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Abstract

:

Saliva, which contains molecular information that may reflect an individual’s health status, has become a valuable tool for discovering biomarkers of oral and general diseases. Due to the high vascularization of the salivary glands, there is a molecular exchange between blood and saliva. However, the composition of saliva is complex and influenced by multiple factors. This study aimed to investigate the possible relationships between the salivary and serum metabolomes to gain a comprehensive view of the metabolic phenotype under physiological conditions. Using 1H-NMR spectroscopy, we obtained the serum metabolite profiles of 20 healthy young individuals and compared them with the metabolomes of parotid, submandibular/sublingual, and whole-saliva samples collected concurrently from the same individuals using multivariate and univariate statistical analysis. Our results show that serum is more concentrated and less variable for most of the shared metabolites than the three saliva types. While we found moderate to strong correlations between serum and saliva concentrations of specific metabolites, saliva is not simply an ultrafiltrate of blood. The intense oral metabolism prevents very strong correlations between serum and salivary concentrations. This study contributes to a better understanding of salivary metabolic composition, which is crucial for utilizing saliva in laboratory diagnostics.
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1. Introduction


Whole saliva (WS) contains molecular information that may reflect the health status of an individual. It is a complex water mixture composed of organic and inorganic secretions of major and minor salivary glands, gingival crevicular fluid, suspended bacteria, desquamated cells, and food debris [1,2,3]. Its production is significantly affected by circadian rhythm, age, hydration status, physical exercise, oral hygiene, and food consumption [1,4]. In addition, blood-derived molecules may enter the highly vascularized salivary glands via transcellular and paracellular routes, affecting the biochemical composition of saliva [2,5,6]. In the oral cavity, the metabolite composition of whole saliva is further modified by the metabolism of the resident oral microflora, desquamated host cells, and immune cells [7]. As a result, oral fluids contain molecular information that may reflect the health status of an individual.



1.1. Salivary Glands


The major glands that bilaterally secrete saliva are the parotid, submandibular, and sublingual glands (Figure 1A). Under the control of the autonomic nervous system, these major salivary glands create about 90% of the saliva, with the remaining saliva, which is produced by 600 to 1000 minor salivary glands, found mainly on the lips, buccal mucosa, palate, and tongue [8].



Salivary glands are composed of specialized epithelial cells that form acini, the glandular end portions that initiate the secretion of saliva (Figure 1A), and branched ducts through which saliva enters the oral cavity. The acini can be serous, mucous, or a combination of both, determining the secretion type they produce. While a serous acinus cell secretes a watery salivary fluid rich in proteins, a mucous one produces a viscous secretion rich in mucins [2].




1.2. From Capillary Blood to Whole Saliva


A dense network of capillaries surrounds the ductal system, while a less intense vascularization supplies the terminal acini. When stimulated by parasympathetic vasodilator fibers, blood flow increases up to 20-fold and produces the flux of a solution, containing inorganic and small organic substances (Figure 1B), toward the gland lumen via (a) ultrafiltration through the narrow junctions between acinar cells, (b) intracellular passive diffusion according to a concentration gradient, or (c) energy-dependent transport against a concentration gradient [4,5,11,12,13].




1.3. Salivary Metabolomics


Over the last two decades, knowledge about saliva and its homeostasis has increased to such an extent that a new term, salivaomics, has been coined to describe the reservoir of information present in WS, referring to the subject’s genome, epigenome, transcriptome, proteome, metabolome, and microbiome [14,15].



Among the organic macro-components, salivary proteins have been extensively investigated, revealing their glandular (e.g., α-amylase, mucins, histatins, cystatins, proline-rich proteins, statherins, lactoferrin, and lysozyme) and plasma (e.g., albumin, secretory immunoglobulin A, and transferrin) origin [1]. The presence of plasma proteins in saliva represents a source of new markers of diseases, offering a diagnostic alternative to specific blood tests [1,16,17,18].



The comprehensive analysis of metabolites in a salivary specimen has been employed (a) as a source of biomarkers for oral and general disorders, (b) to study changes in saliva composition with exercise performance, and (c) to correlate the salivary metabolome with oral microbiome [3,19,20,21]. Our recent investigations of the salivary metabolome of whole, parotid, and submandibular/sublingual saliva in healthy and young individuals [22,23] prompted us to explore the relationships between the salivary and serum metabolomes to provide a comprehensive view of the metabolic phenotype in physiological conditions. Here, we present (a) the serum metabolite composition of young and healthy subjects obtained using 1H-NMR spectroscopy and (b) a comparison of their serum and salivary metabolite profiles.





2. Results


2.1. Sample Collection and Metabolite Profiling


Serum, parotid saliva (PS), submandibular/sublingual saliva (SM/SLS), and WS samples were collected from each subject according to a previously established protocol [22].



Metabolomic analysis based on 1H-NMR spectroscopy allowed the identification of 43 metabolites in the serum of all study participants. Table S1 (Supplementary Materials) reports their mean concentrations and standard deviations.



Each participant released the three salivary samples (5.4 mL) at different rates (Figure 2, Table S2). The mean sample collection rates of PS, SM/SLS, and WS were consistent with the salivary flow rates presented in the literature [24] and corresponded to an approximate ratio of 1:2:4.5, suggesting a comparable correlation between their secretion rates.



A list of the metabolites’ mean concentrations in the three types of saliva and an analysis of the resulting salivary profiles have already been published [22,23]. The obtained salivary profiles, rearranged according to chemical category, are presented in Table S1.




2.2. Comparison of Serum and Salivary Metabolite Profiles


The number of metabolites detected in all sample types was computed and plotted in a Venn diagram (Figure 3). In this representation, the area covered by the three circles highlights the core of 31 shared metabolites identified in all matrices (Table S1). This number drops to 27 when separating the glandular saliva profile (green circle) into two distinct profiles, i.e., PS and SM/SLS (27 = 31 − 4 metabolites common to PS and SM/SLS). The overlapping section of each pair of circles shows the number of shared metabolites. Metabolites that are unique to each sample type are listed in Figure 3.



We performed a partial least-squares–discriminant analysis (PLS-DA) using the NMR-derived concentrations of the metabolites shared by all sample matrices (n = 27). The PLS-DA score plot presented in Figure 4A evidences a net clustering for serum, PS, and SM/SLS samples, whereas WS samples exhibit a notable dispersion. The model denotes a good separation by component 1 between serum and all salivary samples; metabolite concentration differences do not appreciably distinguish the three salivary samples. Figure 4B reports the Variable Importance in Projection (VIP) scores of the top 15 discriminant metabolites in order of importance in the PLS-DA model, according to the variance explained by component 1. Differences in Acetate, Glucose, and Lactate concentrations, with VIP scores >2, are the most important in generating cluster separation.



Upon excluding the most discriminant metabolites, Acetate, Glucose, and Lactate, the PLS-DA model still allowed for some separation between serum and the salivary samples by component 2. In this case, the most discriminant metabolites (1 < VIP score < 4) were Urea, Glutamine, Alanine, and Taurine. Serum exhibited higher levels of Glutamine and Alanine than the salivary samples. The role of these amino acids as gluconeogenic precursors, being mainly released by muscle tissue during fasting, may explain these findings. However, Taurine’s prevalence in PS suggests a role of this metabolite in salivary gland function.




2.3. Comparison of Salivary and Serum Metabolite Concentrations


2.3.1. Metabolites Common to Serum and Saliva Collected from Parotid or Submandibular/Sublingual Glands


We used the Mann–Whitney test to compare the metabolite composition of serum and PS or SM/SLS. The concentration distribution significantly differed for all metabolites, except for Choline in serum and PS and Creatine, Glutamate, and Urea in serum and SM/SLS.



We performed a correlation analysis for metabolite concentrations. For most of them, the correlation was negligible when comparing serum to PS or SM/SLS. Based on Pearson analysis, the highest degree of correlation was obtained with 2-Hydroxyisovalerate, 2-Hydroxybutyrate, and 3-Hydroxybutirate (0.5 ≤ r < 0.7) when comparing serum to PS and with Phenylalanine (r = 0.5) and Pyruvate (r = −0.5) when comparing serum to SM/SLS. In serum vs. PS, Spearman correlation analysis confirmed all the strong/moderate correlations found in Pearson analysis and assigned a moderate correlation (|r| ≈ 0.5) to Creatine and Lactate. In serum vs. SM/SLS, Spearman correlation analysis confirmed the moderate negative correlation of Pyruvate found in Pearson analysis and assigned a moderately positive correlation (r ≈ 0.5) to 3-Hydroxybutyrate, Creatine, and Creatinine.



We calculated the concentration ratios of “serum/saliva” for each metabolite present in serum and saliva. These ratios were averaged across the 20 study participants and are referred to as “mean fold change”, a parameter that expresses the metabolite concentration difference between serum and saliva samples. Figure 5 depicts those metabolites’ mean fold change as a function of their correlation coefficients. In both graphs, we have labeled the metabolites with mean fold changes <0.5 or >3, likely reflecting significant differences: for values lower than 0.5, we expected the metabolite salivary concentration to be higher than in serum; for values higher than 3, we expected the metabolite salivary concentration to be lower than in serum.



In the comparison of serum vs. PS (Figure 5A), among the metabolites which exhibited a mean fold change >3 or <0.5, only Proline and Pyruvate resulted in a limited number of cases where the concentration ratio was reversed. In fact, their serum concentrations were lower than the corresponding salivary concentrations in some subjects (10% and 25%, respectively), despite the resulting mean fold change being >3. When comparing serum to SM/SLS (Figure 5B), among the metabolites exhibiting a mean fold change higher than 3 or lower than 0.5, Taurine (mean fold change >3) exhibited a reversed concentration ratio in 35% of the subjects. In both comparisons, the concentration ratios of all other metabolites remained consistent (> or <1) for all subjects.



Metabolites with a mean fold change between 0.5 and 3 are listed in Table 1. The closer a mean fold change is to 1, the more likely its concentration ratios will vary around 1. For example, in the comparison of serum vs. SM/SLS, the mean fold change in Creatine was 1.5 (Table 1), but its concentration in serum was higher than in SM/SLS only in 12 out of 20 subjects.



With a mean fold change <0.5 threshold, Acetate, Glutamate, and Creatine were significantly more concentrated in PS than in serum, while only Acetate was significantly more concentrated in SM/SLS than in serum (Figure 5A,B).



Finally, the data indicate that the metabolites shared by the two major salivary gland samples were more concentrated in PS than SM/SLS (Figure S1).




2.3.2. Metabolites Common to Serum and WS


Despite the complex origin of the WS, metabolite levels were compared using the same approach as for PS and SM/SLS. Statistical analysis showed that serum and WS concentrations differed significantly except for Choline and Tyrosine.



Based on Pearson analysis, 3-Hydroxybutyrate, Creatinine, Glutamate, and Lysine concentrations correlated with the corresponding serum concentrations with a coefficient >0.5 (Figure 6 and Table 1).



Spearman correlation analysis confirmed the strong correlation of 3-Hydroxybutyrate and Creatinine found in Pearson analysis and assigned a moderate correlation (│r │≈ 0.5) to Lactate and Lysine.



Most of the mean fold changes (74%) fell between 1 and 20, with a few close to 1 (Figure 6 and Table 1). Among those metabolites with a mean fold change >3 or <0.5 (Figure 6), only Glycine, Proline, Pyroglutamate, Taurine, and Formate showed a few cases (10–30%) of a reversed concentration ratio.



Acetate and Glutamate were present in WS at a higher concentration than in serum for all study subjects. This is consistent with the result obtained when comparing serum and PS and partially in line with the comparison between serum and SM/SLS (Figure 5), where the amount of Glutamate was higher in SM/SLS than in serum in only 13 out of 20 subjects (0.9 mean fold change, Table 1).






3. Discussion


Recent metabolomics studies have been performed to compare the diagnostic performance of serum and saliva or investigate their relationships in various pathologies [15,25,26,27,28]. Establishing concentrations and conditions for every analytical feature in healthy and pathological states is crucial for utilizing saliva in laboratory diagnostics. To our knowledge, this is the first metabolomics study to compare serum and salivary metabolite profiles obtained under physiological conditions.



We have already devised a standardized procedure for saliva collection, optimized the preparation of samples for 1H-NMR-based metabolomics, and generated the PS, SM/SLS, and WS metabolite profiles of young and healthy subjects [22,23]. Integrating these data with the corresponding serum metabolite profile allowed for new comparisons and more reliable clinical assessments.



The mean metabolite concentrations obtained from the sera of the cohort of young and healthy subjects of this study were coherent with the data reported in The Human Metabolome Database (normal conditions, both sexes and age >18, https://hmdb.ca, accessed on 30 September 2023) [29], except for Glycerol and Urea. However, our saliva collection protocol requires a fasting period starting from midnight, which likely induces lipolysis. This process could cause an elevation in our serum Glycerol concentrations. As for the discrepancy in Urea content, we ascribe this fact to our experimental data acquisition conditions. The 1H-NMR Urea signal may have been affected by the exchange with water, leading to an underestimation of Urea serum concentration.



Based on the total signal area distribution of the NMR spectra (n = 20), serum samples revealed a more compact distribution when compared with WS and PS samples [23], suggesting a minor individual variability in serum metabolite content compared with the salivary samples.



In agreement with Tzimas and Pappa [30], we verified that human saliva and serum metabolomes are comparable in chemical composition but present significant differences in the concentrations of the common metabolites. In fact, in the pairwise comparisons of serum with PS, SM/SLS, or WS, the concentration distributions significantly differed for most metabolite features, with a few exceptions.



By applying PLS-DA to the datasets, we found that VIP scores for component 1 effectively distinguished serum from saliva samples, while the three saliva types remained grouped, indicating quite comparable metabolomes in the salivary samples. Glucose and Lactate, whose concentrations were markedly higher in serum (Table S1), and Acetate, which is predominantly derived from oral microbiota, are the principal compounds responsible for the observed separation.



The metabolite concentrations measured in serum and saliva samples revealed a low incidence of correlations in agreement with a previous study [26]. In serum vs. PS, 2-Hydroxyisovalerate, 2-Hydroxybutyrate, and 3-Hydroxybutyrate showed the highest correlation coefficients, and their presence in PS appeared to be supported by a favorable concentration gradient from serum to PS (Figure 5A, Table S1). 2-Hydroxyisovalerate is derived from ketogenesis and branched-chain amino acid metabolism. Mammalian tissues (principally hepatic) that catabolize threonine (a ketogenic and glucogenic amino acid) produce 2-Hydroxybutyrate. 3-Hydroxybutyrate blood levels reflect fatty acid β-oxidation and ketogenic amino acid catabolism. The observed moderate to strong correlations relating to amino acid metabolism may arise from a transfer of 2-Hydroxyisovalerate, 2-Hydroxybutyrate, and 3-Hydroxybutyrate from serum to saliva.



When comparing the serum and SM/SLS concentration datasets, Spearman’s correlation analysis assigned a moderately positive correlation (r ≈ 0.5) to 3-Hydroxybutyrate, in line with the serum vs. PS correlation analysis results. As this metabolite is more concentrated in serum than saliva, the parotid and submandibular/sublingual glands likely use the same molecular mechanism to transfer it from blood to saliva. Based on Pearson and Spearman analyses, 3-Hydroxybutyrate, Glutamate, Creatinine, and Lysine showed a positive correlation when comparing serum vs. WS. As for 3-Hydroxybutyrate, our data agree with the study of Miyazaki et al. [31]. We found a comparable correlation between serum and PS, suggesting that the parotid gland may be an entry point for that metabolite. Its increased concentration in the WS of patients with liver cirrhosis evidences its potential as a biomarker associated with the upregulation of the catabolic pathways of fatty acids/ketogenic amino acids [31]. However, we cannot exclude the contribution of oral microbiota in WS. In line with our findings, Jasim et al. found a correlation between Glutamate concentrations in stimulated WS and blood [32]. However, in that study, the concentration of Glutamate in WS was lower than that in serum, in contrast to our findings. Though we cannot exclude a contribution of oral microbiota metabolism, this apparent discrepancy may be due to the fact that glutamate salivary concentration declines with age [33], which may explain the higher salivary amounts measured in our young participants. The correlation between serum and WS Creatinine concentrations agrees with the literature [34], supporting the use of salivary Creatinine concentration as a non-invasive diagnostic tool for chronic kidney disease [35,36]. The literature does not support the correlation between serum and WS Lysine (essential amino acid) levels.



Overall, for most of the metabolites shared by serum and saliva, we observed a prevalence of serum concentrations over the salivary ones (mean fold change >1, Figure 5 and Figure 6) without any significant correlation. In these instances, it might be inappropriate to attribute the levels of PS and SM/SLS metabolites exclusively to a transport mechanism from serum to saliva since the gland environment may have a role in producing and/or consuming these metabolites.



The highest mean fold change values were obtained with serum vs. SM/SLS, indicating that saliva secreted from those glands is much more diluted than serum; the only exceptions were the Citrate, Creatine, Lactate, and Glucose mean fold changes obtained with serum vs. WS (Figure S2). When comparing the mean fold changes in serum vs. PS and serum vs. WS, the highest mean fold changes derived from the serum vs. WS, except for 2-Hydroxybutyrate, Glycerol, Glycine, Lysine, Phenylalanine, Proline, Pyruvate, and Tyrosine (Figure S2). The mean fold changes in the 12 amino acids in Figure S2 indicate that the saliva secreted by SM/SLS has a lower aminoacidic content than PS and WS, and that PS has a lower Glycine, Lysine, Phenylalanine, Proline, and Tyrosine content than WS. These results suggest a potential use of amino acids for synthesizing secretory proteins in the parotid and submandibular/sublingual glands, whereas the proteolytic activity of the oral microbiota has a major influence on the amino acid content of WS. Nonetheless, it is plausible that differences in saliva flow and/or collection rate between the salivary types may have affected their metabolite content. Therefore, the prevalence of PS metabolite concentrations over SM/SLS (Figure S1B) could be attributed to the lower salivary collection rate measured for PS (0.11 ± 0.08 vs. 0.20 ± 0.09 mL/min). We expect that the longer the saliva spends in the secretory acini of the gland, the more concentrated it may become. We calculated the fractional abundance of all amino acids in serum and saliva samples (Figure S3). Due to the different roles and origins of amino acids in blood and saliva, ratios of the same magnitude were observed only in limited cases (Histidine, Phenylalanine, and Leucine). Serum is remarkably rich in the gluconeogenic precursors Glutamine and Alanine, while Alanine, Glycine, Glutamine, and Glutamate are the most abundant amino acids in PS and SM/SLS. In WS, instead, the most abundant amino acids are Glycine, Glutamate, Lysine, and Proline. Notably, whilst amino acids undergo a complex homeostatic regulation resulting in stable plasma levels, salivary amino acid content is influenced by the proteolytic activity of oral microflora, which degrades salivary proteins and produces organic acids from amino acid fermentation. From this perspective, the high level of WS Proline can be explained by the degradation of salivary proline-rich proteins.



Notably, the mean concentration of Glucose in PS is significantly higher than in the other salivary samples (Table S1), supporting the idea that parotid acini are the main route of entry for this metabolite [27]. However, the reduced collection rate of PS samples compared with SM/SLS and WS could have facilitated the accumulation of Glucose in PS. The same interpretation applies to PS Lactate, although this metabolite is also a product of the oral microbiota metabolism. We speculate that the Glucose concentration in WS is lower than that in PS due to its utilization as a microflora substrate [22].



However, our saliva-collecting protocol does not entirely exclude a certain degree of WS cross-contamination. Acetate, Glutamate, and Formate showed a mean fold change <1 in all saliva sample types (Figure 5 and Figure 6, Table 1 and Table S1). The abundance of Acetate and Formate in WS is mainly due to the metabolism of oral microflora, and diffusion from WS could explain the presence of these metabolites in PS and SM/SLS. Notably, the mean concentrations of Acetate and Formate in saliva are associated with high standard deviation values (Table S1), reflecting the variability in the composition of saliva microbiota. Glutamate is an important component of saliva because it contributes to taste [33], and it is the most abundant excitatory neurotransmitter in the central nervous system of vertebrates related to pain; its salivary level increases in patients with chronic migraine, validating its use as a clinical biomarker [37].



Finally, our evaluation revealed that some metabolites are unique to each sample type (Figure 3). We hypothesize that they represent the following: (a) in serum, metabolites characterized by a poor permeation of the hemato-salivary barrier; (b) in WS, intermediates of oral microbiota metabolism, shared by a cohort of subjects without any sign or symptom of oral/periodontal disease; and (c) in PS and/or SM/SLS, a group of endogenous metabolites produced by acinar and/or ductal cells of the major salivary glands. Further investigations in a larger population are necessary to confirm these hypotheses.




4. Materials and Methods


According to the ethical principles of the Declaration of Helsinki, written informed consent was obtained from all the study participants.



As described in reference [22], the cohort of participants consisted of twenty healthy volunteers aged between 20 and 25 years (Table S2). Subjects were eligible for saliva collection after completing an oral clinical examination and a sialometry test to exclude dental/periodontal disease or hyposalivation. Health status was checked with a medical history interview. The metabolite profiling of WS, PS, and SM/SLS samples was the topic of a previous publication wherein the study population, the saliva collection procedure, the saliva sample preparation, and the 1H-NMR spectra collection and analysis are described [22]. Briefly, saliva and blood collection took place from 8 to 10 a.m. The participants were instructed to refrain from eating, smoking, and performing intense physical activity for at least 12 h before sampling. They were also asked to refrain from oral hygiene practices for 45 min before saliva collection. Immediately before saliva collection, patients rinsed their mouths with water for 60 s. PS, SM/SLS, and WS were collected separately under unstimulated conditions. To collect PS and SM/SLS, a sterile sponge was positioned over the duct outlets of the glands to absorb the secreted saliva. The sponge was squeezed with a syringe to collect saliva in a vial at regular intervals. WS was collected using the passive drooling method. The serum metabolite profile derived from the subjects and its comparison with saliva profiles from the same subjects is the topic of this manuscript.



4.1. Blood Collection, Serum Sample Preparation, and Processing


After saliva collection and under fasting conditions, 9 mL of cubital venous blood was collected from all participants. Blood samples were kept at 37 °C for 30 min in tubes without anticoagulant and then centrifuged at 4000× g for 10 min at 25 °C to separate serum. The procedure resulted in 20 serum samples ranging in size from 2.0 to 3.8 mL. Serum samples were stored at −80 °C until metabolomic analysis.



For NMR sample preparation, sera were thawed at room temperature and, since the presence of plasma proteins may interfere with metabolite quantification via NMR [38], they were protein-depleted via ultrafiltration using centrifugal filters (3000 MWCO, Amicon Ultra-4 Centrifugal filters, Merck Millipore, Darmstadt, Germany) at 4000× g for 120 min at 10 °C. Each serum ultrafiltrate was used to prepare a 600 µL sample, including the addition of 10 µL of 1 M phosphate buffer (pH 7.4) and 15 µL of 1% 3-trimethylsilyl propanoic acid (TSP) in 2.5% D2O (as a quantitative internal standard).



One-dimensional 1H-NMR spectra of serum samples were acquired at 25 °C with a JEOL 600 MHz ECZ600R spectrometer (JEOL Inc., Tokyo, Japan) as described in [39]. The spectra were processed and analyzed with the Chenomx NMR suite 9.0 software (Chenomx Inc., Edmonton, AB, Canada), zero-filling to 256 K points and using a line broadening of 0.5 Hz.




4.2. Metabolomics Data Analysis


Multivariate statistical analysis was conducted on target metabolites using Metaboanalyst 5.0 (https://www.metaboanalyst.ca, accessed on 30 September 2023) [40]. Partial least-squares–discriminant analysis (PLS-DA) was used to compare the original metabolite composition of all sample matrices. The PLS-DA results were visualized as 2D score plots and VIP scores [41]. VIP scores ≥2 were considered relevant for the PLS-DA analysis.




4.3. Statistical Analysis


Data were analyzed using Origin 2019 software. Descriptive statistics for each sample type and variable are presented as mean  ±  SD or median and interquartile range. The mean fold change was obtained for each metabolite by averaging the ratios calculated by dividing the serum concentration by the PS, SM/SLS, or WS concentration of all study subjects (n = 20).



Differences between concentration distributions of two sample types were evaluated using the Mann–Whitney test, a non-parametric statistical test used to compare two samples or groups.



The Pearson and Spearman correlation tests were performed on the observed concentrations of shared metabolites to explore the relationships between serum and saliva composition. The correlation coefficient (r) ranges from +1 (perfect positive correlation) to –1 (perfect negative correlation). For absolute values of r, the correlation is considered strong if 0.6 < r < 0.8, moderate if 0.4 < r < 0.6, and weak if 0.2 < r < 0.4.



For all analyses, the significance level was set at p < 0.05.



Metabolites with concentrations below the quantification limit [23] in ≥20% of participants were excluded from all analyses.





5. Conclusions


Serum and salivary metabolite profiles derived from samples collected concurrently from healthy subjects under physiological conditions were compared to assess the relationships between their compositions. Many researchers have focused exclusively on WS, especially when searching for biomarkers, because it can be collected using non-invasive procedures and is rich in many analytes of interest for diagnosis or screening. Instead, we intended to study the three types of saliva separately to provide a comprehensive analysis of their metabolomes in relation to serum composition under physiological conditions. Our results highlight that none of the saliva types are a mere ultrafiltrate of blood, as saliva composition is influenced by several factors, such as intrinsic glandular metabolism and the enzymatic activities of the oral microbiota. The proximity of the capillary bed and acinar/ductal structures suggests that metabolites may diffuse or be transported from serum to saliva because of a favorable concentration gradient and/or via specific transport systems. Based on our analyses, however, an intense oral metabolism is likely to alter the concentrations of most excreted metabolites, both at the gland level and in other oral niches, thus preventing very strong correlations between serum and salivary concentrations. In some cases, the salivary metabolite was not detected in the serum, or its concentration exceeded the serum level, indicating intense endogenous production.



We did find some moderate to strong correlations between the serum and saliva concentrations of specific metabolites, supporting the idea that these metabolites may have been transferred from serum to saliva to an extent dependent on their concentrations. Our results align with the literature focused on those metabolites.



In terms of future applications, the metabolomic profiles of serum, WS, PS, and SM/SLS generated using standard operating procedures and the resulting assessments may contribute to a valuable knowledge base for salivary metabolomics aimed at identifying biological markers of oral and systemic health disorders [7,30].








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms242316603/s1.





Author Contributions


Conceptualization, E.F. and T.A.P.; methodology, M.G.; software, M.G. and T.A.P.; formal analysis, E.F.; investigation, R.A., E.F. and M.G., resources, M.M. and T.A.P.; data curation, T.A.P.; writing—original draft preparation, E.F.; writing—review and editing, E.F., T.A.P. and A.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This cross-sectional study was approved by the Ethical Committee of the “Area Vasta Emilia Nord” (AVEN) (protocol number: 808/2018/SPER/UNIPR METASAL3) and conducted in 2019 (March–May).




Informed Consent Statement


According to the ethical principles of the Declaration of Helsinki, written informed consent was obtained from all the study participants.




Data Availability Statement


Data is contained within the article or supplementary material.




Acknowledgments


Centro Interdipartimentale Misure “Giuseppe Casnati” of the University of Parma is thanked for permitting use of its facilities.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pappa, E.; Vougas, K.; Zoidakis, J.; Vastardis, H. Proteomic Advances in Salivary Diagnostics. Biochim. Biophys. Acta (BBA)—Proteins Proteom. 2020, 1868, 140494. [Google Scholar] [CrossRef]

	



Roblegg, E.; Coughran, A.; Sirjani, D. Saliva: An All-Rounder of Our Body. Eur. J. Pharm. Biopharm. 2019, 142, 133–141. [Google Scholar] [CrossRef]

	



Gardner, A.; Carpenter, G.; So, P.-W. Salivary Metabolomics: From Diagnostic Biomarker Discovery to Investigating Biological Function. Metabolites 2020, 10, 47. [Google Scholar] [CrossRef]

	



Pedersen, A.M.L.; Sørensen, C.E.; Proctor, G.B.; Carpenter, G.H.; Ekström, J. Salivary Secretion in Health and Disease. J. Oral Rehabil. 2018, 45, 730–746. [Google Scholar] [CrossRef]

	



Pereira, J.A.M.; Porto-Figueira, P.; Taware, R.; Sukul, P.; Rapole, S.; Câmara, J.S. Unravelling the Potential of Salivary Volatile Metabolites in Oral Diseases. A Review. Molecules 2020, 25, 3098. [Google Scholar] [CrossRef]

	



Yoshizawa, J.M.; Schafer, C.A.; Schafer, J.J.; Farrell, J.J.; Paster, B.J.; Wong, D.T.W. Salivary Biomarkers: Toward Future Clinical and Diagnostic Utilities. Clin. Microbiol. Rev. 2013, 26, 781–791. [Google Scholar] [CrossRef]

	



Hyvärinen, E.; Kashyap, B.; Kullaa, A.M. Oral Sources of Salivary Metabolites. Metabolites 2023, 13, 498. [Google Scholar] [CrossRef]

	



Ghannam, M.G.; Singh, P. Anatomy, Head and Neck, Salivary Glands; StatPearls Publishing: St. Petersburg, FL, USA, 2023. [Google Scholar]

	



D’Agostino, C.; Elkashty, O.A.; Chivasso, C.; Perret, J.; Tran, S.D.; Delporte, C. Insight into Salivary Gland Aquaporins. Cells 2020, 9, 1547. [Google Scholar] [CrossRef]

	



Proctor, G.B.; Shaalan, A.M. Disease-Induced Changes in Salivary Gland Function and the Composition of Saliva. J. Dent. Res. 2021, 100, 1201–1209. [Google Scholar] [CrossRef]

	



Porcheri, C.; Mitsiadis, T. Physiology, Pathology and Regeneration of Salivary Glands. Cells 2019, 8, 976. [Google Scholar] [CrossRef]

	



Pittman, T.W.; Decsi, D.B.; Punyadeera, C.; Henry, C.S. Saliva-Based Microfluidic Point-of-Care Diagnostic. Theranostics 2023, 13, 1091–1108. [Google Scholar] [CrossRef]

	



Lima, D.P.; Diniz, D.G.; Moimaz, S.A.S.; Sumida, D.H.; Okamoto, A.C. Saliva: Reflection of the Body. Int. J. Infect. Dis. 2010, 14, e184–e188. [Google Scholar] [CrossRef]

	



Shah, S. Salivaomics: The Current Scenario. J. Oral Maxillofac. Pathol. 2018, 22, 375. [Google Scholar] [CrossRef]

	



Bel’skaya, L.V.; Sarf, E.A.; Kosenok, V.K. Age and Gender Characteristics of the Biochemical Composition of Saliva: Correlations with the Composition of Blood Plasma. J. Oral Biol. Craniofac. Res. 2020, 10, 59–65. [Google Scholar] [CrossRef]

	



Loo, J.A.; Yan, W.; Ramachandran, P.; Wong, D.T. Comparative Human Salivary and Plasma Proteomes. J. Dent. Res. 2010, 89, 1016–1023. [Google Scholar] [CrossRef]

	



Heller, D.; Helmerhorst, E.J.; Oppenheim, F.G. Saliva and Serum Protein Exchange at the Tooth Enamel Surface. J. Dent. Res. 2017, 96, 437–443. [Google Scholar] [CrossRef]

	



Lau, W.W.; Hardt, M.; Zhang, Y.H.; Freire, M.; Ruhl, S. The Human Salivary Proteome Wiki: A Community-Driven Research Platform. J. Dent. Res. 2021, 100, 1510–1519. [Google Scholar] [CrossRef]

	



Kim, S.; Song, Y.; Kim, S.; Kim, S.; Na, H.; Lee, S.; Chung, J.; Kim, S. Identification of a Biomarker Panel for Diagnosis of Early Childhood Caries Using Salivary Metabolic Profile. Metabolites 2023, 13, 356. [Google Scholar] [CrossRef]

	



Li, Z.; Mu, Y.; Guo, C.; You, X.; Liu, X.; Li, Q.; Sun, W. Analysis of the Saliva Metabolic Signature in Patients with Primary Sjögren’s Syndrome. PLoS ONE 2022, 17, e0269275. [Google Scholar] [CrossRef]

	



Nijakowski, K.; Zdrojewski, J.; Nowak, M.; Gruszczyński, D.; Knoll, F.; Surdacka, A. Salivary Metabolomics for Systemic Cancer Diagnosis: A Systematic Review. Metabolites 2022, 13, 28. [Google Scholar] [CrossRef]

	



Meleti, M.; Quartieri, E.; Antonelli, R.; Pezzi, M.E.; Ghezzi, B.; Viani, M.V.; Setti, G.; Casali, E.; Ferrari, E.; Ciociola, T.; et al. Metabolic Profiles of Whole, Parotid and Submandibular/Sublingual Saliva. Metabolites 2020, 10, 318. [Google Scholar] [CrossRef]

	



Quartieri, E.; Casali, E.; Ferrari, E.; Ghezzi, B.; Gallo, M.; Spisni, A.; Meleti, M.; Pertinhez, T.A. Sample Optimization for Saliva 1H-NMR Metabolic Profiling. Anal. Biochem. 2022, 640, 114412. [Google Scholar] [CrossRef]

	



Proctor, G.B. The Physiology of Salivary Secretion. Periodontol 2000 2016, 70, 11–25. [Google Scholar] [CrossRef]

	



Sakanaka, A.; Kuboniwa, M.; Katakami, N.; Furuno, M.; Nishizawa, H.; Omori, K.; Taya, N.; Ishikawa, A.; Mayumi, S.; Tanaka Isomura, E.; et al. Saliva and Plasma Reflect Metabolism Altered by Diabetes and Periodontitis. Front. Mol. Biosci. 2021, 8, 742002. [Google Scholar] [CrossRef]

	



Spick, M.; Lewis, H.-M.; Frampas, C.F.; Longman, K.; Costa, C.; Stewart, A.; Dunn-Walters, D.; Greener, D.; Evetts, G.; Wilde, M.J.; et al. An Integrated Analysis and Comparison of Serum, Saliva and Sebum for COVID-19 Metabolomics. Sci. Rep. 2022, 12, 11867. [Google Scholar] [CrossRef]

	



Cui, Y.; Zhang, H.; Zhu, J.; Liao, Z.; Wang, S.; Liu, W. Correlations of Salivary and Blood Glucose Levels among Six Saliva Collection Methods. Int. J. Environ. Res. Public Health 2022, 19, 4122. [Google Scholar] [CrossRef]

	



Goodson, J.M. Disease Reciprocity between Gingivitis and Obesity. J. Periodontol. 2020, 91, S26–S34. [Google Scholar] [CrossRef]

	



Wishart, D.S.; Guo, A.; Oler, E.; Wang, F.; Anjum, A.; Peters, H.; Dizon, R.; Sayeeda, Z.; Tian, S.; Lee, B.L.; et al. HMDB 5.0: The Human Metabolome Database for 2022. Nucleic Acids Res. 2022, 50, D622–D631. [Google Scholar] [CrossRef]

	



Tzimas, K.; Pappa, E. Saliva Metabolomic Profile in Dental Medicine Research: A Narrative Review. Metabolites 2023, 13, 379. [Google Scholar] [CrossRef]

	



Miyazaki, T.; Honda, A.; Ikegami, T.; Iwamoto, J.; Monma, T.; Hirayama, T.; Saito, Y.; Yamashita, K.; Matsuzaki, Y. Simultaneous Quantification of Salivary 3-Hydroxybutyrate, 3-Hydroxyisobutyrate, 3-Hydroxy-3-Methylbutyrate, and 2-Hydroxybutyrate as Possible Markers of Amino Acid and Fatty Acid Catabolic Pathways by LC–ESI–MS/MS. Springerplus 2015, 4, 494. [Google Scholar] [CrossRef]

	



Jasim, H.; Carlsson, A.; Hedenberg-Magnusson, B.; Ghafouri, B.; Ernberg, M. Saliva as a Medium to Detect and Measure Biomarkers Related to Pain. Sci. Rep. 2018, 8, 3220. [Google Scholar] [CrossRef]

	



Teruya, T.; Goga, H.; Yanagida, M. Human Age-Declined Saliva Metabolic Markers Determined by LC–MS. Sci. Rep. 2021, 11, 18135. [Google Scholar] [CrossRef]

	



Pandya, D. Assessment and Correlation of Urea and Creatinine Levels in Saliva and Serum of Patients with Chronic Kidney Disease, Diabetes and Hypertension—A Research Study. J. Clin. Diagn. Res. 2016, 10, ZC58–ZC62. [Google Scholar] [CrossRef]

	



Lasisi, T.J.; Raji, Y.R.; Salako, B.L. Salivary Creatinine and Urea Analysis in Patients with Chronic Kidney Disease: A Case Control Study. BMC Nephrol. 2016, 17, 10. [Google Scholar] [CrossRef]

	



Temilola, D.O.; Bezuidenhout, K.; Erasmus, R.T.; Stephen, L.; Davids, M.R.; Holmes, H. Salivary Creatinine as a Diagnostic Tool for Evaluating Patients with Chronic Kidney Disease. BMC Nephrol. 2019, 20, 387. [Google Scholar] [CrossRef]

	



Nam, J.H.; Lee, H.S.; Kim, J.; Kim, J.; Chu, M.K. Salivary Glutamate Is Elevated in Individuals with Chronic Migraine. Cephalalgia 2018, 38, 1485–1492. [Google Scholar] [CrossRef]

	



Gallo, M.; Matteucci, S.; Alaimo, N.; Pitti, E.; Orsale, M.V.; Summa, V.; Cicero, D.O.; Monteagudo, E. A Novel Method Using Nuclear Magnetic Resonance for Plasma Protein Binding Assessment in Drug Discovery Programs. J. Pharm. Biomed. Anal. 2019, 167, 21–29. [Google Scholar] [CrossRef]

	



Gallo, M.; Giovati, L.; Magliani, W.; Pertinhez, T.A.; Conti, S.; Ferrari, E.; Spisni, A.; Ciociola, T. Metabolic Plasticity of Candida Albicans in Response to Different Environmental Conditions. J. Fungi 2022, 8, 723. [Google Scholar] [CrossRef]

	



Pang, Z.; Chong, J.; Zhou, G.; de Lima Morais, D.A.; Chang, L.; Barrette, M.; Gauthier, C.; Jacques, P.-É.; Li, S.; Xia, J. MetaboAnalyst 5.0: Narrowing the Gap between Raw Spectra and Functional Insights. Nucleic Acids Res. 2021, 49, W388–W396. [Google Scholar] [CrossRef]

	



Cho, H.W.; Kim, S.B.; Jeong, M.K.; Park, Y.; Miller, N.G.; Ziegler, T.R.; Jones, D.P. Discovery of Metabolite Features for the Modelling and Analysis of High-Resolution NMR Spectra. Int. J. Data Min. Bioinform. 2008, 2, 176. [Google Scholar] [CrossRef]








[image: Ijms 24 16603 g001] 





Figure 1. Salivary gland components. (A) Detail of a mixed salivary gland showing one mucous acinus and two seromucinous acini, the ductal system, and the capillary network. Contractile myoepithelial cells wrap around the acinar cells and their ducts to promote gland secretion. In mixed seromucinous acini, the serous cells form a demilune around the mucous acinus. Each acinar portion merges into an intercalated duct, which continues as a striated duct. (B) An acinus with its intercalated duct. According to the current model of saliva secretion, in the first step, the acinar cells secrete a relevant number of Na+ and Cl− ions into the acinar lumen. This ionic flux drives water efflux transcellularly (through aquaporin channels) and paracellularly, producing an isotonic fluid that enters the ductal lumen. In the second step, the ductal cells reabsorb most of the Na+ and Cl− and secrete K+ and HCO3− ions, resulting in hypotonic saliva reaching the final secretory duct [4,9,10]. PG, parotid gland; SMG, submandibular gland; SLG, sublingual gland. 
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Figure 2. Collection rates of the salivary samples. The boxes are determined by the 25th and 75th percentiles; the horizontal line within each box is the median of the group, while the empty square inside the box corresponds to the mean value of the group; the asterisks identify two outliers. Black dots represent individual sample collection rates. 
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Figure 3. Venn diagram of the number of metabolites detected in each sample type. The red, blue, and green circles refer to the metabolite profile of serum, whole saliva (WS), and saliva produced by parotid and submandibular/sublingual glands (PS and SM/SLS), respectively. Overlapping regions reveal the number of shared metabolites. Unique metabolites of each sample are framed in gray squares. For PS and SM/SLS samples, exclusive metabolites are reported as present only in PS, only in SM/SLS, and both in PS and SM/SLS. For each metabolite profile, the total number of metabolites can be calculated by adding the number of shared and unique metabolites. 
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Figure 4. Partial least-squares–discriminant analysis (PLS-DA) based on the metabolites common to serum, WS, and PS plus SM/SLS profiles. (A) PLS-DA 2D scores plot. (B) Metabolite ranking (top 15 metabolites) according to the Variable Importance in Projection (VIP) scores, resulting from the separation by component 1 in the PLS-DA score plot. A higher metabolite VIP score denotes a more significant contribution to sample separation. The colored boxes on the right indicate the relative metabolite abundance in each sample type. 
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Figure 5. Mean fold change in the metabolites shared by serum and parotid saliva (A) or submandibular/sublingual saliva (B) expressed as a function of their Pearson’s correlation coefficients. For each metabolite, the mean fold change was obtained by averaging the ratios obtained by dividing the concentration in serum by the concentration in the PS or SM/SLS of the 20 study subjects. Line x = 1 marks the boundary between two graph subsections: on the left, the salivary concentrations are expected to be higher than the serum concentration; on the right, the salivary concentrations are expected to be lower than the serum. Metabolites with a mean fold change lower than 0.5 and higher than 3 are labeled. They appear in green or cyan when all their original metabolite concentrations are higher in PS or SM/SLS than in serum, respectively, and in red when their original metabolite concentrations are higher in serum than in PS or SM/SLS. Metabolites in italics appear in the same subsection of the two graphs. The asterisks mark the metabolites with a correlation coefficient ≥±0.5. X axis is in log2 scale. 
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Figure 6. Mean fold changes in the metabolites shared by serum and WS are expressed as a function of their correlation coefficients. The line x = 1 marks the boundary between two graph subsections: on the left, the salivary concentrations are expected to be higher than the serum concentrations; on the right, the serum concentrations are expected to be higher than the salivary concentrations. Metabolites with mean fold changes <0.5 and >3 are labeled. They appear in blue when all their original metabolite concentrations are higher in WS than in serum and red when they are higher in serum than in WS. Urea was omitted as it was not found in several WS samples. The asterisks mark the metabolites with a correlation coefficient >0.5. X axis is in log2 scale. 
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Table 1. Metabolites with a mean fold change between 0.5 and 3.
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	Metabolite
	SERUM vs. PS

Mean

Fold Change
	Metabolite
	SERUM vs. SM/SLS

Mean

Fold Change
	Metabolite
	SERUM vs. WS

Mean

Fold Change





	Aspartate
	0.7
	Formate
	0.7
	Aspartate
	0.7



	Formate
	0.8
	Glutamate *
	0.9
	Choline *
	1.3



	Taurine
	0.9
	Creatine *
	1.5
	Glycerol
	1.6



	Choline *
	1.0
	Urea *
	2.1
	Tyrosine *
	1.9



	Urea
	1.4
	Aspartate
	2.7
	Creatine
	2.1



	Glycerol
	1.7
	
	
	Lysine a
	2.5



	Tyrosine
	1.9
	
	
	Phenylalanine
	2.6



	Arginine
	2.1
	
	
	
	



	Lactate
	2.6
	
	
	
	







* Serum and salivary distributions of the observed concentrations did not significantly differ at p = 0.05. 