteria or pathogens may cause ITGB6 repression in
periodontitis (Bi et al., 2017), limited work has been
performed to further investigate the transcriptional
mechanism of ITGB6 downregulation in periodontitis. In the
present study, we found that the interaction of the transcription
factors FOXO1 and STAT3 mediated periodontitis-related
lipopeptide FSL-1-induced ITGB6 downregulation in human
epithelial cells. While EGFR-ERK signaling pathways have
previously been implicated in ITGB6 suppression in
periodontal inflammation (Bi et al., 2019), the critical
involvement of the transcription factors FOXO1 and STAT3
in ITGB6 suppression by oral bacterial biofilm components is a
novel finding.

It is generally accepted that gene expression is critically
governed by various transcription factors in a cell- and stimulus-
specific manner. However, the composition of periodontal
bacteria or pathogens that cause periodontitis is complex, and
it is difficult to determine the effect of these pathogens on ITGB6
expression. Therefore, we selected a single microbial biofilm
component, FSL-1, to study ITGB6 transcriptional regulation.
FSL-1 is the N-terminal lipopeptide of the cell membrane
lipoprotein LP44 produced by the common oral bacterium M.
salivarium, which preferentially inhabits the gingival sulci and is
suspected to play an etiological role in periodontal diseases
(Shibata et al., 2000). Our results showed that FSL-1 could
suppress ITGB6 expression in both commercial epithelial cell
lines and primary GECs, which is consistent with the results of a
previous study (Bi et al., 2017). Moreover, the effect of FSL-1 on
ITGB6 suppression is similar to that of oral bacterial biofilm
extracts (Bi et al., 2017). FSL-1 was then used as a stimulator to
investigate the transcriptional regulation mechanism of ITGB6
suppression associated with periodontitis in the current study.

Accumulating evidence indicates that FOXO1 activity can be
induced by periodontal pathogens and plays a crucial role in
periodontal homeostasis and disease (Ren et al., 2021). Wang
et al. showed that FOXO1 accumulates in the nucleus of
Porphyromonas gingivalis-infected cells (Wang et al., 2015)
and is involved in gene expression related to cell death, barrier
function, differentiation, and inflammation (Li et al., 2013). In
our study, we verified that FSL-1 significantly upregulated the
expression of FOXOI. In addition, upregulation of FOXO1
downregulated ITGB6 expression, whereas blocking FOXO1
expression inhibited the downregulation of ITGB6 by FSL-1.
These results indicated the involvement of FOXO1 in FSL-1-
induced ITGB6 downregulation. Transcription factors normally
regulate gene expression by binding to the target gene promoter.
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FIGURE 4

STAT3 suppression is involved in FSL-1 mediated ITGB6 downregulation. (A, B) STAT3 is involved in ITGB6 transcriptional regulation in HaCaT
and GECs. Serum-starved HaCaT and GECs were transfected with the control vectors pLenti-Ctrl or pLenti-STAT3 for 48 h. The mRNA
expression of STAT3 and ITGB6 was measured by gRT-PCR (A) Data are presented as mean + SEM from triplicates and compared with pLenti-
Ctrl. The protein expression of ITGB6 and STAT3 in HaCaT and GECs was measured using western blotting (left). Densitometric analysis was
used to quantify protein bands (right). Data are presented as mean + SEM from triplicates and compared with pLenti-Ctrl group. (C) FSL-1
inhibits STAT3 activation in HaCaT and GECs. Serum-starved HaCaT and GECs were treated with FSL-1 (100 ng/mL) for the indicated times
(0.5-2 h). Whole-cell extracts were prepared for western blot analysis of phosphorylated STAT3, STAT3, and GAPDH (loading control).
Densitometric analysis was used to quantify protein bands (lower panel). Data are presented as mean + SEM from triplicates and compared with
time zero group. (D) FSL-1 inhibited phosphorylated STAT3 binding to the ITGB6 promoter. HaCaT cells were treated with FSL-1 (100 ng/mL) for
the indicated times (1-2 h), and the binding of STAT3 to the ITGB6 promoter was detected using ChlIP assay. The associated ITGB6 promoter
DNA was amplified using gPCR. Data are shown as the mean + SEM of triplicate experiments and comparison with time zero medium control
cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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and compared, V6-Ctrl group. *P < 0.05, **P < 0.01, ***P < 0.001.

However, FOXO1 binding to the ITGB6 promoter did not
increase upon FSL-1 stimulation. This suggested that FSL-1-
induced FOXO1 expression may indirectly regulate ITGB6
transcription via a different mechanism such as protein-
protein interaction. Previous studies have confirmed that
FOXO1 may regulate the expression of target genes without
directly binding to DNA. A FOXO1 mutant that lacks DNA-
binding activity can regulate target gene expression
(Ramaswamy et al,, 2002). In addition, FOXO1 can regulate
target gene transcription through direct interaction with other
transcription factors, such as STAT3 (Yang et al., 2009; Oh et al.,
20125 Ma et al,, 2015; Zhang et al., 2021). STAT3 is a critical
transcription factor in inflammatory responses and induces the
expression of a large array of inflammatory mediators (Hillmer
etal, 2016). We previously reported that the promoter region of
the human ITGB6 gene contains STAT3 binding sites, and the
basal rate of ITGB6 expression in oral squamous cell carcinoma
cells is primarily defined by STAT3 (Xu et al., 2015). Therefore,
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we speculated that the reciprocal action of STAT3 and FOXO1
might regulate FSL-1-induced ITGB6 downregulation.

Being a pivotal inflammatory transcription factor, STAT3
activation has been shown to mediate the biological effects of
several oral proinflammatory factors such as P. gingivalis (Ma et al,,
2021) and LPS (Zhang et al,, 2021). However, it is still unclear
whether STAT3 plays a role in FSL-1-induced cellular effects in
periodontitis. Our results demonstrated for the first time that FSL-1
stimulation reduced STAT3 phosphorylation levels in both HaCaT
and GECs. FSL-1 stimulation also inhibits the binding of phospho-
STAT3 to the ITGB6 promoter. These results indicate that FSL-1
downregulates ITGB6 expression in GECs by inhibiting STAT3
activation and binding to the ITGB6 promoter.

We also determined how FOXOLI interfered with STAT3 to
regulate ITGB6 suppression by FSL-1. First, our co-IP experiments
confirmed the direct interaction of FOXO1 with STAT3. Next,
overexpression of FOXOI further attenuated STAT3 activation
and its binding to the ITGB6 promoter. These results are

frontiersin.org


https://doi.org/10.3389/fcimb.2022.998693
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Xu et al. 10.3389/fcimb.2022.998693
A B ITGB6
>
'.‘E 05
Health Sc
=904
2 503
- ok
2 § 02
g o1
E o
. © 0.0
Inflammation g Health Inflammation
c D FOXO1
2
B 025
Health S c -
TS
< s 0.20
g8
25015
2d =
£50.10
5%
£2 005
Inflammation s
0.00
= Health Inflammation
E F P-STAT3
2
® 020
s c
Health 38
§ g o015 1
2 a
>
= o0
e
S«
£ 0.05
. Eo
Inflammation £
0.00
g Health Inflammation
FIGURE 6
Expression of ITGB6, FoxO1, and phosphorated STAT3 in human gingival epithelium. Paraffin-embedded human gingival epithelia were obtained
from patients who had undergone tooth extraction for periodontitis treatment (n = 5) or orthodontic treatment as healthy controls (n=5).
Immunohistochemistry for ITGB6, phosphorated STAT3, and FOXO1 was performed. Representative sections of healthy gingival epithelium
showing strong staining of ITGB6 in the cytosol (A) and phosphorylated STAT3 in the nucleus (E), whereas both molecules were barely
expressed in periodontal disease specimens. In contrast, a representative section of inflammatory gingival epithelium showed strong staining of
FOXOL1 in both the nucleus and cytoplasm, whereas minor staining was detected in healthy gingival epithelium (C). (A) Low power scale bar:
200 pum. High power scale bar: 100 um. (C—E) Low power scale bar: 200 um. High power scale bar: 50 um. (B, D, F) Quantitative statistics of
immunostaining were analyzed using Image Pro-Plus 6.0. The average integrated optical density (IOD) of both healthy and inflamed tissues was
analyzed. Five regions of the epithelial tissue were randomly selected for the average value. Data are shown as the mean + SEM of triplicate
experiments and compared to healthy gingival epithelium. **P < 0.01.

consistent with the notion that FOXOL1 inhibits STAT3 activity by
preventing STAT3 from interacting with the ITGB6 promoter DNA.
Furthermore, the reciprocal action of STAT3 and FOXO1 on ITGB6
downregulation was also confirmed by the immunostaining of the
inflammatory epithelium associated with periodontitis. Together,
these data support our proposed model of a potential mechanism of
how FSL-1-induced FOXO1 inhibits ITGB6 transcription regulation;
with increasing amount of FOXO1 expression, FOXOI binds to
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phospho-STAT3 in the nucleus, prevents STAT3 from interacting
with the ITGB6 promoter, and consequently, inhibits ITGB6
transcription (Figure 7).

In conclusion, the current study demonstrates that FOXO1 is
involved in FSL-1-mediated ITGB6 downregulation in HaCaT and
GECs. The FOXO1 inhibitory effect on ITGB6 expression was a
consequence of its interaction with STAT3 rather than binding to the
ITGB6 promoter site. FOXO1 attenuated STAT3 activation and
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ITGB6 promoter

FIGURE 7

Potential mechanism of FOXO1-mediated FSL-1-induced ITGB6 downregulation. FSL-1 increases FOXO1 expression, and FOXOL1 interacts with
p-STAT3 in the nucleus, prevents the binding of p-STAT3 to the ITGB6 promoter, and consequently inhibits STAT3-mediated ITGB6
transcriptional expression. PM, plasma membrane; NE, nuclear envelope.

binding to the ITGB6 promoter, which resulted in FSL-1-induced
downregulation of ITGB6. Therefore, the interaction of FOXO1 and
STAT3 may contribute to periodontitis progression by inhibiting
ITGB6 expression. Targeting the FOXO1-STAT3 signaling axis may
be an effective method for treating periodontal diseases.
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Periodontitis has been demonstrated to be bidirectionally associated with
diabetes and has been recognized as a complication of diabetes. As a
periodontal pathogen, Porphyromonas gingivalis is a possible pathogen
linking periodontal disease and systemic diseases. It has also been found to
be involved in the occurrence and development of diabetes. In this study, 6-
week-old male C57BL/6 mice were orally administered the P. gingivalis strain
ATCC381 for 22 weeks. Histological analysis of the gingival tissue and
quantified analysis of alveolar bone loss were performed to evaluate
periodontal destruction. Body weight, fasting glucose, glucose tolerance test
(GTT), and insulin tolerance test (ITT) were used to evaluate glucose
metabolism disorder. We then analyzed the expression profiles of
inflammatory cytokines and chemokines in gingival tissue, the liver, and
adipose tissue, as well as in serum. The results showed that mice in the P.
gingivalis-administered group developed apparent gingival inflammation and
more alveolar bone loss compared to the control group. After 22 weeks of P.
gingivalis infection, significant differences were observed at 30 and 60 min for
the GTT and at 15 min for the ITT. P. gingivalis-administered mice showed an
increase in the mMRNA expression levels of the pro-inflammatory cytokines
(TNF-a, IL-6, IL-17, and IL-23) and chemokines (CCL2, CCL8, and CXCL10) in
the gingiva and serum. The expression levels of the glucose metabolism-
related genes were also changed in the liver and adipose tissue. Our results
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indicate that oral administration of P. gingivalis can induce changes in the
inflammatory cytokines and chemokines in the gingiva and blood, can lead to
alveolar bone loss and to inflammatory changes in the liver and adipose tissues,
and can promote glucose metabolism disorder in mice.

KEYWORDS

periodontitis, Porphyromonas gingivalis (P. gingivalis), glucose metabolism,
inflammation, alveolar bone loss

Introduction

Periodontitis is a chronic infectious disease caused by a
dental plaque microbiome. It features connective tissue
destruction and alveolar bone loss. A series of studies have
demonstrated that periodontitis not only causes tooth loss but
also contributes to the progress of systemic diseases; it has also
been recognized as a complication of diabetes (Cullinan and
Seymour, 2013). It has been established that diabetes has
bidirectional positive associations with periodontitis and that
high prevalence and severe periodontitis in diabetes mellitus
patients may influence glycemic control (Nascimento et al.,
2018; Sthr et al, 2021). The underlying mechanisms linking
periodontitis and diabetes have been considered to be pro-
inflammatory cytokines derived from gingival lesions [tumor
necrosis factor alpha (TNF-au), interleukin 6 (IL-6), and IL-17].
These are chronically overexpressed in advanced periodontitis
and can be released into the blood to affect other organs and
exacerbate metabolic diseases (Kashiwagi et al., 2021); however,
several reports have shown that the levels of serum TNF-a and
other pro-inflammatory cytokines in periodontitis patients are
not elevated compared with those of healthy subjects (Yamazaki
et al,, 2005). Thus, the pathogenic mechanisms of periodontitis
affecting diabetes remain to be elucidated.

Recent studies have shown that Porphyromonas gingivalis, a
major pathogenic bacterium in periodontitis, is a possible pathogen
linking periodontal disease to other systemic diseases (Darveau
et al,, 2012). It has been found to participate in the occurrence and
development of insulin resistance (Makiura et al., 2008;
Aemaimanan et al., 2013; Arimatsu et al., 2014; Bhat et al., 2014).
The levels of HbAlc have been shown to be related to the number
of red complex bacteria, including P. gingivalis, in periodontal
tissues (Aemaimanan et al., 2013). P. gingivalis infection increased
systemic inflammation, especially in adipose tissue, through the
induction of IL-6, which can induce insulin resistance (Pradhan
et al, 2001). Oral administration of P. gingivalis has also been
observed to elicit endotoxemia and induce insulin resistance in mice
(Arimatsu et al., 2014).

To demonstrate the causal role of periodontal disease as a
risk factor for diabetes, we orally administered P. gingivalis to
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mice. Alveolar bone loss levels were evaluated and glucose
metabolism was measured. Inflammatory mediators and the
expression levels of glucose metabolism-related genes were
also investigated. We report the observation of a causal role
for P. gingivalis, a periodontitis-related pathogen, in the progress
of diabetes and metabolic disorders. We have shown that oral
administration of P. gingivalis has an impact on serum
inflammatory cytokines, chemokines, and the expression levels
of glucose-related genes in liver and adipose tissue, resulting in
metabolic disorders. Our results also confirm that P. gingivalis
can aggravate impaired glucose metabolism. This may enhance
our knowledge of the mechanistic relationship between
periodontitis and the clinical features of diabetes.

Materials and methods
Ethics statement

All animal experimental procedures in this study were
approved by the Animal Welfare Ethics of Peking University
Biomedical Ethics Committee (LA2018142).

Mice

Twelve 4-week-old C57BL/6 male mice, weighing nearly 20 g
(Vital River Inc., Beijing, China) were purchased and group-
housed (six mice per cage) in a specific pathogen-free
environment. The mice were fed regular chow and sterile
water until the commencement of infection at 6 weeks of age.
During the observation period, body weight and food intake
were monitored every other week.

Bacterial cultures
The P. gingivalis strain ATCC381 was cultured on anaerobic

basal agar plates (Oxoid, Oxoid Ltd., Hampshire, England)
enriched with 5% sheep blood and incubated under anaerobic
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conditions (80% N, 10% CO,, and 10% H,) for 3-5 days at 37°C.
Cultures were then inoculated into brain heart infusion broth
(Oxoid, Oxoid Ltd., Hampshire, England), supplemented with
5 ug/ml hemin and 0.4 pg/ml menadione (Sigma-Aldrich, St.
Louis, MO, USA), and grown for 2 days based on a calibration
curve of optical density measured at 600 nm versus the viable cell
count in colony forming units (CFU) per milliliter, corresponding
to 10’ CFU/ml. The cultured cells were then centrifuged at 8,000 x g
for 20 min at 4°C and suspended in phosphate-buffered saline
(PBS) with 2% carboxymethylcellulose (CMC) (Sigma-Aldrich, St.
Louis, MO, USA) for oral administration to increase viscosity.

Induction of diabetes and periodontitis
in mice

Twelve mice were randomly divided into two groups: the
control group and the P.gingivalis-administered group. P. gingivalis
and CMC were administered orally through a plastic tube, with
10® CFU P. gingivalis in 100 ul PBS mixed with 2% CMC (for the
P. gingivalis-administered group) or only 100 ul PBS mixed with
2% CMC (for the control group) every 2 days for 22 weeks. The
mice were then sacrificed after anesthetization. The blood, gingiva,
liver, adipose tissue, and maxilla samples were excised and
harvested for the following experiments.

Tissue collection and preparation

Blood samples were collected via infraorbital puncture.
Serum was isolated by centrifugation at 10,000 rpm for 5 min
at 4°C. The gingiva, liver, and the epididymal white adipose
tissues were collected from each mouse and were rapidly
removed from the mice, placed into a liquid nitrogen box, and
kept at —80°C until analyzed, or fixed by 10% formalin for
histological staining. Mouse maxillae were harvested and fixed in
4% paraformaldehyde at 4°C overnight, and then transferred to a
70% ethanol solution. Horizontal bone loss around the maxillary
molars was examined using micro-CT.

Glucose and insulin tolerance tests

Glucose tolerance test (GTT) and insulin tolerance test (ITT)
were performed. For the GTT, the fasting glucose levels were
measured following overnight (12 h) fasting. Thereafter, the mice
were injected intraperitoneally with 1.5 g of glucose (Solarbio,
Beijing, China) per kilogram of body weight. Blood samples were
collected through the tail tip vein at 30, 60, and 90 min after
injection. For the ITT, following 4 h of fasting, the mice were
injected intraperitoneally with 2 U of insulin (Actrapid MC, Novo
Nordisk, Bagsveerd, Denmark) per kilogram of body weight.
Blood samples were collected through the tail vein at 15, 30, 45,

Frontiers in Cellular and Infection Microbiology

161

10.3389/fcimb.2022.998600

and 60 min after injection. The glucose levels were determined
using a glucometer (Sinocare, Hunan, China).

Quantification of maxillary alveolar
bone resorption

Micro-CT imaging of the mouse hemi-maxillae, free of soft
tissues, was performed using a CT scanner (Inveon MM Gantry-
STD 3121, Siemens, Munich, Germany) for the purpose of
generating three-dimensional models. The parameters were as
follows: 360° rotation, 360 projections, 1,500-ms exposure time,
60-kV source voltage, 220-uA beam current, 8.82-um effective
pixel size, and 18-um isotropic resolution. Acquisitions were
reconstructed with a filtered back-projection algorithm, matrix
size of 1,024 x 1,024 x 448, using Inveon Acquisition Workplace
software (COBRA, Siemens, Berlin, Germany). The images were
rotated and adjusted from M1 to M3 and then analyzed by an
examiner (NK) blinded to the experimental groups. Inveon
Research Workplace software (COBRA, Siemens, Berlin,
Germany) was used to measure the distance from the cemento-
enamel junction (CE]) to the alveolar bone crest (ABC) at six
points: 1) mesiobuccal and 2) distobuccal regions of the first
maxillary molar; 3) mesiobuccal and 4) distobuccal regions of the
second maxillary molar; and 5) mesiobuccal and 6) distobuccal
regions of the third maxillary molar. Measurements were taken for
the purpose of evaluating the levels of alveolar bone loss (ABL).
Prior to the observation, the intraclass correlation for the
evaluation of bone loss measurements was calculated. The same
examiner evaluated the same tooth points on different days, and
the intraclass correction coefficient (ICC) was 0.89.

Serum cytokine, chemokine, and
receptor levels

Serum samples were isolated from the blood after euthanasia.
Commercially available ELISA kits were used to determine the
serum concentrations of cytokines (TNF-a, IL-6, IL-17, and IL-23)
(RayBiotech Inc., Norcross, GA, USA), chemokines and receptor
chemokines [C-C motif ligand 2 (CCL2), C-C motif receptor 2
(CCR2), CCL3, CCL8, C-X-C motif ligand 10 (CXCL10), and
CCL20] (Mei Mian, Jiangsu, China), and developmental
endothelial locus-1 (Del-1) (Signalway Antibody Co., Ltd.,
Pearland, TX, USA) according to the manufacturers’ protocols.

RNA isolation and quantitative real-time
PCR analysis

Total RNAs from the gingiva, liver, and adipose tissue were

extracted using an RNeasy Mini kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. Total RNA was
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quantified by measuring the absorbance at 260-280 nm.
Subsequently, aliquots of RNA were reverse transcribed to
complementary DNA (cDNA) using a Primescript RT Master
Mix Kit (Takara Bio, Shiga, Japan). Quantitative real-time PCR
analysis was performed using an Applied Biosystems 7500 Fast Real-
time PCR System (Life Technology, Carlsbad, CA, USA) in
accordance with the manufacturer’s protocol. Briefly, the reactions
were carried in a 10-pl mixture of 2x SYBR Green (Takara Bio,
Shiga, Japan), each primed at 100 nM and 30 ng of reverse-
transcribed RNA. The PCR program consisted of a 30-s
incubation at 95°C, followed by 40 cycles at 95°C for 5 s and 60°C
for 34 s. A dissociation curve analysis was then performed to confirm
specificity. Each gene was tested in triplicate. The relative level of
messenger RNA (mRNA) for each target mRNA was determined
using the 27**“" method. The relative quantities were normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA and
represented in fold changes relative to those from control group
mice. The sequences of the primers are provided in Table 1.

Statistical analysis

All results are presented as the mean + standard deviation
(SD). Data between two groups were analyzed using unpaired
two-tailed Student’s ¢-test. Multiple comparisons were analyzed
with one-way analysis of variance (ANOVA) followed by
Tukey-Kramer multiple tests using SPSS 20.0 statistical

TABLE 1 Primer sequences used for real-time PCR.

Gene Forward

GAPDH AGGTTGTCTCCTGCGACTTCA
TNF-o0 AGGCGGTGCCTATGTCTCAG
1L-6 TAGCTACCTGGAGTACATGAAGAACA
IL-17 CCTCAGACTACCTCAACCGTTC
1L-23 GAGCAACTTCACACCTCCCTACTA
Del-1 CTTGGTAGCAGCCTGGCTTT
CCL2 GCATCCACGTGTTGGCTCA

CCL8 CGCAGTGCTTCTTTGCCTG
CXCL10 AGAACGGTGCGCTGCAC

CCR2 ATCCACGGCATACTATCAACATC
CCL20 TTTTGGGATGGAATTGGACAC
CCL3 CCACTGCCCTTGCTGTTCTT
G6pe CAGCAAGGTAGATCCGGGA

Saa GTAATTGGGGTCTTTGCC

Pck1 AAGTGCCTGCACTCTGTGG
Ppara. GTCATCACAGACACCCTC

Irsl CTTCTCAGACGTGCGCAAGG
Fitm2 ATGGAGCACCTGGAGCGC
Angptl4 CCAACGCCACCCACTTAC
Clgtnfo CCTGCACACCAAGGACAGTTAC
Sirtl TTCACATTGCATGTGTGTGG
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software (SPSS Inc., IBM, Chicago, IL, USA) and GraphPad
Prism v8.0.2 (GraphPad Software, San Diego, CA, USA).
P < 0.05 was considered to indicate statistical significance.

Results

P. gingivalis administration had no
significant effect on animal body weight

There was no significant difference in body weight from the
baseline of the experiment after treatment with P. gingivalis for
22 weeks. In addition, there was no significant difference in body
weight or food intake between the P. gingivalis-administered
group and the control group (Figure 1).

P. gingivalis Administration induced
alveolar bone loss

We showed via hematoxylin-eosin (H&E) staining that
inflammatory cells infiltrated the periodontal tissue of mice
(Figure 2A), and apparent gingival inflammation was observed
after oral P. gingivalis infection. Mice in the P. gingivalis-
administered group exhibited significantly more alveolar bone
loss compared to those in the control group (Figure 2B).
Quantification of bone resorption indicated a statistical increase

Reverse

CTGTTGCTGTAGCCGTATTCATTG
GCCATTTGGGAACTTCTCATC
TGGTCCTTAGCCACTCCTTCTG
ACTGAGCTTCCCAGATCACAGAG
TGCCACTGCTGACTAGAACTCA
GCCTTCTGGACACTCACAGG
CTCCAGCCTACTCATTGGGATCA
TCTGGCCCAGTCAGCTTCTC
CCTATGGCCCTGGGTCTCA
CAAGGCTCACCATCATCGTAG
TGCAGGTGAAGCCTTCAACC
GCAAAGGCTGCTGG-TTTCAA
AAAAAGCCAACGTATGGATTCCG
TTCTGCTCCCTGCTCCTG
CAGGCCCAGTTGTTGACC
TATTCGACACTCGATGTTCAG
GTTGATGTTGAAACAGCTCTC
TCATTTCTTGTAAGTATCTCGCTTCAAAG
CTCGGTTCCCTGTGATGC
TGTCACCTGCATCCACACTTC
TAGCCTGCGTAGTGTTGGTG
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FIGURE 1

Effects of the oral administration of Porphyromonas gingivalis on body weight. Body changes during the experimental period in the control
group (N = 6) and the P. gingivalis-administered group (N = 6) were measured. All data for each time point are expressed as the mean + SEM.

at all six points in the P. gingivalis-administered group compared to
the control group (the sum of the six points; 0.18 + 0.07 mm vs.
0.25 + 0.09 mm for the control and P. gingivalis, respectively,
p < 0.01) (Figure 2C). Based on these data, we conclude that
repeated oral administration of P. gingivalis can induce alveolar
bone resorption.

P. gingivalis administration induced an
inflammatory response in gingival tissue

To examine the inflammatory mediators in periodontitis
induced by P. gingivalis, the expression levels of the genes in the
gingiva from the two groups of mice were determined using real-
time PCR. The P. gingivalis-administered group showed an
increase in the mRNA expression levels of the pro-inflammatory
cytokines (TNF-o, IL-6, IL-17, and IL-23; p < 0.05) and
chemokines (CCL2, CCL8 and CXCL10; p < 0.05). We also
observed a decrease in the mRNA expression levels of the anti-
inflammatory mediator (Del-1; p < 0.05). However, there was no
significant difference in the gingival gene expressions of CCR2,
CCL3, and CCL20 between the two groups (Figure 3).

P. gingivalis administration induced
impaired glucose metabolism

To explore the effect of oral administration of P. gingivalis
on the glucose metabolism of mice, we performed fasting GTT
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and ITT at baseline, 11 weeks, and at 22 weeks of oral P.
gingivalis administration. As shown in Figure 4A, at baseline,
there were no significant differences in the fasting glucose levels
and the GTT and ITT results between the control group and
the experimental group. At 11 and 22 weeks after P. gingivalis
infection, the fasting glucose levels showed no significant
difference between these two groups. Although the effect of
P. gingivalis infection was relatively weak, at 11 weeks after
P. gingivalis administration, a significant difference was
observed at 30 min for the GTT. At 22 weeks after P.
gingivalis infection, in the P. gingivalis-administered group,
significant differences were observed at 30 and 60 min for the
GTT and at 15 min for the ITT. An overall effect was evident, as
shown in Figures 4B, C.

P. gingivalis administration induced an
inflammation- and glucose metabolism-
related gene response in the liver

We compared the gene expression profiles of live tissue
samples from mice in the P. gingivalis-administered group and
the control group. Oral administration of P. gingivalis led to
increased mRNA expressions of the pro-inflammatory
cytokines TNF-o and IL-6 and the expression levels of genes
related to glucose metabolism [negative regulation effect
genes: glucose 6 phosphatase (G6pc), serum amyloid A
(Saa), and phosphoenolpyruvate carboxykinase 1 (PckI)].
The mRNA expressions of peroxisome proliferator activated
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FIGURE 2

Oral administration of Porphyromonas gingivalis for 22 weeks induced periodontitis. (A) Histological examination of the hemi-maxillae (T, tooth;
PT, periodontal tissue; B, alveolar bone) stained with hematoxylin—eosin (H&E). Apparent losses of periodontal attachment and alveolar bone
resorption. The arrow shows inflammatory cells that have infiltrated the periodontal tissue. (B) Buccal side maxillary alveolar bone loss measured
from the cemento-enamel junction (CEJ) to the alveolar bone crest (ABC) at six points—1) mesiobuccal and 2) distobuccal regions for the first
maxillary molar; 3) mesiobuccal and 4) distobuccal regions for the second maxillary molar; and 5) mesiobuccal and 6) distobuccal regions for
the third maxillary molar—in mice from the P. gingivalis-administered group and the control group. (C) comparison of the six CEJ-ABC linear
distances (SUM, the sum of six points; M1, mesiobuccal for the first maxillary molar; D1, distobuccal for the first maxillary molar; M2,
mesiobuccal for the second maxillary molar; D2, distobuccal for the second maxillary molar; M3, mesiobuccal for the third maxillary molar; D3,
distobuccal for the third maxillary molar). *p < 0.05, **p < 0.01. N = 6. Data are expressed as the mean + SEM.

receptor alpha (Ppara) and insulin receptor substrate (IrsI), P. gingivalis administration induced an
which positively regulate glucose metabolism, were inflammation- and glucose metabolism-
downregulated in the P. gingivalis-administered group related gene response in adipose tissue
(Figure 5A). There was no significant difference in the

expression of fat storage-inducing transmembrane protein 2 TNEF-0 and IL-6 are known to be pro-inflammatory and are
(Fitm2) between these two groups. adipocytokines that are expressed in adipocytes to modulate
Control
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FIGURE 3

Effects of the oral administration of Porphyromonas gingivalis on the gene expressions of inflammatory cytokines and chemokines in the gingiva
of mice in the P. gingivalis-administered group and the control group. The relative mRNA expressions of the genes of interest were normalized
to the relative quantity of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA. *p < 0.05, **p < 0.01, ***p < 0.001. N = 6. Data are
expressed as the mean + SEM.
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FIGURE 4

Effects of the oral administration of Porphyromonas gingivalis on fasting glucose, glucose tolerance, and insulin sensitivity. (A) Fasting glucose
levels between the P. gingivalis-administered group and the control group at baseline, 11 weeks, and at 22 weeks after P. gingivalis infection.
(B) Plasma glucose levels during an intraperitoneal glucose tolerance test (GTT) following overnight (12 h) fasting at baseline, 11 weeks, and at
22 weeks after P. gingivalis infection. (C) Plasma glucose levels during an intraperitoneal insulin tolerance test (ITT) following 4 h of fasting at
baseline, 11 weeks, and at 22 weeks after P. gingivalis infection. *p < 0.05, **p < 0.01. N = 6. Data are expressed as the mean + SEM.

glucose metabolism by suppressing insulin signals (Pradhan
et al, 2001). The mRNA expressions of TNF-o, IL-6, and
angiopoietin-like 4 (Angptl4), which are involved in insulin
resistance (Watanabe et al., 2008; Trayhurn and Alomar,
2015), were shown to be higher in the adipose tissue of mice
from the P. gingivalis-administered group. Conversely, the Irs]
gene, which improves insulin sensitivity (Copps and White,
2012), was downregulated in the P. gingivalis-administered
group. There was no significant difference in the expressions
of clq/tnf-related protein 9 (CIqtnf9) and sirtuin type 1 (Sirt1)
between the two groups (Figure 5B).

P. gingivalis administration increased
serum cytokine and chemokine levels

We compared the levels of inflammatory cytokines and
chemokines in serum between the P. gingivalis-administered
group and the control group. As shown in Figure 6, P.
gingivalis infection increased the serum levels of the pro-
inflammatory cytokines TNF-a, IL-6, IL-17A, and IL-23 and
the chemokines CCL2, CCLS8, and CXCL10. The serum level
of the potential anti-inflammatory mediator Del-1 was
decreased in the P. gingivalis-administered group compared
to the control group. Similar to the results of the gingival
mRNA gene expression levels, there was no significant
difference in serum CCR2, CCL3, and CCL20 between the
two groups.
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Discussion

Periodontitis is believed to be bidirectionally related to
diabetes. Clinical investigations have confirmed that
periodontitis increases the severity of diabetes (Kuo et al.,
2008; Genco et al., 2020; Genco and Borgnakke, 2020) and
that periodontal treatment can improve glycemic control in
diabetes patients (Lalla et al., 2006; D'Aiuto et al., 2018).
However, the mutually promotional relationship between
periodontitis and diabetes is still not fully understood.

Numerous studies have explored the role of periodontitis in
the incidence of diabetes in animal investigations and have
shown that oral administration of periodontal bacteria
diminished glucose tolerance and insulin sensitivity in mice
(Arimatsu et al., 2014; Komazaki et al., 2017). In this study,
after oral P. gingivalis infection, the levels of fasting glucose
showed no significant difference compared to those in the
control group. However, after GTT, mice in the P. gingivalis
group showed high blood glucose levels 30 min after glucose
injection at 11 weeks after P. gingivalis infection. Furthermore,
the mice in this group displayed high blood glucose 30 and
60 min after glucose injection at 22 weeks after P. gingivalis
infection. After ITT, the mice in the P. gingivalis group showed
high blood glucose 15 min after insulin injection at 22 weeks
after P. gingivalis infection. Although these effects were
relatively modest, we confirmed that mice could develop
impaired glucose metabolism after repeated oral
administration of P. gingivalis (Sasaki et al., 2018; Seyama
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Effects of the oral administration of Porphyromonas gingivalis on the gene expression of inflammatory cytokines and the expression of the
glucose metabolism-related genes in the liver (A) and adipose tissue (B) of mice in the P. gingivalis-administered group and the control group.
The relative mRNA expressions of the genes of interest were normalized to the relative quantity of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA. *p < 0.05, **p < 0.01, ***p < 0.001. N = 6. Data are expressed as the mean + SEM.

et al., 2020; Tian et al.,
shown inconsistent or contradictory results. The study by

2020). However, some researchers have

Mahamed et al. (2005) showed that periodontitis is not
associated with the onset and severity of diabetes after oral
administration of P. gingivalis. The studies of Li et al. (2013);
Wang et al. (2016); Ahn et al. (2021), and Ohtsu et al. (2019)
showed no significant difference in glucose metabolism
between P. gingivalis-infected and sham-infected mice. These

discrepancies might be due to differences in the procedures of
oral infection and the measures of glucose metabolism. Our
study administered P. gingivalis infection every 2 days for
22 weeks, Li et al. carried out P. gingivalis infection in three
batches during the experimental period and three times at 2-
day intervals per batch, and Ahn and Ohtsu administered P.
gingivalis infection only for 6 or 5 weeks and calculated the
fasting glucose levels without performing GTT or ITT.
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FIGURE 6

Effects of the oral administration of Porphyromonas gingivalis on serum inflammatory cytokines (A) and chemokines (B) between mice in the P.
gingivalis-administered group and the control group determined by ELISA. *p < 0.05, **p < 0.01. N = 6. Data are expressed as the mean + SEM.
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In previous studies, TNF-o. and IL-6 had been proven to be
pro-inflammatory cytokines in periodontal tissues (Kurgan and
Kantarci, 2018). Moreover, they are also recognized as
adipocytokines with fairly negative impacts on insulin
signaling (Pradhan et al, 2001); the combination of TNF-o
and IL-6 had an impact on progressive pancreatic 3-cell loss
during the progression of diabetes (Watanabe et al., 2008;
Iievski et al., 2017). In this study, we compared the gingival
and serum levels of TNF-o and IL-6 between the P. gingivalis
administration and control groups and found that the gingival
mRNA expression levels of TNF- and IL-6 were upregulated
after P. gingivalis infection and that their serum levels were also
significantly increased. These results reveal that oral P. gingivalis
infection induced an increase in gingival and serum TNF-o. and
IL-6. This had harmful effects on insulin sensitivity and was
attributable to the progression of impaired glucose metabolism.

Low-grade inflammation is considered the common
systemic effect of periodontitis (Preshaw et al., 2012;
Hajishengallis and Chavakis, 2021b). IL-17 and IL-23 are pro-
inflammatory cytokines that can cause dysbiosis in bacterial
communities and are associated with leukocyte adhesion
(Abusleme and Moutsopoulos, 2017). IL-17 and Del-1 have
exhibited an antagonistic relationship in inflammatory effects
(Saxena et al., 2020; Hajishengallis and Chavakis, 2021a). In
addition, they have been observed to play a critical role in the
loss of pancreatic B cells and have been shown to have pro-
diabetic effects (Mensah-Brown et al., 2006; Marwaha et al.,
2014). In the present study, we observed an upregulated mRNA
expression of IL-17 and a downregulated mRNA expression of
Del-1 in the gingiva. Similar changes were observed in the serum
levels of IL-17 and IL-23, which were increased, and the
potential anti-inflammatory mediator Del-1, which was
decreased in the P. gingivalis group compared to the
control group.

Chemokines have also been observed to be involved in the
pathogenesis of insulin resistance and diabetes (Esser et al,
2014). IL-17 can increase the expression and the production of
CCL2 and CXCL10 to enhance its pro-inflammatory effect
(Matsui and Yoshida, 2016). CCL2 (Elmarakby and Sullivan,
2012; Ota, 2013), CCL8 (Sarkar et al., 2012), and CXCL10
(Antonelli et al., 2014; Hueso et al., 2018; Moreno et al., 2022)
have also been demonstrated to play a role in the development of
diabetes. Along with the elevation of IL-17, the gingival mRNA
expressions of CCL2, CCL8, and CXCLI10 were upregulated.
Similar alterations were seen in serum, CCL2, CCL8, and
CXCL10 were increased in the P. gingivalis group compared to
the control group. All of these results provide evidence that
elevated chemokine levels induced by IL-17 after P. gingivalis
infection may be related to the progression of glucose
metabolism disorder.

The liver is crucial for maintaining normal glucose
homeostasis and regulating glycogen synthesis and degradation,
glycolysis, and gluconeogenesis, depending on the fasting and
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postprandial states. Accompanied by changes of the cytokines
and chemokines in the gingiva and serum, the expressions of
TNF-¢ and IL-6 were upregulated in the livers of mice in the P.
gingivalis group. In addition, the expression levels of the glucose
metabolism-related genes G6pc (Bruni et al., 1999; Pound et al,
2013), Saa (Leinonen et al., 2003; Han et al., 2007; Sjoholm et al.,
2009), and Pckl (Choi et al., 2008; Yuan et al., 2019), which can
influence gluconeogenesis, were upregulated in the livers of mice in
the P. gingivalis group. The expression levels of the genes Ppara
(Srinivasan et al., 2004; Maciejewska-Skrendo et al., 2019) and Irs1
(Dong et al., 2006; Copps and White, 2012; Takatani et al., 2021),
which have been reported to improve insulin sensitivity, were
downregulated in the livers of P. gingivalis-administered mice.
Adipose tissue also plays an important role in mediating glucose
metabolism and insulin sensitivity through various molecules,
including the adipocytokines TNF-o. and IL-6, which possess
strong, naturally pro-inflammatory traits that negatively impact
insulin signaling. In the present study, the expression levels of
TNF-or and IL-6 were significantly upregulated in the adipose
tissue from the P. gingivalis-administered group. Additionally, an
upregulated expression of the pro-inflammatory gene Angptl4
(Trayhurn and Alomar, 2015), which is supposed to increase
insulin resistance, was observed; on the other hand, IrsI (Copps
and White, 2012), a gene that improves insulin sensitivity, was
downregulated. Taken together, these results indicate that the oral
administration of P. gingivalis has harmful effects on the
inflammatory response and on insulin sensitivity. Although the
effect was not robust, continuous deterioration of these cytokines
and chemokines could have significant negative effects on both
glucose tolerance and insulin sensitivity. The above results confirm
that the proposed mechanism for periodontitis-induced diabetes is
the increase of the expressions of the inflammatory cytokines and
chemokines produced in periodontal lesions.

One limitation of our study is that the symptoms of impaired
glucose metabolism were mild. Therefore, further investigations
using an increased dosage of bacterial infection, shorter intervals
of bacterial incubation, or combined treatment with molar
ligation might be targeted for future study.

In the present study, we demonstrated that the oral
administration of P. gingivalis induced alveolar bone loss and
inflammatory changes in the liver and adipose tissues, which
also induced impaired glucose metabolism after GTT and ITT.
These changes were considered to be attributable to the changes
in the levels of the inflammatory cytokines (TNF-a, IL-6, IL-17,
and IL-23), chemokines (CCL2, CCL8, and CXCL10), and
another mediator (Del-1) in the gingiva and blood. They
provide further insight into the role of P. gingivalis-mediated
inflammatory cytokines and chemokines in the development of
diabetes. However, it remains to be elucidated whether a causal
relationship exists between periodontitis and impaired glucose
metabolism. Further investigations are needed to examine
whether other oral periodontal pathogens have similar effects
on glucose metabolism.
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TrkA serves as a virulence
modulator in Porphyromonas
gingivalis by maintaining heme
acquisition and pathogenesis

Renjie Zou, Lei Zhao, Daonan Shen* and Yafei Wu*

State Key Laboratory of Oral Diseases, National Clinical Research Center for Oral Diseases, West
China Hospital of Stomatology, Department of Periodontics, Sichuan University, Chengdu, China

Periodontitis is an inflammatory disease of the supporting tissues of the teeth,
with polymicrobial infection serving as the major pathogenic factor. As a
periodontitis-related keystone pathogen, Porphyromonas gingivalis can
orchestrate polymicrobial biofilm skewing into dysbiosis. Some
metatranscriptomic studies have suggested that modulation of potassium ion
uptake might serve as a signal enhancing microbiota nososymbiocity and
periodontitis progression. Although the relationship between potassium
transport and virulence has been elucidated in some bacteria, less is
mentioned about the periodontitis-related pathogen. Herein, we centered on
the virulence modulation potential of TrkA, the potassium uptake regulatory
protein of P. gingivalis, and uncovered TrkA as the modulator in the heme
acquisition process and in maintaining optimal pathogenicity in an
experimental murine model of periodontitis. Hemagglutination and
hemolytic activities were attenuated in the case of trkA gene loss, and the
entire transcriptomic profiling revealed that the trkA gene can control the
expression of genes in relation to electron transport chain activity and
translation, as well as some transcriptional factors, including cdhR, the
requlator of the heme uptake system hmuYR. Collectively, these results link
the heme acquisition process to the potassium transporter, providing new
insights into the role of potassium ion in P. gingivalis pathogenesis.

KEYWORDS

potassium ion uptake regulatory protein, Porphyromonas gingivalis, high-throughput
sequencing, heme acquisition, pathogenicity

Introduction

Porphyromonas gingivalis is a gram-negative bacteria considered as the keystone
pathogen of periodontitis. While coinhabiting with various microorganisms in the
subgingival pocket, it can orchestrate the whole virulence of the community, named
nososymbiocity, regardless of its relative minor biomass (Hajishengallis et al, 2011).
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Equipped with miscellaneous virulence factors including but not
limited to gingipains, fimbriae, and untypical lipopolysaccharide, P.
gingivalis can subvert the host response by paralyzing the function
of complement and immune cells while accentuating the
hyperinflammatory state, such that more pathobionts will
multiply synergistically for nutrition acquisition and persistence
in the inflammatory environment which certainly creates a skewing
to dysbiosis of subgingival flora (Hajishengallis et al., 2012).

Microbial dysbiosis is the initial factor of periodontitis.
Following longitudinal monitoring of periodontal attachment
level, Socransky and his colleagues put forward a model of
periodontitis in which attachment loss undergoes acute bursts
for short periods randomly in individual sites (Socransky et al.,
1984). Some clinical trials have attempted to associate
periodontitis progression with dysbiosis features, whereas most
studies reported an overlap in the constitution of the microbial
community during different phases of progression (Teles et al.,
2008; Byrne et al., 2009). Remarkably, a recent omics study on
metatranscriptomic analysis of subgingival plaque biofilm
suggested a link of cobalamin biosynthesis, proteolysis, and
potassium transport activity to periodontitis progression (Yost
et al,, 2015). Subsequent research confirmed that potassium ion
was associated with enhanced virulence of the plaque
community in vitro (Yost et al., 2017). As the keystone
pathogen of periodontitis, it is thus of interest to determine
what function alterations and underlying mechanisms of P.
gingivalis would be brought about when the level of potassium
ion or corresponding transporter activity was manipulated.

The virulence potential of potassium cation and transporter
has been investigated in some pathogens in the field of
environmental cues and host cell colonization. Potassium
transporter is indispensable for Salmonella enterica serovar
Typhimurium to express type III secretion (T3SS) and conduct
swift intestinal invasion (Liu et al., 2013). The secretion of
virulent factors by T3SS can be also affected by a high
concentration of intracellular potassium ion (Tandhavanant
et al., 2018). The studies on the inactivation of the potassium
uptake system in Vibrio vulnificus (Carda-Dieguez et al., 2018),
Francisella tularensis (Alkhuder et al., 2010), and
Mpycobacterium tuberculosis (MacGilvary et al., 2019) have also
highlighted the link with host defense resistance and
colonization. Beyond bacteria, potassium still works as the
signal for the parasite Plasmodium spp. egress from the host
cells and bunyavirus genome release during endosomal
trafficking (Moraes et al., 2017; Hover et al, 2018). Those
phenomena mark potassium ion as an extensive signal for
bacteria to show virulence.

While the impact of disruptive potassium homeostasis on
bacterial pathological roles is beginning to be elucidated, little is
known about P. gingivalis as well as the underlying effect of
potassium in linking P. gingivalis to periodontitis. Herein, we
attempted to decipher the role of TrkA, the regulatory subunit of
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the potassium uptake system Trk in P. gingivalis W83. To achieve
that, the trkA mutant was constructed, and we undertook
sequential investigations. Finally, our data associated the
function of the trkA gene with the heme acquisition process as
well as virulence in the murine experimental periodontitis model,
which laid the basis for elucidating the role of potassium ion in
periodontitis progression.

Material and methods
Bacterial culture

Porphyromonas gingivalis W83 strains were cultured in an
anaerobic chamber at 37°C in tryptic soy broth (TSB) medium
supplemented with 5 pg/ml of heme and 1 pug/ml of menadione.
For the culture of its isogenic trkA mutants and complemented
strains, erythromycin or tetracycline at a concentration of 10 or
0.6 pg/ml was added to the medium. Escherichia coli strains S17-
1 were cultivated aerobically at 37°C and 200 rpm in Luria-
Bertani medium added with 50 pg/ml of carbenicillin or 5 pg/ml
of tetracycline whenever applicable.

Mutant construction and
complementation

For the construction of AtrkA mutants, ermF cassette was first
amplified and fused with the upstream and downstream sequences
of the trkA gene using overlap extension PCR. The primers applied
in the former procedure are shown in Table S1. The recombinant
DNA fragments obtained were purified, sequenced, and
subsequently electroporated into electrocompetent P. gingivalis
cells. After a 10-day anaerobic incubation on TSB plates
supplemented with erythromycin, the positive clones were
selected and confirmed through colony PCR analysis.

To generate the complemented AtrkA/trkA strain, operon
analysis was conducted to confirm the frkA operon structure
such that recombinant pT-COW (kindly donated by Prof.
Richard J. Lamont) can be generated by incorporating the
encoding sequence and the promoter region of the trkA gene.
Then, the constructs were transformed into AtrkA/trkA cells by
being conjugated with E. coli S17-1 carrying recombinant pT-
COW. Positive transconjugants were selected with
erythromycin, gentamicin, and tetracycline.

Transcriptomic sequencing and
bioinformatic analysis

The total RNAs of three biological replicates were extracted
from the cells using TRIzol reagent according to the

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1012316
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Zou et al.

manufacturer’s instructions (Invitrogen, Carlsbad, USA), and
genomic DNAs were removed by DNase (TaKaRa, Kusatsu,
Japan). After depleting ribosomal RNA, RNA-seq transcriptome
library was prepared using the TruSeqTM RNA sample
preparation kit (Illumina, San Diego, USA). Then, the paired-
end RNA-seq sequencing library was sequenced with the
Mumina HiSeqxTEN (2 x 150 bp read length). Reads were
mapped to the reference genome of P. gingivalis W83 (Acuna-
Amador et al., 2018). Normalized read counts based on
transcripts per million mapped reads (TPM) for the gene
expression level were calculated.

All bioinformatic analyses were performed using the online
platform of Majorbio Cloud Platform (http://www.majorbio.
com). Specifically, trimmed read counts were used to
determine differential gene expression via DESeq2 packages.
Data processed in the form of log, fold change expression with
adjusted p-values were obtained. Then, the threshold of 1.0 for
log, fold change expression and adjusted p-values of less than
0.05 were used to determine differentially expressed genes. For
gene ontology (GO) enrichment analysis, GOATOOLS (https://
github.com/tanghaibao/GOatools) was used to identify
statistically significantly enriched GO terms using Fisher’s
exact test with the adjusted p-values of less than 0.05.

Hemagglutination assay

The hemagglutination activity of P. gingivalis W83 was
analyzed in reference to what was previously described (Fujise
et al,, 2017). Briefly, P. gingivalis W83 growing to the mid-log
phase was collected and spun at 8,000 rpm for 10 min. The pellets
were washed and diluted to a final ODgyy of 1 in phosphate-
buffered saline (PBS). A 2-fold diluted bacteria suspension was
equally mixed with 1% sheep erythrocytes in a round-bottom 96-
well plate. After incubation at 4°C for 4 h, the hemagglutination
titers were compared among W', AtrkA, and AtrkA/trkA.

Hemolytic activity

Hemolysis assay of P. gingivalis W83 was conducted as
previously mentioned (Vanterpool et al., 2004). Bacteria
cultured in sTSB medium were harvested by centrifugation
(3,000¢ for 10 min). The pellets were collected, washed, and
resuspended again in PBS to the final ODgoo of 1.5. After
incubation with an equivalent volume of 1% sheep erythrocytes
for 3 h at 37°C, the samples were spun at 1,300¢ for 5 min in a
Heraeus Multifuge X1R centrifuge at room temperature. The
optical absorbance of the supernatant at 405 nm was
determined by spectrometry. The erythrocytes were used alone
as the negative control. After normalized by the negative control
and bacterial amount, the ratio of OD,s of the treatment groups
to WT was calculated to determine relative hemolytic activity.
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Gingipain activity

N-Benzoyl-DL-arginine-p-nitroaniline hydrochloride
(Macklin, Shanghai, China) and N-(p-Tosyl)-Gly-Pro-Lys 4-
nitroanilide acetate salt (Sigma-Aldrich, St. Louis, USA) were
utilized as the substrate for testing the arginine (Rgp)-dependent
and lysine (Kgp)-dependent gingipain activity of P. gingivalis
W83 WT, AtrkA, and AtrkA/trkA (Fujise et al., 2017). Briefly, the
mid-log phase culture of P. gingivalis W83 was collected and
centrifuged at 8,000¢ for 10 min at 4°C. The resulting pellets
were then washed and resuspended in 10 mM of HEPES/NaOH
as the whole cells. To prepare the reaction buffer, 0.2 mM of
substrate, 50 mM of Tris-HCl (pH 8.0), and 10 mM of DTT
were added. Reactions were proceeded by adding 4 l of bacterial
suspension of whole cells at 37°C for 30 min and terminated
using acetate acid (50%). The release of p-nitroanilide from the
substrate was then determined by spectrometry at 450 nm. The
gingipain activity measurements of P. gingivalis WT, AtrkA, and
AtrkA/trkA were normalized by bacterial density at 600 nm in
HEPES/NaOH buffer.

Membrane potential determination

DiOC,(3) was used to demonstrate the alteration of bacterial
membrane potential. When encountering intracellular less-
negative electrical membrane potential, such fluorochrome
tended to self-polymerase accompanied by its emission
wavelength shifting from green to red fluorescence. To test the
membrane potential, bacteria growing to the mid-log phase were
harvested and processed in EDTA (10 mM) for 5 min to allow
the dye to penetrate the inner membrane (Hudson et al., 2020).
The bacteria were then spun to collect the pellets and
resuspended in sTSB mimicking the same culture condition.
After incubation with DiOC,(3) (30 uM) for 30 min, the red/
green fluorescence ratios of P. gingivalis WT, AtrkA, and AtrkA/
trkA were normalized to those of WT treated with 0.5% DMSO
and 5 UM of CCCP, each alone. The formula used is as follows:

Fluor normalized

= (Fluor gyl — Fluorcecp) / (Fluorcecp — Fluorpyso)

Fluorg,mple represents the red/green fluorescence ratio of the
samples, while Fluorcccp and Fluorpyso represent the positive
and negative controls (Zhang et al., 2020).

Identification of heme-bound ability to
Porphyromonas gingivalis cells

Porphyromonas gingivalis WT, AtrkA, and AtrkA/trkA were

grown in the sTSB medium to ODgg of 0.8-1.2. Cultures were then
centrifuged (9,000g for 10 min), washed, and resuspended in PBS to
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the adjusted ODggo of 1.0. The bacterial suspension (800 pl) was
then mixed with 200 pl of 50 UM heme. After incubation at 37°C
for 1 h, the samples were centrifuged and decreased optical density
was determined at 380 nm (Liu et al., 2006). The heme diluted in
800 p of PBS was used as the negative control.

gRT-PCR

Total RNA was extracted from P. gingivalis WT, AtrkA, and
AtrkA/trkA using RNAiso Plus (TaKaRa, Kusatsu, Japan) and
transcribed into cDNA by PrimeScriptTM RT reagent kit with
gDNA Eraser (TaKaRa, Kusatsu, Japan). qRT-PCR was
performed on the QuantStudio 6 Flex (Applied Biosystems,
Carlsbad , USA) using TB Green® Premix Ex TaqTM II
(TaKaRa, Kusatsu, Japan). The 16S rRNA gene was used as
the endogenous control, and relative expression counts were
calculated. All primers used are listed in Table SI.

Virulence assay in vivo

Virulence in vivo of P. gingivalis WT and AtrkA was
compared in terms of murine alveolar bone loss. Briefly, 6-
week-old female mice were obtained from the Ensiweier
Laboratory and fed with a standard diet. All experiments
involving animals were approved by the Ethics Committee of
West China Hospital of Stomatology. Porphyromonas gingivalis
WT and AtrkA strains of 10'° CFUs were resuspended in 100 ul
of PBS buffer containing 2% carboxymethylcellulose (CMC) and
orally inoculated into randomly assigned mice with a 2-day
interval for 12 days (Shen et al., 2020). As for the blank control
group, an equivalent volume of PBS only with 2% CMC was
used. Forty-two days after the last bacteria inoculation, mice
were euthanized and maxillary bones were then scanned by
microcomputed tomography (Hiscan XM). Bone volume
fraction, trabecular thickness, trabecular number, and
trabecular separation were measured with the help of the
software Hiscan Analyzer. Bone resorption was analyzed by
measuring the distance from the cementoenamel junction to the
alveolar bone crest at 14 sites of three molars.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
software version 7.0. Unpaired two-tailed -tests were performed
to analyze the differences between the two groups. For data from
two groups with no homogeneity of variance, Welch’s t-test was
carried out instead. Ordinary one-way analysis of variance
(ANOVA) was used to measure the differences of more than
two groups, while Tukey’s test was added for further multiple
comparisons. Data are presented as mean + standard deviation
(mean * SD). Statistical significance was set at p< 0.05.
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Results

Role of the trkA gene in the
transcriptomic level

To comprehensively investigate how the trkA gene
functioned in P. gingivalis, we compared the transcriptomic
difference between wild-type and AtrkA strains by applying
bulk RNA sequencing. Principal component analysis showed
apparent separation between the wild-type and AtrkA strain
groups (Figure 1A). To figure out which genes contributed to
such difference, we curated a list of differentially expressed genes
with a threshold of log, fold change >1 and adjusted p-
value<0.05 (Tables S2, S3). As shown in Figure 1B, the top 5
differentially expressed genes with the lowest adjusted p-value
were noted among 129 upregulated and 86 downregulated genes.
Differential expression of some genes and subsets was verified by
qRT-PCR (Figure 1C).

We then mapped differentially expressed genes to the GO
database for enrichment analysis (Figure 1D), since almost 72%
of those genes were annotated in the database. It was accordingly
found that downregulated genes were mainly enriched during
translation, sodium ion transport, oxidoreductase activity, and
electron transport chain (ETC) (Figure 1F). The regulated genes
mapped to sodium ion transport were nqrABCDEF, considered
as the putative complex I of ETC (Meuric et al, 2010).
Additionally, another candidate gene encoding complex I,
rnfABCDGE, was also downregulated together with the
complex II regulon, frdAB, and sdhC. The latter protein
complex was reckoned as the final electron receptor during
anaerobic respiration (Spinelli et al., 2021), converting fumarate
to succinate for further fermentation, hence associated with
putative alteration of metabolic profile. For upregulated genes,
there was an overrepresentation of GO terms related to DNA
binding, methylation, and transferase activity of transferring
one-carbon groups (Figure 1E). Of note, cdhR was the most
upregulated gene among a series of DNA-binding and
transcriptional factors. Such gene encoding protein acted as an
upstream regulator of heme uptake regulon hmuYR (Wu et al,
2009), indicating a putative modification of the heme acquisition
process after deleting trkA.

trkA knockout strain exhibits reduced
hemagglutination ability

Since hemagglutination plays a critical role in heme acquisition
and virulence, we began by measuring the hemagglutinate ability of
P. gingivalis after deleting the gene trkA. As shown in Figure 2A, the
AtrkA strain displayed hemagglutination titers one to two dilutions
lower than the wild-type strain. We further compared the transcript
level of protein containing the heme-binding domain (HA2). qRT-
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FIGURE 1

Transcriptional profiling of Porphyromonas gingivalis AtrkA versus the wild-type (WT) strain. (A) Principal component analysis of P. gingivalis
AtrkA versus the WT strain shows a clear divergence. (B) Volcano plot of differentially expressed genes. (C) gRT-PCR analysis of a subset of
differentially expressed genes detected by RNA sequencing. Gene ontology enrichment analysis of (D) differentially expressed genes,

(E) upregulated genes, and (F) downregulated genes in the P. gingivalis AtrkA strain. Data are presented as means + SD, normalized to 16S rRNA

and compared to WT (2724CT). N = 3, **p< 0.01.

PCR analysis showed that the mRNA level of the hagA gene
encoding hemagglutinin was decreased, while complementation
of trkA rescued hagA expression. The expression of other genes
encoding proteins with adhesion domains such as rgpA, kgp, and
hbp35 was unaffected (Figure 2B). Thus, downregulated hagA might
be the determinant of reduced hemagglutination activity in AtrkA
strains, indicating the correlated function between the hagA and
trkA genes.

The trkA knockout strain displays
membrane potential-related hemolysis
activity alteration

Porphyromonas gingivalis releases free heme sources from
hemoglobulin-contained erythrocytes much more efficiently than
from albumin and hemopexin when residing in the inflammatory
pocket (Shizukuishi et al., 1995), such that hemolysis works as the
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main pathway during the heme acquisition process. To test
whether there was an alteration of hemolysis after deleting trkA,
we compared the hemolytic activity of the wild-type, AtrkA, and
AtrkA/trkA strains by calculating the released amount of
hemoglobulin into the supernatant during incubation with
erythrocytes. As shown in Figure 3A, the relative activity of the
AtrkA strain group showed an apparent downward tendency to
approximately 64% of that in the wild-type and AtrkA/trkA strain
groups. Gingipain activity was later assessed, as it accounts for
85% of the extracellular proteolytic activity of P. gingivalis and is
responsible for hemolysis (Potempa et al., 2003; Li et al., 2010).
However, there was no difference in arginine- and lysine-specific
gingipain activity among P. gingivalis WT, AtrkA, and AtrkA/trkA
strains (Figures 3E, F).

Notably, the relative hemolytic activity of the AfrkA strain
could be augmented when adding a certain concentration of
potassium ion, the extent to which there was no statistically
significant difference between the AtrkA strain in the medium
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(80 mM of potassium ion) and the wild type cultured without
extra potassium added (p = 0.9935) (Figure 3B). Thus, there is a
certain relationship between hemolytic activity and trkA as well as
extracellular potassium. Considering that the trkA gene, encoding
the potassium transport regulatory protein, can control the influx
and efflux of potassium across the membrane (Cao et al., 2013),
we subsequently measured the status of membrane potential in
response to trkA deleted and variant extracellular potassium ion. It
was found that the P. gingivalis AtrkA strain exhibited more

10.3389/fcimb.2022.1012316

hyperpolarized membrane potential (Figure 3C), in line with
our hypothesis that less potassium influx was permitted in the
case of trkA loss and, thus, more negative membrane potential
could be displayed. Similar to the alteration of extracellular
potassium-related hemolytic activity, the extent of
hyperpolarization was gradually attenuated as the extracellular
potassium concentration increased (Figure 3D). Accordingly, the
hyperpolarization of membrane potential could partially explain
the diminished hemolytic activity.
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FIGURE 2

trkA deletion attenuates hemagglutination activity of Porphyromonas gingivalis. (A) Hemagglutination activity of P. gingivalis WT, AtrkA, and
AtrkA/trkA strains. (B) gRT-PCR analysis of hagA, kgp, rgpA, and hbp35 mRNA expression in P. gingivalis WT, AtrkA, and AtrkA/trkA strains. Data
are presented as means + SD, normalized to 165 rRNA and compared to WT (2744€T). N = 3, ****p< 0.001.
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Loss of trkA leads to membrane potential-related hemolysis activity alteration. (A, B) Hemolytic assay, (C, D) membrane potential determination,
and (E, F) Kgp and Rgp activities of Porphyromonas gingivalis WT, AtrkA, and AtrkA/trkA strains. N = 3, *p< 0.05, **p< 0.01.

Loss of trkA exerts no effect on heme-
bound capacity but is related to
gene transcripts

Heme liberated from hemoglobulin would adhere to the
bacterial surface and be transferred across the outer membrane
into the cells. Therefore, we ulteriorly estimated the effect of trkA
on the heme-bound capacity in P. gingivalis. The heme-bound
assay depicted that there was no apparent difference among the

Frontiers in Cellular and Infection Microbiology

176

wild-type, AtrkA, and AtrkA/trkA strains (Figure 4A). Such
phenotype result was not in congruency with related
transcriptomic alteration. As is uncovered of the highly
upregulated expression of the cdhR gene, encoding the
transcriptional regulator of hmuYR, in transcriptomic analysis,
we further tested the implication on hmuYR transcripts after
deleting trkA. In accordance with upregulated cdhR, the mRNA
level of hmuYR was increased (Figure 4B). Additionally, the
expression of other genes encoding the heme transporter
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complex was unaffected, and there was exclusion of
compensation effect (Figure 4C). Thus, the paradox between
transcripts and phenotype awaits further investigation.

In vivo pathogenicity determination of
Porphyromonas gingivalis AtrkA strain

The pathogenicity of the P. gingivalis AtrkA strain was
evaluated by measuring murine alveolar bone resorption after
oral inoculation for a period. As shown in the three-dimensional
reconstruction of bone through micro-CT (Figure 5), mice
inoculated with the P. gingivalis wild-type strain exhibited
reduced bone loss level compared with the control group
treated with 2% CMC. Deletion of trkA displayed alleviated
bone resorption. Additionally, the mutant strain showed abated
levels of bone volume fraction (BV/TV), trabecular number
(Tb.N), and trabecular separation (Tb.Sp) compared with the
wild-type strain group (Figure S1). Thus, trkA can control the
optimal virulence of P. gingivalis to mediate oral infection.

Discussion

Potassium accounts for the most abundant inorganic cation
in the cytoplasm, and its uptake is crucial for multiple basic
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cellular activities (Epstein, 2003; Beagle and Lockless, 2021; Do
and Gries, 2021). Apart from the physiological functions of
osmotic and pH homeostasis, the putative pathological roles of
potassium ion uptake systems have been successively well-
reported in various bacteria species, whereas few are hitherto
investigated in periodontal-related pathogens, such as P.
gingivalis. According to retrieval from the KEGG database,
trkA and trkH are genes involved in potassium transport in P.
gingivalis. TrkA of Vibrio parahaemolyticus has been reported to
change its conformation from tetramer to dimer when binding
to nucleotides such as ATP in the regulation of the opening
frequency of the TrkH ion channel and, thus, works as a
regulator of cation flux and then impacts other biological
processes (Zhang et al., 2020). The TrkA protein from P.
gingivalis shares 47% similar matches to V. parahaemolyticus,
while the ARG98 residue responsible for binding to y-phosphate
of ATP (Cao et al., 2013) is conserved in both species based on
the NCBI Protein BLAST. It is then plausible that the TrkA
protein might act in a similar way as observed in V.
parahaemolyticus. In this study, we initially reported a
correlation between the gene-encoding potassium transport
regulatory protein TrkA and the heme acquisition pathway,
especially in the hemagglutination and hemolysis process of P.
gingivalis, demonstrating the role of the trkA gene in
maintaining optimal virulence during murine oral infection.
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Heme-bound capacity of Porphyromonas gingivalis is not altered except for the corresponding transcripts. (A) Heme-bound assay. gRT-PCR of
(B) hmuYR and (C) ihtAB and husAB mRNA expression of P. gingivalis WT, AtrkA, and AtrkA/trkA strains. Data are presented as means + SD,
normalized to 165 rRNA and compared to WT (2744<T). N = 3, *p< 0.05, **p< 0.01.
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trkA is required for the virulence of Porphyromonas gingivalis in vivo. Micro-CT analysis of alveolar bone loss in mice following infection with P.
gingivalis wild-type and AtrkA strains. The group treated with CMC (sham) worked as a control. (A) Three-dimensional micro-CT reconstruction
of the alveolar bone and (B) analysis of bone resorption. All data of the distance between ABC and CEJ in 14 sites of the first, second, and third
molars were measured and presented as mean + SD. ABC, alveolar bone crest; CEJ, cementoenamel junction. N = 10 or 11, ****p< 0.001

The heme acquisition process is an indispensable way for P.
gingivalis to multiply and exhibit pathogenicity. It has been
demonstrated that P. gingivalis displayed a changeable growth
rate in the influence of heme concentration in the culture
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medium (Marsh et al, 1994) and enhanced virulence in vivo
in a heme dose-dependent manner (McKee et al, 1986).
Elementally, heme accumulates onto the cell surface of P.
gingivalis in a [-oxo bisheme form to catalyze excess H,O,
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released by activated neutrophils (Smalley et al., 2000).
Meanwhile, ferrous ions liberated from heme can be utilized
and integrated into an iron-sulfur cluster involving ETC and
energy metabolism (Olczak et al., 2005). Moreover, increased
heme added into the culture would also bring about energy
metabolism conversion in relation to more metabolites such as
succinate, propionate, and butyrate, thus augmenting the
virulence in vivo (McKee et al., 1986).

Porphyromonas gingivalis mainly takes erythrocytes as the
source for heme utilization. Physiologically, heme from free
hemoglobulin as a result of cell lysis is rapidly liberated and
scavenged by albumin and hemopexin which display higher
affinity. Therefore, P. gingivalis would proactively undergo the
procedure in the acquisition of heme through adherence to
erythrocytes, hemolysis, heme uptake, and storage (Smalley
and Olczak, 2017). In the isogenic AtrkA strain, we observed
alleviated hemagglutinate and hemolytic activity along with
downregulated hagA expression and membrane potential
alteration, which indicated that the basic steps of the heme
acquisition process were impaired. Interestingly, we detected a
distinct downregulation of the hagA gene, which is considered as
the main attribute to adherence to erythrocytes (Han et al., 1996)
and to stabilize the porUV sortase structure of type IX secretion
system for the normal secretion of proteins like gingipains (Saiki
and Konishi, 2014). The mechanism of hagA regulation by trkA
is unclear. It was reported that the ferric uptake regulation
protein homolog (PgFur) positively controlled hagA expression
(Ciuraszkiewicz et al., 2014). Another mechanism involving the
regulation of hagA expression is the two-component system
haeSR regulon which was determined to bind to the upstream
sequence of the hagA gene according to the ChIP-Seq
experiment (Scott et al., 2013). haeSR and PgFur were both
unaffected pursuant to our RNA-seq data, which indicated the
downstream role of TrkA in the HaeSR- and PgFur-hagA
regulatory axis, or there might be another candidate
independent signaling. So far, further study is needed to
elucidate the relation between the trkA and hagA genes.

In the control of cation flux, TrkA and its associated protein
TrkH can impact the membrane potential. In line with multiple
studies (Gries et al., 2013; Cholo et al., 2015), our result showed a
more hyperpolarized membrane potential and potassium-
related repolarization in the isogenic AtrkA strain, supporting
the hypothesis of the important role of TrkA in regulating
potassium flux into the cytoplasm and causing a less hostile
and negative intracellular environment. Earlier experiments
have elucidated that various factors would contribute to the
alteration of hemolytic activity, including magnesium, calcium,
protease inhibitors, and metabolic inhibitors. Notably, one of
them, CCCP, also brings about the depolarization of the
membrane potential (Chu et al., 1991). Thus, a certain
membrane potential is crucial for P. gingivalis to maintain
optimal hemolytic activity. It is of much concern that
membrane potential could give rise to multiple impacts on
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bacteria, including cell growth (Stratford et al., 2019),
antibiotic resistance (Gries et al., 2013), and biofilm formation
(Prindle et al., 2015). Those alterations were also recognized in
the isogenic AtrkA strain (data not shown) with retarded growth
and tiny single colony formation, which needs further analysis.

The diminished heme acquisition process would possibly
induce lower virulence in vivo, in accordance with what we
detected in the murine model of experimental periodontitis. To
have a comprehensive understanding of function disorder and
supplement extra information on the mechanisms underlying
virulence changing caused by trkA deletion in P. gingivalis, we
performed transcriptomic analysis between the wild-type and
isogenic AtrkA strains. Following enrichment analysis and
retrieval for individual genes, genes encoding ETC were
mostly downregulated. As the pathway involving energy
metabolism, ETC has been deduced of giving way to substrate
level phosphorylation during anaerobic respiration in P.
gingivalis by providing succinate and facilitating the formation
of the high-energy compound butyryl-CoA through the
ferredoxin and butyryl-CoA dehydrogenase/electron transfer
flavoprotein (Bcd/EtfAB) complex (Meuric et al,, 2010). As
such, we hypothesized that the downregulation of genes
encoding complexes I and II would disrupt the output of
metabolites like butyrate and acetate, which might partly affect
the holistic virulence of P. gingivalis. Of note, cdhR was the most
upregulated gene and linked to the heme uptake process. As a
transcriptional regulator, it is believed to control hmuYR
expression (Wu et al., 2009), in agreement with the transcript
result in our study. However, the phenotype comparison was not
congruent with the mRNA level. We inferred that such paradox
would be ascribed to a weak protein biosynthesis. Deletion of the
potassium transporter can give rise to a decreased level of
intracellular potassium ion (Durand et al, 2016), which has
been elucidated to be involved in ribosome assembling and
functions. Structurally, potassium has been reported to
maintain mRNA within the decoding center during the
elongation state of translation and to stabilize tRNA, rRNA,
and subunits of the ribosome (Rozov et al., 2019), and loss of
potassium can lead to absent poly-Phe polymerization activity in
vitro (Naslund and Hultin, 1970). Furthermore, the potential
alteration of posttranslational modification and subcellular
localization remains obscure. Accordingly, more investigations
such as on the protein concentration of whole cells, membrane
part, and cytosol need to be further determined. In that regard,
the upregulated expression of cdhR might be a negative feedback
to impaired heme uptake process in the case of insufficient
potassium influx of the AtrkA strain. Additionally, cdhR was also
reported to control P. gingivalis microcolony formation on the
substratum of Streptococcus gordonii. The initial attachment to S.
gordonii will lead to a sequence of protein tyrosine (de)
phosphorylation which gives rise to phosphorylation of CdhR
along with increased nososymbiocity (Lamont et al, 2018).
Although we observed a high level of cdhR mRNA, the protein
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level and posttranscriptional modification were not
determined heretofore.

Collectively, we focus for the first time on the trkA effect on
P. gingivalis W83, as it belongs to the virulent strains of P.
gingivalis according to the murine subcutaneous soft tissue
abscess model analysis (Slots and Rams, 1993). The potential
function variance of trkA in other strains of P. gingivalis such as
ATCC33277, HG66, and TDC60 needs further study. Moreover,
it remains elusive what attributes in the P. gingivalis AtrkA strain
account for the reduced pathogenicity. More investigations need
to be made such as comparison in terms of single or multiple
species biofilm formation and in-vitro analysis of metabolic
profile as well as under various stresses like intracellular
survival to understand the regulatory mechanism of TrkA.
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Characterizing the supragingival
microbiome of healthy
pregnant women

Yangyang Zhang'*, Zeyu Wu#, Ling Li®, Xiaohe Wang™*?,
Wenxian Fan™? and Jin Zhao™**

!Department of Cariology and Endodontics, The First Affiliated Hospital of Xinjiang Medical
University (The Affiliated Stomatology Hospital of Xinjiang Medical University), Urumgi, China,

2Stomatology Disease Institute of Xinjiang Uyghur Autonomous Region, Xinjiang Medical University,
Urumagi, China, *Department of Obstetrics and Gynecology, The First Affiliated Hospital of Xinjiang
Medical University, Urumgi, China

The ecological characteristics and changes of the supragingival plaque
microbial community during pregnancy are poorly understood. This study
compared the microbial community characteristics of supragingival plaque in
pregnant and non-pregnant women, with the aim of identifying specific
microbial lineages and genera that may be associated with pregnancy. Thirty
pregnant women were randomly selected from the First Affiliated Hospital of
Xinjiang Medical University and divided into groups based on pregnancy
trimester: first trimester (group P1, n=10, <12 weeks), second trimester
(group P2, n=10, 13-27 weeks), and third trimester (group P3, n=10, 28-40
weeks). Ten healthy non-pregnant women (group N) were enrolled as the
control group. Supragingival plaque samples of all subjects were collected and
oral microbial composition was surveyed using a 16S rRNA gene sequencing
approach. Statistical analysis was performed using a nonparametric test. The
Chao 1 index of P3 was significantly lower compared with that of N, P1, and P2
(P<0.05). The Simpson indices of P2 and P3 were significantly higher than that
of N (P<0.05). The Shannon index of P2 was significantly higher compared with
that of N (P<0.05). Principal coordinate analysis (PCoA) showed different
clustering according to the pregnancy status. Linear discriminant analysis
effect size (LEfSe) revealed that the microbial species in group N that were
significantly different from those of other groups were concentrated in the
genus Neisseria. Species in P1 that were significantly different from those of
other groups were concentrated in the genus Tannerella, while those in P2 and
P3 were concentrated in the genus Leptotrichia. A total of 172 functional
pathways were predicted for the bacterial communities in this study using
PICRUSt2. Principal Component Analysis (PCA) showed that most predicted
functional pathways clustered together in N and P1 and in P2 and P3. LEfSe
analysis revealed that 11 pathways played a discriminatory role in the four
groups. This work suggests a potential role of pregnancy in the formation of
supragingival plague microbiota and indicates that physiological changes
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during pregnancy may convert supragingival plaque into entities that could
cause harm, which may be a risk factor for maternal health. Furthermore,
findings from the study provide a basis for etiological studies of pregnancy-
associated oral ecological disorders.

KEYWORDS

supragingival plaque, diversity, 16S rRNA gene sequencing, pregnancy, functional pathway

Introduction

A broad microbiome consisting of bacteria, viruses, phages,
and fungi is present in almost every part of the body (Proal et al.,
2017), and the oral cavity is one of the five major habitats of
human microbes (Human Microbiome Project, 2012). The oral
microbiome is an essential part of the human microbiome
(Human Microbiome Project, 2012) and the expanded Human
Oral Microbiome Database (eHOMD) includes 775 oral microbial
species (Escapa et al.,, 2018). Oral microbiota interact with the host
microenvironment in a complex way to maintain the dynamic
balance of oral microecology. Smoking (Al Bataineh et al., 2022),
circadian rhythm disorders (Chellappa et al., 2022), poor dietary
habits (Chen et al., 2022; Santonocito et al., 2022), obesity (Hudek
Turkovic et al, 2022), hormones (Ye and Kapila, 2021), oral
hygiene (Harding et al, 2017; Sedghi et al., 2021), and other
factors can alter this balance, and imbalance of human oral
microecology is closely related to local and systemic diseases of
the oral cavity. This includes oral diseases such as caries (AlEraky
et al., 2021; Pitts et al,, 2021), periodontal disease (Chen et al.,
2018; Usui et al., 2021), and oral cancer (Mcllvanna et al., 2021;
Stasiewicz and Karpinski, 2021) as well as systemic diseases such
as diabetes (Zhang et al, 2021a), cardiovascular disease (Deraz
et al., 2022), rheumatoid arthritis (Kroese et al., 2021),
inflammatory bowel disease (Read et al., 2021), colorectal cancer
(Yu et al., 2022), and premature birth (Vander Haar et al., 2022;
Yang et al., 2022). Oral microbiology can therefore be used as an
approach to explore the biomarkers of oral diseases and related
systemic diseases. However, to characterize changes in the oral
microbiome during disease, it is necessary to understand the
species composition and functional genetic metabolic pathways
of the oral microbiome in healthy populations.

Adverse pregnancy outcomes include preterm birth,
stillbirth, low birth weight, pre-eclampsia, and so on, and
affect more than 20% of newborns globally each year (Ye and
Kapila, 2021). Adverse pregnancy outcomes can directly lead to
infant/fetal death or congenital disabilities and may also be
associated with the development of chronic diseases in
adulthood, placing a heavy economic burden on families and
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society (Rogers and Velten, 2011; Chen et al., 2012). However,
half of the causes of adverse pregnancy outcomes remain
unknown (Ye and Kapila, 2021). Intrauterine infections play a
major role in adverse pregnancy outcomes (Ye and Kapila,
2021). Intrauterine placental bacterial infection most likely
originates from upstream infection by lower genital tract
bacteria and bloodstream infection by oral bacteria (Han Y
and Wang, 2013; Vornhagen et al, 2016). Women undergo
changes in their oral microecological environment during
pregnancy owing to hormonal and immunological alterations
(Ye and Kapila, 2021). Such changes increase the susceptibility of
pregnant women to oral diseases like periodontal disease and
gingivitis (Saadaoui et al., 2021). Previous studies have indicated
that periodontal disease is a significant risk factor for the
development of adverse pregnancy outcomes (Daalderop et al.,
2018; Bobetsis et al., 2020). Two different mechanisms have been
proposed to explain how periodontal disease affects pregnancy
outcome. The first mechanism is that oral microorganisms
directly invade the fetoplacental unit (Saadaoui et al., 2021; Xu
and Han, 2022), while the second mechanism is that oral
microbes produce inflammatory mediators that affect the
fetoplacental unit (Xu and Han, 2022). In both cases,
microorganisms or inflammatory mediators entering the
fetoplacental unit can cause an inflammatory response, which,
in turn, can affect fetal development, lead to spontaneous
abortion, or trigger preterm labor and delivery (Saadaoui et al.,
2021). Therefore, studies of the oral microbiome during
pregnancy are necessary to improve prediction and
interventions of adverse pregnancy outcomes.

Current findings regarding the differences in oral microbial
composition between pregnant and non-pregnant women and
the dynamics of the oral microbiome during pregnancy are
inconsistent. Numerous studies have reported significant
differences in oral microbiome composition between pregnant
and non-pregnant women (Fujiwara et al., 2017; Lin et al.,, 2018;
Balan et al, 2021; Zhang et al, 2021b), but a few studies
concluded that there are no differences in oral microbiome
composition between pregnant and non-pregnant women
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(Machado et al., 2012). Furthermore, there are reports
suggesting that the oral microbial composition of pregnant
women changes significantly (Borgo et al, 2014; Fujiwara
et al,, 2017; Lin et al., 2018), while other studies indicate that
the oral microbial composition of pregnant women remains
stable (Carrillo-de-Albornoz et al., 2010; Bisanz et al., 2015;
DiGiulio et al., 2015). Hence, the composition and structural
transformation of the oral microbiota during pregnancy remains
poorly understood.

In this study, high-throughput 16S rRNA gene sequencing
was used to compare the microbial community characteristics of
supragingival plaque in 30 pregnant and 10 non-pregnant
women, with the aim of identifying specific microbial lineages
and genera that may be associated with pregnancy. Functional
pathways of the microbial communities were also predicted.
These findings may provide a broader understanding of
pregnancy-associated oral microecological dysbiosis.

Materials and methods
Ethics statement

This study was approved by the Research and Ethics
Committee of the First Affiliated Hospital of Xinjiang Medical
University, China (file no. K202203-27) and was conducted
according to the Declaration of Helsinki. All participants were
fully informed about the study and provided written consent
to participate.

Participants

Forty subjects were recruited from November 2020 to
February 2021 [sample size was referenced from previous
studies (Bik et al., 2010; Lin et al., 2018; Balan et al., 2021)]
and comprised 30 healthy pregnant women recruited from the
obstetrics department of the First Affiliated Hospital of Xinjiang
Medical University (Xinjiang, China) and a control group of 10
healthy non-pregnant women (group N). The pregnant women
were divided into three groups (10 subjects per group) based on
pregnancy trimester: first trimester (group P1, <12 weeks),
second trimester (group P2, 13-27 weeks), and third trimester
(group P3, 28-40 weeks). The inclusion criteria for the pregnant
group were: (1) 20-35 years of age; (2) 28 natural teeth; (3) good
oral health; (4) <42 weeks of gestation; and (5) good systemic
health. The recruitment criteria for non-pregnant women were:
(1) 20-35 years of age; (2) 28 natural teeth; (3) good oral health;
and (4) good systemic health. Pregnant and non-pregnant
women who met one of the following criteria were excluded:
(1) systemic disease; (2) clinically diagnosable untreated oral
lesions; (3) use of antibiotics within the past 3 months; and (4)
smoking or alcohol consumption habits.
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Demographic information was obtained through a self-
reported questionnaire. Referring to the standards in the WHO
Basic Methods for Oral Health Surveys, 5th edition (World
Health Organization, 2013), a comprehensive oral health
examination was performed on each subject by a professionally
trained dentist under natural light, and the number of caries,
missing teeth, and fillings (DMFT), plaque index (PLI), and
gingival index (GI) were recorded by an assistant. Dental caries
were recorded according to WHO criteria (World Health
Organization, 2013), and prevalence of caries was expressed by
the number of decayed, missing, and filled teeth (DMFT index).

Oral hygiene status was assessed using the PLI. Patients rinsed
their mouth with water, then used a cotton swab or small cotton ball
dipped in 2% neutral red solution and applied it to the tooth surface
near the gingival margin, then rinsed again and checked the stained
area of the tooth surface. The PLI is recorded as six levels, and the
scoring criteria are: 0=No plaque on the tooth surface; 1=Scattered
spot plaque on the gingival margin of the tooth neck; 2=Wide band
of continuous narrow plaque on the tooth neck not more than
1 mm; 3=Area covered by plaque on the tooth neck more than
1 mm, but less than 1/3 of the tooth surface; 4=Area covered by
plaque at least 1/3 of the tooth surface, but not more than 2/3;
5=Area covered by plaque 2/3 of the tooth surface or more.

Gingival health status was assessed using the GI. A
periodontal probe was placed in the gingival margin at the
opening of the gingival sulcus and gently slid along the
gingival margin, only slightly touching the gingival tissue. Four
levels of gingival tissue are scored: 0=Healthy gums; 1=Mild
gingival inflammation: gums with mild color change and edema,
no bleeding on probing; 2=Moderate gingival inflammation:
gums with red color, edema, and bleeding on probing;
3=Severe gingival inflammation: gums with marked redness,
swelling or ulceration, and a tendency to bleed spontaneously. A
score of 0 is normal gums, while 1, 2, and 3 correspond to mild,
moderate, and severe gingivitis, respectively.

Sample collection

Supragingival plaque samples were taken from six index
teeth from each woman according to the methods recommended
by the Manual of Procedures for Human Microbiome Project
(Mcinnes PCMA, 2010). All subjects did not brush their teeth on
the morning of the sampling and did not eat or rinse lightly for 2
hours prior to sampling. Sampling was performed by a
professionally trained dentist in a simple dental chair used for
oral examination. The six index teeth included two molars (#3
and #19), two premolars (#12 and #28), and two incisors (#9 and
#25). The areas to be sampled were separated with a cotton roll
and dried with a gentle stream of air from an air-water syringe.
All supragingival plaque was removed from the surfaces of the
selected index teeth using a Gracey spatula. The tip of the spatula
was then dipped into 500 pL phosphate-buffered saline (PBS) in
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a 2-mL Eppendorf tube for 4-5 s and the face of the curette was
wiped on the inside edge of the collection tube. The same
procedure can be used immediately Sampling of the locus
again. If a subject had little plaque, the arch counterparts to
the index molar and premolar teeth were also be sampled. The
lid of the Eppendorf tube was closed, and the tube was shaken
for 4-5 seconds to maximize dispersion of the specimen in the
fluid. Dental plaque samples collected from each participant
were immediately frozen, transferred to the microbiology
laboratory, and stored at —80°C until use.

DNA extraction

Total bacterial genomic DNA was extracted using a
PowerMax Soil DNA Isolation Kit (MOBIO, Carlsbad, CA,
USA) following the manufacturer’s protocol. The
concentration of DNA was measured using a NanoDrop2000
instrument (Thermo Fisher Scientific, USA).

Deep amplicon sequencing

The V3-V4 region of bacterial 16S rRNA genes were amplified
by polymerase chain reaction (PCR) using the primer pair 338F/
806R. Reactions were performed in triplicate in a volume of 25.0 UL
each. PCR conditions were an initial denaturation at 95°C for
5 min, followed by 25 cycles of denaturation at 95°C for 45 s,
annealing at 55°C for 50 s, and extension at 72°C for 45 s, and then a
final incubation at 72°C for 10 min. The amplification results were
confirmed by 1% agarose gel electrophoresis. PCR amplicons were
then individually purified using Agencourt AMPure XP (Beckman
Coulter, USA) and pooled in equal amounts. Sequencing libraries
were generated using the NEB Next Ultra II DNA Library
Preparation Kit (New England Biolabs, USA) according to the
manufacturer’s instructions. Illumina sequencing was performed
by Beijing Allwegene Technology Co. Ltd. (Beijing, China) using
the paired-end method and the Illumina MiSeq PE300 platform.
Sequencing data have been uploaded to the NCBI (National Center
for Biotechnology Information) sequence read archive (BioProject
no. PRINA826664).

Bioinformatic analysis

The raw sequencing data were screened to remove sequences
shorter than 230 bp and low-quality tags. According to the
UCHIME algorithm process, all arrangements were then
examined and assigned taxonomically with a 97.0% bootstrap
truncation rate based on 16S rRNA gene combinations from the
Human Oral Microbiome Database (HOMD, version 15.2). High-
quality representative sequences were aligned and clustered into
operational taxonomic units (OTUs) with a threshold similarity of
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97.0%. The Ribosome Database Project (RDP) classification tool
assigned all sequences to different taxonomic groups. The relative
abundance of individual taxa within each community was estimated
by comparing the number of sequences assigned to a particular
taxon with the number of sequences obtained for that sample. The
community structure was statistically analyzed at the taxonomic
level of the phylum, genus, and species. The top clades and top
genera were listed. Alpha-diversity analysis was performed using
QIIME (v1.8.0), including Chaol, Simpson, and Shannon indices.
For beta-diversity analysis, a heat map-based distance matrix using
weighted uniFrac and unweighted uniFrac distances was employed.
Differences in microbial community composition were analyzed
using principal coordinate analysis (PCoA) (Lozupone et al., 2007).
PCoA and bacterial taxonomic analysis were calculated and plotted
in R v3.5.2 software. Microbial community composition was
visualized using Sankey diagrams, which are flow diagrams in
which the arrow width is proportional to the quantity (e.g. gene
expression) to depict changes over time or hierarchy between nodes
(Platzer et al,, 2018). Linear discriminant analysis (LDA) effect size
(LEfSe) was employed to identify the taxa most likely to explain the
differences between groups. LEfSe uses a nonparametric Kruskal-
Wallis rank sum test to assess different features with significantly
different abundance between assigned taxa and performs LDA to
estimate the effect size of each sequence variant, as reported by
Segata et al. (2011). The LDA scores ranked the different taxa and
are displayed on the LEfSe bars according to their effect sizes. For
LEfSe analysis, data were first converted to logl0 before the non-
parametric Kruskal-Wallis rank sum test. A significant alpha level
of 0.05 and an effect size threshold of three times larger differences
were used to display the results in this study. Co-occurrence
networks of the 50 most abundant genera were analyzed using
Mothur and visualized via Gephi (https://gephi.org/). Spearman’s
correlation coefficients were also calculated. Network edges were set
using genera for which the p-value was >0.6 and significant
(P<0.05). To predict metabolic pathways, a phylogenetic survey of
the community was performed from the sequencing data by
reconstructing the unobserved state (PICRUSt2), as shown
previously (Douglas et al, 2020). Fastq sequence files for each
sample were processed using QIIME2. Representative sequences
were used as input files for the PICRUSt2 analysis pipeline.
Metabolic pathways were assigned based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Ortholog (KO)
database. Read abundance data for all predicted pathways were
converted to relative abundance and subjected to LEfSe analysis by
the Galaxy server (https://huttenhower.sph.harvard.edu/galaxy/)
using an LDA score of 3.0 as the threshold level to identify
pathway taxa most likely to explain intergroup differences.

Statistical analysis

Results were expressed as median and interquartile range.
The Kruskal-Wallis test was used to compare differences in
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general clinical characteristics of study subjects between groups
and differences in oral microbial communities. SPSS (version
27.0) software was used for statistical analysis. Results were
considered statistically significant when the probability value (P)
was <0.05.

Results
Clinical characteristics of participants

A total of 40 women—30 pregnant women and 10 non-
pregnant women-were recruited for this study. The
characteristics of the study population are illustrated in
Table 1 and Table S1 in Additional File 1. No statistical
differences were found between the groups regarding age, race,
and oral status characteristics (Kruskal-Wallis test, P>0.05).
However, body mass index was higher in the second- and
third-trimester groups compared with that in the non-
pregnant control group (Kruskal-Wallis test, P<0.001).

10.3389/fcimb.2022.1016523

Bacterial diversity of supragingival
microbiota

Illumina MiSeq sequencing produced 2909243 raw
sequences, and after pre-processing, 2531486 usable, high-
quality reads, with an average of 63287 + 29723 sequences per
sample, remained in the dataset (Additional File 1: Table SI,
Additional File 2: Figure SI1A). The average sequence length
ranged from 400 to 440 bp (Additional File 1: Table S3,
Additional File 2: Figure S1B). After removing the low-
credibility OTUs, the taxonomic assignment of the sequences
resulted in the identification of a total of 1335 OTUs in the
supragingival microbiota. The number of OTUs in N, PI1, P2,
and P3 groups were 1339, 1440, 1096, and 869, respectively
(Figure 1A). At this sequencing depth, the Shannon-Wiener
curves for all samples have reached a plateau (Additional File 2:
Figure S2), indicating that this sequencing depth is sufficient to
capture the full range of microbial diversity.

The Chao 1 index reflects community species richness, while
the Simpson and Shannon indices reflect microbial diversity

TABLE 1 Demographic, medical, and oral status characteristics of study subjects.

Categories Pregnant (n=30) Non-Pregnant P-
(n=10) value
1st trimester 2nd trimester 3rd trimester
(n=10) (n=10) (n=10)

Age (years) 28.50 (32.00, 25.75) 29.50 (32.25, 26.50) 28.50 (32.25, 27.75) 27.50 (33.00, 24.75) 0.90
Ethnicity Han nationality 9 10 9 9 0.79
Minority nationalities 1 0 1 1
Education <High school 6 5 3 4 0.58

completion
>High school 4 5 7 6
completion
BMI 23.17 (24.17, 21.36) 23.43 (24.25,23.22) 24.36 (24.52, 22.84) 21.38 (21.76, 20.60) <0.001
Smoking status Never smoked 9 10 10 9 0.56
Former smoker 1 0 0 1
Current smoker 0 0 0 0
Alcohol Abstainer 10 9 9 9 0.79
consumption Non-current 0 1 1 1
Current 0 0 0 0
Sweet consumption  Once/day 9 8 7 9 0.75
more than once/day 1 2 3 1
None 10 10 9 10
Tooth brushing Twice/day 9 9 10 9 0.79
Once/day 1 1 0 1
Less than once/day 0 0 0 0
Flossing habit Once or more/day 1 3 2 3 0.67
Less than once/day 9 7 8 7
DMFT 1.00 (2.00, 0.75) 2.00 (2.00, 0.75) 1.00 (2.25, 0.75) 0.50 (2.00, 0.00) 0.59
PLI 1.00 (1.25, 1.00) 1.00 (2.00, 0.00) 1.00 (1.25, 0.00) 1.00 (2.00, 1.00) 0.81
GI 1.00 (1.00, 0.00) 0.00 0.00 (1.00, 0.00) 1.00 (1.00, 0.00) 0.67
(1.00, 0.00)

BMI, body mass index (kg/mz); DMEFT, decayed, missing, filled teeth number; PLI, plaque index; GI, gingival index.
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(A) Differences in number of OTUs among microbiota from N, P1, P2, and P3. (B) The comparison of Chao 1 index in N, P1, P2, and P3. (C) The
comparison of Simpson index in N, P1, P2, and P3. (D) The comparison of Shannon index in N, P1, P2, and P3. (E) PCoA analysis revealing the
bacterial communities in N, P1, P2, and P3. * P<0.05, ** P<0.01, *** P<0.001.

(Hill et al., 2003). Kruskal-Wallis nonparametric tests and
pairwise comparisons were conducted for the alpha-diversity
indices of N, P1, P2, and P3. From The Chao 1, Simpson, and
Shannon indices of these four groups were significantly different
(Table 2). After pairwise comparison, the Chao 1 index of P3 was
lower compared with those of N, P1, and P2, and the differences
were statistically significant (P<0.05), indicating that the species
richness of the oral microbial community decreased during late
pregnancy (Additional File 1: Tables 54, S5 and Figure 1B). The
Simpson indices of P2 and P3 were higher compared with those

TABLE 2 Alpha-diversity indices of N, P1, P2, and P3.

of N and P1, and the differences were statistically significant
(P<0.05), indicating that the microbial diversity of the oral
microbial community decreased in mid- and late pregnancy
(Additional File 1: Tables 54, S5 and Figure 1C). The Shannon
index of P2 was higher compared with that of N, and the
difference was statistically significant (P<0.05), indicating that
the microbial diversity of the oral microbial community
increased in the middle of pregnancy (Additional File I:
Tables S4, S5 and Figure 1D). It can be concluded that
pregnancy may lead to a decrease in species richness of the

Group Chao 1 Simpson Shannon
N 786.22 (867.61, 664.54) 0.95 (0.95, 0.93) 5.32 (5.82, 5.10)
P1 714.14 (826.80, 578.63) 0.96 (0.96, 0.95) 5.76 (6.08, 5.40)
P2 665.75 (746.40, 618.13) 0.97 (0.97, 0.96) 6.04 (6.11, 5.91)
P3 506.12 (582.77, 448.90) 0.97 (0.97, 0.95) 5.81 (6.01, 5.58)
P-value All groups <0.001 (**) 0.002 (*) 0.023 (%)
N-P1 1 0.283 0.714
N-P2 1 0.001 (*) 0.012 (*)
N-P3 <0.001 (**) 0.022 (*) 0.661
P1-P2 1 0.583 0.770
P1-P3 0.011 (%) 1 1
P2-P3 0.026 (*) 1 0.829

Each value is the median and interquartile range. *indicates significant differences (P<0.05); **indicates extremely significant differences between groups (P<0.001).

Frontiers in Cellular and Infection Microbiology

187

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1016523
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Zhang et al.

oral microbial community. However, the results of the two
indicators reflecting microbial diversity were inconsistent,
possibly influenced by species evenness.

A heatmap of beta-diversity index was used to measure the
dissimilarity coefficient between samples. Weighted and
unweighted UniFrac distances were used to indicate the close
proximity of the bacterial communities in the four groups. A
lower number represents greater similarity in bacterial
microbiota between samples in the heatmap. The heatmaps
(Additional File 2: Figures S3A, B) show that the communities
of N and P1 are closer together, suggesting that the two groups
are more similar, while the distance between the communities of
N and P2 and P3 is larger, suggesting that the communities of N
and P2 and P3 are more different. These findings suggest that the
microbial community of supragingival plaque may have changed
during mid- and late-pregnancy.

In addition, the differences in microbial community
composition of N, P1, P2, and P3 were analyzed by PCoA
(Figure 1E), and PC1 and PC2 accounted for 19.60% and
16.82% of the total variation, respectively. The PCoA plot
revealed that the microbial community composition of N was
different from those of the other three groups and the differences
were statistically significant (PERMANOVA, pseudo-F=2.4218,
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P=0.001). This suggests that pregnancy may have an effect on the
composition of oral microbial communities.

Community structure of
supragingival microbiota

To characterize the bacterial distribution, the supragingival
plaque microbiota of N, P1, P2, and P3 were analyzed in terms of
relative taxonomic abundance. A total of 15 phyla, 32 classes, 53
orders, 98 families, 194 genera, and 503 species were detected.
Bar graphs show the top 15 phyla in each of the four groups
(Additional File 1: Table S6 and Figure 2A). Four phyla—
Fusobacteria, Bacteroidetes, Firmicutes, and Proteobacteria—
were the most abundant, accounting for 91.56%, 91.07%,
92.18%, and 89.64% of the total OTUs in each of the N, P1,
P2, and P3 groups, respectively. The top 20 genera in each of the
four groups are depicted in bar charts (Additional File 1: Table
S7 and Figure 2B). Leptotrichia was the most abundant genus in
the pregnancy group, followed by Fusobacterium, Prevotella, and
Streptococcus, together accounting for 50.82%, 51.85%, and
53.22% in P1, P2, and P3, respectively. Streptococcus was the
most abundant genus in the non-pregnancy group, followed by
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(A) The bacterial structure comparison in N, P1, P2, and P3 at the phylum level. (B) The bacterial structure comparison in the four groups at the
genus level. (C) Sankey analysis of the bacterial structure comparison in the four groups at phylum and genus levels.
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Fusobacterium, Leptotrichia, and Neisseria, which together
accounted for 45.00% of the total OTUs in N group. Relative
abundance at the phylum and genus levels could also be
visualized by the Sankey diagram (Figure 2C), which showed
results similar to those in Figures 2A, B. Collectively, these
results suggest that the oral microbial community composition
in the pregnant and non-pregnant groups was essentially the
same at the phylum level but differed at the genus level.

The LEfSe method was used to identify the distinguishing
phylotype that most likely explained the differences between N, P1,
P2,and P3. LDA was combined with effect size measures for assessing
the effect sizes of taxa (Figure 3A). A circular clade plot was created to
show taxa with different abundances (Figure 3B). Species in group N
that differed significantly from those of the other groups were
concentrated in the genus Neisseria. In P1, the species that differed
significantly from those of the other groups were concentrated in the
genus Tannerella. In P2 and P3, the species that differed significantly
from those of the other groups were concentrated in the genus
Leptotrichia. (Additional File 1: Table S8 and Figures 3A, B).

Network analysis was performed to recognize interactions
among genera in different groups. The top 20 genera for each
group in the relative abundance ranking were selected from the
four groups. Genera that met the threshold of Spearman’s
correlation coefficient of p >0.6 and P<0.05 are shown in the
networks (Additional File 1: Table S9 and Figure 4). The
modularity, node, edge, and graph density for group N were
0.30, 19, 40, and 0.30, respectively. Streptococcus, Fusobacterium,
Leptotrichia, and Neisseria were present in greater relative
abundance in N, compared with the other genera in the
network, with Streptococcus and Fusobacterium showing
negative correlation. The modularity, node, edge, and graph
densities were 0.38, 19, 29, and 0.17 for P1; 0.56, 18, 25, and
0.163 for P2; and 0.63, 17, 15, and 0.11 for P3. In P1, P2, and P3,
Leptotrichia, Fusobacterium, and Prevotella were present in
greater relative abundance, compared with the other genera in
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-
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the networks, and Leptotrichia was negatively correlated with
Fusobacterium and Prevotella. These analyses suggest that group
N may have a more complex network topology, and the network
topology of N differs from that of the three pregnancy groups
(Additional File 1: Table S9, Additional File 2: Figure S4).

Predicted metabolic functions of
supragingival microbiota

Functional pathways for the bacterial communities of N, P1,
P2, and P3 were predicted using PICRUSt2 (Additional File 1:
Table S10). Level 1 functional pathways that differed
significantly among the four groups included metabolism,
genetic information processing, and human diseases. The
abundance of predicted functions related to metabolic
pathways and genetic information processing was high in all
four groups, accounting for 93.93%, 93.73%, 93.63%, and 93.76%
of all level 1 predicted functions in N, P1, P2, and P3 groups,
respectively (Figure 5A). Level 2 functional pathways that
differed significantly among the four groups included
metabolism of other amino acids, energy metabolism, lipid
metabolism, xenobiotics biodegradation and metabolism,
nucleotide metabolism, replication and repair, translation, and
cell growth and death. The abundance of predicted functions
related to metabolism of cofactors and vitamins, carbohydrate
metabolism, amino acid metabolism, and metabolism of
terpenoids and polyketides was high in all four groups,
accounting for 48.01%, 48.28%, 48.51%, and 48.94% of all level
2 predicted functions in N, P1, P2, and P3 groups, respectively.
(Figure 5B). PICRUSt2 predicted 172 level 3 functional pathways
by comparison with KEGG immediate relatives (Additional File
1: Table S10, Additional File 2: Figure S4).

PCA demonstrated that most of the N and P1 predictive
function pathways clustered together, and that the P2 and P3

(A) Significantly enriched bacterial taxa in the different groups as determined by LEfSe analysis (LDA sore >3). (B) LEfSe taxonomic cladogram.
The size of each node represents the relative abundance of the species. (p, phylum; c, class; o, order; f, family; g, genus; s, species).
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Network analysis between bacterial taxa in the four groups. Network analysis revealed the 20 most abundant genera (|SpearmanCoef>0.6 and
P<0.05). Bacterial interactions in N (A), P1 (B), P2 (C), and P3 (D) are depicted. The size of the nodes is proportional to the genus abundance.
Node color corresponds to the phylum classification. Edge colors indicate positive (red) and negative (blue) correlations.

predictive function pathways clustered together (Figure 6A).
Changes in oral microbial predictive functional pathways
occurred during mid- and late-pregnancy, and these changes
may be related to pregnancy. Data for predicted functional
pathways were converted to relative abundance and differences
between groups are shown in Figure 6B. LEfSe analysis showed
that 11 pathways played a discriminatory role in the four studied
groups (Figure 6B). Functional pathways in the bacterial
community of N that were clearly distinguished from those of
the other groups included polyketide sugar unit biosynthesis,
cyanoamino acid metabolism, primary bile acid biosynthesis,
and betalain biosynthesis. The functional pathway that clearly
distinguishes the P1 bacterial community from those of the other
three groups is the biosynthesis of type II polyketide backbone.
The functional pathway that clearly distinguishes P2 from the
other groups is monoterpenoid biosynthesis, and the functional
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pathways that clearly distinguish the bacterial community of P3
from those of the other three groups include chagas disease
(American trypanosomiasis) and biosynthesis of ansamycins.

Discussion

Adverse pregnancy outcomes affect more than 20% of
newborns worldwide each year (Ye and Kapila, 2021), imposing
a heavy economic burden on families and society (Rogers and
Velten, 2011; Chen et al., 2012). However, half of the causes are
still unknown (Ye and Kapila, 2021). Intrauterine infections play a
major role in adverse pregnancy outcomes. In addition to
upstream infection by bacteria from the lower genital tract,
intrauterine placental bacterial infections may also arise from
bloodstream infection by oral bacteria (Han Y and Wang, 2013;
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Vornhagen et al., 2016). Therefore, studies of the oral microbiome
during pregnancy are necessary to better predict and intervene in
adverse pregnancy outcomes.

Advances in sequencing technology are rapidly changing the
experimental landscape of microbial ecology (Kozich et al,
2013). High-throughput sequencing technologies provide an
efficient and effective method for studying the composition
and structure of bacterial communities associated with health
and disease. The current study was conducted using Illumina
MiSeq sequencing, and the supragingival plaque microbiota of
pregnant and non-pregnant women exhibited significant
differences in community structure and composition.

Frontiers in Cellular and Infection Microbiology

The groups of subjects in this study were not statistically
different in terms of age, race, and oral status characteristics
(P>0.05). However, BMI was higher in the second and third
trimester groups compared with the non-pregnant control group
(Kruskal-Wallis test, P<0.001). Currently, there is no agreement on
the effect of elevated BMI on oral microbiology without reaching
obesity levels. One study showed higher numbers of red complexes
(Porphyromonas gingivalis, Treponema denticola, and Tannellera
forsythia) in non-diabetic patients with a high BMI or waist
circumference (Matsushita et al., 2015). In contrast, another
study showed no statistical effect on the composition of the
salivary bacterial profile based on the extreme degree of fractional
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(A) PCA plots to assess beta diversity among the KEGG level 3 predicted microbial metabolic functions in the four studied groups. (B) Linear
discriminant analysis (LDA) of the KEGG level 3 predicted microbial metabolic functions in the four groups. The length of the histogram

represents the LDA score.

stratification of parameters such as age, sex, alcohol consumption,
BMI, and dietary intake (Belstrom et al., 2014). Consequently, the
effect of BMI on the results of the present study is unclear. Follow-
up studies should aim to select women with similar BMIs to exclude
the possible effects of BMI on the results.

Both Simpson’s index and Shannon’s index are indicators of
microbial diversity (Hill et al., 2003; Kim et al., 2017). However, in
the present study, these two diversity indices reflected inconsistent
results. The reason for this contradictory result may be that these
two diversity indices were influenced by species evenness (Hill et al.,
2003; Kim et al., 2017). Most studies only use the Shannon index as
a community diversity indicator, thus the following discussion
focuses on the trend of the Shannon index. Previous studies have
mostly reported an increase in oral microbial diversity in pregnant
women compared with non-pregnant women (Fujiwara et al., 2017;
Lin etal,, 2018; Balan et al., 2021). Among these studies, Balan et al.
found significantly higher alpha diversity in the subgingival plaque
microbial community of a pregnant group compared with that of a
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non-pregnant group (Balan et al., 2021). Fujiwara et al. concluded
that the total number of culturable microorganisms in subgingival
plaque was substantially higher in early pregnancy compared with
that in non-pregnant women (Fujiwara et al, 2017). These two
studies used subgingival plaque samples, while the present study
used supragingival plaque samples. However, although the samples
were different, we demonstrated from different perspectives that
oral microbial diversity changed during pregnancy. Lin et al. found
that supragingival plaque microbial diversity was higher in
pregnancy compared with that in non-pregnancy, with the
Shannon index significantly higher in late pregnancy compared
with that in the non-pregnancy group (Lin et al, 2018). These
results have some similarity with the results of the present study.
The samples used in that study were the same as those in the present
study, both being supragingival plaque. The changes in Shannon
index were essentially the same in both studies, both showing a
higher oral microbial diversity in pregnancy compared with that in
non-pregnancy, except that it was the late pregnancy Shannon
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index that was significantly higher in the study of Lin et al., whereas
in the present study, it was the mid-pregnancy Shannon index that
was significantly higher compared with that the non-pregnancy
group (Table 2 and Figure 1B). Our results are consistent with those
of previous studies, which indicate a trend toward increased oral
microbial diversity during pregnancy. This elevated trend is also
congruent with the hormonal surge of progesterone and estradiol
during pregnancy (Wu et al., 2015). However, a few studies found
no significant difference in oral bacterial diversity between pregnant
and non-pregnant groups. Machado et al. showed that the bacteria
most commonly associated with periodontal disease did not differ
in subgingival plaque between pregnant and non-pregnant women
(Machado et al,, 2012). Differences in samples and study methods
might explain the difference in results from Machado et al.
compared with those of both the present study and other studies.
Since the current findings are from studies with small sample sizes,
the results need to be validated in future studies with large
sample sizes.

The composition of the microbiome is closely related to the
disease state (Willis and Gabaldon, 2020). Significant increases in
circulating levels of estrogen and progesterone are thought to have a
significant effect on the periodontium throughout pregnancy (Wu
et al, 2015). Therefore, it can be hypothesized that pregnancy may
create a nutritional environment more favorable for certain
sensitive microbial strains. A total of 15 phyla, 32 classes, 53
orders, 98 families, 194 genera, and 503 species were detected in
all specimens. The predominant phyla were Fusobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria, which is similar to
the findings of previous studies (Dewhirst et al., 2010; Lin et al,
2018). The current study showed that, at the phylum level, most of
the prevalent bacteria were essentially the same in the four groups,
but different relative abundances were observed among groups. At
the genus level, the dominant genera differed slightly between the
pregnant and non-pregnant groups. Leptotrichia was the most
abundant genus in the pregnancy group, followed by
Fusobacterium, Prevotella, and Streptococcus, together accounting
for 50.82%, 51.85%, and 53.22% of the total OTUs in P1, P2, and P3,
respectively. Streptococcus was the most abundant genus in the
non-pregnancy group, followed by Fusobacterium, Leptotrichia,
and Neisseria, which together accounted for 45.00% of the total
OTUs in N group. As shown in the community structure bar charts
and Sankey plot, the pregnant and non-pregnant groups exhibited
different community structures, suggesting that pregnancy status
may significantly affect bacterial composition.

In the current study, LEfSe analysis was used to identify
bacterial species in each group that were significantly different
from those of other groups (Additional File 1: Table S8 and
Figures 2C, D). The species in group N that differed significantly
from those of other groups were mainly concentrated in the genus
Neisseria. The species in group P1 that differed significantly from
those in the other groups were mainly concentrated in the genus
Tannerella. The species in groups P2 and P3 that differed
significantly from those in the other groups were concentrated in
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the genus Leptotrichia. Species of the genus Neisseria usually
colonize the nasopharynx without causing any significant
pathological changes and can be considered a normal part of the
respiratory microbiome, causing serious disease only when
meningococci leave their usual ecological niche (Seifert, 2019).
Tannerella forsythia is a periodontopathogenic bacterium that,
together with Porphyromonas gingivalis and Treponema denticola,
constitutes the “red complex”, which is a multibacterial pathogenic
complex in periodontitis (Mysak et al., 2014). Tannerella forsythia is
also one of the species most associated with halitosis and has even
been associated with some systemic diseases, such as Alzheimer’s
disease (Singhrao et al, 2015) and esophageal cancer (Peters et al,
2017). Members of the genus Leptotrichia are non-motile
pathogenic bacteria found predominantly in the oral cavity and
other parts of the body (Eribe and Olsen, 2017; Hou et al,, 2018). All
species of the genus Leptotrichia ferment carbohydrates and
produce lactic acid, which may be associated with dental caries
(Eribe and Olsen, 2017; Hou et al.,, 2018). It follows that pathogenic
microorganisms associated with periodontitis, dental caries, and
systemic diseases may increase in the mouth of healthy individuals
as pregnancy progresses. This suggests that we must pay attention
to oral hygiene care during pregnancy.

Network analysis was used to explore the potential relevance of
the supragingival plaque microbiota detected in the current study.
The modularity, node, edge, and graph density of group N were
0.30, 19, 40, and 0.30, respectively. Streptococcus, Fusobacterium,
Leptotrichia, and Neisseria were present greater relative abundance
in N, compared with other genera in the network, with
Streptococcus and Fusobacterium showing negative correlation.
This is consistent with the results of a previous study (Lin et al,
2018). The non-pregnant group showed more complex and
convergent relationships among bacterial genera compared with
those of the pregnant groups, suggesting that some microbial
relationships may be disrupted and lead to dysbiosis of oral
ecology during pregnancy.

The functional pathways of the oral microbial community were
also predicted in the current study. PCA analysis showed that most
predicted functional pathways of groups N and P1 clustered
together, while those of P2 and P3 clustered together (Figure 3A).
This indicates that changes in oral microbial predictive functional
pathways occurred during mid- and late-pregnancy and that these
changes may be related to pregnancy. LEfSe analysis also identified
11 functional pathways that were significantly different in the four
groups. However, given the limitations of PICRUSt2 (Zhang et al.,
2022), the analysis of predicted oral microbiota function only
provided some preliminary results. Functional changes in the oral
microbiota should be confirmed by combining metabolomics and
macrogenomics in the future.

This study provides a preliminary assessment of the
supragingival plaque microbiota and its relationship to healthy
pregnant women. However, there are limitations to the study.
Firstly, experimental procedures are needed to determine how
pregnancy and sex hormones affect the microorganisms
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involved. In addition, the number of study subjects in each
group was limited and the samples from the three trimesters
were not from the same group of women. In future studies, the
number of study subjects should be increased and oral samples
should be collected from the same group of women in all three
trimesters to improve the credibility of the conclusions.

Conclusion

This study characterized the microbiota of supragingival
plaque in pregnant and non-pregnant women and improved
understanding of the ecological and microbial shifts associated
with pregnancy. Findings from the study suggest that pregnancy
has a potential role in shaping the supragingival plaque
microbiota and that physiological changes during pregnancy
may transform supragingival plaque into entities that may cause
harm, which may be a risk factor for maternal health.
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Nasopharyngeal carcinoma (NPC) is a common head and neck cancer with a
poor prognosis. There is an urgent need to develop a simple and convenient
screening tool for early detection and risk screening of NPC. 139 microbial
samples were collected from 40 healthy people and 39 patients with
nasopharyngeal biopsy. A total of 40 and 39 oral, eight and 27 nasal cavity,
nine and 16 nasopharyngeal microbial samples were collected from the two
sets of individuals. A risk screening tool for NPC was established by 16S rDNA
sequencing and random forest. Patients with nasopharyngeal biopsy had
significantly lower nasal cavity and nasopharynx microbial diversities than
healthy people. The beta diversity of the oral microbiome was significantly
different between the two groups. The NPC screening tools based on
nasopharyngeal and oral microbiomes have 88% and 77.2% accuracies,
respectively. The nasopharyngeal biopsy patients had significantly higher
Granulicatella abundance in their oral cavity and lower Pseudomonas and
Acinetobacter in the nasopharynx than healthy people. This study established
microbiome-based non-invasive, simple, no radiation, and low-cost NPC
screening tools. Individuals at a high risk of NPC should be advised to seek
further examination, which might improve the early detection of NPC and save
public health costs.

KEYWORDS

nasopharyngeal carcinoma, screening, microbiome, 16S rDNA sequencing,
random forest
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Introduction

Nasopharyngeal carcinoma (NPC) is an aggressive
malignant tumor of the head and neck mucosal epithelium. In
2018, 129,100 new NPC cases were reported worldwide (Ferlay
et al., 2019), with over 70% of the cases in Southeast Asia (Chen
et al, 2019). Severe NPC symptoms include headache, nasal
bleeding, nasal congestion, hearing loss, and neck mass. Given
that these symptoms are unspecific, NPC misdiagnosis is a
common phenomenon (Kamran et al, 2015). Consequently,
80% of clinically confirmed NPC patients have locally advanced
or distant metastases, all with poor prognoses (Chan et al., 2017;
Lee H. M. et al., 2019). The 5-year survival rate of stage I and IV
NPC are 90% and 60%, respectively (Li et al., 2014). Early
diagnosis and treatment are vital for a good NPC prognosis,
underscoring the need for early screening of NPC (Lee AW .M.
et al., 2019).

Clinical NPC diagnosis involves biopsy and imaging
examinations, including endoscopy, Magnetic Resonance
Imaging (MRI), Computed Tomography (CT), and ultrasound.
Nasopharyngeal endoscopy examines the lesion range, and a
biopsy is taken using forceps. MRI, CT, and ultrasound show
nasopharyngeal lesions, invasion, and metastasis (King et al,
2011; Gao et al,, 2014). However, these methods are expensive,
require experienced personnel and expose patients to ion
radiation. Presently, conventional NPC diagnosis methods are
inaccurate for early screening. Thus, there is an urgent need for
non-invasive, simple, and low-cost NPC screening tools.

Numerous factors, including genetics, dietary habits of
preserved food, and Epstein-Barr virus (EBV) infection, have
been implicated in the development of NPC (Tsao et al., 2017;
Lee H. M. et al, 2019). Persistent nasopharyngeal mucosal
inflammation and certain medications increase the risk of
NPC (Xiao et al., 2018; Zhang et al., 2019). Recently, there has
been increasing interest in the association between the
microbiome and NPC. A retrospective study showed that poor
oral hygiene, including infrequent brushing and frequent dental
caries, increases the risk of NPC (Turkoz, 2011; Liu et al., 2016).
Another study showed that the relative abundance of Firmicutes
and Streptococcus was lower in the saliva of NPC patients than in
healthy controls (Xu et al., 2014). The cytolethal distending toxin
of Aggregatibacter actinomycetemcomitans, oral pathogenic
bacteria, reactivates EBV and triggers DNA destruction. Thus,
co-infection with bacteria and viruses can cause EBV-induced
epithelial malignancy, including NPC (Frisan et al,, 2018). A
case-control study of 499 NPC patients and 495 healthy controls
found that oral microbiome richness was significantly low in
NPC patients (P < 0.001). The study revealed Granulicatella
adiacens, a possible disease-related species (Debelius et al,
2020). These case studies suggest an aberrant oral microbial
composition in NPC patients. However, the NPC screening tools
of the oral microbiome are lacking.
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This study analyzed the microbiome of the oral and nasal
cavities, and the nasopharynx from people with high NPC risk,
requiring a nasopharyngeal biopsy and healthy controls. The
NPC risk screening tool was established based on the16S rDNA
sequencing and the random forest.

Materials and methods
Ethics statement and subjects

The experimental protocol of this study was approved by the
ethics committee approved the (Approval number: WCHSIRB-
D-2018-101). Previous studies (Xiao et al., 2018; Zhang et al.,
2019) revealed that persistent nasopharyngeal mucosal
inflammation increases the risk of NPC development, and a
nasopharyngeal biopsy of such patients should be further
analyzed for a definitive diagnosis. The inclusion criteria
included: patients needing a nasopharyngeal biopsy and
healthy people confirmed by nasopharyngeal fiberscope, aged
20-70 years old, and provided informed consent before
sample collection.

The exclusion criteria were: antibiotics use within three
months; a history of dental treatment within six months; less
than 20 natural teeth; over six DMFT (decayed, missing, or filled
teeth); severe oral disease (periodontal diseases, oral fungal
infection, and oral cancer); pregnant or nursing women; a
family history of cancer; and having smoked over 100
cigarettes in a lifetime (Yu et al,, 2017).

Sample collection

As in a previous study (Hao et al.,, 2021), the participants
included 40 healthy people and 39 patients with nasopharyngeal
biopsy who were advised not to eat, drink, or chew gum 30 min
before sampling. A 5 mL of saliva from each study participant
was collected in a sterile centrifuge tube. After centrifugation
(2600xg, 10min), the saliva was stored in a 2 mL cryogenic tube
and immediately frozen at —80°C.

Nasopharyngeal microbiome were collected by nasopharyngeal
swabs from nine healthy individuals and 17 patients with
nasopharyngeal biopsies. The sterile nasopharyngeal swab was
dipped in sterile saline and wrapped in a sterile infusion tube,
passed through the nasal cavity into the nasopharynx. While in the
nasopharynx, the swab was extended and rotated through 360° to
dip in nasopharyngeal secretions. The swab was then withdrawn
into the infusion tube, which was removed altogether. The swab tip
was cut off with sterile scissors, stored in a cryogenic tube, and
immediately frozen at —80°C. The microbiome of the nasal cavity
was collected from eight healthy people and 27 patients with
nasopharyngeal biopsy. Two swabs dipped in sterile saline were
used to collect the microbiome in the left and right noses. The swabs
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were rotated and wiped the anterior nostril mucosa. The swab tip
was cut off with sterile scissors, stored in a cryogenic tube, and
immediately frozen at —80°C (Luna et al,, 2018).

Illumina MiSeq sequencing

The collected microbiome samples above were used for
DNA extraction, amplification, and 16S rDNA sequencing
(Wang et al, 2016; Yin et al, 2016). Microbial DNA was
extracted using the E.ZN.A.® soil DNA Kit (Omega Bio-Tek,
USA) following the manufacturer’s protocol. The V4-V5 target
regions of the bacterial 16S rRNA gene were amplified via
polymerase chain reaction (PCR) with barcoded primers 515 F
(5'-GTGCCAGCMGCCGCGG-3") and 907R (5'-CCGTCAA
TTCMTTTRAGTTT-3") (Wu et al, 2020).

Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai,
China) purified and pooled amplicons in equimolar amounts
and sequenced paired-end (2 x 300bp) on the Illumina MiSeq
platform (Illumina, CA, USA) following standard protocols.
Raw reads were deposited to the National Center for
Biotechnology Information(NCBI) Sequence Read Archive
(SRA) database (Accession Number: PRINA722880).

Processing of sequencing data

Majorbio Bio-pharm Technology Co., Ltd. quality-filtered
raw FASTQ files using Trimmomatic software and merged files
using the FLASH software following the standard criteria.
Operational taxonomic units(OTUs) were clustered with a
97% similarity cutoff using UPARSE Version 7.1 (http://drive5.
com/uparse/) with a novel ‘greedy’ algorithm that
simultaneously performs chimera filtering and OTU clustering.
The taxonomy of each 16S rRNA gene sequence was analyzed
using the Ribosomal Database Project(RPD) Classifier algorithm
(http://rdp.cme.msu.edu/) against the Silva database using a 70%
confidence threshold (Cole et al., 2005; Dewhirst et al., 2010)
(Table S4, Figure S3).

Statistical analysis

The states of nasopharynx were divided into healthy or
tissue need biopsy according to the nasopharyngeal fiberscope.
Then the nasopharyngeal biopsy group was further divided into
cancer and inflammation groups based on pathological analysis
(Table S3). Thus, the study participants were classified into
healthy, inflammation, and cancer groups according to the
states of the nasopharynx. The healthy and inflammation
groups were integrated into non-cancer group, while the
inflammation and cancer groups were integrated into the
nasopharyngeal biopsy group.
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The microbiome composition, alpha and beta diversity
based on the genus level was established using the mother
software (version.1.30.2.). Shannon indices were tested using
the Wilcoxon rank-sum test, and the Principal Coordinates
Analysis(PCoA) was performed based on the Bray_curtis
distance methods. The differences among groups were
determined using Analysis of Similarity (ANOSIM).
Differences with P<0.05 were considered statistically
significant. The R>0 was considered that there is a significant
difference between the two sampling units.

Random Forest is a robust machine learning algorithm by
combining the output of multiple decision trees to obtain a
single outcome that could handle both classification and
regression problems (Breiman, 2001). The random forest
classifier and screened model establishment based on the high
dimensional 16S rDNA sequencing data. One to three nasal and
nasopharynx oral samples were used to establish the screening
model considering the microbial community diversity from the
different sample sources. The error rates of the training and
verification sets were calculated. The optimal #n,,.value for
establishing the random forest models with low and stable
error rates were determined using multiple iterations.
Repeated cross-validations with 80% training and 20% testing
sets evaluated the model external accuracy. The weight, known
as variable importance, was originally defined in the random
forest using a measure involving surrogate variables, and it was
calculated by randomly permuting a variable (Ishwaran, 2007).
The weights of characteristic variables were calculated to
correlate genus and outcomes according to the established
optimal models.

Results

Characteristics and exploratory analysis
of microbiome

The characteristics analysis was performed among the three
microbiome habitats (oral, nasal and nasopharyngeal). The
Shannon index of alpha diversity (Figure S1A) showed that
the oral microbiome was the most diverse (P<0.001). PCoA
analysis (Figure S1B) showed that the beta diversity of the oral,
nasal, and nasopharyngeal microbiome was significantly
different (P<0.05, R=0.9627). The Venn graph (Figure S1C) of
species composition illustrated 599 common OTUs in the three
groups, accounting for 25.72-37.94% of the total microbiome.
The microbial community composition in the nasal cavity and
nasopharynx was similar between the two groups. However, the
oral microbial composition was different between the two groups
(Figure S1D).

The Figure 1 shows the alpha diversity between healthy and
biopsy groups. The oral microbiome of patients with
nasopharyngeal biopsy and healthy counterparts were not

frontiersin.org


http://drive5.com/uparse/
http://drive5.com/uparse/
http://rdp.cme.msu.edu/
https://doi.org/10.3389/fcimb.2022.1013920
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Hao et al.

significantly different (Figure 1A). As for nasal and
nasopharyngeal microbiome (Figures 1B, C), the Shannon
indices of patients with nasopharyngeal biopsy were
significantly lower than healthy counterparts (P<0.05, P<0.01).

The PCoA based on Bray_curtis distance revealed that there
was a significant difference in the beta diversity of oral
microbiome between nasopharyngeal biopsy patients and
healthy counterparts (R>0; P<0.05) (Figure 2A). However,
there was no significant difference in the composition of the
nasal cavity and nasopharyngeal microbiome between
nasopharyngeal biopsy patients and healthy counterparts
(Figures 2B, C).

The similarity of microbial composition among groups was
determined using ANOSIM (Table 1). The oral microbiome
showed a significant difference between the healthy and the
nasopharyngeal biopsy groups (R>0; P<0.05). The diversity of
the nasopharyngeal microbiome was significantly different of the
healthy vs. cancer, and healthy vs. inflammation groups (R>0;
P<0.05). However, the microbial composition in the oral, nasal
cavity and nasopharynx was not significantly different between
the inflammation and the cancer groups (P>0.05).

Figure 3A shows the species differences in the oral
microbiome on genus level. The relative abundance of
Granulicatella genus was higher in the patients with
nasopharyngeal biopsy than in healthy group (P < 0.001), but
the Porphyromonas and Haemophilus were relatively less
abundant (P < 0.05). There was no significant difference in the
dominant microbial species in the nasal cavity between
nasopharyngeal biopsy group and healthy counterparts
(Figure 3B). Considering the nasopharynx, the relative
abundances of Pseudomonas and Acinetobacter in the healthy
counterparts were significantly higher than in patients with
nasopharyngeal biopsy (P < 0.001, Figure 3C).

Shannon index of OTU level

Shannon index of OTU level

FIGURE 1

10.3389/fcimb.2022.1013920

NPC risk screening model based on oral
or nasopharyngeal microbiome

The NPC risk screening models were established via random
forests using the microbial sequencing data. The accuracy of the
models are shown in Table 2. The accuracy of models based on
different microbial combinations were approximately 80%. The
accuracy of the risk screening model based on the microbiome
from one habitat (the oral microbiome) was 77.22%. The Area
Under Curve(AUC), sensitivity, and specificity of the model
were 80.96%, 0.7692, and 0.775, respectively. For the risk
screening model based on the nasopharyngeal microbiome, the
accuracy was 88%. The AUC, sensitivity, and specificity of the
model were 83.33%, 0.875, and 0.8889, respectively.

The external performance of the model was evaluated using
repeated cross-validations. For each model, 80% random samples
were used for model training and 20% samples for validating the
external test sets. The average external accuracy of all random
forests provided an estimate of the model applied in external
populations. The average accuracy of the model was stable in a
5000 times validation. Based on the oral microbiome, the average
accuracy rate of the screening model was 75.08%, and the median
accuracy rate was 75%. The nasopharyngeal microbiome had an
85.22% average accuracy rate of the screening model and an 80%
median accuracy rate.

The weights of characteristic variables were calculated
following the above-built models. Considering the oral
microbial model, the most important genera in weight value
were Graulicatella, Prevotella, Rhodococcus, and Haemophilus
(Table S1). Granulicatella ranked first and fourth, suggesting
that this genus is a key biomarker of the oral microbiome. For
the nasopharyngeal microbial model, Candidatus solibacter,
Pseudomonas, Bradyrhizobium, and Reyranella were the most
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Alpha diversity of Shannon index. (A) The Shannon index of oral microbiome between patients with nasopharyngeal biopsy and healthy
counterparts. (B) The Shannon index of nasal microbiome between patients with nasopharyngeal biopsy and healthy counterparts. (C) The
Shannon index of nasopharyngeal microbiome between patients with nasopharyngeal biopsy and healthy counterparts. Oral represents oral
microbiome, nasal represents nasal microbiome, naso represents nasopharyngeal microbiome. "*" represented P<0.05, "**" represented P<0.01
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Beta diversity of PCoA analysis. (A) The PCoA analysis of oral microbiome between patients with nasopharyngeal biopsy and healthy
counterparts. (B) The PCoA analysis of nasal microbiome between patients with nasopharyngeal biopsy and healthy counterparts. (C) The PCoA
analysis of nasopharyngeal microbiome between patients with nasopharyngeal biopsy and healthy counterparts. Oral represents oral
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microbiome, nasal represents nasal microbiome, naso represents nasopharyngeal microbiome.
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TABLE 1 Analysis of similarity among groups.

Microbiome Groups

Oral Hea vs. Bio

Can vs. non-Can
Hea vs. Can

Hea vs. Inf

Inf vs. Can
Nasal Cavity Hea vs. Bio

Can vs. non-Can
Hea vs. Can

Hea vs. Inf

Inf vs. Can
Nasopharynx Hea vs. Bio

Can vs. non-Can
. Can

Inf

Hea vs.
Hea vs.

Inf vs. Can

10.3389/fcimb.2022.1013920

R value P value
0.0823 0.006
-0.0168 0.732
0.0015 0.405
-0.0083 0.481
-0.0456 0.7
-0.1358 0.933
0.0767 0.066
-0.0612 0.705
-0.077 0.839
0.0369 0.211
0.0081 0.452
0.1041 0.131
0.1877 0.029
0.2832 0.003
0.0611 0.239

Hea represented the healthy group, Bio represented nasopharyngeal biopsy group, Can represented the cancer group, Non-can represented the non-cancer group, Inf represented the

inflammation group.

important genera, ranked by the front of weight value
(Table S2). Genus Pseudomonas ranked the second, third,
and seventh, suggesting it is a key biomarker of the
nasopharyngeal microbiome.

Discussion

Many recent studies revealed the close relationship between
the microbiome and neoplasm (Flemer et al., 2018; Yang et al.,
2018; Li et al., 2020). In some studies, the specific microbiome
composition was used as a biomarker to evaluate the risk of
cancers and establishing diagnostic models (Lim et al., 2018; Ren
et al,, 2018; Sze and Schloss, 2018; Zhou et al., 2021). The
microbiome capability to serve as disease biomarkers varied with
the specificity of the microbial composition at the disease and
anatomical site (Nejman et al., 2020). This study established for
the first time the NPC risk screening models using the oral and
nasopharyngeal microbiomes. The accuracy rates of
nasopharyngeal and oral microbiomes were 88% and 77.2%,
respectively. This model can preliminarily screen the NPC high-
risk group through a non-invasive microbial sample detection.
For the high-risk group with detected NPC, invasive
nasopharyngeal fiberscope and biopsy can be applied for
further examination, a conducive strategy for early
NPC detection.

The 16S rDNA sequencing showed that the alpha diversity
of the oral microbiome displayed no significant difference
between healthy and biopsy samples (Figure 1A), whereas the
beta diversity was significantly different (Figure 2A). The
Shannon index of oral microbiome was differed from that of
previous study, which might due to different clustering
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methods and grouping (Debelius et al,, 2020). The different
beta-diversity suggested that the development of NPC shaped
different microbiome in the oral cavity. Besides, there was no
significant difference in the oral, nasal cavity, and nasopharynx
microbial composition betwwen the inflammation and cancer
groups (Table 1, P>0.05). The dominant species of the
inflammation group were more similar to cancer than the
healthy group (Figure S2). Studies revealed that persistent
nasopharyngeal mucosal inflammation increases the risk of
NPC (Xiao et al., 2018; Zhang et al., 2019). Inflammation
produces reactive oxygen and nitrogen, which damage DNA
and cause stem cell mutations, damage biological
macromolecules, and induce cell dysfunction, promoting
NPC occurrence and development (Murata, 2018). Thus, the
inflammation group was a likely NPC high-risk group that
needed further examination.

Traditional analysis methods for establishing the risk
screening tools based on the microbial community suffer
numerous limitations and challenges for the multi-
dimensionally complex microbial sequencing data (Quince
et al.,, 2009; Hu et al,, 2013). Random forests are effective tool
in prediction which can effectively analyze large and noisy
datasets with small samples and build classification models
(Caruana and Niculescu-Mizil, 2006;Teng et al., 2015; Zhu
et al., 2017). Random forests models do not overfit because of
the law of large numbers. Following the right kind of
randomness makes them accurate classifiers. (Breiman, 2001;
Doupe et al,, 2019). The performances of random forests vary
among diseases (Teng et al., 2015; Ren et al,, 2018; Zhou et al,,
2021). This study established the NPC risk screening tools using
a non-invasive approach based on microbial sample detection
for the first time.
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Genus level analysis of species differences. (A) Differences in the dominant species composition of oral microbiome between patients with
nasopharyngeal biopsy and healthy counterparts. (B) Differences in the dominant species composition of nasal cavity microbiome between
patients with nasopharyngeal biopsy and healthy counterparts. (C) Differences in the dominant species composition of nasopharyngeal
microbiome between patients with nasopharyngeal biopsy and healthy counterparts. Oral represents oral microbiome, nasal represents nasal
microbiome, naso represents nasopharyngeal microbiome. "™*" represented P<0.05, "***" represented P<0.001.

Risk screening tools based on different sample sources
showed different performances (Table 2). The oral or
nasopharyngeal microbiome showed good screening capability
with balanced sensitivity and specificity based on the
microbiome from one habitat. The oral microbiome tool
identified approximately 77% of the NPC high-risk population
that needed further examination. The nasopharyngeal
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microbiome tool identified approximately 88% of the NPC
high-risk population requiring further examination. Although
the specificity of the EBV serology test was 97.12%, which is very
high compared with the commonly used screening tool, its
positive predictive value was only 4.41%, even in the high
prevalence areas (Li et al., 2018). The positive predictive value

of the microbiome-based screening tools of the oral and
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TABLE 2 Accuracy rates of NPC risk screening models.

Microbial Samples Accuracy rate

139 samples (oral+nasal+nasopharyngeal) 79.86%
114 samples (oral+nasal) 78.95%
104 samples (oral+nasopharyngeal) 78.85%
60 samples (nasal+nasopharyngeal) 83.33%
79 samples (oral) 77.22%
35 samples (nasal) 82.86%

25 samples (nasopharyngeal) 88%

nasopharyngeal microbiome was 76.9% and 93.3% respectively.
The highest sensitivity with a 0% false-negative rate was for the
nasal microbiome, conducive for initial NPC screening to
avoid missed diagnosis. Similarly, screening tools based on
the combination of nasal and other habitats showed higher
sensitivities. Meanwhile, higher specificities were registered,
and more than half of patients were misdiagnosed. A previous
study (Zhou et al.,, 2021) revealed that more samples improve
the performance of the screening tools, especially the
nasopharyngeal samples.

Following the weight values order of characteristic variables,
the id ranked first, suggesting that the microbiome composition
varied among individuals (Zhu et al., 2020). Besides, the weights
of characteristic variables provided potential NPC biomarkers.
In the oral microbial model, the genus Granulicatella ranked first
and fourth (Table S1), showing higher relative abundance (P <
0.001) in the oral habitat of patients with nasopharyngeal biopsy,
consistent with Debelius et al. findings, which suggested that the
oral Granulicatella adiacens variant from an individual was
significantly associated with microbial community structure
and may be a way by which NPC status shaped the oral
microbiome. (Debelius et al., 2020). The oral microbiome
produced carcinogenic metabolites such as nitrosamines.
Granulicatella adiacens mentions genes related to nitrate and
nitrite reduction (Hyde et al, 2014). Carcinogens such as
nitrosamines, produced by chemical reactions of nitrates and
nitrites, can initiate and stimulate cancer progression through
various mechanism including inflammation, DNA damage,
oxidative stress, cytotoxicity, and subsequent regenerative
proliferation via apoptosis (Song et al., 2015; Fishbein
et al,, 2021).

In the nasopharyngeal microbial model, genus Pseudomonas
ranked the second, third and seventh among the weight values
order (Table S2). The relative abundance of Pseudomonas and
Acinetobacter significantly decreased in the patients with
nasopharyngeal biopsy (P < 0.001, Figure 3C). Similar
microbial changes have been observed in the gut microbiome
of patients with colorectal cancer (Yang et al., 2019).
Acinetobacter and Pseudomonas are opportunistic pathogens
associated with nosocomial infection (Mwangi et al.,, 2019).
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AUC Sensitivity Specificity
0.85 0.8537 0.7193
0.82 0.8636 0.6875
0.85 0.7818 0.7959
0.83 0.9535 0.5294
0.81 0.7692 0.775
0.66 1 0.25
0.83 0.875 0.8889

However, the abundance of Pseudomonas and Acinetobacter
was significantly low in the NPC high-risk group. It was
illustrated that Acinetobacter species play a significant
immunomodulatory and anti-inflammatory role in the skin
microbiome (Fyhrquist et al., 2014). The high cytotoxic
potential of Pseudomonas exotoxin A (PE) can generate anti-
tumor immunotoxins for targeting tumor-associated antigens
(Wolf and Elsasser-Beile, 2009). The Pseudomonas aeruginosa
exopolysaccharides demonstrated anti-tumor activity against
HT-29 colorectal cancer cells (Tahmourespour et al., 2020),
while Pseudomonas aeruginosa L-asparaginase showed strong
anti-tumor activity against HeLa cells (Fatima et al., 2019).
Besides, Pseudomonas fluorescens lectin (PFL) inhibited
neovascularization in a dose-dependent manner and
downregulated the integrin and epidermal growth factor
receptor, inhibiting in vitro and in vivo tumor growth (Sato
et al, 20165 Sato et al., 2019). Altogether, the abovementioned
potential biomarkers provide the preliminary basis for further
studying the NPC-microbiome relationship.

The nasopharynx has a higher proportion of potentially
pathogenic microorganisms than the nasal cavity (De Boeck
et al., 2017). The nasopharyngeal microbiome was in situ of
NPC, from which the model accuracy reached 88%. Although
the nasopharyngeal microbiome sampling causes discomfort,
the recent popularity of COVID-19 detection using the
nasopharyngeal swab (Seo et al.,, 2020) has improved sampling
acceptability. Thus, the nasopharyngeal microbiome can be used
for NPC risk screening.

Saliva can be collected non-invasively and easily. The
inorganic components, antioxidants, hormones, antibodies,
and antigens in the saliva are biomarkers for diagnosing
various oral and systemic diseases (Ngamchuea et al, 2017;
Gerner et al,, 2019). Specific microbiome changes in saliva are
potential diagnostic biomarkers for head and neck cancers,
including oral and hypopharyngeal cancers (Lim et al., 2018;
Panda et al., 2020). Additionally, the oral microbiome predicts
early childhood caries with 81% accuracy (Teng et al., 2015) and
also predicts the oral mucositis progression after NPC
radiotherapy (Zhu et al., 2017). In this study, the oral
microbiome accuracy rate for NPC risk screening reached
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77.2%. There is need to establish a non-invasive and convenient
oral microbial sampling model to screen various diseases in a
large population simultaneously. Therefore, this model has a
high prospect of clinical application and could be applied in
other regions with high disease incidence.

Conclusion

This study established a non-invasive and low-cost NPC risk
screening model based on the oral and nasopharyngeal
microbiome. The present study demonstrated characteristic
microbial diversities varied from different nasopharynx status
in the oral and nasopharyngeal microbiome. Future studies with
a larger cohort from the different regions are needed to validate
and promote the efficacy of oral microbiome-based NPC
screening. Generally, we developed an accurate model with
specific microbial markers for early screening of the risk of
NPC, which guides further confirmatory examination to achieve
early diagnosis and early therapy for NPC.
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microbiome. (B) Venn graph of oral, nasal and nasopharyngeal
microbiome. (C) PCoA based on bray_curtis distance of oral, nasal and
nasopharyngeal microbiome. (D) Community barplot analysis on genus
level of oral, nasal and nasopharyngeal microbiome. KQ represents oral
microbiome, BQ represents nasal microbiome, BY represents
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Effects of topical fluoride
application on oral microbiota
In young children with severe
dental caries

Zhengyan Yang**?, Ting Cai"?, Yueheng Li*%*?, Dan Jiang?,
Jun Luo™* and Zhi Zhou'*

‘Department of Preventive Dentistry, Stomatological Hospital of Chongging Medical University,
Chongging, China, 2Chongging Key Laboratory of Oral Biomedical Engineering of Higher Education,
Department of Preventive Dentistry, Chongging, China, *Chongqging Key Laboratory of Oral Diseases
and Biomedical Sciences, Chongging, China

While the effect of fluoride on severe early childhood caries (S-ECC) is clear,
knowledge of how it influences the oral microbiota and the consequential effects
on oral health is limited. In this cohort study, we investigated the changes
introduced in the oral ecosystem before and after using fluoride varnish in 54-
to 66-month-old individuals (n=90: 18 children were sampled at 5 different time
points). 16S rDNA was amplified from bacterial samples using polymerase chain
reaction, and high-throughput sequencing was performed using Illumina MiSeq
platforms. Many pronounced microbial changes were related to the
effects of fluoride varnishing. The health-associated Bacteroides and
Uncultured_bacterium_f_Enterobacteriaceae were enriched in the saliva
microbiome following treatment with fluoride varnishing. Co-occurrence
network analysis of the dominant genera showed that different groups clearly
showed different bacterial correlations. The PICRUSt algorithm was used to
predict the function of the microbial communities from saliva samples. The
results showed that starch and sucrose metabolism was greater after fluoride
use. BugBase was used to determine phenotypes present in microbial
community samples. The results showed that Haemophilus and Neisseria
(phylum Proteobacteria) was greater before fluoride use. We conclude that the
changes in oral microbiology play a role in fluoride prevention of S-ECC.

KEYWORDS

microbial community, fluoride, dental caries, high-throughput sequencing, saliva

Introduction

Dental caries is a chronic infectious disease resulting from many factors. Its causes are
complex and diverse, but its formation is mainly due to the acid production of bacteria in
the mouth, which leads to the dissolution and destruction of dental hard tissue (Vos et al.,
2012). Currently, most experts think that dental caries is defined as a dysbiosis rather than a
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chronic infectious disease. ECC (Early childhood caries) is one of
the most common chronic childhood diseases globally, affecting up
to 73% of socioeconomically disadvantaged children (2018). The 4t
National Oral Health Surgery in mainland China in 2018 (Xiao
etal, 2019) revealed that in the past decade, the prevalence of dental
caries in young children in China was high, and the prevalence rate
showed an upwards trend. The prevalence rate of dental caries in 5-
year-old children was 71.9%, and the treatment of ECC, especially
S-ECC, is complicated and difficult, with invasive and costly
specialist treatment in the hospital under general anesthesia being
the only option. Severe early childhood caries (S-ECC) occurred in
children younger than three years old, those with one or more
cavitated, missing, or filled smooth surfaces in primary maxillary
anterior teeth from the ages of three to five, or those with a decayed,
missing, or filled surface score >4 (age three), =5 (age four), or 26
(age five) (Losso et al., 2009). In this context, there is interest in
simple treatments to halt the progress of cavities after tooth decay
onset. Fluoride is recognized as effective in preventing caries. In
many developed countries, the general decline in the incidence rate
of caries has been largely attributed to the use of fluoride (Clark
etal., 2020). From its physical and chemical mechanisms, the role of
fluoride lies in the replacement reaction between fluoride ions and
hydroxyapatite in the process of enamel mineralization. The
formation of fluorapatite improves the hardness and acid
resistance of enamel, which can reduce the formation of plaque
(Takeuchi et al., 1996) and the incidence of caries.

Since Marsh (1994) proposed the ecological plaque hypothesis,
further studies have found that due to changes in the oral
environment, such as changes in sugar intake, diet or pH, the
relatively balanced bacterial composition in biofilms can change
significantly. The ecological balance of plaque is broken, leading to
the occurrence of caries, and the occurrence and development of
caries is the result of the imbalance of the microbial community.
Research has also begun on the effects of fluoride on oral microbes.
Studies have reported that long-term use of fluoride may cause
changes in the flora (Yasuda et al., 2017). Fluoride can inhibit the
growth of a variety of oral microorganisms, such as Streptococcus
sialis, Lactobacillus, Porphyromonas gingivalis, Streptococcus
sanguis, Streptococcus mutans, and Candida albicans, and
different types of microorganisms have different sensitivities to
fluoride (Kulik et al.,, 2015; Thomas et al., 2017; Maden et al,,
2018). In addition, some studies have found that fluoride toothpaste
can affect oral plaque biofilm. After treatment with fluoride
toothpaste, the growth of Streptococcus mutans and
Porphyromonas gingivalis was inhibited, while the number of
Streptococcus sanguis increased (Cheng et al., 2017). Yasuda et al.
(2017) established an animal model by simulating the fluoride-
containing environment in which humans live. Through 16S rRNA
gene amplification and genome sequencing, it was verified that
fluoride interference has a selective effect on the composition of the
oral microbial community in mice.

Previous studies have also found that fluorinated compounds
inhibit bacterial growth by inhibiting the enzyme enolase,
which catalyzes the conversion of 2-phosphoglycerate to
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phosphoenolpyruvate (the last step of anaerobic glycolysis),
thereby improving oral health. Therefore, fluorinated compounds
are crucial to microbial energy acquisition and growth (Marquis,
1995; Qin et al., 2006). However, how fluoride affects the whole oral
microbiome and the changes in the oral microbiome after fluoride
use have not been fully studied. This study mainly investigated how
fluoride affects the microbial community in S-ECC saliva and its
changes over time through Illumina MiSeq sequencing technology
to better understand the microbial etiology of fluoride use.

Materials and methods
Subject selection

Patients with S-ECC were recruited from the same kindergarten
in Yubei District of Chongging, China. The inclusion criteria of
subjects were as follows: (i) age from 54-66 months, (ii) no bad eating
habits, (iii) no other bacterial infectious oral disease such as gingivitis
or periodontitis, (iv) no antibiotic use within 2 months, (v) no partial
denture and appliance, (vi) never having seen a dentist, and (vii) no
systemic disease. All of the participants underwent a comprehensive
oral examination, which included a professional assessment from a
specialized dentist based on the standards of the World Health
Organization “Oral health surveys: basic methods—5" ed (World
Health Organization, 2013).” In accordance with the timing of local
fluoride varnish use (10 ml fluoride varnish containing 50 mg/ml
NaF, Colgate-Palmolive UK For our study, participants received
fluoride varnish treatment only at the first time. Before treatment,
participants were instructed to brush their teeth, rinse their mouth,
and remove any food debris. Dental surfaces were then dried and
treated with fluoride using a small brush. Approximately 0.25 mL of
fluoride was applied per participant, with emphasis on the grooves
and adjacent surfaces.To maximize fluoride adherence, participants
were advised to avoid drinking and rinsing for 30 minutes post-
treatment. They were also told not to consume hard foods for four
hours and to refrain from brushing their teeth that night. These
measures ensured optimal fluoride absorption and efficacy. All the
participants needed to collect saliva sample at 5 time points: HFB
(Prefluoride saliva samples for subjects with high caries), HF1(Saliva
samples taken 1 day after fluoride application in subjects with high
caries), HF3(Saliva samples taken 3 days after fluoride application in
subjects with high caries), HF7 (Saliva samples taken 7 days after
fluoride application in subjects with high caries), and HF14 (Saliva
samples taken 14 days after fluoride application in subjects with high
caries). During this observation period, all the participants were
provided with the same toothbrush and toothpaste without
fluoride, and they were also forbidden to use mouth rinse, dental
floss and so on containing fluoride. These participants’ parents or
grandparents were sufficiently informed about the aims of the
research and provided written informed consent according to the
recommendations of the Ethics Committee of the Stomatological
Hospital of Chongqing Medical University (CQHS-REC-
2018(LSNO.22)).
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Sample collection

All of the participants were required to avoid eating, drinking,
and brushing their teeth 2 hours before taking samples and then
rinsed their mouths with sterile water. Unstimulated saliva was
collected, transferred to sterile 1.5 mL microcentrifuge tubes, and
frozen at -80°C until further processing.

DNA extraction, PCR amplification and
Illumina MiSeq sequencing

Based on the manufacturer’s protocol, microbial DNA was
extracted from all the specimens by the PowerSoil® DNA
Isolation Kit. Primers 338F (5'-ACTCCTACGGGAGGCAGCAG-
3’) and 806R (5'-GGACTACHVGGGTWTCTAAT-3') were used
to amplify the V3-V4 hypervariable regions of the bacterial 16S
rRNA gene using PCR on the Veriti 96-Well Thermal Cycler
(GeneAmp 9902, ABI, USA). Target area PCR was conducted
with the following program: initial denaturation at 98°C for 2
mins, 30 cycles of denaturation at 98°C for 30 s, annealing at 50°
C for 30 s, and elongation at 72°C for 60 s, and a final extension at
72°C for 5 mins, followed by storage at 4°C. Target area PCR was
performed in triplicate with a 30 uL mixture containing 15 uL KOD
FX Neo Buffer, 6 pL dNTPs (2 mM each), 0.9 uL Vn F (10 uM)/Vn
R (10 uM), 0.6 pL KOD FX Neo and 50 ng + 20% template DNA.
Finally, ddH20 was used to fill to a 30 pL volume. Solexa PCR was
conducted with the following program: initial denaturation at 98°C
for 30 s, 10 cycles of denaturation at 98°C for 10 s, annealing at 65°C
for 30 s, and elongation at 72°C for 60 s, and a final extension at 72°
C for 5 mins.

Solexa PCR was performed in triplicate with a 20 uL mixture
containing 5 L target area PCR products, 10 pL of 2xQ5 HF MM,
and 2.5 uL. MPPI-a (2 uM)/MPPI-b (2 uM). The final PCR products
were extracted from a 1.8% agarose gel under a voltage of 120 V.
After 40 mins, column purification was performed by using an
OMEGA DNA purification column. The PCR products were
purified, quantified, and homogenized to form a sequencing
library. The built libraries were first subjected to library quality
inspection, and the qualified libraries were sequenced by Illumina
NovaSeq 6000 PE250.

Processing of sequencing data

Primary FastQ files were divided into multiple files for
processing and quality-filtered by Trimmomatic (Edgar Robert,
2013). The following standards were used for sequence
combination: (i) Reads containing any site with an average
quality score <20 over a 50 bp sliding window were removed.
(ii) The primers must be perfectly matched, allowing the
mismatch of two nucleotides, and reads with ambiguous bases
were removed. (iii) Sequences with an overlap longer than 10 bp
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were merged based on their overlapping sequence (Jiang
et al., 2019).

By USEARCH (Bolger et al., 2014) (version 10.0), operational
taxonomic units (OTUs) were clustered with a 97% similarity cut-
off. Additionally, chimeric sequences were recognized and deleted
by UCHIME (version 8.1) (Edgar et al., 2011). By comparing the
RDP Classifier algorithm (Wang et al., 2007) (version 2.2, http://
sourceforge.net/projects/rdpclassifier/) against the Silva (Quast
et al, 2012) 16S rRNA (Releasel28, http://www.arb-silva.de)
database, the taxonomy of each 16S rRNA gene sequence was
analyzed based on an 80% confidence threshold.

Bioinformatics and statistical analysis

Bioinformatics analysis was conducted using QIIME. The alpha
diversity indices of Shannon, Simpson, Chao, ACE and
PD_whole_tree were calculated at 97% identity by Mothur
(Schloss et al., 2009) version v.1.30. Beta diversity analysis was
performed by principal coordinate analysis (PCoA) based on Bray-
Curtis distances at the OTU level. A hierarchical clustering analysis
based on weighted UniFrac distances was also conducted
(Lozupone et al., 2007). Analysis of similarities (ANOSIM) was
performed using the vegan package in the R language and drawn
with Python; unweighted UniFrac distances were used to compare
different groups. STAMP v2.1.3 with Welsh’s t test (p < 0.05) and
Kruskal-Wallis were used to compare the relative abundance of
predominant bacteria between different groups. A P value of <0.05
was considered to be statistically significant. A Venn diagram was
used to define the core microbiome at the species level using
Mothur (Schloss et al., 2009). Linear discriminant analysis of
effect size (LEfSe) was conducted to define the biomarkers of the
groups. The threshold on the logarithmic LDA score for
distinguishing features was set to 3 (Segata et al., 2011). Receiver
operating characteristic (ROC) curve analysis was performed on the
Tutools platform (https://www.cloudtutu.com), a free online data
analysis website. Co-occurrence analysis among the genera was
performed with Python, and co-occurrence analysis of the 80
richest genera of each group was performed at the same time.
The phylogenetic investigation of communities by reconstruction of
unobserved states (PICRUSt2) program was used to predict 16S
rRNA-based data from high-throughput sequencing and to further
analyze the composition and differential Kyoto Encyclopedia of
Genes and Genomes (KEGG) metabolic pathways in the context of
IMG microbial genome data. STAMP v2.1.3 with Welsh’s t test (p <
0.05) was used to compare the pathways between different groups.
BugBase normalized the OTU by the predicted 16S copy number
and then predicted the microbial phenotype (Ward et al., 2017)
using the provided precomputed files. Differences were considered
significant when P < 0.05 and extremely significant when P < 0.01.
SPSS 25.0 software (SPSS Inc., Chicago, IL, USA) was used for
statistical analysis. The raw data will be made available by the
authors without undue reservation to any qualified researcher.
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TABLE 1 The (HFB) participants’ caries status (decayed teeth).

10.3389/fcimb.2023.1104343

Samples Age (months)

AHDB 54 Female 8 17
AHPB 55 Female 13 48
BHDB 60 Female 8 27
BHPB 57 Male 18 56
CHDB 62 Male 16 51
CHPB 64 female 8 20
DHDB 63 female 8 18
DHPB 58 female 12 21
EHDB 59 male 12 20
EHPB 63 male 8 20
FHDB 66 male 10 27
FHPB 66 male 12 25
GHDB 57 male 9 29
GHPB 58 female 8 28
HHDB 58 female 8 25
HHPB 60 female 8 17
IHDB 61 female 10 31
IHPB 63 male 8 25

Results number of sequences, indicating that the sequencing quantity was

Sequence information

A total of 18 preschool children were enrolled in this study at the
end of the follow-up period (Table 1). The mean age at baseline for
preschool children was 60.2 months. After Illumina MiSeq
sequencing, 6,320,730 effective sequences were acquired from 90
saliva samples, with an average of 70,230 sequences per sample.
The average length of the sequences was 423 bp. Ninety-seven
percent qualified sequences were clustered, and 2,731 (Appendix 1)
operational taxonomic units (OTUs) were obtained. Good’s coverage
of the generated OTUs reached 99.9%. In the rarefaction curve, each
curve first rose sharply and then flattened out with an increase in the

Multi samples Rarefaction Curves

— HFL

g

— HF3
— HF7
—— HFB

g8 8 8

Otu numbers.

100

0 10000 20000 30000 40000 50000

Number of sequences sampled

60000 70000

FIGURE 1

Alpha diversity analysis of saliva microorganisms. Rarefaction curve (A) and rank abundance curve (B) of saliva floral of samples.
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sufficient to cover all species in the samples (Figure 1A). There was a
high evenness of saliva microbial composition in the samples, as seen
in the rank abundance curve (Figure 1B).

Alpha and beta diversity analysis based on
16S rRNA sequencing

The Shannon, Simpson, Chao, ACE and PD_ whole_tree alpha
diversity was calculated to analyze the diversity and abundance of
all samples. Student’s t test was performed to compare the saliva
samples among the five groups (HFB, HF1, HF3, HF7, and HF14).

— HF1
HF14
HF3

— HF7
HFB

Relative abundance

150
Species rank
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TABLE 2 Alpha diversity indices of different groups.

10.3389/fcimb.2023.1104343

Group Shannon Simpson Chao1 ACE PD_whole_tree
HFB 543 +0.12 0.95 + 0.004 338.46 + 5.53 333.53 + 4.46 19.64 + 0.34
HF1 541 +0.11 0.95 + 0.004 34722 + 2.98 340.99 + 3.89 19.92 + 0.25
HF3 520 + 0.98 0.94 + 0.003 330.90 + 5.60* 326.44 + 5.79* 19.44 + 0.38
HF7 527 +0.10 0.95 + 0.004 331.57 + 6.27* 32643 + 6.19 19.28 + 0.42
HF14 532 +0.07 0.95 + 0.003 336.89 + 4.51 333.82 + 4.16 19.79 + 0.31

*Compared with the HF1 group, P<0.05.

Table 2 and Figure 2 show that the difference between HF1 and HF3
is statistically significant for ACE and Chaol, the difference between
HF1 and HF7 is statistically significant for Chaol, and the other
groups are not statistically significant for the other diversity indices.
The Chaol and Ace indices measure the species abundance, that is,
the number of species. The results of this study showed that only the
difference between HF1 and HF3 and HF7 was statistically
significant but when compared with HFB, the difference has no
statistically significant, indicating that the diversity and richness of
the bacterial communities across the five groups were basically
similar. Only in terms of species richness, with the use of local
fluoride, did the species richness first increase and then decrease
until it returned to a level close to that before the use of fluoride.
PCoA and ANOSIM were used to evaluate the similarity in the
microbial community structure among the five groups (Figure 3).
PCoA and ANOSIM results showed that there was no significant
difference in bacterial composition among the five groups. This
finding suggested that children’s oral microbial community
structure was similar before and after topical fluoride application.

Bacterial community structure

OTUs were distributed among 16 phyla, 26 classes, 56 orders,
93 families, 173 genera, and 218 species. The phylogenetic trees of
the 68 most abundant genera were constructed, in which the
taxonomic composition and abundance can be observed
(Figure 4). The top abundant phyla were Firmicutes (37.6%),
Bacteroidetes (22.7%), Proteobacteria (16.6%), Actinobacteria
(10.9%), Fusobacteria (8.7%), Patescibacteria (1.7%),
Epsilonbacteraeota (1.1%), Cyanobacteria (3.7%), Acidobacteria
(1.5%) and Spirochaetes (1.5%), together comprising 98.2% of the
total sequences (Figure 5A). The most abundant genera were
Streptococcus (16.4%), Veillonella (12.2%), Prevotella_7 (10.7%),
Neisseria (10.2%), Leptotrichia (5.6%), Rothia (5.3%), Actinomyces
(4.2%), Prevotella (3.2%), Fusobacterium (2.9%), and Alloprevotella
(2.5%), accounting for 73.2% of the total (Figure 5B). The
predominant bacteria were largely consistent among the five
groups, but different relative abundances could be observed.
Figure 5C represents a heatmap showing the relative abundances

Student's t-test of ACE index

ACE index

FIGURE 2

Student’s ttest of Chaol index

00

Chaol index

The significance of the difference in the Ace index (A) and Chaol (B) index between each group. The significant differences were evaluated by t test

(*P < 0.05, the asterisk indicates statistical significance).
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R =-0.015, pvalue = 0.819

PCoA based on Bray-Curtis distances at the OTU level at 97% identity. Each sample is represented by a dot. Circles in different colors represent
different groups. PC1 explained 32.4% of the variation observed, and PC2 explained 10.7% of the variation observed (A). ANOSIM was based on

unweighted UniFrac distances between the five groups (P=0.819) (B).

of these predominant genera in each sample, as well as the cluster
trees of the genera and samples. The microbial compositions of each
group were not obviously separated, consistent with the results of
beta diversity and ANOSIM based on 16S rRNA sequencing.

A Venn diagram was made to define the core microbiome,
which was detected in most individuals at the species level. We
identified 217 species in the HF1 group and 218 species in the other
groups (Figure 6). Among them, 217 species were shared, occupying
99.5% of all the species detected, and 1 species
(uncultured_bacterium_g_Comamonas) was unique to the HF1
group, indicating a stable composition of the microbiome in
each group.

Similarities and dissimilarities in
bacterial compositions

Kruskal-Wallis analysis (Figure 7) of the 5 groups of samples at
the genus level showed that Oscillibacter, Bacteroides, Helicobacter,
and uncultured_ bacterium_ f_ Enterobacteriaceae had the highest
relative abundance in the HF14 group; Turicibacter had the highest
relative abundance in the HFB group; and Comamonas had the
highest relative abundance in the HF7 group. The relative
abundance of uncultured_ bacterium_ f_ Xanthobacteraceae in
the HF1 group was the highest, and the difference was
statistically significant (P<0.05). STAMP difference analysis was
performed between the HFB group and the other four groups
of samples at the genus level. The results showed that
compared with the HFB group, the relative abundance of
Helicobacter and Oscillibacter in the HF14 group was higher.
The relative abundance of [Eubacterium]_nodatum_group and
uncultured_bacterium_o_Bacteroidales in the HF3 group was
higher, and the relative abundance of Candidatus_Saccharimonas
and Solobacterium in the HF1 group was higher. Compared with all
groups after local fluoride use, the relative abundance of
Helicobacter, uncultured_bacterium_f_Saccharimonadaceae,
Peptostreptococcus and [Eubacterium]_nodatum_group was
higher, and the above differences were statistically significant (P <

Frontiers in Cellular and Infection Microbiology

0.05) (Figure 8). No significant difference was found between the
HEFB group and HF7 group at the genus level.

LEfSe was used to explain the characteristics of differences
among groups HFB, HF1, HF3, HF7, and HF14. Figure 9 shows a
branching diagram of potential biomarkers representing different
groups. At the genus level, Bacteroides was remarkably enriched in
the HF14 group. At the species level, the relative abundance of
uncultured_bacterium_g_Bacteroides was higher in the HF14 group
(LEfSe LDA = 3, P < 0.05). This result indicated that the higher
relative abundance of Bacteroides may be related to the local
application of fluoride.

The abscissa of the ROC curve model is the false-positive rate,
and the ordinate is the true positive rate, which can simultaneously
reflect the sensitivity, specificity and accuracy of the results. AUC is
the area under the ROC curve, and the AUC value is usually
between 0.5 and 1; it is generally believed that the AUC has a
certain diagnostic value in the range of 0.7-0.9. At the genus level,
ROC curve analysis was performed on the differential species
screened by LEfSe, STAMP and Kruskal-Wallis, and the AUC
was calculated to assess changes in microbial diversity after
fluoride use. As shown in Figure 10, the differences between
Bacteroides (AUC=0.787), Turicibacter (AUC=0.719) and
uncultured_bacterium_f_Enterobacteriaceae (AUC=0.809) can be
used as biomarkers to speculate the changes in microbial diversity
after fluoride use.

Network analysis and function prediction

Co-occurrence analysis was performed to recognize
interactions among genera in different groups. The top 80
genera with high relative abundance were found to have
complex interactions in each group (Figure 11). Different groups
clearly showed different bacterial correlations, and there were 7, 3,
8, 13 and 13 negative correlations in the HFB, HF1, HF3, HF7, and
HF14 groups, respectively. In the HFB group, Bacteroides had a
positive correlation with Faecalibacterium, Megamonas,
Prevotella_9, uncultured_bacterium_f_Enterobacteriaceae,
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FIGURE 4

Phylogenetic tree of the 68 most abundant genera. Each branch
represents a taxon, the length shows the phylogenetic distances
between two taxa, and different colors represent different phyla. The
bar plot on the right side shows the relative abundance of each
genus in the five groups.

Pseudomonas and Ammopiptanthus_mongolicus and a negative
correlation with wuncultured _bacterium_o_Lactobacillales and
Abiotrophia. In the HF1 group, Bacteroides had a positive
correlation with Prevotella_9, Megamonas, Faecalibacterium,
Sphingomonas, Pseudomonas and Ammopiptanthus_mongolicus.
In the HF3 group, Bacteroides had a positive correlation with
Escherichia-Shigella, Faecalibacterium, Pseudomonas,
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Megamonas, Ammopiptanthus_mongolicus, Prevotella_9,
uncultured_bacterium_f_Enterobacteriaceae and
Clostridium_sensu_stricto_1. In the HF7 group, Bacteroides had
a positive correlation with Lachnospiraceae_NK4A136_group,
Akkermansia and uncultured_bacterium_f_Muribaculaceae. In
the HF14 group, Bacteroides had a positive correlation with
Helicobacter and Akkermansia. Compared to that in the HFB
group, Bacteroides in the HF1, HF3, HF7 and HF14 groups only
exhibited a positive correlation.

PICRUSt2 was used to help understand the function of
microbial communities in saliva samples. A bar graph
(Figure 12A) showed that the saliva samples from the five groups
had similar KEGG maps, suggesting that the function of microbiota
in the five groups was similar. However, STAMP analysis showed
that there was a difference in the function of microbiota between
each group. Compared with HFB in class 3, there was a higher
relative abundance of neomycin, kanamycin and gentamicin
biosynthesis and Vibrio cholerae infection in the HF14 and HF3
groups; a higher relative abundance of sulfur metabolism in the
HEFB group; a higher relative abundance of insulin resistance, starch
and sucrose metabolism, and cell cycle - Caulobacter in the HF1
group; and a higher relative abundance of proximal tubule
bicarbonate reclamation and longevity regulating pathway in the
HEB group (P < 0.05) (Figure 12B).

BugBase was used to determine phenotypes present in
microbiota samples. The nine phenotypes included aerobic,
anaerobic, contain_mobile_elements, facultative_anaerobic,
forms_biofilms, gram_negative, gram_positive,
potentially_pathogenic, and stress_tolerant. We performed
pairwise comparisons of five samples using Mann-Whitney-
Wilcoxon tests, and differences in the proportion of
forms_biofilms bacteria were noted between the HFB group and
HE7 groups (P=0.037<0.05), with the HFB group predicted to have
significantly more forms_biofilms bacteria than the HF7 group
(Figure 13). BugBase attributes differences in the relative abundance
of predicted forms_biofilms bacteria to the higher proportion of
Haemophilus and Neisseria (phylum Proteobacteria) in the
HFB group.

Discussion

Stomatologists have paid increasing attention to the prevention
and intervention of ECC, and the main preventive service is the
topical application of fluoride varnish every 3 to 6 months. Our
study group has demonstrated the effectiveness of fluoride in ECC
prevention (Wang, 2019), but the microbial mechanism of dental
caries prevention was not investigated. Microbiota are considered
biomarkers for disease detection and management (Claesson et al.,
2017; Kashyap et al., 2017). High-throughput techniques provide an
effective way to study changes in the composition and structure of
bacterial communities. In this study, we collected saliva samples at
different times before and after fluoride treatment to study the
changes in microbial populations, and the results helped us to have
a comprehensive understanding of the impact of fluoride on the S-
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FIGURE 5

The distributions of the predominant bacteria. (A) Results at the phylum level. (B) Results at the genus level. The predominant taxa (relative
abundance >2% on average) are shown. (C) Heatmap analysis. Each column represents a sample, and each row represents a genus. The cluster trees
of genera and samples are shown on the left and upper sides, respectively. Different colors represent different relative abundances.

ECC oral microbiome, which may provide a theoretical basis for the
clinical application of fluoride in S-ECC.

In this study, the alpha diversity index showed that the diversity
and richness of bacterial communities in each time period before
and after fluoride application were relatively stable and that species
richness first increased, then decreased after fluoride use, and finally
became comparable to prefluoride levels. As previous studies
described, fluoride increased the diversity and richness of
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intestinal microflora in mice and silkworm 734 (Guannan et al.,
2015; Fu et al., 2019; Liu et al., 2019) but decreased it in children
with dental fluorosis, silkworm T6, and broiler chickens (Guannan

etal, 2015; Luo et al., 2016; Wu, 2019). In conclusion, we speculate

that the use of fluoride will affect oral microbial richness, that the

post-use time of fluoride will also affect species richness and that the

mechanism of the relationship between fluoride and the oral

microbiota is related to the time after fluoride use.
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Network analysis showing the interactions between genera (|SpearmanCoef| > 0.1 and P < 0.05). Bacterial interactions of the five different groups
(the 80 richest genera). The size of the node is proportional to the genera abundance. Node color corresponds to phylum taxonomic classification.

Edge color represents positive (red) and negative (green) correlations.

From the community graph, the community structure of the
groups was similar before and after fluoride use, indicating that the
use of fluoride may not have a significant effect on the bacterial
composition, and its main effect appears to be on the
demineralization and remineralization processes in the oral
cavity, which is similar to a previous study (Koopman et al,
2015). At the genus level, the most prevalent bacteria in the
five groups were largely uniform but varied in relative
abundance. The differences in Bacteroides, Turicibacter and
uncultured_bacterium_f_Enterobacteriaceae among the five
groups could be used as markers of microbial diversity changes
following presumed fluoride use. The relative abundance of
Uncultured_bacterium_f_Enterobacteriaceae, belonging to
Proteobacteria, was higher in the HF14 group. Proteobacteria is a
phylum generally associated with health, but Turicibacte belongs to
Firmicutes, a phylum that consists of major cariogenic pathogens.
This species was higher in the HFB group, which indicates that the
use of local fluoride can reduce Firmicutes. Previous studies have
reported comparative oral microbiome profiles between healthy
individuals and patients with dental caries. Healthy individuals,
especially children, had higher levels of Proteobacteria and
Bacteroidetes and lower levels of Firmicutes in the oral
microbiome (Bik et al., 2010; Chen et al., 2017). Bacteroides
belongs to Bacteroidetes. A study (Wang et al., 2022) found that
its change trend in the salivary microflora in children with caries
was opposite that of Firmicutes, which was consistent with the

Frontiers in Cellular and Infection Microbiology

results of this study. Hence, overall, active dental caries in children
is likely to be associated with higher Firmicutes and lower
Proteobacteria and Bacteroidetes. The findings of the present
study provide new evidence that fluoride use could not only
reduce cariogenic bacteria but also enrich the healthier
microbiome in treated children.

Network analysis showed the potential correlation of oral
microbiota. In this study, the analysis of different groups of
microbiota clearly showed the different relationships among oral
microbiota, and their relationships gradually changed from complex
to simple to complex with time, which indicated that the use of
fluoride led to ecological changes in oral microbiota. By analyzing the
relationships between Bacteroides and other genera in the five groups,
it can be concluded that the relationship between Bacteroides and
other genera changed from complex to simple with the change in
local fluoride usage time, and after fluoride usage, their relationships
all became positively correlated. The phylum to which Bacteroides
belongs is a health-related phylum, which indicates that with the
change in local fluoride usage time, the microbial population in the
oral cavity gradually tends to be healthy.

In this study, the functional analysis of salivary microbial
communities before and after the use of local fluoride in children
with high caries found that the starch and sucrose metabolism
difference was statistically significant when carbohydrate
metabolism was annotated to Class 3, and starch and sucrose
metabolism was enriched in the HF1 groups, indicating that its
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Function prediction by PICRUSt. (A) The compositions of KEGG functions in the five groups (in class 3). (B) Welch's t test bar plot of the KEGG
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groups in Class 3. Only the results that were significantly different (P < 0.05) are shown.
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(A) BugBase was used to predict the proportion of forms_biofilm bacteria within the microbiomes of each group (n=18, * represents a significant
difference, P=0.037<0.05); (B) the corresponding OTU contribution plots of the relative abundance of genera possessing each phenotype are also
shown; (C) the corresponding OTU contribution plots of the relative abundance of phyla possessing each phenotype are also shown.
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changes helped to improve the oral microecology of children with
high caries and move it towards a healthy oral microecology. The
comparative analysis of the high-caries and healthy groups
conducted by Liu (2021) found that carbohydrate metabolism
(carbohydrate metabolism) was enriched in the healthy group.
Wang et al. (2019) found that the functional difference between
children with high caries and no caries was mainly reflected in
carbohydrate metabolism, and our study found similar results.
BugBase phenotype prediction follows pairwise comparisons
between HF14 and HFB groups regarding forms_biofilms, with
higher relative abundance of Haemophilus and Neisseria reflected in
the HFB group than in the HE7 group, suggesting that Haemophilus
and Neisseria may decrease at 7 days after local fluoride use.
Johansson et al. reported that the oral microbiomes of individuals
with high caries levels are dominated by Streptococcus,
Alloprevotella, Leptotrichia, Neisseria, Prevotella, and
Porphyromonas, while caries-free microbiomes are dominated by
Gemella (Johansson et al., 2016). This is consistent with the results
of this study, but there are also studies suggesting that (Liu, 2021)
Haemophilus and Neisseria generally have high relative abundance
in children in the healthy group. This study has shown that health-
related Bacteroides increased after topical fluoride use at Day 14, but
no statistically significant differences were found in colonies before
and after topical fluoride use at Day 7, suggesting that different
genera belonging to the same phylum level may show different
changes and that the same genus also shows different changes in
different individuals; thus, the oral microbial diversity is in a state of
complex dynamic changes, and there are individual differences.

The main limitation of this study is the relatively small sample
size, so an increase in the sample size in the future is encouraged.
This study explored the effect of fluoride on the microbial diversity
of oral saliva. However, there are many environmental conditions
affecting microbial diversity in oral saliva, such as temperature, pH,
salinity, redox potential, and the acquisition of oxygen or nutrients,
so other environmental impact factors need to be strictly controlled
to increase the accuracy and reliability of the results. In addition, the
concentration of fluoride in saliva after fluoride varnish application
is also a factor that affects the results. Eakle et al. (Eakle et al., 2004)
found that the maximum fluoride levels in saliva with varnish
remained above baseline levels for a longer duration, but further
research is needed.

Conclusion

The present study found that certain bacterial phylotypes of the
saliva microbiome were significantly modulated by the local use of
fluoride in S-ECC. It was observed that health-associated genera such
as Bacteroides and Uncultured_bacterium_f_Enterobacteriaceae were
enriched in the saliva microbiome following treatment with fluoride-
containing material. The new findings highlight the need for a better
understanding of the oral microbiome in the etiopathology of caries
in children and evaluating the efficacy of dental treatments such as
fluoride-containing materials, which will provide more favorable
evidence for the use of fluoride in caries prevention and therapy in
severe early childhood caries.
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