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Abstract

Introduction Early diagnosis of periodontitis by means of a rapid, accurate and non-invasive method is highly desirable to
reduce the individual and epidemiological burden of this largely prevalent disease.

Objectives The aims of the present systematic review were to examine potential salivary metabolic biomarkers and pathways
associated to periodontitis, and to assess the accuracy of salivary untargeted metabolomics for the diagnosis of periodontal
diseases.

Methods Relevant studies identified from MEDLINE (PubMed), Embase and Scopus databases were systematically exam-
ined for analytical protocols, metabolic biomarkers and results from the multivariate analysis (MVA). Pathway analysis
was performed using the MetaboAnalyst online software and quality assessment by means of a modified version of the
QUADOMICS tool.

Results Twelve studies met the inclusion criteria, with sample sizes ranging from 19 to 130 subjects. Compared to peri-
odontally healthy individuals, valine, phenylalanine, isoleucine, tyrosine and butyrate were found upregulated in periodon-
titis patients in most studies; while lactate, pyruvate and N-acetyl groups were the most significantly expressed in healthy
individuals. Metabolic pathways that resulted dysregulated are mainly implicated in inflammation, oxidative stress, immune
activation and bacterial energetic metabolism. The findings from MVA revealed that periodontitis is characterized by a
specific metabolic signature in saliva, with coefficients of determination ranging from 0.52 to 0.99.

Conclusions This systematic review summarizes candidate metabolic biomarkers and pathways related to periodontitis,
which may provide opportunities for the validation of diagnostic or predictive models and the discovery of novel targets for
monitoring and treating such a disease (PROSPERO CRD42020188482).
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1 Introduction
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by the irreversible destruction of periodontal tissues and is one
Supplementary Information The online version of this article of the most common non-communicable diseases worldwide
(https://doi.org/10.1007/s11306-020-01754-3) contains (Tonetti et al. 2018). In its more severe form it affects around
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54 Giacomo Baima forms it reaches a prevalence of 50% (Bernabe et al. 2020).

giacomo.baima@gmail.com Since severe periodontitis impairs significantly the quality of
life, by reducing functional capacity, deteriorating aesthetics,
and decreasing self-esteem (Tonetti et al. 2017), early diagno-
sis is of utmost importance to prevent these negative conse-
quences. Thus, non-invasive accurate diagnostic methods are
sought to discriminate current periodontitis from gingivitis
and/or past periodontitis (Korte and Kinney 2016).
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To this regard, salivary diagnostics represents a promis-
ing strategy (Dawes and Wong 2019). As key component of
the host defense against the microbial attacks from the dental
biofilm, saliva provides both information on the whole mouth
inflammatory status and on pathogen microbiota (Buduneli
and Kinane 2011; Proctor 2016). Furthermore, it can be col-
lected rapidly and non-invasively, and is convenient for repeti-
tive sampling, even in patients with low compliance (Kinney
et al. 2011; Jaedicke et al. 2016). Because of these reasons,
salivary analysis has a great potential in large clinical trials,
epidemiological studies and in self-management of disease,
also where access to clinical facilities is scarce (Kim et al.
2013; Zhang et al. 2016).

Many analytical techniques have been used in the last years
to discover early markers of periodontal disease in saliva
samples (de Lima et al. 2016; Kc et al. 2020). Among these,
metabolomics deals with the characterization of low molecular
weight compounds and their metabolic pathways in bioflu-
ids or tissues using spectroscopic assay techniques (Wishart
2007). The metabolome encompasses a wide range of endog-
enous and exogenous compounds that can be affected by both
genetic and environmental factors (Nicholson et al. 2012; Patti
et al. 2012; Sun et al. 2020). Salivary metabolome can give
valuable information on the complex pathogenic mechanisms
of periodontitis, and salivary metabolites can be candidate
biomarkers to identify periodontal status (Aimetti et al. 2012;
Mikkonen et al. 2016; Gardner et al. 2020) and severity of
periodontal breakdown (Liebsch et al. 2019).

Despite the increasing number of studies focusing on the
relationship between salivary metabolome and periodontal
conditions (Barnes et al. 2009; Romano et al. 2018), a sys-
tematic review on the diagnostic ability of salivary metabo-
lomics for periodontitis is still lacking. Non-invasive and
accurate salivary tests may be helpful for early diagnosis,
thereby increasing the success of active periodontal treat-
ment as well as the maintenance phase. Therefore, the aims
of the present systematic review were to assess the poten-
tial of salivary untargeted metabolomics in the diagnosis of
periodontitis, providing a methodological grade assessment
of the included studies. Furthermore, we aimed to sum-
marize methodological differences among studies in order
to provide a comprehensive overview for future research
implementation.

2 Materials and methods

2.1 Reportand protocol

This research has been reported according to the Preferred
reporting items for systematic review and meta-analysis

protocols (PRISMA-P) (Shamseer et al. 2015). A detailed
protocol was registered on Prospero (CRD42020188482).
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2.2 Focused question

Can levels of metabolites or metabolomic profiling of
saliva be used to discriminate between periodontally
healthy conditions and gingivitis or periodontitis?

2.2.1 Inclusion criteria

The inclusion criteria of this systematic review were
organized according to the PECOS framework.

(P) Population Adult patients in good systemic health.
(E) Exposure Subjects diagnosed with gingivitis or
periodontitis.

(C) Comparison Subjects with periodontal health.

(O) Type of outcome measures Differences in detectable
metabolites in whole saliva assessed through nuclear
magnetic resonance (NMR) spectrometry or mass spec-
trometry (MS) analytic platforms.

(S) Types of Studies Original studies in humans with
observational design (cross-sectional, case—control and
cohort) with the characterization of salivary analytes by
untargeted metabolomics. Both prospective and retro-
spective studies were included.

2.2.2 Exclusion criteria

Studies that deal with targeted metabolomics, studies
investigating salivary metabolic profiling in specific medi-
cal conditions (i.e. diabetes), as well as studies evaluating
metabolomic changes after periodontal treatment were
excluded. Clinical case reports, literature reviews, edito-
rials, animal studies, and studies involving in vitro experi-
ments were not included, as well as studies not published
in English.

2.3 Search methods for the identification of studies

A literature search in Medline (via PubMed), Embase and
Web of Science electronic databases was conducted up to
and including April 14th, 2020. A search strategy based on
a combination of Medical Subject Headings (MeSH) and
free text words included the following keywords “perio-
dontitis”, “gingivitis”, “metabolomics”, “metabonomics”,
“metabolic fingerprinting”, “metabolites”, “nuclear mag-
netic resonance spectroscopy” and “mass spectrometry”
combined with Boolean operators “AND" and “OR”. The
search was conducted without any restriction on date of
publication or publication status. In addition, two inde-
pendent reviewers manually cross-checked the refer-
ence lists of all included studies and relevant systematic
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reviews. Duplicates were identified using reference man-
ager software (EndNoteTM, version 7, Thomson Reuters,
Philadelphia, PA, USA).

2.4 Study selection

The titles and abstracts of all studies identified by the search
were screened independently by two reviewers, and those
that fulfilled the inclusion criteria were selected for full
review. Any disagreements was resolved by discussion
and, when necessary, by consulting a third reviewer. The
full texts were assessed independently by two reviewers for
inclusion. The inter-reviewer agreement was verified by
kappa coefficient.

2.5 Data extraction and management

The following information of included studies was extracted
by two independent reviewers using predefined data extrac-
tion forms:

¢ General information: first author, year of publication and
country/region of origin.

e Population: number of patients, inclusion/exclusion cri-
teria, age at baseline, smoking habits.

e Exposures and controls: case and control definition, case
and control number, periodontal status assessment, pre-
sampling procedures, saliva collection method, sample
storage method, sample preparation, analytical platform
employed [nuclear magnetic resonance (NMR) or mass
spectrometry (MS) coupled with capillary electrophore-
sis, liquid or gas chromatography (CE, LC or GC, respec-
tively)].

¢ Outcomes: number of metabolites identified, statistically
significant metabolites in cases and controls, overall dif-
ferences in metabolic profiling.

2.6 Risk of bias and quality assessment of included
studies

The methodological quality of selected studies was assessed
in duplicate by two reviewers according to the criteria of the
modified version of the NIH Quality Assessment Tool for
Cross-Sectional Studies and the QUADOMICS tool, specific
to -omics research (Lumbreras et al. 2008). We composed a
tool made of 15 items to evaluate research question, study
population, exposure, salivary sampling procedures (includ-
ing antibiotic prescription, time of sampling food assump-
tion or toothpaste use), confounding factors (smoking and
systemic diseases affecting salivary metabolic profile, i.e.
diabetes mellitus), outcomes and statistics applied to metab-
olomic analysis. Every item was given either O or 1 point
apart from item 3 and item 13 on sampling procedures and

confounders in which each aspect accounted for 0.25 points.
Studies were rated based on total score. Studies with a final
score > 13 were considered as high quality, from 10 to 12 as
moderate quality and < 10 as low quality.

2.7 Pathway enrichment analysis

After identification of salivary metabolites from the selected
articles, the Human Metabolome Database (HMDB) version
4.0 was searched manually to obtain metabolite identifica-
tion prior to the analysis (Wishart et al. 2017). The pathway
analysis was run through MetaboAnalyst version 4.0 (https
://www.metaboanalyst.ca) (Chong et al. 2019). To character-
ize relevant pathways, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and the small molecule pathway (SMP)
were regarded as reference libraries. The analysis algorithm
was a hypergeometric test for over-representation analysis,
and the relative betweenness centrality was selected for path-
way topology analysis. An adjusted P-value (false discovery
rate, FDR) less than 0.05 was considered in order for a path-
way to be identified as significantly enriched.

2.8 Data synthesis

Due to the limited number of studies reporting measures of
diagnostic accuracy and the heterogeneity in methodologies,
data were not pooled in a meta-analysis.

3 Results
3.1 Study selection

Supplementary Figure 1 depicts the flow chart of selection
process: 2791 titles were retrieved from electronic and hand
searches. After excluding duplicates, the total number of
entries was 2108. Once title and abstract were evaluated,
2080 studies were excluded (agreement 88.89%; K=0.77),
resulting in 28 articles subjected to full-text analysis. Finally,
12 studies met the inclusion criteria and were eligible for the
systematic review (Sugimoto et al. 2010; Barnes et al. 2011,
2014; Aimetti et al. 2012; Marchesan et al. 2015; Kuboniwa
et al. 2016; Singh et al. 2017; Rzeznik et al. 2017; Romano
et al. 2018, 2019; Garcia-Villaescusa et al. 2018; Gawron
et al. 2019). Reasons for exclusion are reported in Supple-
mentary Table 1.

3.2 Characteristics of the included studies
Tables 1 and 2 summarize the characteristics of the
included items. All studies presented a cross-sectional

design, except one intervention study in which the meta-
bolic profile of periodontitis patients was compared before
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and after non surgical treatment (Romano et al. 2019). In
the latter, only baseline differences between healthy indi-
viduals and periodontitis patients were considered for this
systematic review. The sample size ranged from 19 to 130
participants. All studies considered chronic periodontitis
(CP) as cases, except 2 studies that additionally evaluated
the metabolic profile of aggressive periodontitis (AgP)
(Rzeznik et al. 2017; Romano et al. 2018). Only 6 studies
excluded gingivitis from controls or performed a subgroup
analysis. Seven of the included studies used "H-NMR as
analytic platform, whereas 5 studies used MS, coupled
with CE, LC and/or GC. All studies collected unstimulated
saliva, except two works in which saliva secretion was
stimulated by using paraffin wax (Rzeznik et al. 2017),
or employed mouth washouts with saline (Gawron et al.
2019). Seven studies collected saliva in the morning, one
(Kuboniwa et al. 2016) in the afternoon, whereas the
other four did not report the time of sample collection.
Kuboniwa et al. (2016) were the only authors that per-
formed debridement of supra gingival plaque and calculus
15 min before saliva sampling. In all studies, participants
were asked to avoid eating, drinking, brushing or using
mouthwash at least 1 h prior to saliva samples collection.

3.3 Quality assessment of the studies

The results of quality assessment according to the modi-
fied QUADOMICS tool for metabolomic research are
shown in Table 3. While only one study (Romano et al.
2019) performed a sample size calculation, most studies
(n=28) properly controlled participants for antibiotics,
food intake and toothpaste use before saliva collection.
Only three studies reported the exact time of saliva sam-
pling in relation to periodontal examination and only five
studies excluded or properly controlled for smoking or sys-
temic diseases in the statistical analysis. Four studies were
not able to avoid overfitting due to lack of an independent
validation set or cross-validation. No studies interpreted
data without knowledge of the clinical diagnosis. Accord-
ing to these criteria, only one study was considered as
high quality (Romano et al. 2019), five studies moderate
quality, while the others were rated as low quality.

3.4 Altered metabolites identified in gingivitis
and periodontitis

Table 4 includes results for upregulated and downregu-
lated metabolites by periodontal conditions. Number of
metabolites varied from 10 to 390. Only data for signifi-
cantly distinctive metabolites were extracted.

@ Springer

3.4.1 Amino acid metabolites

Five studies reported elevated salivary levels of two amino
acids synthesized from pyruvate in CP, valine (Aimetti et al.
2012; Kuboniwa et al. 2016; Singh et al. 2017; Romano et al.
2018, 2019), and isoleucin (Sugimoto et al. 2010; Barnes
et al. 2014; Romano et al. 2018, 2019; Garcia-Villaescusa
et al. 2018). Tyrosine was found at increased concentrations
in saliva of periodontitis patients in four studies (Sugimoto
et al. 2010; Barnes et al. 2011; Romano et al. 2018, 2019),
while cadaverine and spermidine were jointly upregulated
in CP patients in 3 studies (Sugimoto et al. 2010; Barnes
et al. 2014; Kuboniwa et al. 2016), and tyrosine and phe-
nylalanine in both CP and AgP in four studies (Sugimoto
et al. 2010; Barnes et al. 2011; Romano et al. 2018, 2019).
Alanine, cysteine, leucine, serine, and threonine were the
other amines consistently found at significantly higher con-
centrations in CP in at least two studies. On the other hand,
data on salivary proline levels were controversial, with three
studies reporting upregulated concentrations in periodontitis
patients (Kuboniwa et al. 2016; Romano et al. 2018, 2019)
and one study (Garcia-Villaescusa et al. 2018) in healthy
individuals and gingivitis cases. Cyclo (-leu-pro) and cyclo
(-phe-pro) were the two cyclodipeptides positively corre-
lated with increased severity of periodontitis and subgingival
levels of Synergistetes (Marchesan et al. 2015).

3.4.2 Cellular respiration/carbohydrate metabolism

Many metabolic changes in the glycolysis, the tricarboxylic
acid cycle (TCA) and the anaerobic respiration were associ-
ated with periodontal disease. Decrease in the salivary levels
of N-acetyl groups (Aimetti et al. 2012; Rzeznik et al. 2017;
Romano et al. 2018), but increase in succinate, a dicarbo-
xylic acid generated in mitochondria via the TCA, were
found in periodontitis patients compared to healthy controls
(Aimetti et al. 2012; Barnes et al. 2014; Singh et al. 2017),
While glucose increased more in periodontitis than healthy
samples in 2 studies (Barnes et al. 2011, 2014), the trend of
other mono- and di-saccharides from carbohydrate metabo-
lism identified by Barnes (fructose, mannose and mannitol)
failed to reach replication. Analysis of metabolites related to
energy production pathways showed contradictory results.
As intermediate in several metabolic pathways throughout
both prokaryotic and eukaryotic cells, pyruvate was found
to be depleted in saliva of periodontitis patients in four stud-
ies (Aimetti et al. 2012; Rzeznik et al. 2017; Romano et al.
2018, 2019), but upregulated in the study by Singh et al.
(2017). Lactate, as product of anaerobic glycolysis, was
found to be upregulated in periodontitis compared to healthy
controls in 2 studies (Singh et al. 2017; Gawron et al. 2019),
while in 4 studies followed the opposite trend (Rzeznik et al.
2017; Romano et al. 2018, 2019; Garcia-Villaescusa et al.
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Table 1 (continued)
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Minimal dental plaque

periodontal pockets with

PD>5 mm in at least two

quadrants

NR

NR

NR

98 (11 P/87 H) NR

Japan

Sugimoto et al. (2010)

BoP bleeding on probing, CAL clinical attachment loss, CDC-AAP Centers for Disease Control and Prevention-American Academy of Periodontology (Eke et al. 2012), CP chronic periodonti-

tis, G gingivitis, GAgP generalized aggressive periodontitis, GCP generalized chronic periodontitis, H periodontally healthy individuals, MGI modified gingival index, NR not reported, P peri-

odontitis patients, PD pocket depth

2018), and in the study by Garcia-Villaescusa et al. (2018)
it increased in gingivitis patients. Finally, acetate, that is
an end product of anaerobic fermentation, was upregu-
lated in periodontitis patients in the subset of Aimetti et al.
(2012), while it followed an inverse tendency in the study
by Rzeznik et al. (2017).

3.4.3 Lipid metabolites

Free fatty acids and metabolites related to fatty acid oxida-
tion are frequently altered in periodontitis patients. Butyrate
is a short chain fatty acid (SCFA) metabolyzed by oral bac-
teria and was found upregulated in periodontitis across three
studies (Aimetti et al. 2012; Rzeznik et al. 2017; Garcia-
Villaescusa et al. 2018). Barnes et al. (2011, 2014) reported
increased salivary detection of linoleate, docosapentaeno-
ate, dihomo-linoleate, arachidonate, 2-hydroxypalmitate,
consistently with higher inflammatory degradation of lipid
macromolecules, together with two byproducts of carnitine,
3-dehydrocarnitine and acetylcarnitine. Propionate, isovaler-
ate, caproate and isocaproate are among the other fatty
acids upregulated in periodontal diseases. Finally, glycerol-
3-phosphate (G3P) was the only untargeted metabolite sig-
nificantly discriminating periodontitis patients from healthy
controls in the study by Marchesan et al. (2015).

3.4.4 Other significant metabolites

Methanol is a volatile alcohol catabolyzed by bacteria, that
was downregulated in CP and AgP in two studies (Rzeznik
et al. 2017; Gawron et al. 2019); while trimethylamine, syn-
thetized during the reaction between ammonia and metha-
nol, was upregulated in CP (Sugimoto et al. 2010; Aimetti
et al. 2012). Hydrocinnamate, a carboxylic acid derived from
phenylalanine, was significantly elevated in periodontitis
patients in the study of Kuboniwa et al. (2016).

3.5 Pathway enrichment analysis of potential
biomarkers

From the included studies, we extracted 114 potential bio-
marker candidates. Among them, only 27 compounds that
had statistically significant trend in more than one paper
were submitted to pathway enrichment analysis (Fig. 1).
As shown in Fig. 2, phenylalanine, tyrosine and tryptophan
biosynthesis pathway (impact value of 1, FDR of 0.023);
glycine, serine and threonine metabolism pathway (impact
value of 0.21, FDR of 0.023); phenylalanine metabolism
pathway (impact value of 0.35, FDR of 0.091) and pyruvate
metabolism pathway (impact value of 0.22, FDR of 0.29)
were the most prominent ones derived from the selected
biomarkers. Detailed information regarding the reported
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Table 2 Methods of collection and sample analysis across the included studies

Authors Pre-sampling procedures Saliva collection methods Pre-analytical procedures
Restrictions Timing Type of saliva Volume Time of sampling Sample storage Sample prepa-
ration
Gawron et al. No eating, drink-  From 11 pm of Sterile saline 0.5 ml NR Frozen Yes
(2019) ing (exclud- the night before  to rinse for
ing water) or 20-30's
brushing
Romano et al. No eating, drink- 1 h before Unstimulated 1 ml 9-11 am —-80°C Only centrifuge
(2019) ing, brushing or saliva
mouthwash
Garcia-Villaes- No eating, drink- 2 h before (smok- Unstimulated NR Morning —-80°C Yes
cusa et al. ing, brushing, ing 1 before) saliva
(2018) using mouth-
wash and
smoking
Romano et al. No using 1 h before Unstimulated 1 ml 8:00-10:00 Frozen Yes
(2018) mouthwash or saliva
brushing
Rzeznik et al. No eating, drink- 2 h before Stimulated saliva 10 ml 09:00 and 11:00 —25°C Only centrifuge
(2017) ing, chewing (paraffin wax) am
gum, or brush-
ing
Singh et al. No oral activities 2 h before Unstimulated NR Morning Frozen Only centrifuge
(2017) saliva
Kuboniwa et al. No brushing or 1 h before Unstimulated >3 ml From 1:00 —-80°C Yes
(2016) using mouth- saliva to 3:00 pm
wash (15 min post
debridement)
Marchesan et al.  No eating, drink- 1 h before Unstimulated 3ml NR NR Only centrifuge
(2015) ing, chewing saliva
or performing
oral hygiene
procedures
Barnes et al. No eating, drink-  From 11 pm of Unstimulated >03ml NR —-80°C Yes
(2014) ing (excluding the night before saliva
water) and Brushing the
brushing morning of the
collection
Aimetti et al. No eating, drink- The morning of ~ Unstimulated 1 ml 8-10 am Frozen Yes
(2012) ing, brushing collection saliva
with tooth paste
or mouth rins-
ing the morning
of collection
Barnes et al. No eating, drink-  From 11 pm of Unstimulated >0.5ml Morning —-80°C Yes
(2011) ing, or oral the night before  saliva
hygiene
Sugimoto et al. No eating, drink- 1 h before Unstimulated 5 ml NR NR Yes
(2010) ing, smoking saliva

or using oral
hygiene prod-
ucts

NR not reported

@ Springer
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Table 3 (continued)

Gawron
et al.

Romano
et al.

Garcia-Vil-

Romano
et al.

Rzeznik
et al.

Singh et al.
(2017)

Kuboniwa
et al.

Marche-

Barnes et al.
(2014)

Aimetti

et al.

Barnes et al.

(2011)

Sugimoto
etal.

Item

laescusa et al.

2018

san et al.
(2015)

(2019)

Mod

(2019)
High

(2018)

Mod

(2017)

Mod

(2016)

(2012)

(2010)

Mod

Low Low

Low

Mod

Low

Low

Low

Quality evalu-
ation

Mod. moderate

metabolites and enriched pathways can be found in Sup-
plementary Table 2.

3.6 Discrimination of metabolic profiling
by multivariate analysis

Among multivariate data analysis (MVDA) techniques
aimed at grouping similar subsets of samples together, prin-
cipal component analysis (PCA) was adopted in three stud-
ies (Sugimoto et al. 2010; Romano et al. 2018, 2019). This
unsupervised modeling approach yielded from 81 to 82.5%
of predictive accuracy in discriminating healthy from CP
and AgP patients, and 60% in distinguishing CP against AgP
patients. Conversely, supervised modeling approaches for
regression discriminant analysis (DA), including partial least
squares (PLS) and orthogonal PLS (OPLS), were adopted in
6 studies. In Aimetti et al. (2012), PLS-SVM yielded sen-
sitivity of 91.1%, specificity of 79.4% and predictive accu-
racy of 84.1% in discriminating CP versus healthy status.
PLS-DA yielded coefficient of determination (R?) and cross-
validated coefficient of determination (Q?) values ranging
from 0.71 to 0.999 and from 0.616 to 0.79, respectively
(Kuboniwa et al. 2016; Singh et al. 2017; Garcia-Villaescusa
et al. 2018). Lower values in OPLS analysis were obtained
in the studies by Rzeznik et al. (2017) and by Gawron et al.
(2019) with R? values of 0.57 and 0.52, respectively and Q>
values of 0.48 and 0.32, respectively. Finally, three studies
did not perform or did not report results for MVDA (Barnes
et al. 2011, 2014; Marchesan et al. 2015).

The area under the curve of the receiver operating char-
acteristic curve (AUROC) values were reported only in
5 studies to assess the ability of candidate metabolites in
discriminating healthy controls from periodontitis patients.
They ranged between 0.69 and 0.982 (Sugimoto et al. 2010;
Kuboniwa et al. 2016; Singh et al. 2017; Rzeznik et al. 2017,
Garcia-Villaescusa et al. 2018).

4 Discussion
4.1 Principal findings

This systematic review provided a qualitative synthesis of
the literature dealing with untargeted metabolomic analysis
of saliva for the diagnosis of periodontal diseases together
with a methodological assessment of the 12 included stud-
ies. Compared to periodontally healthy subjects, patients
with periodontitis presented statistically significant differ-
ences in 114 metabolites of different classes accounting
for an elevated macromolecular degradation in periodontal
disease. Pathway enrichment analysis revealed significant
activity in the phenylalanine, tyrosine and tryptophan path-
way, together within the phenylalanine and the pyruvate

@ Springer
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Fig. 1 Histogram depicting

the metabolites significantly
upregulated or downregulated in
periodontitis (only compounds
estimated across two studies or
more are represented)

Fig.2 Results of the pathway
analysis of metabolic biomark-
ers in relation to periodontitis
(circle color indicates signifi-
cance level in the enrichment
analysis, and circle size reflects
pathway impact value from the
topology analysis)

B Upregulated in periodontitis

B Upregulated in healthy
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metabolism. The increased glycosidase, lipase, and protease
activities associated with periodontal inflammation supply
a more favorable energetic environment for oral bacteria,

Pathway Impact

plausibly exacerbating the disease state (Barnes et al. 2011;
Marsh and Zaura 2017). Due to the high complexity of sys-
tems targeted by omic research, multivariate analysis is often

@ Springer
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required in order to minimize random noise and to find latent
trends within the data sets. The results of MVDA revealed
that periodontitis is characterized by a specific metabolic
signature in saliva, with model’s goodness-of-fit metrics
ranging from 0.52 to 0.99. The distinctive clinical diagno-
sis of CP and AgP was not reflected in different metabolic
profiling, as attested by the findings of Rzeznik et al. (2017)
and Romano et al. (2018). This biological homogeneity has
been operationalized by the 2017 World Workshop on the
Classification of Periodontal Diseases that merged both
forms in a single entity with different stagings and gradings
(Tonetti et al. 2018). Due to the explorative nature and het-
erogeneity of the included studies, no meta-analysis of the
results was possible. The relevant heterogeneity could be
ascribed to differences in the sample size, case definitions,
saliva collection methods, analytical platform and protocols
adopted. The aforementioned issues are reflected in a general
low/moderate quality scores of the studies, assessed by the
modified QUADOMICS version.

4.2 Interpretation in the context of the available
literature

Valine, isoleucine, phenylalanine and tyrosine were the
metabolites consistently upregulated in periodontitis in
a large number of included studies. Also, cadaverine was
significantly upregulated in 3 studies, in agreement with
a recent research in which elevated concentrations of this
product of protein decomposition were associated with
higher periodontal pocket inflamed surface area (Sakanaka
et al. 2017). The impaired catabolism of peptides in peri-
odontitis is imputable to an increased activity of proteases,
such as matrix metalloproteinases, which are usually upregu-
lated in inflammatory conditions (Tervahartiala et al. 2000;
Arias-Bujanda et al. 2020). In addition, the shift of the sub-
gingival flora towards anaerobic proteolytic species also
contributes to peptide degradation (Potempa et al. 2000).
Valine and isoleucine are branched chain essential amino
acids located at the crossroad of many metabolic pathways
in eukaryotic and prokaryotic cells. Interestingly, valine is
also synthetized by bacteria from pyruvic acid (Blombach
et al. 2007), that was found significantly depleted in peri-
odontitis patients in 4 studies (Aimetti et al. 2012; Rzeznik
et al. 2017; Romano et al. 2018, 2019). Other two mecha-
nisms may account for this finding. First, pyruvic acid rep-
resents the starting point of Krebs cycle, upregulated in
periodontal ligament cells when facing infections (Su et al.
2020). Second, this compound is the principal substrate of
L-lactate dehydrogenase, which manifests increased activ-
ity during periodontal inflammation (Wolff et al. 1988).
Another metabolite associated with the depletion of the sac-
charolytic flora in favor of a more pathogenic one is lactate,
upregulated in healthy controls in 4 studies (Rzeznik et al.

@ Springer

2017; Romano et al. 2018, 2019; Garcia-Villaescusa et al.
2018). However, two studies reported an opposite trend for
this molecule; but while Singh et al. (2017) did not provide
a motivation, Gawron et al. (2019) could have favored the
displacement in saliva of metabolites from the supragingival
biofilm by making patients rinse their mouth with sterile
saline before sampling. Intriguingly, lactate concentrations
were upregulated in healthy controls in all three studies that
distinguished between periodontitis and gingivitis (Romano
et al. 2018, 2019; Garcia-Villaescusa et al. 2018). Therefore,
decrease of lactate seems to be a promising indicator of peri-
odontitis rather than inflammation.

The complex interplay between the host immune system
and the dysbiotic microflora is reflected by other changes in
the salivary metabolites. Succinate and butyrate were found
upregulated in periodontitis patients compared to healthy
controls in 3 studies. This finding is consistent with the evi-
dence demonstrating that butyrate, metabolyzed by bacteria,
increases with the worsening of disease state, although its
role in periodontal pathology remains controversial (Shiras-
ugi et al. 2018; Liu et al. 2019). In one recent in vitro study,
Porphyromonas gingivalis-infected periodontal ligament
cells showed a marked pileup of succinate (Su et al. 2020),
considered as an indicator of energetic stress. Barnes et al.
(2011, 2014) reported increased concentrations of lysolipids
and complex fatty acids in periodontitis. This can be justi-
fied by the enhanced secretion of pro-inflammatory lipids
by the inflammatory cells and by the upregulation of fatty
acid metabolism in response to oxidative stress (Huang et al.
2014). However, other studies which used different analytic
platforms failed to detect an alteration in lipid profile. While
Barnes et al. (2011, 2014) utilized MS for its higher sensi-
tivity and wider range of measurement, NMR spectroscopy
is the preferred method for untargeted analysis owing to its
excellent reproducibility and simplicity of sample prepara-
tion (Emwas et al. 2013; Wishart 2019). Although in the
majority of cases NMR and MS signals belong to the same
metabolite, the bias arising from the analytical platform
should not be neglected because the two techniques are not
perfectly commutable (Hao et al. 2016).

Pathway enrichment analysis represents a first choice
for gaining insight into the underlying biology of differen-
tially expressed metabolites, as it reduces complexity and
increases explanatory power (Hung 2013). This analysis
showed how the pathway of phenylalanine, tyrosine and
tryptophan biosynthesis had the highest impact on the over-
all metabolic profile. This pathway is highly expressed in
conditions involving immune activation (Murr et al. 2014)
and has a key role in bacterial anabolism (Parthasarathy
et al. 2018). This finding is consistent with those by Liebsch
et al. (2019), reporting positive correlation between prob-
ing depth and salivary levels of phenylalanine and tyrosine
catabolites, as well as of ®-6 fatty acid dihomo-linolenate.
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Another significantly upregulated pathway was aminoacyl-
tRNA biosynthesis, that plays a crucial role in regulating
the maturation, transcription, activation and recruitment of
immune cells (Nie et al. 2019).

Environmental factors should be considered when inter-
preting the oral metabolome. Smoking can affect the salivary
expression of lactate, pyruvate, and sucrose (Takeda et al.
2009), hexanoic acid, cadaverine and G3P (Mueller et al.
2014). This may explain the conflicting increase of pyruvate
in periodontitis patients of Singh et al. (2017), as smoking
status of participants was not provided. Also, the alteration
in the G3P levels detected by Marchesan et al. (2015) may be
biased by the inclusion of a 43% of smokers within partici-
pants. Saliva collection method and amount of supragingival
plaque may influence the metabolomic analysis of saliva.
Passive drooling is regarded as the gold standard, because
all other protocols may generate exogenous metabolites in
samples (Pereira et al. 2019). Incidentally, increase in threo-
nine and GABA reported by Rzeznik et al. (2017) could be
partially explained by saliva stimulation with paraffin wax,
as specified by Okuma et al. (2017). The concentration of
SCFAs, amines, phenylalanine, glycine, and succinate is
strongly correlated with the bacterial load in whole mouth
saliva (Gardner et al. 2019). To this regard, Kuboniwa et al.
(2016) collected saliva samples before and 15 min after
supragingival debridement: while the metabolic phenotyping
of periodontal patients remained similar and clearly distinct
from healthy controls, the use of post-debridement saliva
improved the predictive ability of their model, enhancing the
detection of spermidine, ornithine and 5-oxoprolin secreted
from sub-gingival locations.

In addition, concomitant systemic and/or oral diseases
may also affect the salivary metabolites. Valine was found
upregulated in oral, breast and prostate cancers (Sugimoto
et al. 2010; Wei et al. 2011), and propionate in Alzheimer’s
disease (Yilmaz et al. 2017) and dementia (Figueira et al.
2016), while butyrate levels were affected by the presence
of dental caries (Fidalgo et al. 2013; Pereira et al. 2019).
Furthermore, isoleucine, leucine, valine, and tyrosine were
significantly upregulated in patients with type 2 diabetes
(Sun et al. 2020). Due to the multifactorial character of
periodontitis, diagnostic power can be enhanced by evalu-
ating a panel of metabolites (Ramseier et al. 2009; Lee et al.
2012). Kuboniwa et al. (2016) reported that a combination of
cadaverine, 5-oxoproline, and histidine increased the AUC
for moderate and severe periodontitis to 0.881, while AUC
values for single metabolites were not higher than 0.6.

Biostatistics methods are consistently used together with
high-throughput techniques for reducing dimensionality and
finding latent trend or clusters within the data. Despite the
variance in the estimates, the majority of MVDA provided
evidence for a distinctive salivary metabolomic signature of
periodontitis. Therefore, metabolomics candidates itself as

a support to achieve a biologically oriented classification of
periodontal diseases (Kornman et al. 2017). Importantly, the
generalized periodontal inflammation brought by a condition
of gingivitis can be considered as a major confounding factor
when interpreting the data projected into the score plots of
PCA or PLS. Metabolomic profiles of gingivitis can partially
overlap with both healthy state and periodontitis, although
it seems that they present a uniquely specific fingerprint
(Garcia-Villaescusa et al. 2018).

4.3 Strengths and limitations of this study

To the best of our knowledge, this is the first systematic
review focusing on the application of untargeted salivary
metabolomics to diagnosis of periodontitis. Consistent with
the previous narrative reviews (Mikkonen et al. 2016; Gard-
ner et al. 2020), this review indicated that some metabolites
can consistently discriminate between healthy and diseased
periodontal conditions, and may be candidates for future
steps in the diagnostic test validation process. Untargeted
metabolite analysis is preferred for providing global pro-
filing and for discovering new pathways (Gertsman and
Barshop 2018). Although some articles dealing with targeted
metabolites in saliva were found, they were mostly oriented
at investigating their specific biological functions, and not
on diagnostic purposes (Pradeep et al. 2007; Elabdeen et al.
2013). However, limiting the number of metabolites can lead
to overlooking of some important byproducts, which might
be a bias for targeted method (Roberts et al. 2012).

Some limitations of this review should be also acknowl-
edged, mainly ascribed to the nature of the included studies.
Firstly, most of them have small sample sizes preventing the
generalizability of the results. Secondly, despite the strict
inclusion criteria, there was heterogeneity in geographic
area, case definitions, and eligibility criteria. For instance,
smoking is a known risk factor for periodontitis, although
a number of smokers was included in many of the studies
(Nociti et al. 2015). Finally, the lack of analytical protocol
homogeneity was a major problem and resulted in a broad
range of metabolites with lack of replications. Also, multiple
independent validations were not adopted for many studies.

4.4 Implications for future research

Prevention and early diagnosis of periodontitis are open
challenges in periodontology. Developing diagnostic tests
with high sensitivity and specificity requires mandatory
steps (Gluud and Gluud 2005; Colli et al. 2014). Current
knowledge about metabolomics in the periodontal field is
limited to diagnostic biomarker discovery or preliminary
comparative studies, i.e. phase 0 or phase Ila. In parallel,
there is a need to better characterize the metabolic events
occurring in the mouth in health and disease. Temporal
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stability and reproducibility of salivary fingerprinting are
key features, both at circadian level and after oral activities
or dental treatment (Wallner-Liebmann et al. 2016). Prelimi-
nary data (Romano et al. 2019) indicated that periodontally
treated patients display a distinct metabolomic profiling
compared to both healthy and periodontitis patients. Also,
most included studies considered only generalized peri-
odontitis for their analysis, but it would be more relevant
for treatment to promptly detect the localized/initial forms
(Papapanou et al. 2018). However further studies are needed
to better characterize these groups by consistently applying
the new classification of periodontal diseases and properly
controlling for the presence of gingivitis. At present, it is
not clear whether the state of disease activity has a major
influence on the salivary metabotype or, alternatively, the
latter is more dependent upon the genetic or epigenetic sus-
ceptibility factors.

Finally, integrating metabolomics with other omics plat-
forms (e.g., genomics, transcriptomics and proteomics) will
empower the knowledge on the biological stratification of
periodontitis and help constructing the best discriminative
diagnostic model in the view of personalized and precision
medicine (Lyman and Moses 2016; Divaris et al. 2020). Per-
iodontitis has been linked to numerous systemic conditions
(Papageorgiou et al. 2017; Romandini et al. 2018; Beck et al.
2019). To this regard, salivary diagnostics has been pro-
posed for biomarker discovery in other human pathologies,
mostly in oral cancer, pancreatic cancer and Alzheimer’s
disease (Dawes and Wong 2019; Assad et al. 2020). Expand-
ing salivary metabolomics into other fields may help under-
standing the connection between molecular scale pathology
and phenotypic expressions; and concomitantly refining the
knowledge about metabolomic changes in periodontal health
and disease. In order to achieve these highly desirable goals,
general consensus and harmonization of protocols between
different center is mandatory (Beger 2018).

5 Concluding remarks

This systematic review supports the use of salivary untar-
geted metabolomics for the diagnosis and monitoring of
periodontal diseases. Several molecules and metabolic path-
ways detected in saliva were found to be associated with
periodontitis, although no single biomarker could be consid-
ered specific for the disease. The combination of cadaverine,
5-oxoproline, and histidine seems particularly promising to
improve diagnostic accuracy, but this panel was tested by
only one study. Despite a meta-analysis was not possible, a
high consistency of the findings was found across the stud-
ies, irrespective of the methods employed. These results may
support the design of targeted analysis for those metabolites

@ Springer

that were consistently associated to periodontitis or peri-
odontal health either.

In addition, profiling by multiple logistic regression mod-
els confirmed that a distinct fingerprint of periodontitis is
detectable in saliva through metabolomics. However, the
discriminating ability has not reached the consistency of
replication required for a diagnostic tests yet, especially for
early state of disease. Overall, due to the heterogeneity and
quality of the available evidence, more methodologically
robust research is demanded in order to make advancements
in salivary metabolomics for periodontal diseases. This
requires harmonization of protocols to implement candidate
metabolites, and sufficiently powered multi-centered cohort
studies with blinded evaluation to validate them for clinical
translation.
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