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Abstract
Intra-oral halitosis (IOH) refers to an unpleasant odor from the oral cavity that ismainly caused by the
tongue coating. Although the tongue coatingmicrobiome is thought to play an essential role in IOH,
the exact aetiology of IOH remains unclear. Herewe investigated and compared themetabolic profiles
of the tongue coatingmicrobiomes of patients with IOHversus healthy control. Themetabolic profiles
were significantly different in IOHpatients than in healthy controls. Healthy controls showed higher
selenoamino acid and nicotinamidemetabolism; thesemetabolic pathways aremainly involved in
maintaining the oxidation-reduction potential and redox state. A total of 39 putativemetabolites were
associatedwith IOH. Remarkably, 3 of themetabolites, branched-chain fatty acids (BCFA), 3-fumaryl
pyruvate, and acetyl phosphate, are potential key players in IOH. Interestingly, the predominant
metabolite in IOH is BCFAs, whichmight underlie tongue coat formation. In addition, the key
metabolite acetyl phosphate has a clear associationwith the hydrogen sulfide- (H2S-) producing
metabolic pathway and anaerobic fermentation. These novelmetabolomicfindings provide insights
into the formation of the tongue coating and the production ofH2S, which causes bad breath.

List of abbreviations

CH3SH methylmercaptan;

(CH3)2S dimethyl sulfide;

DPSI Dutch periodontal
screening index;

EOH extra-oral halitosis;

H2S hydrogen sulfide;

IOH intra-oral halitosis;

OLS organoleptic score;

OTU operational taxo-
nomic unit;

PCA principal component
analysis;

PCR polymerase chain
reaction;

TE tris-EDTA;

VSC volatile sulfur compound;

WTCI Winkel tongue coating
index.

Introduction

Halitosis or bad breath is commonly classified into
three categories: intra-oral halitosis (IOH), extra-oral
halitosis (EOH), and transient halitosis [1]. The source
of IOH is the oral cavity, whereas in EOH,malodorous
compounds are produced in the human body but not
in the oral cavity [1]. EOH can itself be divided into
blood-borne and non-blood-borne halitosis. The
sources of blood-borne halitosis include systemic
diseases, metabolic disorders, medications, and cer-
tain foods. Non-blood-borne halitosis can be caused
by disorders that affect the nose and the upper and
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lower respiratory tracts [2]. Recently, a genetic dis-
order was shown to contribute to EOH [3]. The tongue
coating, which is a major causative factor in IOH [4],
consists of large bacterial deposits, food debris, and
desquamated epithelial cells. Gingivitis and period-
ontitis are oral pathological conditions caused by
anaerobic bacteria that are also associated with IOH.
The known risk factors for IOH include stress and
xerostomia [1].

About 90% of halitosis cases are due to IOH; nota-
bly, halitosis can negatively impact an individual’s
social life and psychological well-being. IOH is a wide-
spread condition that affects 22%–50% of the popula-
tion worldwide [5]. Subjects with IOH typically have
more or a thicker tongue coating than subjects without
IOH [6]. Volatile sulfur compounds (VSCs) are largely
responsible for IOH, including hydrogen sulfide,
methyl mercaptan, and, to a lesser extent, dimethyl-
sulfide [7]. Other volatile compounds, such as putres-
cine, cadaverine, indole, and skatole, are also putative
causes of bad breath [8], but this is somewhat con-
troversial [9]. Bacterial putrefaction that produces
unpleasant volatile compounds is thought to be
involved in oral malodor production [10]. Bacteria
that are present on the dorsum of the tongue degrade
the sulfur-containing amino acids (cysteine, cysteine,
homocysteine, and methionine) to produce VSCs and
thereby cause IOH [11, 12].

Several techniques have been used to study the
composition of bacteria on the tongues of subjects
with IOH [13–15]. Studies of anaerobic cultures of
tongue samples implicate Peptostreptococcus anaero-
bius, Collinsella aerofaciens, Eubacterium group, Acti-
nomyces spp., Eikenella corrodens, Veillonella spp.,
Fusobacterium nucleatum, pigmented Prevotella spp,
and Selenomonas spp. In IOH, culture-independent
molecular methods revealed additional species asso-
ciated with IOH, including Atopobium parvulum,
Dialister spp., Eubacterium sulci, a phylotype of the
uncultivated phylum TM7, Solobacterium moorei, and
a phylotype of Streptococcus [14]. Studies that used
PCR amplification, gene cloning, and 16S rRNA
sequencing describe increased species diversity in IOH
and report that Lysobacter-type species, Streptococcus
salivarius, Prevotella melaninogenica, Prevotella veror-
alis, and Prevotella pallens are commonly found in the
tongue biofilms of people with IOH [15]. However, a
recent study showed a high degree of similarity
between the bacterial composition of the tongue coat-
ings of IOH patients and subjects without halitosis [6].
Based on this observation, it was hypothesized that
bacterialmetabolismplays amajor role in IOH.

In this context, knowing more about the function
of bacterial communities [16] may help clarify the
associations between the microbiome and diseases.
Microbial omics-based approaches, includingmetage-
nomics, transcriptomics, andmetabolomics,may pro-
vide information that will help us understand the role

of the microbiome in condition like halitosis. Bacteria
produce various metabolites, but their possible roles
in oral diseases have not been extensively investigated
[17]. In addition, integrating microbiome and meta-
bolome data may provide insights into healthy and
disease states, giving us a clearer picture of dynamic
changes in cells that can be quantified by analyzing
small molecules, such as lipids and amino acids [16].
Metabolomics has been used to study several oral dis-
eases, such as dental caries and periodontitis. Micro-
bial metabolites can alter conditions in the oral
environment, thereby increasing bacterial pathogeni-
city and enriching the ecosystem to create a potentially
more pathogenic environment [17]. In order to inves-
tigate this in IOH, we used an untargetedmetabolomic
approach based on LC-MS/MS to analyze and com-
pare the bacterial metabolome of the tongue biofilms
of subjects with and without IOH (figure 1). This
approach may provide insights into the mechanisms
responsible for bad breath. In addition, this approach
may help establish well-defined diagnostic markers for
IOHand suggest therapeutic strategies.

Methods

Ethics statement
The study was conducted in accordance with Dutch
ethics laws andwith the principles for human research.
All participants provided informed written consent.
The medical ethics committee at the University
Medical Center Groningen (METC 2015/458)
approved the study protocol, and the study was
conducted in accordance with the tenets of the
Declaration ofHelsinki (2013).

Halitosis assessment and tongue sample collection
A total of 24 subjects participated in this study, 14
patients with IOH and 10 controls without IOH.
Patients were recruited at the Clinic for Periodontol-
ogy Amsterdam, The Netherlands. Subjects without
halitosis were volunteers from theCenter forDentistry
and Oral Hygiene, University Medical Center Gronin-
gen, Groningen, The Netherlands. All subjects were
included in the study based on careful periodontal and
halitosis examinations. Prior to their visit, the subjects
were instructed to do the following: (1) avoid consum-
ing onions, garlic, and hot spices in the 48 h before the
appointment; (2) refrain from alcohol intake and
smoking 12 h prior to the halitosis examination; (3)
abstain from normal oral hygiene procedures; and (4)
avoid mint-containing products, after-shave lotions,
and highly scented cosmetics on the day of the
examination. The subjects were allowed to eat and
drink up to 8 h before the examination and were
allowed to drink water up to 3 h before the examina-
tion. The inclusion and the exclusion criteria were the
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same as in our previous study [6] and are described
below.

Exclusion criteria
We excluded subjects with periodontitis or systemic
diseases; those who smoked, were pregnant, or used
antimicrobial therapy and mouth rinses in the three
months prior to the start of the study; subjects with a
history of fever or cold in previous four weeks; and
patients who failed to follow the instructions for the
halitosis assessment.

Inclusion criteria
For inclusion, we first determined the following in the
24 subjects who participated in the study:

1.Organoleptic score (OLS): (0=no halitosis to
5=the presence of extreme halitosis) from the
nose andmouth [18, 19].

2. VSC gases, namely hydrogen sulfide (H2S) and
methyl mercaptan (CH3SH), using OralChroma™
(Abilit Corporation, Japan).

3. Dutch periodontal screening index (DPSI) [20].

4.Winkel tongue coating index (WTCI) [21].

The Winkel tongue coating index is a visual index
with which the dorsum of the tongue is divided into
six areas, three in the posterior and three in the ante-
rior region of the tongue. The tongue coating in each
area is scored as 0=no coating, 1=light coating and
2=severe coating. The tongue coating value is

Figure 1.Workflowof the study.
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obtained by addition of the scores from all six areas,
ranging from0 to 12 [21].

IOH patients presented with an organoleptic score
�2 from the mouth and �1 from the nose, had H2S
>4 nmol l−1 (96 ppb) and CH3SH >0.5 nmol l−1 (12
ppb) [9], and had a DPSI score �2. Control subjects
presented with an organoleptic score of 0 from the
mouth and nose and hadH2S=0, CH3SH=0 (Oral-
Chroma), and aDPSI score�2.

Tongue samples
Tongue samples were collected in the morning on the
day of the examination. A tongue-cleaning device was
used (Scrapy, CleverCool, Amsterdam, The Nether-
lands) to dislodge the tongue coating from the poster-
ior to the anterior side of the tongue. The sample was
weighed and 100mg of the sample was transferred to a
petri dish containing 1 ml of sterile phosphate-
buffered saline (1X) pH 7.5. The sample was then
collected in an Eppendorf tube, incubated at room
temperature for two hours, and centrifuged for 10 min
at 1750×g at 4 °C to collect the extracellular
metabolites [22]. Following centrifugation, the super-
natant and the pellet were both carefully collected and
stored at−80 °Cuntil the analysis.

LC-MS/MSanalysis
The metabolites were extracted from the pellet and
supernatant samples using acetonitrile. Specifically,
200 μl of supernatant was mixed with 200 μl of
acetonitrile, vortexed for 30 s, and centrifuged for
3 min at 12000×g at 4 °C. The supernatant was
collected, freeze-dried, and suspended in 200 μl of
80% acetonitrile. The same procedure was followed
for the pellet. Each extract was injected into an
Ultimate 3000-UPLC system (Dionex, Amsterdam,
The Netherlands) connected to a Q-Exactive mass
spectrometer (Thermo Fisher Scientific, Bremen,
Germany) and separated on a Kinetex 2.6u EVO C18
100A column (Phenomenex, Utrecht, The Nether-
lands). The following mobile phase gradient was
delivered at a flow rate of 0.4 ml min−1: start 1% B,
1 min hold; linear gradient 1%–94%B in 11 min; hold
94% B, 8 min Solvent A was H2O with 0.1% formic
acid, and solvent B was acetonitrile with 0.1% formic
acid. The column temperature was kept constant at
40 °C. Themass spectrometer was operated in positive
or negative ionization mode. Full scan MS spectra
were acquired fromm/z 120 to 1500 at a target value of
1E6 and a max IT of 50 ms with a resolution of 70 000
atm/z 200.

MSanalysis
Raw MS data files were analyzed using Progenesis QI
software (Waters Corporation, Milford, MA) for peak
alignment, peak picking, and normalization of the LC-
MS/MS data. Peak alignment was performed to
correct drifts in retention times. A reference LC-MS/

MS run that was the most representative of the whole
data set was automatically selected. All other runs were
then aligned to this reference. The following adduct
forms were used for the peak picking and feature
selection: [M+H], [M+NH4], [M+Na], [M+K],
[M+H-H2O], [M+CH3OH+H], [2M+H],
[2M+NH4], and [2M+Na] in positive mode; and
[M-H], [M+FA-H], [M+Cl], [2M+FA-H], and
[M-H2O-H] in negative mode. The peak picking limits
were set to aminimumabsolute intensity of 50 000, and
the default automatic normalizationmethodwas used.

Statistical analysis
Subject age and clinical parameters, including the
organoleptic score, the WTCI, and VSC concentra-
tions, were compared using unpaired t-tests in the R
statistical package. Values of p<0.05 were considered
statistically significant. The multivariate analyses,
including principal component analysis (PCA) and
partial linear square discriminant analysis (PLS-DA),
were performed using MetaboAnalyst software ver-
sion 3.0 (www.metaanalyst.ca). For multivariate ana-
lysis, three -step normalization procedure was
followed. (i) Quantile sample normalization was
performed to adjust the differences among samples,
then (ii) log data transformation and (iii) pareto
scaling were performed to make individual features
more comparable (supplementary figure 1 is available
online at stacks.iop.org/JBR/13/046010/mmedia).

Identification and evaluation of the biomarker
compounds andmetabolic pathways
PLS-DA was used to identify putative biomarkers for
metabolomics studies, and the VIP (variable impor-
tance in projection) scores were used for metabolite
selection. A VIP score >1 is typically used to identify
compounds that are the most important in the
projection. Since this was an untargetedmetabolomics
approach, there were a considerable number of
metabolites with VIP �1. Accordingly, we used VIP
scores�1.8 (table S1) to differentiate groups. After the
selection of a metabolite, the fold-change of that
particular metabolite in the IOH patient group versus
the control group was determined; T-test was used for
the comparisons and p-value adjustments for multiple
metabolites were carried out by false discovery rate
adjustment (FDR) using a cut-off of 0.05. The list of
selected compounds with the corresponding molecu-
lar weights (m/z) and a mass error of ±5 ppm was
further checked against the Human Metabolome
Database (HMDB) [23] to identify each compound by
name. The compounds that could not be identified in
the HMDB were screened further using the LIPID
MAPS database [24] using the mass (m/z) and mass
error ±5 daltons. The enrichment analysis and the
metabolic pathway analysis were performed using
HMDB ID in MetaboAnalyst [25]. The metabolite
model was evaluated using receiver operating
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characteristic (ROC) curves, which is considered an
effective way to determine the clinical utility of a
biomarker inmetabolomic studies. The area under the
curve (AUC) of the ROC curve allows the identifica-
tion of sensitive and specific biologicalmarkers [26].

Results

Demographic and clinical characteristics of the
study subjects
The study included 14 patients with IOH (8men and 6
women) and 10 control subjects (5 men and 5
women). The mean age of the IOH patients was
44±15.34 years (range 18–64 years), and the mean
age of the control subjects was 47±13.94 years (range
29–68 years) (p=0.58) The mean OLS and WTCI
and themeanH2S and CH3SH concentrations were all
higher in patients compared to controls (table 1).

Metabolomic profiling
Table 2 shows the total number of peaks detected in
the supernatants and in the pellets in LC-MS positive
and negative modes. The unsupervised PCA of the
supernatant and the pellet samples for the positive and
negative modes was performed. In the negative mode,

the supernatant samples showed a clear clustering
pattern for the patient and control groups with an
outlier (F11). After removing the outlier, the super-
natant in the negative mode was subjected to further
analysis. The other three modes did not show clear
clustering pattern of groups and were excluded from
the analysis (data not shown). In order to model the
differences between the results of the supernatant
anlaysis in patients and controls in negative mode,
supervised PLS-DA was performed with two latent
variables, and the model was cross-validated using the
leave-out-one method (figure 2). The R2 (explained
variance) and the Q2 (predicted variance) of the cross
validation were 0.9 and 0.8, respectively. The differ-
ence between R2 and Q2 was 0.1; this is very small and
this model was therefore considered to be the best
model for PLS-DA analysis. The model was validated
using the permutation test and the observed statistic
was found significant (p<0.05).

Identification of the biomarkers
A total of 39 putative markers were identified that had
VIP scores �1.8 and that showed a �2-fold significant
difference between the patient and control groups. The
metabolites that were found at significantly higher levels
in the IOHgroupweremostly branched chain fatty acids
(BCFAs) that were present at 3- to 3601-fold higher
levels in patients with IOH (supplementary table1). The
amino acid metabolites included leucine, isoleucine,
and valine, aspartyl-tyrosine, methionyl-serine, isoleu-
cyl-methionine, and cysteinyl-argine. Othermetabolites
included 10-formyl dihydrofolate, homocysteine thio-
lactone, acetyl phosphate, 3-fumarylpyruvate, acetyl
phosphate, and indole derivatives.Metabolites that were
found at significantly higher levels in the control group
included fatty acyl glycosides of mono- and disacchar-
ides, diacylglycerophospho-ethanolamines, gamma-
glutamyl-Se-methylselenocysteine, threonyl-glutamate,
and S-formylglutathione (supplementary table 2).

A heat map was constructed (figure 3) for the top
100 putative metabolites that showed significant dif-
ferences between healthy controls and IOH patients;
the mass (m/z) of these metabolites was used in
HMDB database to retrieve the known putative meta-
bolites. Metabolites that were not identificatified in
HMDB were subject for analyses using the lipidmaps
database. The knownmetabolites identified were cata-
gorized by possible metabolomic pathway/enrich-
ment analysis using KEGG database [27]. The
enrichment analysis shows the functionally related
metabolites (or gene sets) rather than individual meta-
bolites. Figure 4(a) shows the enrichment of nicotinate
and nicotinamide metabolism and selenoamino acid
metabolism in the control group. Figure 4(b) shows
the detection of oxidation of BCFAs and long chain
fatty acids based on the presence of L-acetyl carnitine.
L-acetyl carnitine is the carrier of acetyl CoA during
fatty acid metabolism. Figures 4(c) and (d) shows the

Table 1.Demographic and clinical characteristics of patients with
intra-oral halitosis and controls.

Clinical

parameters

Intra-oral

halitosis (n=16) Controls (n=10) p value

Age (years) 44±15 47±14 0.58b

Gender Female 8 (57%) 5 (50%) 0.51c

Male 6 (43%) 5 (50%)
Organoleptic score

range

2–4 0 0.0001

Winkel tongue

coating index

6.21±1.96 0.5±0.7 0.0001b

H2S
a 394.83±272.48 8.30±9.15 0.0002b

CH3SH
a 248.87±360.70 5.45±4.82 0.04b

(CH3)2S
a 16.71±13.91 2.50±3.17 0.003b

a H2S, CH3SH, and (CH3)2S were measured in parts per billion

(ppb). The continuous variables are reported as means±standard
deviations.
b Two-sample t-test,
c Pearson’s chi-square test or Fisher’s exact test.

Table 2.The total number ofmetabolites (peaks)detected in LC-
MS/MSanalysis (allmodes).

Based on�2-fold

difference

No. Sample

Identification

(LC-MS/MS) Control IOH

1 Supernatant (−) 1903 1015 888

2 Supernatant (+) 1623 865 758

3 Pellet (−) 521 166 355

4 Pellet (+) 834 465 366
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metabolic pathways which is markedly influenced by
big pathway impact and small p value. Figure 4(c)
shows that the metabolic pathways in the healthy sub-
jects involved selenoamino acid, nicotinate and nicoti-
namide, and methane. Figure 4(d) shows that the
metabolic pathways in the IOHpatients involved taur-
ine and hypotaurine, phenylalanine, tyrosine and
tryptophan biosynthesis, valine, leucine and isoleucine
biosynthesis, and pyruvate.

Biomarker evaluation
The classification (probability view) of the IOH and
the control groups are shown in supplementary
figure 2. In order to determine the sensitivity and
specificity of a marker, multivariate exploratory ROC
analysis was performed to evaluate the effectiveness of
all biomarkers of IOH. The classification method and
feature ranking methods were PLS-DA and PLS-DA
built-ins respectively with 2 latent variables. An AUC

Figure 2.PLS-DA analysis of supernatant negativemode shows clear clustering of healthy control and IOH. The number of latent
variable used=2. Themodel was cross validated (p<0.05).

Figure 3.Heatmap representing the top 39 putativemetabolites that were significantly higher (p<0.05) in IOHcompared to control
group. Datawere normalized and autoscaled. Groups are represented at the top of the figure; the red color indicates control and the
green color indicates IOHgroup. Individual patient ID is indicated at the bottomof the figure.
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value>0.7 indicates that themarker is amore sensitive
and specific marker. As shown in supplementary
figure 2 the values obtained in the AUC analysis were
�0.8within the 95% confidence intervals.

Discussion

Themicrobiome of the tongue coating plays a vital role
in IOH [14, 15]. Our previously published 16S rRNA
sequencing study on tongue coating showed that the
microbial community composition in IOH is highly
similar compared to healthy controls. However,minor

differences were observed in the quantitative abun-
dance of few OTUs including Clostridiales, SRI, TM7,
Campylobacter, Dialister, Leptotrichia, Peptostreptococ-
cus, Prevotella, Selenomonas, Peptococcus, Aggregatibac-
ter, Capnocytophaga, Parvimonas, Treponema and
Tannerella [6]. Based on this finding, we speculated
that the changes in the tongue microbiome derived
metabolites are responsible for the symptoms of IOH.
Yet the tongue microbiome makes countless/numer-
ous metabolites whose function is unknown and may
have profound effects on the tongue coating. There-
fore, we investigated the metabolite (bioactive com-
pounds) signatures of IOH using an untargeted

Figure 4.Enrichment and pathway analysis from the supernatant negative ionmode. The distinct peaks (m/z) in both control (61
peaks) and IOH (39 peaks)were selected respectively. The putative compound identificationwas carried out inHMDBdatabase of
both groups to predictmetabolomic pathway. Enrichment analysis: (a) healthy subjects without IOHand (b) patients with IOH.
Pathway analysis: (c) healthy subjects without IOHand (d)patients with IOH.X-axis presents pathway impact values (based on
relative-betweenness centrality) and theY-axis presents the respective p-values (based on hypergeometric test).
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LC-MS/MS metabolomics approach (figure 1). The
PLS-DA analysis showed distinct clustering of patients
and healthy controls. A heat map based on the VIP
score of PLS-DA indicates that the 39 metabolite
markers were significantly higher in the tongue coat-
ing of IOH patients whereas 61 metabolite markers
were associated with healthy subjects. Further, the
HMDB and lipidmaps database screening revealed the
putative compound identity that belongs to carbohy-
drate, lipid, and amino acid group. Identified putative
metabolites were used for the tentative metabolomic
pathway prediction. In the healthy group, Selenoa-
mino acid metabolism (figures 4(a) and (c)) was the
most pronounced pathway and the hit metabolite is
Gamma-glutamyl-se-methylselenocysteine; this type
of amino acid is presentmainly in human tissues and is
an essential constituent of glutathione peroxidase,
which prevents lipid peroxidation, and of phospholi-
pid hydroperoxide enzymes, which are involved in the
reduction of phospholipid hydroperoxide in cell
membranes. Hence, selenium is an important factor in
protecting the body from oxidative stress. However,
selenoamino acid metabolism was not observed in
IOH. This might result in an increased concentration
of free oxygen radicals and peroxides, which could lead
to increased oxidative stress, lipid peroxidation, and
metabolic dysfunction [28].

This hypothesis was supported by our enrichment
analysis, which showed the oxidation of BCFAs and
long chain fatty acids (figures 4(b) and (d)). On the
other hand, BCFAs are also produced during degrada-
tion of branched chain amino acids (BCAA) such as
valine, leucine and isoleucine in an anaerobic environ-
ment. To support this finding, we observed valine, leu-
cine and isoleucine (BCAA) as top metabolites in IOH
samples (figure 4(d)).

The lipid profile of IOH was predominantly com-
prised of BCFAs, which are primarily saturated fatty
acids (SFAs)with one or more methyl branches on the
carbon chain that are categorized as mono-, di-, or
multi-methyl BCFAs [29]. Interestingly, BCFAs are
key components of several commensal bacterial mem-
branes but are limited in human tissues [29, 30].
BCFAs can also be produced by proteolytic Clos-
tridiales via the Stickland reaction; in this reaction, one
amino acid is oxidized, and this is coupled to the dea-
mination of a second amino acid [31]. Interestingly, in
our microbiome study we found a significant quanti-
tative increase of 23 OTUs in IOH compared to heal-
thy controls and one among them isClostridiales [6].

BCFAs can form a wax-like coating that is
observed in vernix caseosa, a white cheesy substance
found on the skin of newborn babies [29]. We hypo-
thesize that bacterial BCFAs are essential for the for-
mation of the tongue coating in IOH. Recently, Al-
Beloshei et al (2015) showed that the bacterial BCFA
levels increase during biofilm formation at neutral and
alkaline pHs [32]. This observation is consistent with

our current findings. Also, BCFAs can induce the fer-
mentation of food products like natto and dairy pro-
ducts and significantly increase bad odor [29], and we
speculate that the increased amounts of BCFAs in IOH
might induce the bacterial fermentation of tongue
food particles and/or cell debris in IOH. Moreover,
the BCFA level reflects the amount of protein break-
down and amino acid fermentation [33], which could
explain the variations in the amount of volatile sulfur
gases (which contribute to bad breath) in IOH of vary-
ing severity. Targeted lipidomics analysis is needed to
quantify the BCFAs and to elucidate the exact
mechanisms underlying tongue coating formation.
The majority of the 39 biomarkers in IOH, were lipid
metabolites (supplementary table 1). The fatty acid
oxidation is a multistep process, requires acetyl CoA
and we found higher levels of L-acetyl carnitine, the
carrier of acetyl CoA, in the IOHgroup. L-acetyl carni-
tine stimulates the production of acetylcholine and
enhances protein and membrane phospholipid synth-
esis [34].

Interestingly, we found 3-fumarylpyruvate and
acetyl phosphate were linked to IOH (figure 4(d));
notably, 3-fumarylpyruvate is formed during the bac-
terial degradation of aromatic compounds in the gen-
tisate pathway (figure 5). In this pathway, aromatic
compounds are converted to 3-maleylpyruvate or iso-
merized to 3-fumarylpyruvate, which is further
hydrolyzed to fumarate and pyruvate that enter into
the prokaryotic tricarboxylic acid (TCA) cycle [35].
When this metabolic pathway is active, leucine, iso-
leucine, and valine are biosynthesised, and indeed, we
found these metabolites among the selected 39 meta-
bolites that were elevated in the IOH group (supple-
mentary table 1). In the context of oral disease, an
increase in this aromatic compound degradation
pathway has been reported in periodontal disease [36].
Mostly gram-negative bacteria are involved in IOH,
and these gram-negative bacteria predominantly use
this gensidate pathway [37].

Acetyl phosphate: a keymarkermetabolite
Acetyl phosphate was one of the 39 metabolites found
to be associated with IOH. This compound can be a
product of pyruvate and taurine metabolism (figure 5).
Acetyl phosphate is an energy phosphate and a
precursor for acetic acid during fermentation [38]. H2S
is an end product of the taurine pathway and has been
linked to several diseases. Sulfacetaldehyde is an inter-
mediate product in taurine metabolism and was a
screening product in IOH secondary to H2S. We
speculate that acetyl phosphate , which is produced by
the taurine pathway, is linked to H2S production in
IOH. In the taurine pathway, H2S is produced by
prokaryotes such as Firmicutes and Proteobacteria [35].
In our previous microbiome study we showed a
quantitative increase of Clostridiales, Dialister, Peptos-
treptococcus, Peptococcus, Parvimonas and Selenomonas
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from Firmicutes and Campylobacter andAggregatibacter
from Proteobacteria in IOH. These bacteria might
involve in the production of acetyl phosphate and H2S
through taurine pathway. These finding indicates that
IOH is the result of both bacterial and metabolite-
dependent reactions.

Conclusion

We profiled the tongue coating metabolites in IOH
and healthy control using LC-MS/MS approach. As
far as we are aware, our study is the first to investigate
the microbial metabolic profile of tongue coating. A
total of 39 metabolites were associated with IOH, 3 of
which, BCFA, 3-fumaryl pyruvate, and acetylpho-
sphate, are potential key players in IOH. We conclude
that the physiological changes of tongue bacterial may
induce the production of different IOH –related
metabolites such as BCFA that forms a white coating
on the tongue. Tongue coating can serve as trap and a
reservoir for the food particles and cell debris. BCFAs
have link with the fermentation of the tongue coating
debris (most likely food debris) and thus producing
bad breath. This study reports novel metabolomic
findings regarding the formation of a tongue coating
and the production of bad breath H2S. To conclude
IOH is caused by changes at the functional (metabo-
lite) level of themicrobiome.
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