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Abstract: Early detection of oral candidiasis is essential. However, most currently available methods 

are time-consuming and useful only for screening patients. Previous studies on the relationship 

between oral candidiasis and saliva have focused on saliva volume and not on its components. 

Therefore, to clarify the effects of oral candidiasis on salivary metabolites, the relationship between 

salivary components and oral candidiasis was investigated by comparing the salivary metabolites 

of oral candidiasis patients and those not previously diagnosed with candidiasis. Forty-five partic-

ipants visiting our university hospital were included and classified into two groups, the Candida 

group and the control group, based on the Candida detection test results. The unstimulated saliva 

was collected using the spitting method over 15 min, and the stimulated saliva was collected using 

the gum-chewing method over 10 min. The saliva volume was measured, and the saliva samples 

were frozen and analyzed metabolomically. Metabolome analysis revealed 51 metabolites with 

peak detection rates exceeding 50%. There was no significant difference in age and sex between the 

Candida and control groups. In the Candida group, five metabolites (tyrosine, choline, phosphoe-

nolpyruvate, histidine, and 6-phosphogluconate) were significantly elevated in the unstimulated, 

two (octanoic acid and uridine monophosphate(UMP)) were significantly increased, and four (or-

nithine, butyrate, aminovalerate and aminolevulinate) were significantly decreased in the stimu-

lated saliva. This study suggests the possibility of identifying metabolites specific to patients with 

oral candidiasis, which could aid prompt diagnosis. 

Keywords: oral candidiasis; metabolome analysis; unstimulated saliva; stimulated saliva;  

Candida albicans 

 

1. Introduction 

Oral candidiasis is a biofilm infection caused by fungi of the genus Candida [1]. Path-

ogenic biofilms cause approximately 80% of cases of human infections [2,3]. Biofilm infec-

tions reduce the immune efficacy of antifungal agents and can increase the adverse effects 

of drug therapy in elderly patients [4]. A decrease in the quantity of saliva and the inap-

propriate fitting of dentures increase the risk of oral candidiasis [5,6], which further dete-

riorates the intraoral condition of elderly persons [7,8]. 

Early detection of oral candidiasis is clinically valuable because this disease is an in-

itial-stage symptom of more serious or life-threatening diseases in the elderly and immun-

ocompromised patients [9]. However, the currently available detection methods of in-

traoral Candida are time-consuming and include examination of smears, swabs, imprint 

Citation: Adachi, T.; Kawanishi, N.; 

Ichigaya, N.; Sugimoto, M.;  

Hoshi, N.; Kimoto, K. A Preliminary 

Pilot Study: Metabolomic Analysis 

of Saliva in Oral Candidiasis.  

Metabolites 2022, 12, 1294. 

https://doi.org/10.3390/ 

metabo12121294 

Academic Editor: Martin Grootveld 

Received: 1 December 2022 

Accepted: 16 December 2022 

Published: 19 December 2022 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

 

Copyright: © 2022 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Metabolites 2022, 12, 1294 2 of 12 
 

 

specimens, whole saliva, mouth-rinse liquid, and cell culture [10]. Cell culture-based de-

tection has a low sensitivity [11–13]. Moreover, these methods are used only for screening, 

and the diagnosis depends on the physician’s decision-making. Thus, it is imperative to 

identify quantitative or objective diagnostic salivary markers of candidiasis. 

Saliva serves as a defense against Candida. It is composed of substances secreted from 

multiple sources, including salivary glands and gingival sulcus [14]. Saliva is a complex 

biological fluid with numerous defense mechanisms, including the formation of a pellicle 

that protects the teeth and oral mucosa [14]. Salivary components can suppress growth of 

Candida [15]. A decrease in salivary volume and changes in salivary composition are in-

volved in the development of oral candidiasis [16–18]. Considering the change in salivary 

volume as the index, the present authors have reported on the feasibility of alleviating the 

intraoral symptoms of oral candidiasis [19]. However, the effects of saliva components on 

the alleviation of oral candidiasis symptoms are unknown. Studies on saliva components 

have involved proteome, transcriptome, micro-RNA, metabolome, and microbiome anal-

ysis [20]. Metabolome or metabolomics is a comprehensive analysis of metabolites [21], 

and its clinical applications include oral cancer [22], Sjögren’s syndrome [23], pediatric 

caries [24], periodontal disease [25], and biomarker discoveries of various diseases [16]. 

The differences in salivary metabolites between the unstimulated and stimulated saliva 

have also been analyzed [26]. 

In this study, we hypothesized that there are differences in salivary metabolites be-

tween patients with oral candidiasis and healthy controls. 

This study aimed to analyze the relationships between oral candidiasis and salivary 

metabolites using capillary electrophoresis-mass spectrometry (CE-MS), which enables 

the simultaneous identification and quantification of hundreds of hydrophilic metabolites 

[27–29]. 

2. Materials and Methods 

2.1. Subjects 

Forty-five patients, comprising fifteen men and thirty women, who had visited Kana-

gawa Dental University Hospital between June 2020 and December 2021, were included. 

Patients with dementia and/or psychiatric conditions with difficulty in communicating 

were excluded. Patients with dry mouth were excluded because 1 mL or more was the 

collection requirement for the test. Smokers were excluded because smoking has been re-

ported to alter salivary composition [30]. Written informed consistent was obtained from 

all participants. The study was approved by the Ethics Review Committee of Kanagawa 

Dental University (approval date: 1 June 2016; approval no.: 380). 

2.2. Study Items 

Candida detection tests were performed, and saliva was collected at the initial exam-

ination. 

2.3. Candida Detection Tests 

At the initial examination, Candida was detected using the Candida detector, which is 

based on the Sabouraud agar medium (Kamemizu Chemical Industry Co., Ltd., Osaka, 

Japan) [31]. Samples were collected by abrasion of the buccal mucosa and tongue surface 

using a sterilized cotton swab and cultured at 37 °C for 48 h. Participants with test results 

of 10⁴ colony forming units (CFU)/mL or higher were considered Candida-positive and 

were assigned to the Candida group. Participants without the Candida infection and those 

with false-positive results (e.g., 10³ CFU/mL) were assigned to the control group [19]. Alt-

hough the Candida detector is relatively easy to use, it cannot identify Candida species. 
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2.4. Saliva Collection 

Samples of the unstimulated and stimulated saliva, whole saliva in both cases, were 

collected from the participants. 

The unstimulated saliva was collected by the spitting method. Swallowing of saliva 

was prohibited during the saliva collection period. Before the start of the collection period, 

the subjects swallowed the saliva present in their oral cavities, after which saliva was col-

lected by allowing it to drip into a sterilized Falcon tube (Corning, Inc., Tokyo, Japan) over 

15 min [32–34]. 

The stimulated saliva was collected by the gum-chewing method. The subjects were 

instructed to chew Freezone gum (Lotte Co., Ltd., Tokyo, Japan) and to not swallow saliva 

during the collection period. Saliva was collected by allowing it to drip into a sterilized 

Falcon tube for 10 min [34–36]. 

The same physicians collected both the stimulated and unstimulated saliva. To min-

imize variations in saliva, the participants were instructed not to eat or drink anything, 

except water, for 2 h before collection. In addition, the saliva samples were collected on a 

Monday or Tuesday morning (between 9:00 AM and 11:00 AM) to avoid the bias of diur-

nal variation in saliva composition [34]. 

2.5. Metabolome Analysis 

In the present study, metabolome analysis was performed in accordance with the 

previously described methods [30]. 

Briefly, frozen saliva was thawed, passed through a 5-kDa cut-off filter (Nihon Pall, 

Ltd., Tokyo, Japan), centrifuged for at least 2.5 h at 9100× g and 40 °C, and filtered to re-

move high-molecular-weight compounds. Next, 5 μL of Milli-Q water (Millipore Corpo-

ration, Bedford, MA, USA) containing methionine sulfone, 2-[N-morpholino]-ethanesul-

fonic acid, D-camphor-10-sulfonic acid, 3-aminopyrrolidine, and trimesate, each at 2 

mmol/L, was added to 45 μL of filtrate, followed by mixing. The processed samples were 

analyzed by capillary electrophoresis-time-of-flight-mass spectrometry (CE-TOFMS) in 

positive and negative modes. The following procedure was used to identify metabolites. 

CE-MS data were analyzed using MasterHands (Keio University) with noise filtering, sub-

traction of baselines, peak integration for each sliced electropherogram, estimation of ac-

curate m/z in MS, alignment of multiple datasets to generate peak matrices, and identifi-

cation of each peak by matching m/z values and corrected migration times to correspond-

ing entries in a standard library. Metabolite concentrations in CE-MS were calculated 

based on the ratio of peak area divided by the area of the internal standards in the samples 

and standard compound mixtures. Polyamine LC-MS data were used for subsequent 

analyses because both methods redundantly detected their peaks. 

2.6. Data Analysis 

Data analysis was performed as described previously [26,34]. For metabolite data 

analysis, MasterHands software (version 2.18.0.2; Keio University, Yamagata, Japan) was 

used. Peaks were detected as far as possible, and the noise was eliminated. For the identi-

fication of metabolites, the m/z value and normalized transition time were compared with 

those of standard compounds. For measuring the concentration of each metabolite, inter-

nal and external standards were used. 

Metabolome profile diversity was determined overall by principal component anal-

ysis (PCA). The χ² test was used to assess sex differences in oral candidiasis. The Mann–

Whitney U-test was used to compare salivary metabolites between the control and Can-

dida groups, with the significance level taken to be 0.05. The Shapiro–Wilk test was used 

to test normality. Mann–Whitney tests were used to compare quantitative values for two 

group comparisons. p-values were corrected by the false discovery rate (Benjamini–

Hochberg) method to consider the multiple independent tests. The following software 

was used for the visualization and analyses: Mev TM4 (ver. 4.9.0, http://mev.tm4.org/) 
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(accessed on 1 August 2022), MetaboAnalyst (ver. 5.0, https://www.metaboanalyst.ca/) 

(accessed on 1 August 2022), and GraphPad Prism (ver. 5.0.2, GraphPad Software, Inc., 

San Diego, CA, USA). 

3. Results 

3.1. Subjects 

There were 20 participants in the control group (7 men, 13 women) and 25 in the 

Candida group (8 men, 17 women). No significant sex differences were found between the 

control and Candida groups by the χ² test (p = 1.0, with the significance level taken to be 

0.05 or lower). The mean (± standard deviation) ages were 76.2 ± 6.9 years in the control 

group, and 76.6 ± 6.4 years in the Candida group (Table 1). 

Table 1. Patient characteristics. 

 Control Group Candida Group 

Age (mean ± SD) 76.2 ± 6.9 76.6 ± 6.4 

Sex (men/women) 7/13 8/17  

3.2. Overview of the Detected Salivary Metabolites 

A total of 510 metabolites were identified and quantified (Table S1). Of these, 51 fre-

quently detected metabolites (>50% of samples) were visualized as a heat map (Figure 1). 

In this heat map, samples showing similar salivary metabolite concentration patterns were 

closely aligned. Lower and higher concentrations are indicated by blue and red, respec-

tively. Remarkable differences between the unstimulated and stimulated saliva were ob-

served. In addition, the metabolites clustered at the top of the heat map, from citrate to 

octanoate, tended to be detected at higher concentrations in the stimulated than in the 

unstimulated saliva. Comparison between the control and Candida groups showed that 

metabolites in the unstimulated saliva were detected overall at higher concentrations in 

the Candida group. In contrast, in the stimulated saliva, the concentrations of metabolites 

were widely scattered, and numerous metabolites were detected at low concentrations in 

the Candida group. 

 

Figure 1. Heat map of metabolites detected in participants’ unstimulated and stimulated saliva. The 

51 metabolites frequently detected in >50% of all samples are visualized. The concentration of each 
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metabolite is divided by its average concentration. Clustering was conducted based on Pearson cor-

relation. Metabolites with low and high concentrations are shown in blue and red, respectively. 

3.3. Principal Component Analysis (PCA) 

Score plots from the PCA of salivary metabolome profiles are shown for the unstim-

ulated and stimulated saliva. The contribution ratios of the first and second principal com-

ponents (PC1 and PC2) were 36.8% and 17.6%, respectively (Figure 2A). In the control and 

Candida groups, the unstimulated and stimulated saliva are represented by different col-

ors on the score plots, as follows: the unstimulated saliva in control group: blue; the stim-

ulated saliva in control group: green; the unstimulated saliva in Candida group: red; and 

the stimulated saliva in Candida group: yellow. The contribution ratio of PC1 was 36.8%, 

higher than that of PC2 (17.6%). Numerous metabolites with profiles similar to PC1 were 

found. PC1 made a greater contribution in the unstimulated saliva than in the stimulated 

saliva, showing that numerous metabolites vary in connection with the saliva volume and 

the saliva components. In addition, both the unstimulated and stimulated saliva were 

compared between the Candida and control groups, and the trend plotted on the lower left 

region in Figure 2A was found; a comparison of the control and Candida groups showed 

that in the Candida group, the distribution tended to be in the lower region (PC2 < 0; Figure 

2A). 

In the loading plot, one point represents one metabolite. All except eight of the me-

tabolites are shown in the left half of the graph (PC1 < 0) showing that PC1 negatively 

correlates with the overall metabolites. PC2 showed a wide scatter between metabolites, 

suggesting that PC2 may be responsible for participants’ unique metabolite profiles (Fig-

ure 2B). 

 

Figure 2. Prinicipal Component Analysis (PCA) of metabolites detected in participants’ unstimu-

lated and stimulated saliva. PCA of the detected salivary metabolites was performed. Score plot and 

loading plot of the PCA with the 51 metabolites were used for visualization. (A) Score plot of me-

tabolites detected in participants’ unstimulated and stimulated saliva. X and Y-axes indicate the 

contribution ratios of PC1 and PC2, respectively. Each point on the score plot represents one saliva 

sample, and the shorter the distances between points the higher similarity of their salivary metabo-

lite concentration patterns. (B) Loading plot of metabolites detected in participants’ saliva. In the 

loading plot, each point represents one metabolite. The used options to process the data were (1) 

sample normalization: normalization by sum, (2) data transformation: Log transformation, and (3) 

data scaling: Auto scaling. 
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3.4. Comparison with Volcano Plot 

After plotting the 51 metabolites, the unstimulated and stimulated saliva of the con-

trol and Candida groups were compared, as shown in Figure 3A,B. In the unstimulated 

saliva, five metabolites were higher in the Candida group than in the control group (tyro-

sine, choline, phosphoenolpyruvate, histidine, and 6-phosphogluconate; Figure 3A), 

whereas in the stimulated saliva, two metabolites were higher in the Candida group [oc-

tanoate and uridine monophosphate (UMP)], and three were lower in the Candida group 

[ornithine, butyrate, and 5-aminopentanoate (aminovalerate); Figure 3B]. 

 

Figure 3. Volcano analysis of metabolites. (A) unstimulated saliva. (B) stimulated saliva. X-axes in-

dicate the log2 of fole change (Candida group/control group) of the averaged concentration. The me-

tabolites above the horizontal lines (Y = 1.3, i.e., p = 0.05) indicate the significantly different between 

two groups. Mann–Whitney test was used to calculate the p-values. 

3.5. Comparison between Control and Candida Groups in Connection with Oral Candidiasis 

The metabolites that showed significant differences in the unstimulated and stimu-

lated saliva between the control and Candida groups are shown. In the unstimulated sa-

liva, tyrosine, choline, phosphoenolpyruvate, histidine, and 6-phosphogluconate showed 

significantly higher concentrations in the Candida group than in the control group (Figure 

4). 
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Figure 4. Inter-group comparison of metabolites detected in participants’ unstimulated saliva. Sali-

vary metabolites in the Candida group and control group were compared using the Mann–Whitney 

test. Significant differences were found between five metabolites in unstimulated saliva. 

In the stimulated saliva, two metabolites were at significantly higher concentrations 

in the Candida group, including octanoate and UMP, and four metabolites were at signif-

icantly lower concentrations, these being ornithine, butyrate, aminovalerate, and ami-

nolevulinate (Figure 5). 
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Figure 5. Inter-group comparison of metabolites detected in participants’ stimulated saliva. Salivary 

metabolites in the Candida group and control group were compared using the Mann–Whitney test. 

In stimulated saliva, four metabolites showed significantly lower concentration, and two metabo-

lites showed significantly higher concentration. 

4. Discussion 

In this study, as hypothesized, we found significant differences in several salivary 

metabolites between patients with oral candidiasis and those not previously diagnosed 

with candidiasis. Our metabolome analysis of salivary metabolites of 45 participants was 

performed using the Candida detector. The results were compared between oral candidia-

sis patients (the Candida group) and healthy people (the control group). In the Candida 

group, five metabolites in the unstimulated saliva were significantly higher than in the 

control group. In the stimulated saliva, four metabolites were at significantly lower levels, 

and two metabolites were at significantly higher levels than in the control group. 

The saliva metabolome analysis used in this study has several advantages. The risk 

of acquired infection is low because saliva can be collected noninvasively. In addition, the 

simplicity of the equipment allows saliva to be collected even in clinically difficult situa-

tions, and this analysis method can be used as a highly cost-effective approach to mass 

screening [37]. Including saliva metabolome analysis in the primary examination could 

greatly reduce the burden on medical departments, such as the need for expensive equip-

ment and invasive test methods [38–40]. In addition, the burden imposed by sample col-

lection is minor, and thus, sampling can be performed multiple times. It also has potential 

for effective monitoring of the disease [41,42]. Four methods of saliva collection are com-

monly used: (i) collection without stimulation (unstimulated saliva); (ii) collection with 

stimulation by chewing gum (stimulated saliva); (iii) collection of saliva from the parotid 

gland by acid stimulation, using a Lashley cup; and (iv) collection of saliva from cotton 

swabs [43]. However, only the first two methods were used in the present study. Differ-

ences between metabolites in the unstimulated and stimulated saliva have been reported 

in previous studies [26]and some metabolites may potentially be detected in the stimu-

lated saliva despite not occurring at a significant level in the unstimulated saliva. There-

fore, analysis of metabolites in the stimulated saliva can be advantageous to identify sali-

vary metabolites associated with oral candidiasis [26]. The unstimulated saliva is used in 

many salivary metabolome studies, but the stimulated saliva was also used in this study. 
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The compositions of the stimulated and unstimulated saliva are different, and microbio-

logical studies have reported that the stimulated saliva along with the unstimulated saliva 

are suitable specimens [44]. Analysis of both the unstimulated and stimulated saliva is 

diagnostically advantageous. The present findings indicate that, on comparing the control 

and Candida groups, metabolites showed significant differences in both the unstimulated 

and stimulated saliva. 

Metabolites showing significant differences were found in the Candida group. In the 

unstimulated saliva, tyrosine, choline, phosphoenolpyruvate, histidine, and 6-phos-

phogluconate were elevated. Tyrosine was detected at a high concentration due to the 

Candida albicans extracellular metabolome profile [45]. Tyrosine is converted to tyrosol by 

decarboxylation and deamination reactions, but tyrosol induces Candida albicans filament 

formation and promotes biofilm formation [46]. Candida albicans is pleomorphic and un-

dergoes morphological changes in accordance with changes in the host environment, tak-

ing yeast-type, pseudo-mycelial, and true mycelial forms [47], indicating that metabolites 

play important roles in this morphogenesis [48]. In addition, histidine is involved in the 

over-expression of pyrimidine synthase (THI5p) by Candida albicans [49], and the concen-

trations of octanoate and UMP, two salivary metabolites, have been found to increase in 

the stimulated saliva. Octanoate is a metabolite common to the following three Candida 

species: C. albicans, C. glabrata, and C. tropicalis [50]. In addition, UMP is involved in nucleic 

acid metabolism, and it has previously been detected at high concentrations in Candida 

strains isolated from respiratory organs [45]. UMP has been reported to be connected to 

Candida pathogenicity [51]. Four salivary metabolites, including ornithine, butyrate, ami-

novalerate, and aminolevulinate, showed decreased levels. Ornithine and butyrate have 

been reported to be associated with periodontal disease [52–54]. Ornithine has been put 

forward as a potential marker for inflammation in periodontal disease [52], and butyrate 

is produced by anaerobic, Gram-negative bacteria, which are periodontal disease patho-

gens [48,54]. In the present study, metabolites associated with periodontal disease were 

decreased in the Candida group. Previous reports have linked periodontal disease patho-

gens and Candida albicans [55]. Increased cell density of Porphyromonas gingivalis has been 

reported to decrease the number of viable yeast cells and inhibit Candida biofilm formation 

[55]. Therefore, the decrease in periodontal disease-related metabolites may have pro-

moted an increase in the number of Candida yeast cells and biofilm formation. Oral can-

didiasis is closely associated with pathogens that cause an opportunistic infection [56]. In 

this study, effects of pathogens other than Candida were not investigated. However, the 

present results and previous studies suggest an association between Candida and perio-

dontal pathogens. In addition, tyrosol, UMP, among other metabolites, are associated 

with Candida biofilm formation and pathogenicity [46,51]. The described methods may 

help not only to verify the presence of Candida but also to determine its pathogenicity. 

This study had several limitations: 

1. Whole-mouth saliva was used, including components from serum, salivary gland se-

cretions, gingival sulcus exudates, mucosal exudates, and intraoral microorganisms 

[14]. Bacterial metabolites, in particular, have major effects, but in this study, perio-

dontal disease, caries, and other oral diseases were not considered [57]. 

2. The participants’ systemic diseases or medication status were not considered. The 

subjects in both the control and Candida groups had mean ages over 70 years. In an 

elderly population, it is difficult to sample subjects who have no systemic diseases 

and are not currently taking medication. To verify the generalizability of our find-

ings, a large scale study is necessary with more detailed analysis. 

3. Constructing and unifying a database by including other metabolome profiles would 

enable more accurate diagnosis. 

4. Candida species were not identified in this study. The pathogens responsible for can-

didiasis include C. albicans, C. glabrata, C. parapsilosis, C. tropicalis, and C. krusei. It is 

essential to evaluate the effects of different species on the salivary metabolites. 
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5. The target age group for this study was 60 years and older. This was established to 

avoid bias because previous studies have shown that salivary metabolites change 

with age [58]. However, since there are also young patients with oral candidiasis, 

analysis of a wide range of age groups is an issue for future research. 

5. Conclusions 

This study analyzed salivary metabolites having a significant association with oral 

candidiasis. The results suggests that it will be possible to identify biomarkers specific to 

oral candidiasis among salivary metabolites. The results may contribute to the early de-

tection of oral candidiasis and the establishment of new treatment methods and may 

deepen our knowledge of oral candidiasis and salivary metabolites. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/metabo12121294/s1, Table S1: Sample concentrations of sal-

ivary metabolites for all patients: It is the concentration of a sample of salivary metabolites in all 

patients. The 51 metabolites frequently detected from these (>50% of samples) were visualized as a 

heat map (Figure 1). 

Author Contributions: Conceptualization and methodology, N.H. and M.S.; validation, formal 

analysis, data curation, and visualization, M.S.; investigation, T.A., N.K., N.I. and N.H.; data cura-

tion, M.S.; project administration, N.K. and N.H.; supervision, M.S. and K.K.; writing—original 

draft, T.A.; writing—review and editing, N.K., N.H. and M.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 study was conducted in accordance with the Declara-

tion of Helsinki and approved by the Ethics Review Committee of Kanagawa Dental University 

(approval date: 1 June 2016; approval no.: 380). 

Informed Consent Statement: Informed consent was obtained from all individuals involved in the 

study. 

Data Availability Statement: All the raw data elaborated in this study are provided in Table S1. 

Acknowledgments: We would like to thank Ayame Enomoto, Miku Kaneko, and Sana Ota for help 

with saliva analysis. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Singh, A.; Verma, R.; Murari, A.; Agrawal, A. Oral candidiasis: An overview. J. Oral Maxillofac. Pathol. 2014, 18, S81–S85. 

https://doi.org/10.4103/0973-029X.141325. 

2. Harriott, M.M.; Noverr, M.C. Importance of Candida-bacterial polymicrobial biofilms in disease. Trends Microbiol. 2011, 19, 557–

563. https://doi.org/10.1016/j.tim.2011.07.004. 

3. Gulati, M.; Lohse, M.B.; Ennis, C.L.; Gonzalez, R.E.; Perry, A.M.; Bapat, P.; Arevalo, A.V.; Rodriguez, D.L.; Nobile, C.J. In vitro 

culturing and screening of Candida albicans biofilms. Curr. Protoc. Microbiol. 2018, 50, e60. https://doi.org/10.1002/cpmc.60. 

4. Aragón, F.; Zea-Sevilla, M.A.; Montero, J.; Sancho, P.; Corral, R.; Tejedor, C.; Frades-Payo, B.; Paredes-Gallardo, V.; Albaladejo, 

A. Oral health in Alzheimer’s disease: A multicenter case-control study. Clin. Oral Investig. 2018, 22, 3061–3070. 

https://doi.org/10.1007/s00784-018-2396-z. 

5. Liotti, F.M.; Posteraro, B.; Mannu, F.; Carta, F.; Pantaleo, A.; De Angelis, G.; Menchinelli, G.; Spanu, T.; Fiori, P.L.; Turrini, F.; et 

al. Development of a multiplex PCR platform for the rapid detection of bacteria, antibiotic resistance, and candida in human 

blood samples. Front. Cell. Infect. Microbiol. 2019, 9, 389. https://doi.org/10.3389/fcimb.2019.00389. 

6. Hadadi-Fishani, M.; Shakerimoghaddam, A.; Khaledi, A. Candida coinfection among patients with pulmonary tuberculosis in 

Asia and Africa; A systematic review and meta-analysis of cross-sectional studies. Microb. Pathog. 2020, 139, 103898. 

https://doi.org/10.1016/j.micpath.2019.103898. 

7. Yoneyama, T.; Yoshida, M.; Matsui, T.; Sasaki, H. Oral care and pneumonia. Oral Care Working Group. Lancet 1999, 354, 515. 

https://doi.org/10.1016/s0140-6736(05)75550-1. 

8. Wilson, L.S.; Reyes, C.M.; Stolpman, M.; Speckman, J.; Allen, K.; Beney, J. The direct cost and incidence of systemic fungal 

infections. Value Health 2002, 5, 26–34. https://doi.org/10.1046/j.1524-4733.2002.51108.x. 



Metabolites 2022, 12, 1294 11 of 12 
 

 

9. Korting, H.C.; Ollert, M.; Georgii, A.; Fröschl, M. In vitro susceptibilities and biotypes of Candida albicans isolates from the oral 

cavities of patients infected with human immunodeficiency virus. J. Clin. Microbiol. 1988, 26, 2626–2631. 

https://doi.org/10.1128/jcm.26.12.2626-2631.1988. 

10. Williams, D.W.; Lewis, M.A. Isolation and identification of Candida from the oral cavity. Oral Dis. 2000, 6, 3–11. 

https://doi.org/10.1111/j.1601-0825.2000.tb00314.x. 

11. White, P.L.; Williams, D.W.; Kuriyama, T.; Samad, S.A.; Lewis, M.A.O.; Barnes, R.A. Detection of Candida in concentrated oral 

rinse cultures by real-time PCR. J. Clin. Microbiol. 2004, 42, 2101–2107. https://doi.org/10.1128/JCM.42.5.2101-2107.2004. 

12. Ahmad, S.; Khan, Z.; Mustafa, A.S.; Khan, Z.U. Seminested PCR for diagnosis of candidemia: Comparison with culture, antigen 

detection, and biochemical methods for species identification. J. Clin. Microbiol. 2002, 40, 2483–2489. 

https://doi.org/10.1128/JCM.40.7.2483-2489.2002. 

13. Liguori, G.; Lucariello, A.; Colella, G.; De Luca, A.; Marinelli, P. Rapid identification of Candida species in oral rinse solutions 

by PCR. J. Clin. Pathol. 2007, 60, 1035–1039. https://doi.org/10.1136/jcp.2006.040782. 

14. Hannig, C.; Hannig, M.; Kensche, A.; Carpenter, G. The mucosal pellicle—An underestimated factor in oral physiology. Arch. 

Oral Biol. 2017, 80, 144–152. https://doi.org/10.1016/j.archoralbio.2017.04.001. 

15. Salvatori, O.; Puri, S.; Tati, S.; Edgerton, M. Innate immunity and saliva in Candida albicans–mediated oral diseases. J. Dent. 

Res. 2016, 95, 365–371. https://doi.org/10.1177/0022034515625222. 

16. Hyvärinen, E.; Savolainen, M.; Mikkonen, J.J.W.; Kullaa, A.M. Salivary metabolomics for diagnosis and monitoring diseases: 

Challenges and possibilities. Metabolites 2021, 11, 587. https://doi.org/10.3390/metabo11090587. 

17. Nadig, S.D.; Ashwathappa, D.T.; Manjunath, M.; Krishna, S.; Annaji, A.G.; Shivaprakash, P.K. A relationship between salivary 

flow rates and Candida counts in patients with xerostomia. J. Oral Maxillofac. Pathol. 2017, 21, 316. 

https://doi.org/10.4103/jomfp.JOMFP_231_16. 

18. Torres, S.R.; Peixoto, C.B.; Caldas, D.M.; Silva, E.B.; Akiti, T.; Nucci, M.; De Uzeda, M. Relationship between salivary flow rates 

and Candida counts in subjects with xerostomia. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2002, 93, 149–154. 

https://doi.org/10.1067/moe.2002.119738. 

19. Kawanishi, N.; Hoshi, N.; Adachi, T.; Ichigaya, N.; Kimoto, K. Positive effects of saliva on oral candidiasis: Basic research on 

the analysis of salivary properties. J. Clin. Med. 2021, 10, 812. https://doi.org/10.3390/jcm10040812. 

20. Martina, E.; Campanati, A.; Diotallevi, F.; Offidani, A. Saliva and oral diseases. J. Clin. Med. 2020, 9, 466. 

https://doi.org/10.3390/jcm9020466. 

21. Lindon, J.C.; Holmes, E.; Nicholson, J.K. Metabonomics in pharmaceutical R&D. FEBS J. 2007, 274, 1140–1151. 

https://doi.org/10.1111/j.1742-4658.2007.05673.x. 

22. Mikkonen, J.J.W.; Singh, S.P.; Akhi, R.; Salo, T.; Lappalainen, R.; González-Arriagada, W.A.; Lopes, M.A.; Kullaa, A.M.; Myl-

lymaa, S. Potential role of nuclear magnetic resonance spectroscopy to identify salivary metabolite alterations in patients with 

head and neck cancer. Oncol. Lett. 2018, 16, 6795–6800. https://doi.org/10.3892/ol.2018.9419. 

23. Herrala, M.; Mikkonen, J.J.W.; Pesonen, P.; Lappalainen, R.; Tjäderhane, L.; Niemelä, R.K.; Seitsalo, H.; Salo, T.; Myllymaa, S.; 

Kullaa, A.M. Variability of salivary metabolite levels in patients with Sjögren’s syndrome. J. Oral Sci. 2020, 63, 22–26. 

https://doi.org/10.2334/josnusd.19-0504. 

24. Pereira, J.L.; Duarte, D.; Carneiro, T.J.; Ferreira, S.; Cunha, B.; Soares, D.; Costa, A.L.; Gil, A.M. Saliva NMR metabolomics: 

Analytical issues in pediatric oral health research. Oral Dis. 2019, 25, 1545–1554. https://doi.org/10.1111/odi.13117. 

25. Romano, F.; Meoni, G.; Manavella, V.; Baima, G.; Tenori, L.; Cacciatore, S.; Aimetti, M. Analysis of salivary phenotypes of 

generalized aggressive and chronic periodontitis through nuclear magnetic resonance-based metabolomics. J. Periodontol. 2018, 

89, 1452–1460. https://doi.org/10.1002/JPER.18-0097. 

26. Okuma, N.; Saita, M.; Hoshi, N.; Soga, T.; Tomita, M.; Sugimoto, M.; Kimoto, K. Effect of masticatory stimulation on the quantity 

and quality of saliva and the salivary metabolomic profile. PLoS ONE 2017, 12, e0183109. https://doi.org/10.1371/jour-

nal.pone.0183109. 

27. Soga, T.; Ohashi, Y.; Ueno, Y.; Naraoka, H.; Tomita, M.; Nishioka, T. Quantitative metabolome analysis using capillary electro-

phoresis mass spectrometry. J. Proteome Res. 2003, 2, 488–494. https://doi.org/10.1021/pr034020m. 

28. Soga, T.; Ishikawa, T.; Igarashi, S.; Sugawara, K.; Kakazu, Y.; Tomita, M. Analysis of nucleotides by pressure-assisted capillary 

electrophoresis-mass spectrometry using silanol mask technique. J. Chromatogr. A 2007, 1159, 125–133. 

https://doi.org/10.1016/j.chroma.2007.05.054. 

29. Soga, T.; Baran, R.; Suematsu, M.; Ueno, Y.; Ikeda, S.; Sakurakawa, T.; Kakazu, Y.; Ishikawa, T.; Robert, M.; Nishioka, T.; et al. 

Differential metabolomics reveals ophthalmic acid as an oxidative stress biomarker indicating hepatic glutathione consumption. 

J. Biol. Chem. 2006, 281, 16768–16776. https://doi.org/10.1074/jbc.M601876200. 

30. Scognamiglio, T.; Zinchuk, R.; Gumpeni, P.; Larone, D.H. Comparison of inhibitory mold agar to Sabouraud dextrose agar as a 

primary medium for isolation of fungi. J. Clin. Microbiol. 2010, 48, 1924–1925. https://doi.org/10.1128/JCM.01814-09. 

31. Dawes, C. Physiological factors affecting salivary flow rate, oral sugar clearance, and the sensation of dry mouth in man. J. Dent. 

Res. 1987, 66, 648–653. https://doi.org/10.1177/00220345870660S107. 

32. Dawes, C.; Watanabe, S. The effect of taste adaptation on salivary flow rate and salivary sugar clearance. J. Dent. Res. 1987, 66, 

740–744. https://doi.org/10.1177/00220345870660030701. 



Metabolites 2022, 12, 1294 12 of 12 
 

 

33. Kawanishi, N.; Hoshi, N.; Masahiro, S.; Enomoto, A.; Ota, S.; Kaneko, M.; Soga, T.; Tomita, M.; Kimoto, K. Effects of inter-day 

and intra-day variation on salivary metabolomic profiles. Clin. Chim. Acta 2019, 489, 41–48. 

https://doi.org/10.1016/j.cca.2018.11.030. 

34. Ishijima, T.; Koshino, H.; Hirai, T.; Takasaki, H. The relationship between salivary secretion rate and masticatory efficiency. J. 

Oral Rehabil. 2004, 31, 3–6. https://doi.org/10.1111/j.1365-2842.2004.01033.x. 

35. Navazesh, M. Methods for collecting saliva. Ann. N. Y. Acad. Sci. 1993, 694, 72–77. https://doi.org/10.1111/j.1749-

6632.1993.tb18343.x. 

36. Sugimoto, M.; Saruta, J.; Matsuki, C.; To, M.; Onuma, H.; Kaneko, M.; Soga, T.; Tomita, M.; Tsukinoki, K. Physiological and 

environmental parameters associated with mass spectrometry-based salivary metabolomic profiles. Metabolomics 2013, 9, 454–

463. https://doi.org/10.1007/s11306-012-0464-y. 

37. Mikkonen, J.J.W.; Singh, S.P.; Herrala, M.; Lappalainen, R.; Myllymaa, S.; Kullaa, A.M. Salivary metabolomics in the diagnosis 

of oral cancer and periodontal diseases. J. Periodontal Res. 2016, 51, 431–437. https://doi.org/10.1111/jre.12327. 

38. Liu, J.; Duan, Y. Saliva: A potential media for disease diagnostics and monitoring. Oral Oncol. 2012, 48, 569–577. 

https://doi.org/10.1016/j.oraloncology.2012.01.021. 

39. Koneru, S.; Tanikonda, R. Salivaomics—A promising future in early diagnosis of dental diseases. Dent. Res. J. 2014, 11, 11–15. 

40. Cuevas-Córdoba, B.; Santiago-García, J.J. Saliva: A fluid of study for OMICS. OMICS: J. Integr. Biol 2014, 18, 87–97. 

https://doi.org/10.1089/omi.2013.0064. 

41. Al-Tarawneh, S.K.; Border, M.B.; Dibble, C.F.; Bencharit, S. Defining salivary biomarkers using mass spectrometry-based pro-

teomics: A systematic review. OMICS: J. Integr. Biol. 2011, 15, 353–361. https://doi.org/10.1089/omi.2010.0134. 

42. Amerongen, A.V.N.; Ligtenberg, A.J.M.; Veerman, E.C.I. Implications for diagnostics in the biochemistry and physiology of 

saliva. Ann. N. Y. Acad. Sci. 2007, 1098, 1–6. https://doi.org/10.1196/annals.1384.033. 

43. Michishige, F.; Kanno, K.; Yoshinaga, S.; Hinode, D.; Takehisa, Y.; Yasuoka, S. Effect of saliva collection method on the concen-

tration of protein components in saliva. J. Med. Investig. 2006, 53, 140–146. https://doi.org/10.2152/jmi.53.140. 

44. Belstrøm, D.; Holmstrup, P.; Bardow, A.; Kokaras, A.; Fiehn, N.E.; Paster, B.J. Comparative analysis of bacterial profiles in 

unstimulated and stimulated saliva samples. J. Oral Microbiol. 2016, 8, 30112. https://doi.org/10.3402/jom.v8.30112. 

45. Oliver, J.C.; Laghi, L.; Parolin, C.; Foschi, C.; Marangoni, A.; Liberatore, A.; Dias, A.L.T.; Cricca, M.; Vitali, B. Metabolic profiling 

of Candida clinical isolates of diferent species and infection sources. Sci. Rep. 2020, 10, 16716. https://doi.org/10.1038/s41598-020-

73889-1. 

46. Chen, H.; Fujita, M.; Feng, Q.; Clardy, J.; Fink, G.R. Tyrosol is a quorum-sensing molecule in Candida albicans. Proc. Natl. Acad. 

Sci. USA. 2004, 101, 5048–5052. https://doi.org/10.1073/pnas.0401416101. 

47. Gow, N.A.R.; Brown, A.J.P.; Odds, F.C. Fungal morphogenesis and host invasion. Curr. Opin. Microbiol. 2002, 5, 366–371. 

https://doi.org/10.1016/s1369-5274(02)00338-7. 

48. Albuquerque, P.; Casadevall, A. Quorum sensing in fungi—A review. Med. Mycol. 2012, 50, 337–345. 

https://doi.org/10.3109/13693786.2011.652201. 

49. Lai, R.Y.; Huang, S.; Fenwick, M.K.; Hazra, A.; Zhang, Y.; Rajashankar, K.; Philmus, B.; Kinsland, C.; Sanders, J.M.; Ealick, S.E.; 

et al. Thiamin pyrimidine biosynthesis in Candida albicans: A remarkable reaction between histidine and pyridoxal phosphate. 

J. Am. Chem. Soc. 2012, 134. 9157–9159. https://doi.org/10.1021/ja302474a. 

50. Costa, C.P.; Bezerra, A.R.; Almeida, A.; Rocha, S.M. Candida species (volatile) metabotyping through advanced comprehensive 

two-dimensional gas chromatography. Microorganisms 2020, 8, 1911. https://doi.org/10.3390/microorganisms8121911. 

51. D’Enfert, C.; Diaquin, M.; Delit, A.; Wuscher, N.; Debeaupuis, J.P.; Huerre, M.; Latge, J.P. Attenuated virulence of uridine-uracil 

auxotrophs of Aspergillus fumigatus. Infect. Immun. 1996, 64, 4401–4405. https://doi.org/10.1128/iai.64.10.4401-4405.1996. 

52. Kuboniwa, M.; Sakanaka, A.; Hashino, E.; Bamba, T.; Fukusaki, E.; Amano, A. Prediction of periodontal inflammation via met-

abolic profiling of saliva. J. Dent. Res. 2016, 95, 1381–1386. https://doi.org/10.1177/0022034516661142. 

53. Tonetti, M.; Eftimiadi, C.; Damiani, G.; Buffa, P.; Buffa, D.; Botta, G.A. Short chain fatty acids present in periodontal pockets 

may play a role in human periodontal diseases. J. Periodontal Res. 1987, 22, 190–191. https://doi.org/10.1111/j.1600-

0765.1987.tb01565.x. 

54. Niederman, R.; Buyle-Bodin, Y.; Lu, B.Y.; Robinson, P.; Naleway, C. Short-chain carboxylic acid concentration in human gingi-

val crevicular fluid. J. Dent. Res. 1997, 76, 575–579. https://doi.org/10.1177/00220345970760010801. 

55. Thein, Z.M.; Samaranayake, Y.H.; Samaranayake, L.P. Effect of oral bacteria on growth and survival of Candida albicans bio-

films. Arch. Oral Biol. 2006, 51, 672–680. https://doi.org/10.1016/j.archoralbio.2006.02.005. 

56. Grainha, T.; Jorge, P.; Alves, D.; Lopes, S.P.; Pereira, M.O. Unraveling Pseudomonas aeruginosa and Candida albicans commu-

nication in coinfection scenarios: Insights through network analysis. Front. Cell. Infect. Microbiol. 2020, 10, 550505. 

https://doi.org/10.3389/fcimb.2020.550505. 

57. Zaura, E.; Brandt, B.W.; Prodan, A.; de Mattos, M.J.T.; Imangaliyev, S.; Kool, J.; Buijs, M.J.; Jagers, F.L.; Hennequin-Hoenderdos, 

N.L.; Slot, D.E.; et al. On the ecosystemic network of saliva in healthy young adults. ISME J. 2017, 11, 1218–1231. 

https://doi.org/10.1038/ismej.2016.199. 

58. Bosman, P.; Pichon, V.; Acevedo, A.C.; Le Pottier, L.; Pers, J.O.; Chardin, H.; Combès, A. Untargeted Metabolomic Approach to 

Study the Impact of Aging on Salivary Metabolome in Women. Metabolites 2022, 12, 986. https://doi.org/10.3390/metabo12100986. 


