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Abstract

:

Saliva is a useful biological fluid and a valuable source of biological information. Saliva contains many of the same components that can be found in blood or serum, but the components of interest tend to be at a lower concentration in saliva, and their analysis demands more sensitive techniques. Metabolomics is starting to emerge as a viable method for assessing the salivary metabolites which are generated by the biochemical processes in elucidating the pathways underlying different oral and systemic diseases. In oral diseases, salivary metabolomics has concentrated on periodontitis and oral cancer. Salivary metabolites of systemic diseases have been investigated mostly in the early diagnosis of different cancer, but also neurodegenerative diseases. This mini-review article aims to highlight the challenges and possibilities of salivary metabolomics from a clinical viewpoint. Furthermore, applications of the salivary metabolic profile in diagnosis and prognosis, monitoring the treatment success, and planning of personalized treatment of oral and systemic diseases are discussed.
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1. Introduction


Salivary metabolomics is a rapidly evolving discipline aiming to obtain new biological information about both body health and different oral diseases. Saliva as an important biofluid provides a window into biological pathways in the human body because it contains many of the same biomarkers as blood and serum. A biomarker is defined as “any substance, structure, or process that can be measured in the body or its products and that can influence or predict the incidence of outcome or disease” [1]. The components of interest tend to be at a lower concentration in saliva and their analysis demands more sensitive techniques. Salivary metabolomics, one of the “omics” techniques, opens a “new world” to understand many physiological and pathophysiological processes in this unique organ of the human body, the oral cavity. Salivary metabolomics has many promising possibilities in multiple fields, including medicine, oral medicine, dentistry, sports medicine, toxicology, pharmacology, microbiology, nutrition, and forensic science. However, we have many challenges, because the oral cavity is a very complicated organ, and there are many factors that influence the salivary metabolic profile.



This mini-review article aims to highlight challenges and possibilities of salivary metabolomics from a clinical viewpoint as well as to discuss applications of the salivary metabolic profile in diagnosis and prognosis, monitoring the treatment success, and planning personalized treatment of oral and systemic diseases.




2. Saliva in the Oral Defense


Saliva is secreted from three paired major salivary glands (i.e., parotid, submandibular, sublingual) and numerous minor salivary glands, which are located throughout the oral cavity. Saliva formation occurs in two steps: the main components of saliva are produced by the secretory (acinar) cells as primary saliva, which is then modified by the ductal cells. The ductal modification depends on the secretion rate and induces changes in the composition of whole-mouth saliva [2]. The secretion functions of salivary glands are controlled by the autonomic nervous system, by both sympathetic and parasympathetic systems [2,3].



The main function of saliva is to moisten and lubricate surfaces of the oral cavity, pharynx, and esophagus. Whole-mouth saliva (WMS) is a complex biofluid containing many defense mechanisms, which are constituted of secreted products derived from serum, salivary glands, gingival fluid, mucosal transudate, and oral microbes. Saliva with its components forms a protective pellicle both on teeth and oral mucosa [4].



Highly viscoelastic and adhesive mucus, named the mucosal pellicle, together with salivary proteins protects the oral mucosa, which covers roughly 80% of the mouth’s surface area. The mucosal pellicle attaches itself to oral epithelial cells, forming a superficial layer on the oral mucosa [4]. Some protective salivary proteins concentrate on the mucosal surface through specific interaction forming the mucosal pellicle, which could create an immune barrier against oral microbes. The mucosal pellicle forms an immunological reservoir of the oral cavity, and it protects oral surfaces against several microorganisms [4,5,6].




3. Salivary Metabolomics in Oral Diseases


The metabolic pathways of this unique organ are dependent on genetics, proteomics, microbiota, age, gender, environmental alterations, diet, unhealthy habits, systemic diseases, medication, oral diseases, dental materials, dentures, physical training, stress, and hormonal status (endocrine-related metabolites) (Figure 1). Low salivary flow rate can affect the salivary metabolome, thus modifying the salivary composition [2,7].



The microbial consortia present in the mouth are associated with human physiological functions including metabolism [8]. The oral cavity contains from 250 to 300 species of micro-organisms forming the oral microbiome, which is considered to maintain homeostasis with many salivary protease inhibitors in a healthy individual [6]. Furthermore, the oral cavity contains many habitats for microbial communities, including teeth, tongue, cheeks, and gums. The dorsal surface of the tongue contains filiform papillae with rough hairs covered by many micro-organisms (Figure 1), and tongue colonization is most important in the healthy mouth. However, quite common and normal tongue disorders—including fissured tongue, geographic tongue, hairy tongue, and filiform atrophy—may modify the salivary metabolic profile. These disorders are not mentioned in any publications of salivary metabolic studies.



For the most part, salivary metabolomic publications have concentrated on periodontitis and oral cancer (Table 1). The most common human illnesses are caries and periodontitis, which are chronic inflammatory diseases and manifest from slow progression. The standard diagnostics are based on visual and morphological changes associated with those diseases, but they have limitations in early prediction. Generalized periodontitis identified in the saliva and salivary metabolic profile could be used to predict this disease [9,10,11,12,13,14,15,16,17,18]. However, the same molecular mediators of oral dysbiosis are linked to cardiovascular diseases [19].




4. Salivary Metabolites and Systemic Diseases


Saliva is derived from blood and it reflects the physiological status of the body [29]. Many systemic diseases, medication, and hormones, including insulin, melatonin, estrogens, and androgens, modulate salivary gland function [30]. Salivary metabolites have been studied in the early diagnosis of cancers, but also in neurodegenerative diseases (Table 2).




5. Saliva Collection


The most critical steps in salivary metabolic experiments are sample collection and preparation preceding the metabolic analysis. Saliva collection is an important issue since different types of saliva have been used in metabolic analysis, whole saliva (WS) is the most used (Table 1 and Table 2). In detail, saliva collection and processing can significantly influence its composition and affect the results. For example, the composition of stimulated saliva differs from that of unstimulated saliva, and masticatory stimulated saliva is verified as an adequate alternative to unstimulated saliva for microbiome-related studies [47]. Therefore, the collection plan depends on the hypothesis of the study.



The collection of saliva is painless, cheap, and easy without risk of infection. It is also suitable for patients who suffer from anxiety during blood collection, and for children and patients with impairments in social communications, including autistic disorder and dementia. Saliva is a complex mixture, therefore optimal sampling methods and storing procedures of saliva samples are important pre-analysis criteria. However, there are many challenges in saliva collection for metabolomic analysis.



Although saliva is easy to collect, many patients suffer from hyposalivation and low masticatory function. Hyposalivation is common in geriatric patients and patients with various chronic diseases and conditions, e.g., Sjögren’s syndrome, rheumatoid arthritis, diabetes mellitus, dehydration, eating disorders, and depression [48,49]. In order to collect saliva from these patients, stimulation is necessary for rapid collection.



The secretion of saliva can be stimulated by gustatory, olfactory, or masticatory stimuli. Paraffin wax is the most used masticatory stimulant, and citric acid is an example of a gustatory stimulus. The optimal sampling and storing procedures are important pre-analytically. Salivary stimulation to collect saliva samples is necessary for patients suffering from low salivary rates. Hence, we investigated the variations of metabolites with NMR for the two different salivary stimulations, e.g., masticatory stimulation (chewing with paraffin wax) and gustatory stimulation (citric acid) as presented in Figure 2.



The common preparation steps for salivary metabolomic analyses are centrifugation and storage in freezing temperatures. Of all the analysis techniques, NMR is a relatively novel and underutilized method for salivary analysis. In addition, saliva preparation for NMR is lacking a commonly agreed protocol. Centrifugation is an essential step to remove cell content and remove interference in the resulting spectrum. Repeated freezing and thawing are not to be found to affect the metabolic profile [51].



Inter-individual and inter-day variability in saliva samples are large and might affect the results more than variations in storage and handling. Microbial growth inhibitors such as NaN3 can be used to stabilize the samples, but in general, saliva samples are very stable. As for storage temperature, colder is better. Samples can be stored at −20 °C for up to 4 weeks without adverse effects to analysis [52].




6. Methods to Study Salivary Metabolites


The key technologies of salivary metabolomics are mass spectrometry (MS) in conjunction with either high-performance liquid chromatography (HPLC-MS) or two-dimensional gas chromatography (2DGC-MS), and nuclear magnetic resonance (NMR) spectroscopy (Table 1 and Table 2).



Fourier-transform infrared (FTIR) spectroscopy utilizes infrared light for molecular composition analysis. Different molecular bonds absorb light at different wavelengths, and from spectral analysis, compounds and their concentrations can be identified. Photoacoustic spectroscopy (PAS) is a variation of this method and is primarily suitable for the measurement of gases. The weakness of these techniques is that they are sensitive to water, so proper drying before the measurement is required [53]. New methodologies to investigate patients’ health stages in the clinic are welcome. To study the saliva of oral surfaces, including mucosal pellicle, we need new technologies as presented by Hurskainen et al. [54]. Overall, more studies with this new method combining salivary metabolomics are needed before clinical use.



Different bioinformatics tools can be used for metabolomics analyses. Spectral data can be analyzed with multivariate statistical analysis techniques such as principal component analysis (PCA) and partial least-squares regression (PLS). Simple univariate ANOVA and T-test methods can be used but are often insufficient when analyzing complex metabolic data [55].



Metabolic profiling can be done via targeted or untargeted analysis. The untargeted analysis attempts to analyze the whole salivary “fingerprint” and could yield information not initially considered as a testing outcome. The targeted analysis focuses on a certain subset of metabolites. This approach could lead to greater accuracy, but the metabolite subset must be selected carefully. Recently, machine learning algorithms have become more common [56], including a multiple logistic regression (MLR) model and an alternative decision tree (ADTree)-based machine learning method [35].



For practical clinical screening, large-scale analysis requires high-throughput methods. A method based on multisegment injection (MSI) combined with CE-MS was recently introduced. Using sample stacking to obtain sequential injection, it was possible to measure a series of salivary samples in one measurement run. [57]



Software packages are available for metabolomic analyses. For NMR spectral quantification, software such as PERCH (PERCH Solutions Ltd., Kuopio, Finland) has been used in our research [33]. Another open-source platform, PRIME, the Platform for RIKEN Metabolomics (prime.psc.riken.jp), assembles tools for metabolomics and transcriptomics. Moreover, MetaboAnalyst (5.0) is a freely available web application for complex metabolomic data analyses, visualization, and functional interpretation [58].




7. Discussion


The clinical interest in salivary metabolomics has been growing because saliva is easy to obtain using non-invasive methods and can be collected several times a day. Salivary metabolomics is a relatively new and developing research area that needs to be explored further for its optimal utilization in clinical implementations. As with most biological fluid, complications in the metabolic analysis occur as a consequence of the inhomogeneity of saliva’s composition and the high variability in saliva observed between individuals [38]. Furthermore, despite the methodological achievements in metabolomic analysis, the analysis of salivary metabolomics lacks standardized methods for saliva collecting, processing, and analyzing of saliva samples. These differences are a common challenge encountered in salivary research.



Metabolomic profiles of saliva are most probably a potential tool of choice for diagnosis, management, and follow-up of patients. With cross-sectional studies, we could not eliminate all factors, which are related to the salivary metabolite profile of certain diseases. Every human individual has their own salivary metabolic profile, so longitudinal study will give us information about the changes in different stages of certain diseases, predict disease progression, and the success of treatments. Consequently, during follow-up studies, we could find certain biomarkers for different specific diseases. Indeed, a validation step on a larger cohort of patients and controls is needed before clinical generalization of the method, such as Andörfer et al. presented [59].



The metabolite content of saliva and metabolic fingerprint in every subject is derived from the oral microbiome. Dysbiosis of oral microbes is a potential environmental factor both in oral and also in some cases of systemic diseases [19,60]. Metabolomic profiles of saliva observed in patients with different diseases may reflect a disease-associated oral microbiota, because most of the microorganisms, including viruses, modulate the metabolic profile of saliva. The metabolic fingerprints in different diseases and different oral conditions impact our understanding of the molecular mechanisms and metabolic pathways in the oral cavity. Because of the growing interest to move towards personalized treatments of many systemic diseases, salivary metabolomics may be a good tool for treatment planning. With the metabolic profile analysis of every patient, we could plan the personalized treatment and follow the treatment success.



The human oral cavity contains many different niches, which provide the appropriate space for the colonization of microorganisms, including bacteria, fungi, and viruses. Oral microorganisms are associated with several non-oral infections. The oral cavity is an important entry point for pathogens, including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is found in saliva [61]. Coronavirus disease 2019 (COVID-19), which could be asymptomatic for three months, is an emerging infectious pandemic disease [62]. Thus, NMR-based metabolomics may be a prominent tool for the early-stage prediction diagnosis, and the frontline for the eradication/elimination of COVID-19 and the next pandemic [63].



Whole-mouth saliva is the most used in metabolic analysis. However, salivary components attach and concentrate on the oral mucosal surface as a mucosal pellicle. Differences in surfaces of the oral cavity, including teeth and oral mucosa, led to the development of physical and chemical sensors to analyze metabolites on these surfaces. To investigate metabolites of the mucosal pellicle, we need tools, such as physical or chemical properties of the sensor, to analyze the surface biofluid [54].



In the future, the salivary metabolic profile can serve as important knowledge regarding a patient’s health status, and according to the patient’s metabolic profiles, personalized treatment could be planned. Furthermore, saliva-derived biomarkers could be used to monitor the stage of a disease and treatment success. Further development of metabolomics for medical reasons, saliva samples should be collected at many standpoints from the same patient before and after treatment. Despite these advances, there is an important need for salivary metabolic analysis as a potential surrogate for other diagnostic methods. Saliva as a mirror of oral and systemic health, together with its metabolic investigations, will revolutionarily increase our knowledge regarding oral physiology and pathophysiology in the future.
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Figure 1. A summary of factors that take part in metabolic pathways in the mouth. 
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Figure 2. Spectral characteristics of human saliva (A) stimulated with paraffin (masticatory stimulation) and (B) by citric acid (gustatory stimulation). Citric acid added prominent peaks at around 2.50 and 2.70, which occur in a relatively unoccupied region of the spectrum [50]. 
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Table 1. Recent salivary metabolomic studies of oral diseases.
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	Author, Year [Ref.]
	Oral Diseases
	Type of Saliva
	Method





	Aimetti et al. 2012 [9]
	Periodontitis
	WS
	NMR



	Barnes et al. 2014 [10]
	Periodontitis and diabetes
	NM
	GC/MS and LC/MS



	Marchesan et al. 2015 [11]
	Periodontal diseases (dysbiosis)
	WS
	GC/MS and LC/MS



	Kuboniwa et al. 2016 [12]
	Periodontal inflammation
	USWS
	GC/MS



	Rzeznik et al. 2017 [13]
	Periodontitis
	SWS
	NMR



	Romano et al. 2018 [14]
	Periodontitis
	USWS
	NMR



	Singh et al. 2019 [15]
	Chronic periodontitis
	WS
	NMR



	Liebsch et al. 2019 [16]
	Periodontitis
	SWS
	UHPLC-MS/MS



	Citterio et. al. 2020 [17]
	Periodontitis after therapy
	USWS
	NMR



	Kim et al. 2021 [18]
	Periodontitis
	SWS
	NMR



	Fidalgo et al. 2013 [20]
	Children’s caries
	USWS
	NMR



	Pereira et al. 2019 [21]
	Children’s caries
	USWS, SWS
	NMR



	Sugimoto et al. 2010 [22]
	OSCC
	WS
	CE-TOF-MS



	Wei et al. 2011 [23]
	OSCC/leukoplakia
	NM
	LC-TOF-MS



	Wang et al. 2014 [24]
	OSCC
	USWS
	CE-MS



	Lohavanichbutr et al. 2018 [25]
	OSCC
	NM
	NMR, LC-MS



	Ishikawa et al. 2019 [26]
	OSCC (OED, PSOML)
	USWS
	CE-MS



	Ishikawa et al. 2020 [27]
	Lichen planus/OSCC
	USWS
	CE-MS



	Yatsuoka et al. 2019 [28]
	MRONJ
	WS
	CE-MS







NM = not mentioned; WS = whole saliva; USWS = unstimulated whole saliva; SWS = stimulated whole saliva; LC/MS = liquid chromatography-mass spectrometry; GC/MS = gas chromatography mass spectrometry; CE-TOF-MS = capillary electrophoresis time-of-flight mass spectrometry; UHPLC-MS/MS = ultra-high performance liquid chromatography and tandem mass spectrometry; NMR = NMR-spectroscopy; OSCC = oral squamous cell carcinoma; OED = oral epithelial dysplasia; PSOML = persistent suspicious oral mucosal lesions; MRONJ = medication-related osteonecrosis.
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Table 2. A summary of studies investigating salivary metabolomics of systemic diseases.
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	Author, Year [Ref.]
	Systemic Diseases
	Type of Saliva
	Method





	Sugimoto et al. 2010 [22]
	Breast and pancreatic cancer (OSCC)
	WS
	CE-TOF-MS



	Xiao et al. 2012 [31]
	Lung cancer
	USWS
	2D-DIGE-MS



	Taware et al. 2018 [32]
	HNC
	USWS
	GC/MS



	Mikkonen et al. 2018 [33]
	HNC
	SWS
	NMR



	Grimaldi et al. 2018 [34]
	Salivary gland (parotid) tumors
	NM
	NMR



	Murata et al. 2019 [35]
	Breast cancer
	USWS
	CE-TOF-MS



	Xavier Assad et al. 2020 [36]
	Breast cancer
	NM
	LC/MS



	Mikkonen et al. 2013 [37]
	Sjögren’s syndrome
	SWS
	NMR



	Kageyama et al. 2015 [38]
	Sjögren’s syndrome
	USWS
	GS/MS



	Herrala et al. 2020 [39]
	Sjögren’s syndrome
	SWS
	NMR



	Barnes et al. 2014 [40]
	Diabetes and periodontitis
	NM
	GC/MS and LC/MS



	de Oliveira et al. 2016 [41]
	Diabetes
	WS
	NMR



	Figuera et al. 2016 [42]
	Dementia
	Collected at home
	NMR



	Symons et al. 2015 [43]
	Cerebral palsy
	USWS
	NMR



	Carro et al. 2017 [44]
	AD and MCI
	USWS
	MALDI-TOF/MS



	Yilmaz et al. 2017 [45]
	AD and MCI
	WS
	NMR



	Kumari et al. 2020 [46]
	PD
	USWS
	NMR







USWS = unstimulated whole saliva; HNC = head and neck cancer; OSCC = oral squamous cell carcinoma; WS = whole saliva; CE-TOF-MS = capillary electrophoresis time-of-flight mass spectrometry; 2D-DIGE-MS = two-dimensional difference gel electrophoresis mass spectrometry; NM = not mentioned; GC/MS = gas chromatography-mass spectrometry; LC/MS = liquid chromatography-mass spectrometry; NMR = NMR-spectroscopy; PD = Parkinson’s disease; AD = Alzheimer’s disease; MCI = mild cognitive impairment; MALDI-TOF/TOF-MS = matrix-assisted laser-desorption ionization time-of-flight/time-of-flight mass spectroscopy; USWS = unstimulated whole saliva.
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