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Abstract

Psychological stress is associated with various oral diseases such as aphthous stomatitis,

oral lichen planus, taste disturbances and glossodynia. However, the underlying mechanism

is still unknown. The aim of this study was to determine the effect of psychological stress on

salivary proteins and the oral microbiota in a rat model of chronic restraint stress. Six-week-

old Sprague Dawley rats were subjected to restraint stress for four hours daily for 1 month.

The behavior, weights of the adrenal glands, and serum corticosterone levels were evalu-

ated as stress markers. Proteomic analysis of the saliva was performed using two-dimen-

sional gel electrophoresis followed by mass spectrometry and Western blotting. Analysis of

the oral microbiota was performed via 16S rRNA next-generation sequencing. The low

mean body weights, lower number of entries and time spent in the open arm of elevated

plus maze, high adrenal gland/body weight ratios, and high serum corticosterone levels con-

firmed the high levels of stress in the stress group of rats compared to the controls. Thirty-

three protein spots were found to be significantly altered between the two groups. After sil-

ver staining, seven visible spots were subjected for mass spectrometry, and the expression

levels of the two most significantly altered proteins, BPI fold containing family A member 2

and von Ebner’s gland protein, were confirmed by Western blotting. 16S rRNA sequencing

analysis revealed a significant reduction in alpha diversity in the stress group compared to

the controls. The abundances of oral bacteria, such as Facklamia and Corynebacterium,

were significantly altered between the two groups. Additionally, analysis with PICRUSt2

software predicted 37 different functional pathways to be altered between the groups. In

conclusion, the present study identified altered salivary proteins and oral microbiota due to

psychological stress. These findings might aid in understanding the pathogenesis of stress-

related oral diseases.
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1. Introduction

Several oral diseases, such as recurrent aphthous stomatitis (RAS), oral lichen planus, and con-

ditions such as taste disturbances and glossodynia, might present with an unestablished etiol-

ogy [1]. The involvement of multiple factors makes it difficult to understand the underlying

pathogenesis of these diseases. Psychological stress might be one of the important factors [2,3];

however, its role in the etiology of these diseases remains unclear. Alterations in the oral envi-

ronment, including the saliva and the oral microbiota, caused by psychological stress could

affect the etiologies of these diseases.

Salivary proteins have been correlated with various oral diseases, such as chronic periodon-

titis and dental caries [3]. Although salivary proteins and hormones such as alpha-amylase,

cortisol, chromogranin A, and immunoglobulin A have been shown as stress biomarkers [4,5],

their role in the etiology of stress-related oral diseases remains unclear. The expression levels

of inflammatory cytokines, including interleukins, tumor necrotic factor- α, and interferon- γ,

in the saliva of patients with stress-related oral diseases have been reported previously; how-

ever, the levels have been found to vary among studies [6–8]. This might be attributed to the

multiple local and systemic factors in the oral cavity that vary among individuals. Moreover,

differences in sampling sites and methods among studies also contributes to varied results.

The proteomic analysis of salivary proteins under psychological stress conditions using an ani-

mal model might help to understand the pathogenesis of stress-related oral diseases. Moreover,

the altered proteins under psychological stress condition could be a novel salivary biomarker

for psychological stress.

The oral cavity harbors second-largest and diverse microbiota after the gut [9]. Alterations

in the oral microbiota can cause or be an indicator of various oral diseases including chronic

periodontitis and dental caries [9]. The microbiota in the oral cavity can be affected by multi-

ple local and systemic factors. Systemic diseases such as diabetes, gastrointestinal diseases, and

liver diseases alter the oral microbiota [9,10]. Oral microbial biomarkers have been studied in

various oral and systemic diseases such as periodontal diseases, oral cancer, pancreatic cancer,

chronic pancreatitis and obesity [9,11–13]. Also, a study reported the impact of cortisol, a

stress hormone on the metatranscriptome of the oral microbiome [14]. However, studies on

the direct effect of psychological stress on the oral microbiota are limited. The identification of

altered microbiota under psychological stress using an animal model could clarify its role in

stress related oral diseases and also serve as a potential biomarker.

The purpose of the present study was to examine the alterations in the salivary proteins and

the oral microbiota via proteomic and 16S rRNA sequencing analyses, respectively, in a rat

model of chronic stress.

2. Materials and methods

2.1 Induction of psychological stress

Six-week-old male Sprague Dawley rats (Sankyo Labo, Sapporo, Japan) (n = 20) were divided

into a control group and stress group (n = 10, each group) with simple randomization. The

sample size was determined based on the law of diminishing return using the resource equa-

tion method based on the law of diminishing return using the resource equation method [15].

The rats were housed in a cage (n = 2 per cage) at a room temperature of 25˚C and 12/12h

light-dark cycle. The rats had free access to standard rodent chow diet and water. Both group

rats were acclimatized for 1 week to adapt to the environment. Stress was induced in the rats

belonging to the stress group, according to an established protocol [16]. Briefly, the rats were

enclosed in a ventilated plastic tube that was just sufficient to fit the rat in, thereby limiting free
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movement (S1A Fig). The protocol was continued for 4 h daily over a period of 1 month by

the same researcher. The control group rats were left undisturbed in their cage for the entire

duration except that they were handled once a week for body weight measurement. This study

was approved by the animal ethics committee of the Health Sciences University of Hokkaido

(Approval no: 19–084) and complied with the Animal Research: Reporting of In Vivo Experi-

ments (ARRIVE) guidelines. The sample collection was performed under intraperitoneal

injection of sodium pentobarbital (50 mg/kg) anesthesia with all effort for minimal suffering.

2.2 Sample collection

Specimens of the oral microbiota were collected using an oral swab (Isohelix, Cell Projects,

Kent, UK). The oral cavity was swabbed for 30 s, starting from the dorsum of the tongue to the

palate, buccal mucosa, upper and lower vestibules, and the floor of the mouth. The swab was

then placed in 1.5 ml tubes containing 200 μl of Tris-EDTA buffer. Pilocarpine (5 mg/kg; Fuji-

film, Osaka, Japan) was injected intraperitoneally to stimulate the saliva, which was then col-

lected using a pipette. Serum was collected from blood withdrawn from the heart. The right

adrenal gland was removed and weighed. The intestinal stool was collected from the terminal

part of the large intestine. Oral microbial DNA was extracted following an established protocol

[17] using the DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany). Briefly, the oral swab

was mixed with 200 μl of lysozyme (20 mg/ml, Fujifilm Wako Pure Chemicals, Japan) and

incubated at 37˚C for 60 min with moderate shaking. Proteinase K (25 μl) and Buffer AL

(200 μl), obtained from the DNeasy Blood and Tissue kit (Qiagen, Germany), were added to

the mix; the mixture was vortexed and incubated overnight at 56˚C with moderate shaking.

The swab was drained and then discarded. Next, 200 μl of 99% ethanol was added and vor-

texed following which, the contents were transferred to spin column from the DNeasy Blood

and Tissue kit (Qiagen). The bind DNA to the column membrane was washed with wash

buffer from the same kit (500 μl Buffer AW1 and AW2, each). The DNA was then eluted using

50 μl Buffer AE (Qiagen). Intestinal microbial DNA was collected using the DNAeasy Power-

Soil Kit (Qiagen, Hilden, Germany), according to the manufacturer’s protocol.

2.3 Stress markers

The following stress markers were evaluated and a single assessor for each stress marker

blinded to the group allocation performed the experiment: i) The body weight of each rat was

recorded every week. ii) The right adrenal glands were excised and the weight of the gland per

body weight was calculated. iii) The serum corticosterone level was evaluated using the

Enzyme-Linked Immunosorbent Assay kit (Arbor Assays, Michigan, USA) iv) The behavior

of the rat was analyzed using the elevated plus-maze test (EPMT) after 1 month of the stress

protocol using custom-made maze of standard dimensions (S1B Fig) [18]. The rats were

placed at the center of the maze facing the open arm and allowed to explore it for 10 min. The

number of entries and the time spent in the open and closed arms by each rat were recorded

manually. The placing of rats in the maze and the recording of behavior was done by two dif-

ferent investigators and both were blinded to the groups.

2.4 Proteomic analysis of the salivary proteins

2.4.1 Two-dimensional gel electrophoresis (2-DE). The saliva was concentrated using

Microcon centrifugal filter unit (YM-3; Sigma Aldrich, Germany) and protein concertation

was measured using Lowry’s method. Then, 120 μg of protein from each sample was prepared

using the ReadyPrep 2-D Cleanup kit (Bio-Rad, Hercules, CA USA). The protein pellet was

resuspended in rehydration buffer (8M urea, 2% 3-Cholamidopropyl dimethylammonio-
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1-propanesulfonate, 0.01% bromophenol blue, 1.2% Destreak reagent, and 0.5% IPG buffer).

The resuspended pellet was used for isoelectric focusing (IEF), which was performed using an

IPGphor 3 IEF unit (GE Healthcare, Buckinghamshire, UK) on immobilized, linear-pH gradi-

ent strips (size, 11 cm; pH, 3–10; Bio-Rad). The following voltage program was used: rehydra-

tion for 10 h at 20˚C (no voltage); stepwise increase from 0 V to 500 V for 4 h; 500 V to 1000 V

for 1 h; 1000 V to 8000 V for 4 h; linear increase from 8000 V for 20 min; and a final phase of

500 V from 20,000 to 30,000 Vh. After IEF, the strips were reduced in a reducing buffer con-

taining 50 mM Tris, 6 M urea, 30% glycerol, 2% sodium dodecyl sulfate (SDS), and 2% 2-mer-

captoethanol for 10 min. It was then alkylated in an alkylation buffer containing 50 mM Tris, 6

M urea, 30% glycerol, 2% SDS, and 2.5% iodoacetamide. Sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis (SDS-PAGE) was performed on a precast polyacrylamide gel (4–

20% Criterion TGX Precast Gel # 5671091J10, BioRad, CA, US) at 200V for 30–40 min. After

SDS-PAGE, the gels were fixed with a fixing solution containing 40% ethanol and 10% acetic

acid for 2 h. The fixed gels were then stained with Flamigo Fluorescent Gel Stain (Bio-Rad)

overnight and away from light. The gels then were washed with deionized water and subjected

to image analysis. Protein spots in the gel were recorded using the LuminoGraph I and Image-

Saver 6 software (ATTO Corporation, Tokyo, Japan). The expression levels of the protein were

quantified based on the intensities of each spot using the Progenesis SameSpot software (Non-

linear Dynamics, Newcastle upon Tyne, UK).

2.4.2. Mass spectrometry. After the image analysis, the gels were further stained with silver

stain (ATTO, Tokyo, Japan) to visualize the spots following the manufacturer’s protocol. Briefly,

the gels were fixed for 10 min, stained with staining solution for 5 min, developed until gels were

stained then stop solution added after the gels were stained. The significantly altered spots that

were visible after silver staining were picked for mass spectrometry. The silver stain was removed

from the gel piece by rinsing with 15 mM potassium ferricyanide/50 mM sodium thiosulfate solu-

tion. The sample was then reduced in 50% acetonitrile/50mM ammonium bicarbonate/5 mM

DTT solution, dehydrated in 100% acetonitrile, and then rehydrated with an in-gel digestion

reagent containing 10 μg/mL sequencing-grade-modified trypsin (Promega, Madison, WI, USA)

in 30% acetonitrile /50 mM ammonium bicarbonate/5 mM DTT overnight at 30˚C. The samples

were lyophilized overnight by using Labconco77400 (Labconco, Kansas, MO, USA). Lyophilized

samples were dissolved in 0.1% formic acid. A one-tenth volume of each sample was analyzed by

liquid chromatography (LC) with a nanoLC ADVANCE UHPLC system (Michrom Bioresources,

CA) connected to an Orbitrap XL mass spectrometer (Themofisher Scientific, CA). The analyte

was separated on an L-column 2 (ODS, 3 um particle size, 0.1 x 150 mm, CERI, Japan). A linear

ACN gradient of 5% to 40% over 100 min was applied with a flow rate of 250 nL/min. The mass

spectrometer was operated in data dependent mode with ten most intense ions subjected to MS/

MS. Full scan MS spectra (m/z 400–1300) were acquired in the Orbitrap with a resolution of

60,000, and MS/MS spectra in the ion trap mode. MS/MS spectra were interrogated against the

NCBI NR rat database (September 2015, 84,189 sequences) using the identification software Mas-

cot (version 2.4, Matrix Science, UK), with trypsin specified and up to two missed cleavages

allowed. Precursor mass tolerance was 5 ppm and product ion mass tolerance 0.6 Da. Carbamido-

methylcysteine was set as a fixed modification, and methionine oxidation and N-terminal acetyla-

tion as variable modifications.

2.4.3 Western blotting. The candidate proteins were confirmed by Western blotting.

SDS-PAGE was performed using 20–30 μg of the salivary proteins in precast AnyKD Mini-

PROTEAN TGX gels (Bio-Rad). Subsequently, the proteins were transferred from the gels

onto Immobilon -P Polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA,

USA) with a semi-dry blotting system (Bio-Rad). The membranes were stained with 20 mL of

1% Ponceau S stain for 10 min for total protein normalization. Images were obtained and the
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gels were de-stained with Tris-buffered saline containing 0.05% Tween-20 (TBST) solution

with pH 7.6. The membrane was then blocked with TBST containing 5% skimmed milk for 1

h and incubated with the following primary antibodies: monoclonal antibody against Splunc2

(BPIFA2) (Clone 1F12; 1:500 dilution, ThermoFisher Scientific, Waltham, MA, USA) and

polyclonal antibody against Lipocalin 1 ((#MBS2027781; 2 μg/mL, MyBioSource Inc., San

Diego, CA, USA) overnight at 4˚C. The membranes were then incubated with HRP-conju-

gated secondary antibody (1:10,000; Jackson Immuno-Research Laboratories Inc, USA) for 1

h at room temperature. The protein bands were visualized using the enhanced chemilumines-

cence system Clarity Max Western ECL substrate (Bio-Rad) and LuminoGraph I (ATTO Cor-

poration) and recorded using the ImageSaver6 software (ATTO Corporation). The bands were

quantified using an image analysis software CS Analyzer 4 (ATTO Corporation).

2.5 Oral and intestinal microbiota analyses

The 16S metagenomic sequencing library preparation protocol (Illumina, San Diego, USA)

was used to prepare the sequencing libraries. In brief, the following steps were followed: In the

first step PCR (Amplicon PCR), the V3-V4 region primers (Amplicon Primers) were used to

amplify the V3-V4 regions of the bacterial 16S ribosomal RNA (rRNA). A mixture of 2.5μl of

microbial DNA, 5μl of Amplicon PCR forward and reverse primers, and 12.5μl of KAPA HiFi

HS ReadyMix (Nippon Genetics, Tokyo, Japan) was prepared and PCR was performed in a

thermal cycler under the following conditions: 95˚C for 3 min, 25 cycles of 95˚C for 30 s, 55˚C

for 30 s, 72˚C for 30 s each followed by 72˚C for 5 min, and hold at 4˚C. PCR clean-up was

done using AMPure XP beads (Beckman Coulter Life Sciences, Germany). In the second step

PCR (Index PCR), KAPA HiFi HS ReadyMix and Nextera XT index kit (Illumina, USA) were

used to attach dual indices and the Illumina sequencing adapters. Next, 5μl of PCR clean-up

done DNA, Nextra XT index primer 1, and Nextra XT index primer 2 were mixed with 10 μl

of PCR grade water. The PCR was performed on a thermal cycler under the following condi-

tions: 95˚C for 3 min, 8 cycles of 95˚C for 30 s, 55˚C for 30 s, 72˚C for 30 s each followed by

72˚C for 5 min, and hold at 4˚C. PCR clean-up was done using AMPure XP beads (Beckman

Coulter Life Sciences, California, USA). Library quantification was done using a Qubit 3 fluo-

rometer; subsequently, the library was normalized and pooled as a 4 nM library. The pooled

library was denatured with freshly prepared 0.2N NaOH and mixed with PhiX Control v3

(Illumina). Heat denaturation was performed at 96˚C following which, the samples were

loaded onto the Illumina MiSeq System for sequencing.

Data from the 16S rRNA sequencing were analyzed using Quantitative Insights into Microbial

Ecology2 (QIIME2 v2020.4.0) against the 16S rRNA database (Greengenes v13.8). Sequence reads

were demultiplexed using qiime tools import. The reads were further denoised and the feature

selection was done using Amplicon sequence variant (ASV) approach in DADA2 pipeline. Diver-

sities in microbiomes between the stress and control groups were analyzed as alpha diversity, beta

diversity and taxonomic abundance. For alpha diversity, observed operational taxonomic units

(OTUs), faith phylogenetic diversity and Shannon index were evaluated. The rarefaction curve

was evaluated for the sequencing depth. For beta diversity, unweighted and weighted UniFrac dis-

tance metric based on three-dimensional principal coordinate analysis (PCoA) scatterplots were

evaluated. Linear discriminant analysis (LDA) Effect Size (LefSe) was used to determine the sig-

nificant differences in the taxa abundance between the two groups. Phylogenetic Investigation of

Communities by Reconstruction of Unobserved States 2 (PICRUSt 2) was used to predict the

metagenome function in Galaxy/ Hutlab (https://huttenhower.sph.harvard.edu/galaxy). The data

of 16S rRNA sequencing is publicly available at National Center for Biotechnology Information

Sequence Read Archive under BioProject PRJNA814321.
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2.6 Statistical analysis

For the proteomic analysis, SPSS v 26.0 (IBM, USA) was used to analyze the data, and a

p< 0.05 was considered as statistically significant. The significant differences in stress markers

between the two groups were determined using Mann-Whitney U test. Assuming normal dis-

tribution, one-way analysis of variance (ANOVA) was used to determine the significant differ-

ences in intensities of protein spots. p< 0.05 was considered as statistically significant and

uncorrected p values was used in all analyses. For the 16S rRNA data analysis, the Kruskal-

Wallis test was used to test the significance of the alpha diversity. Permutational multivariate

ANOVA (PERMANOVA) was used to test the significant differences in beta diversity evalu-

ated as unweighted and weighted UniFrac distance matrix. The Welch’s t-test in Statistical

Analysis of Metagenomic (and other) Profiles (STAMP) software was used to test the signifi-

cant differences in the predicted metagenome function with 95% confidence interval. The

adjusted p-value was calculated using Benjamini–Hochberg false discovery rate and p<0.05

was considered as statistically significant.

3 Results

3.1 Stress markers

The mean body weights of the animals in the stress groups were significantly lower during the

first, second, third, and fourth weeks of the experiment as compared to the control group

(p< 0.001; Fig 1A). The mean weight of adrenal gland per body weight was higher in the stress

Fig 1. The results of the different stress markers. (a) From the first to fourth week of the experiments, the mean body

weights of the rats in the stress group were significantly lower than those in the control group when compared at same

time point (�p< 0.001; Mann Whitney-U test). (b) The mean weight of the adrenal gland per body weight were

significantly higher in the stress group than in the control group (�p = 0.005; Mann Whitney-U test). (c) The serum

corticosterone level after 1 month of the chronic stress protocol was significantly higher in the stress group compared

to that in the control group (�p< 0.001; Mann Whitney-U test). (d, e, f) The graphs show the results of behavior

analysis of rats using elevated plus maze test. The rats were placed at the center of the maze facing the open arm and

allowed to explore it for 10 min. The number of entries and the time spent in the open and closed arms by each rat

were recorded manually. (d, e) The number of open arm entries and the time spent in the open arm were significantly

lower in the stress group compared to those in the control group (�p<0.001 and �p = 0.01, respectively; Mann

Whitney-U test). (f) The time spent in the closed arm was significantly higher in the stress group as compared to that

in the control group (�p = 0.007; Mann Whitney-U test).

https://doi.org/10.1371/journal.pone.0268155.g001
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group as compared to the control group (p = 0.005; Fig 1B). The serum corticosterone level

was significantly higher in the stress group after 1 month of chronic stress when compared to

that in the control group (p< 0.001; Fig 1C). The EPMT showed that the number of open arm

entries and the time spent in the open arm were significantly lower in the stress group com-

pared to the control group (p< 0.001 and p = 0.01, respectively; Fig 1D and 1E). The time

spent in the closed arm was significantly higher in the stress group compared to the control

group (p = 0.007; Fig 1F). These data indicated that 1 month of the chronic restraint stress pro-

tocol induced significantly higher levels of stress in the stress group compared to that in the

control group.

Changes in the intestinal microbiota caused by psychological stress (referred to as the

“Brain-gut interaction”) are well documented [19]. Most of the studies showed a significant

reduction in bacteria, such as Lactobacillus and Bifidobacterium, at the genus level under dif-

ferent stress conditions [19]. In the present study, the relative abundance of both Lactobacillus
and Bifidobacterium was reduced in the stressed rats, thus supporting the stress protocol used

(S2A and S2B Fig). Consistent with previous studies [20,21], significant differences in the beta

diversity of the intestinal microbiota were noted between the stress and control groups (S3A

and S3B Fig). Taken together, these findings in the intestinal microbiota suggest that our

model is a reliable psychological stress animal model.

3.2 Proteomic analysis of the salivary proteins

The fluorescence-stained gel pictures were quantified to identify the significantly altered pro-

tein spots between the two groups (S4 Fig). The Progenesis SameSpot software identified 33

significantly altered spots between the control and stress groups (p< 0.05; Fig 2A). The aver-

age normalized values, fold changes and p-values of each spot are shown in Table 1.

However, the spots were not visible to naked eye for extraction. After further staining with

silver stain, seven spots could be cut from the gel and subsequently subjected to mass spec-

trometry (Fig 2B). The seven spots were identified as follows: BPI fold-containing family A

member 2 precursor (BPIFA2); von Ebner gland protein 1 precursor (VEGP); amylase 1a (2

spots); common salivary protein 1 (CSP1); carbonic anhydrase 6; and cystatin D (Table 2).

The top two proteins (BPIFA2 and VEGP), based on the fold change, were selected for con-

firmation using Western blotting. The mean intensities of the BPIFA2 and VEGP bands were

significantly higher in the stress group than in the controls (p< 0.05; Fig 2C).

3.3 Oral microbiota analysis

The total sequencing frequency was 1,421,211, and the mean frequency was 94,747 (range,

77,012–115,488). Rothia, Facklamia, Streptococcus, and Aggregatibacter were the top 4 genera

in the stress and control groups (Fig 3A).

Alpha diversity is a measure of the richness of the species and the evenness within a sample.

To adjust for the differences in sequencing depth, rarefaction curve was evaluated which pla-

teaued in both groups indicating a sufficient depth of analysis (Fig 3B). The observed OTUs

(p = 0.02; Fig 3B) and faith phylogenetic diversity (p = 0.02, Fig 3D) were significantly lower in

the stress group than in the controls.

Beta diversity is a measure of the variation in the microbiota communities between samples.

It is assessed using the UniFrac distance matrix and is based on the branch length of the phylo-

genetic tree shared between the samples. Although some differences in the beta diversity

(unweighted UniFrac) of the oral microbiota were observed between the two groups, it was

not statistically significant (Fig 3F).
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The LEfSe rank plot expressed as LDA logarithmic scores showed 10 differentially abundant

bacteria between two groups (Fig 4A). Facklamia and Aerococcaceae showed higher LDA

scores at the genus and family levels, respectively, whereas Prevotella, Veilonella, Corynebacte-
rium, and Clostridium showed lower LDA scores at the genus level in the stress group when

compared to the control group. Furthermore, analysis of the differences in relative abundances

Fig 2. Identification of significantly altered protein spots in the gel and validation by Western blot analysis. The

protein spots in each gel after fluorescence staining were identified using the LuminoGraph I and ImageSaver 6

software and quantified with the Progenesis SameSpot software. Eight gels from each group were used for

quantification. (a) A representative gel image showing the protein spots. The spots underlined in yellow were visible

after silver staining and were selected for mass spectrometry. (b) The magnified image of the protein spots was

subjected to mass spectrometry. (c) The levels of two candidate proteins, BPI fold-containing family A member 2

(BPIFA2) and von Ebner’s gland protein (VEGP) were confirmed in all samples via Western blotting. The mean

intensities of the bands were significantly higher in the stress group compared to those in the controls (�p< 0.05;

Mann Whitney-U test).

https://doi.org/10.1371/journal.pone.0268155.g002
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between the two groups using STAMP software showed that the proportion of Facklamia was

significantly higher (p = 0.03) and that of Corynebacterium was significantly lower (p = 0.02)

in the stress group when compared to the control group (Fig 4B).

STAMP identified 37 significantly altered microbial functional pathways between the two

groups, which were predicted using the PICRUSt2 tool (Welch’s t-tests; p< 0.05; Fig 5). Most

of these altered metabolic pathways were upregulated in the stress group, suggesting a high

metabolic activity of the oral microbiota under psychological stress conditions.

4 Discussion

To the best of our knowledge, this is the first study to perform proteomic analysis of the saliva

and microbiota analysis of the oral microbiota under psychological stress conditions using an

Table 1. The significantly altered 33 proteins between stress group and control.

Spot No. Average Normalized Volumes Fold change ANOVA (p)

Control Stress
98 3.174E+005 1.477E+005 2.1 0.015

118 6.176E+005 3.174E+005 1.9 0.030

147 4.279E+006 1.531E+006 2.8 0.014

155 8.973E+005 1.895E+006 2.1 0.043

186 3.281E+007 1.793E+007 1.8 0.016

202 2.914E+007 1.955E+007 1.5 0.046

222 3.025E+005 5.700E+005 1.9 0.030

224 1.932E+005 3.991E+005 2.1 0.029

383 3.288E+005 4.722E+005 1.4 0.031

397 1.050E+005 2.096E+005 2.0 0.030

405 2.568E+007 4.097E+007 1.6 0.002

411 2.427E+007 1.717E+007 1.4 0.014

429 1.014E+006 1.612E+06 1.6 0.021

465 5.479E+005 1.063E+006 1.9 0.045

467 8.739E+005 2.445E+006 2.8 0.005

470 2.067E+005 3.274E+005 1.6 0.034

479 3.608E+005 6.077E+005 1.7 0.005

517 7.447E+005 1.904E+006 2.6 0.022

556 3.864E+007 5.441E+007 1.4 0.034

576 4.595E+005 1.261E+006 2.7 0.003

578 8.333E+006 3.718E+006 2.2 0.008

580 3.365E+007 1.696E+007 2.0 0.019

585 1.278E+006 2.423E+006 1.9 0.018

590 3.154E+006 5.059E+006 1.6 0.010

591 2.425E+006 1.096E+006 2.2 0.044

609 1.548E+007 1.151E+007 1.3 0.029

615 7.314E+005 1.157E+006 1.6 0.017

617 1.718E+006 2.899E+006 1.7 0.012

619 7.218E+005 1.157E+006 1.6 0.013

626 9.726E+005 2.749E+006 1.7 0.012

628 5.594E+005 8.948E+005 1.6 0.049

638 9.229E+004 2.498E+005 2.7 0.010

641 9.151E+005 1.457E+006 1.6 0.011

https://doi.org/10.1371/journal.pone.0268155.t001
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animal model. The proteomic analysis detected significant differences in the expression levels

of six salivary proteins between the stress and control groups. These findings were validated by

examining the expression levels of two novel proteins, BPIFA2 and VEGP using the Western

blot method. The 16S rRNA analysis showed reduced alpha diversity, altered bacterial abun-

dance, and altered predicted metabolic pathways in the oral microbiota under conditions of

psychological stress. The identified salivary proteins and the alterations in the oral flora might

be involved in stress-related oral diseases.

The stress protocol used in our study was validated using different stress markers,

including the body weight, adrenal gland weight, blood corticosterone level, and behavior.

The body weight was significantly lower in the stress group from the first week of the

experiment until the last week. The weight loss during the initial days of the experiment

might be a result of reduced food intake [22], and that after the first week might be due to

an increase in the energy expenditure during restraint stress [23]. Increases in both the

adrenal gland weight and blood corticosterone level have been used as stress markers [24],

and were confirmed in the current study. Previous studies have shown that the increase in

the weight of the adrenal gland under stress conditions is due to the hypertrophy of the

inner zona fasciculata and hyperplasia of the outer zona fasciculata in the adrenal gland

[24]. The blood corticosterone level may rise as a result of the hyperactivity of the HPA

axis. Behavior analysis in rodents is an important aspect of stress-related studies. Several

types of behavior analyses, such as the EPM test, open field test, forced swim test, novelty

exploration, and tail suspension have been used to determine whether the animal is under

stress [25]. The EPM test is widely used because of its simple design, ease of use, and quan-

tifiable behavior responses [18]. This test has been clinically validated as an indicator of

human anxiety [26]. The avoidance of the open arm, perceived as a potential danger, is

characteristic of stressed rodents. The lower number of entries and time spent in the open

arm by the rats in the stress group in the current study suggested that they were under high

levels of stress compared to the controls.

In the present study, the two most differentially expressed proteins, BPIFA2 and VEGP

were confirmed to be elevated in the stress group by Western blot analyses. BPIFA2 or Parotid

Secretory Protein is a palate, lung, and nasal epithelial clone family protein and is expressed in

human salivary glands, constituting ~0.5% of the total proteins in human saliva [27]. BPIFA2

has been shown to function as a salivary surfactant; the saliva from a BPIFA2 knock-out

mouse demonstrated diminished ability to spread on the surface when compared to that from

a wild-type mouse [28]. The increase in the level of BPIFA2 under psychological stress indi-

cates that stress might increase the surfactant property of saliva. Additionally, BPIFA2

Table 2. Identification of the protein spots by mass spectrometry.

Spot

no.

Protein accession

no.

Possible protein Molecular Weight

(Da)

Mascot Protein

score

Fold change (in stress

group)

517 gi|16258825 BPI fold-containing family A member 2 precursor [Rattus

norvegicus]

24685 164 +2.6

585 gi|12621114 von Ebner gland protein 1 precursor [Rattus norvegicus] 19827 164 +1.9

186 gi|56971297 Amy1a protein

[Rattus norvegicus]

58149 2950 -1.8

617 gi|392937 Common salivary protein 1 [Rattus norvegicus] 17799 109 +1.7

405 gi|149024685 Carbonic anhydrase 6, isoform CRA_a [Rattus norvegicus] 43947 731 +1.6

641 gi|157818317 Cystatin D precursor [Rattus norvegicus] 17400 156 +1.6

202 gi|56971297 Amy1a protein

[Rattus norvegicus]

58149 2831 -1.5

https://doi.org/10.1371/journal.pone.0268155.t002
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promotes the colonization of Candida albicans to the silicone prosthesis [29], which might

explain the increase in Candida species in stress-related oral diseases [30,31]. However, addi-

tional studies are needed to clarify these speculations.

Fig 3. The results of the oral microbiota analysis. (a) The taxonomic abundance shows that oral microbiota was

dominated by genus such as Rothia, Facklamia and Streptococcus in both groups. (b) The rarefaction curves plateaued

in both the groups indicating sufficient depth of analysis (control group, blue line; stress group, red line). The alpha

diversity, as measured by the (c) observed OTUs, (d) faith phylogenetic diversity and (e) Shannon index. The observed

OTUs and faith phylogenetic diversity was significantly lower in the stress group compared to that in the control group

(�p = 0.02, both; Kruskal-Wallis test). The beta diversity, as measured by the (f) unweighted UniFrac and (g) weighted

UniFrac, showed some differences in clustering between the two groups, statistical significance notwithstanding

(control group, blue dots; stress group, red dots).

https://doi.org/10.1371/journal.pone.0268155.g003
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VEGP/Lipocalin-1 is secreted by the von Ebner’s gland which is located around the circum-

vallate and foliate papilla in the tongue. It plays a role in the perception of bitter taste; bitter

compounds bind to this protein, which is then transported to the circumvallate and foliate

papilla for the perception of taste [32]. The increase in the level of VEGP under psychological

stress indicates that psychological stress can affect the sensation of taste. Patients with burning

mouth syndrome, a stress-related oral symptom, often complain of taste alterations, which

might be consistent with an increase in the level of VEGP. Further studies are required to clar-

ify this phenomenon.

The other proteins identified via mass spectrometry in the current study have been shown

to play roles in oral and systemic diseases. CSP1 was increased in the saliva of patients with

periodontitis, pancreatic cancer, and diabetes implying its involvement in both oral and sys-

temic diseases [33–35]. Carbonic anhydrase 6 is responsible for the physiologic processes in

the oral cavity, such as pH regulation and carbon dioxide and bicarbonate transport through

the buffer system [36]. High activity of carbonic anhydrase 6 in the saliva might induce biofilm

formation and aid in the development of dental caries [37]. The high expression level of car-

bonic anhydrase 6 may affect dental caries activity under stress conditions. In addition, car-

bonic anhydrase 6 is involved in bitter taste perception [38]. Taste disturbances are often

induced by psychological stress [39,40]; hence, this protein might play a role in stress-related

Fig 4. The significantly altered bacteria between stress group and control group. (a) The LEfSe analysis for the LDA

score showed alterations in 10 different OTUs between the two groups. (b) The relative abundance of Facklamia (at the

genus level) was significantly increased, while that of Corynebacterium (at the genus level) was significantly decreased

in the stress group when compared to those in the control groups (�p< 0.05; Welch’s t-test).

https://doi.org/10.1371/journal.pone.0268155.g004
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disturbances in taste. Cystatin D is a cysteine protease inhibitor [41]. Although the effect of

psychological stress on cystatin D has not been demonstrated so far, a decrease in the level of

this protein in saliva was observed in a group of central nerve disorders, including neurodeve-

lopmental and autism spectrum disorders [42]. The salivary level of cystatin D might be

affected by the function of the central nervous system. Further experiments are needed to clar-

ify this speculation.

The expression of alpha-amylase 1 was reduced in the saliva of the stressed rats when com-

pared to that of the controls (Table 2). An increase in the level of alpha-amylase has been used

as a salivary stress marker for acute stress [43]. Alternatively, a decrease in the level of this pro-

tein in chronic stress has been reported [44,45]. Salivary alpha-amylase rapidly increases dur-

ing stress conditions and returns to baseline immediately after the stress is removed [45].

Acute and chronic stress conditions may increase or decrease the production of alpha-amylase,

respectively. Hence, reduced levels of salivary amylase may be further studied for use as

another marker of chronic stress.

A limitation to proteomic analysis in our study is that we used a conventional gel-based

approach to identify the altered protein. The silver staining method for gel may have missed

the staining of more significantly altered protein spots. The use of other advanced and sensitive

methods such as mass spectrometry coupled with shotgun proteomics could be useful in iden-

tifying the altered proteins more precisely.

The microbiota analysis showed reduced alpha diversity, altered bacterial abundance, and

predicted metabolic pathways in the oral microbiota under stress conditions. The alpha diver-

sity of the oral microbiota was significantly reduced in the stress group compared to the con-

trols. Reduced alpha diversity has been observed in patients with RAS and oral lichen planus

Fig 5. Prediction of metagenome function using PICRUSt2. Thirty-seven different pathways were predicted to alter

in the oral microbiota due to psychological stress (�p< 0.05; Welch’s t-tests). Most of the metabolic pathways were

upregulated in the stress group indicating high metabolic activity under stress conditions.

https://doi.org/10.1371/journal.pone.0268155.g005
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[46]. Our findings may be consistent with the concept that psychological stress is an etiology

of RAS and oral lichen planus [2]. A reduction in the alpha diversity of the oral microbiota was

observed in patients with oral mucositis after radiotherapy [47] thus indicating that reduced

alpha diversity due to psychological stress might be considered as a risk factor for oral

mucositis.

The proportions of Facklamia and Corynebacterium were increased and decreased, respec-

tively in the stress group, as shown by both the LefSe and STAMP software analyses in this

study. Facklamia is a gram-positive, α-hemolytic, facultative anaerobic bacterium commonly

associated with endocarditis and bacteremia [48]. In a rat depression model, the abundance of

Facklamia was decreased in the gut after treatment with Paeoniflorin, a Chinese herb known

for its antidepressant property [49]. Although studies on the association between Facklamia
and psychological disorders are limited, the findings of the current study and the aforemen-

tioned report imply a relationship between the two factors. Nonetheless, further studies are

required to clarify this speculation. Corynebacterium is a gram-positive bacterium that directly

synthesizes serotonin, a stress response neurotransmitter in the gut [50]. Lower levels of Cory-
nebacterium were observed in the guts of the depressed rat models [51]. The decrease in the

abundance of Corynebacterium in the oral cavity during psychological stress in the current

study might be related to the stress response. Alterations in the abundance of Facklamia and

Corynebacterium have been reported only in the guts of stress models; to the best of our knowl-

edge, the current study is the first to report these findings in the oral cavity.

A total of 37 different pathways were predicted to be altered between stress and control

groups in this study. Most of the altered pathways were related to nucleotide, glucose, vitamin,

carbohydrate, and amino acids biosynthesis and degradation. The stress group showed signifi-

cant upregulations in these metabolic pathways suggesting that the metabolic activity is higher

under psychological stress. Although the finding is insufficient to be directly correlated with

the clinical implications, this study provides evidence that psychological stress has a significant

impact on the oral microbiota, including the metabolic pathways.

5 Conclusion

The present study identified salivary proteins that were altered under psychological stress in a

rat restraint stress model. In addition, this study provided evidence that psychological stress

can cause significant alterations in the oral microbiota. These findings might aid in under-

standing the pathogenesis of stress-related oral diseases.

Supporting information

S1 Fig. Stress method and behavior analyses. (a) The stress group rats were enclosed in a

plastic tube with ventilation for 4 hours daily over a period of 1 month. (b) After a month of

stress, the behavior of rats was analyzed using elevated plus maze test. The rats were placed at

the center of the maze facing the open arm and allowed to explore it for 10 min. The number

of entries and the time spent in the open and closed arms by each rat were recorded manually.

(TIF)

S2 Fig. Analysis of intestinal microbiota. (a) Taxonomic abundance of intestinal microbiota.

(b) The LefSe analysis showed reduced abundance of bacteria such as Lactobacillus and Bifido-
bacterium in stress group.

(TIF)

S3 Fig. The beta diversity of intestinal microbiota. The weighted (a) and unweighted Uni-

Frac (b) also showed significant differences between stress and control group (Blue dots-
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Control; Red dots- Stress).

(TIF)

S4 Fig. The gel images used for quantification of protein spots is deposited in figshare and

is available as https://doi.org/10.6084/m9.figshare.19333859.v1.

(PDF)

S1 Raw images. Blot images of western blot. The blot images are deposited in figshare and is

available as https://doi.org/10.6084/m9.figshare.19387415.v1.

(PDF)
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