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The discovery of microbial, immunological or molecular markers in saliva offers unique opportunities,
and has caused our view of saliva to change drastically in recent years. Technological developments
have made it possible to advance more rapidly and precisely in the diagnosis of diseases—opening
a field of research with tremendous potential. In this special issue, The Journal of Clinical Medicine
has gathered a panel of experts on saliva research. The different contributions cover a broad spectrum
of topics, such as odontology, obesity, inflammation and cancer.

The possibility of monitoring, of seeing how and when a disease process starts and progresses,
and of observing the outcomes of treatment based on noninvasive tools such as saliva, is a very
desirable goal. One of the most ambitious aims of researchers is to detect salivary biomarkers and
use them in clinical practice. Apart from the minimally invasive procedure involved in collecting
saliva samples, we have the possibility of compiling lots of data and of exploring intraindividual
variations—generating new challenges and opportunities.

In the area of oral diseases, Martina et al. [1] contributed a thorough review on the use of saliva
from the perspective of the oral manifestations of skin disease, such as lichen planus, pemphigus,
pemphigoid and psoriasis, and also addressed Sjögren’s syndrome and oral cancer.

The working group of the University of Murcia, led by López–Jornet et al. [2], investigated burning
mouth syndrome, contributing very interesting data on the determination of analytes in unstimulated
saliva implicated in pain, stress and inflammation, and which can offer clues to help manage this
complex chronic orofacial pain condition.

Regarding dental implantology, there is much controversy on the risks of peri-implantitis.
Papi et al. [3] addressed this issue in an interesting study on saliva, examining the release of metals
(titanium) in the development of peri-implantitis.

Overweight people/obesity is a worldwide social problem. Two interesting documents on this
topic have been presented from different points of view: (a) Zalewska et al. [4] found overweight
and obese adolescents to have an impaired systemic and salivary oxidative status when compared
with adolescents of normal weight. (b) In a cross-sectional study, the Finnish research group of
Syrjäläinen et al. [5] found that obese people may be susceptible to periodontal disease, though obesity
was not associated to alterations in cytokines in saliva. In this regard, salivary cytokine alterations may
be explained by a periodontal condition and smoking habit.

The use of saliva opens a range of possibilities for the management of patients with psoriasis.
In this regard, biomarkers are explored that can be measured using simple, innocuous, painless and
low-cost tests for use in clinical practice. The study [6] of variations in the concentration of TNF-α,
IL-2, INF-γ, IL-10, nitric oxide, peroxynitrite, S-nitrosothiols and nitrotyrosine contributes to further
our knowledge on the pathogenesis of psoriasis.

Studies on precise, profitable and noninvasive diagnostic methods require important efforts from
all researchers. The emerging technologies developed in the last decade have contributed new value to
the study of saliva.

Monedeiro et al. [7] used matrix-assisted laser desorption/ionization-time-of-flight mass
spectrometry (MALDI-TOF MS) to investigate the influence of silver nanoparticles (AgNP) upon
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metabolism in bacterial strains. The approaches used may be useful for monitoring and assessing the
response to treatment, based on the concentrations of AgNP.

In the field of oncology, we seek to identify molecular alterations and their relation to tumor
progression, with a view of developing potential applications to diagnosis, prognosis and response
to therapy. In this regard, the Hungarian group of Márton et al. [8] have analyzed the expression
of IL-6 and mRNA in samples of saliva from patients with oral squamous cell carcinoma (OSCC),
and recorded the differences with respect to the control group. On the other hand, the detection
of human papillomavirus (HPV) from saliva (with or without oral rinses) represents a quick and
easy noninvasive alternative for oral and oropharyngeal cancer screening in high-risk populations.
Rapado–González et al. [9] conducted a meta-analysis providing additional evidence that salivary
HPV is associated with oral and oropharyngeal cancer.

Lastly, it is important to create and integrate interdisciplinary research teams capable of advancing
knowledge in the field of saliva, since we need to optimize identifying biomarkers and validate the
findings in new patients, as well as establish targets for early therapeutic interventions.
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Abstract: Background: Recent articles have hypothesized a possible correlation between dental
implants dissolution products and peri-implantitis. The null hypothesis tested in this case-control
study was that there would be no differences in salivary concentrations of titanium (Ti), vanadium (V),
nickel (Ni) and arsenic (As) ions among patients with dental implants, healthy (Group A) or affected
by peri-implantitis (Group B), compared to subjects without implants and/or metallic prosthetic
restorations (Group C). Methods: Inductively coupled plasma mass spectrometry was used to analyze
saliva samples. One-way repeated-measure analysis of variance (ANOVA) was used to identify
statistically significant differences in the salivary level of Ti, V, Ni and As between the three groups.
Results: A total of 100 patients were enrolled in the study (42 males and 58 females), distributed in
three groups: 50 patients in Group C, 26 patients in Group B and 24 patients Group B. In our study,
concentrations of metallic ions were higher in Group A and B, compared to the control group, with
the exception of vanadium. However, there were no statistically significant differences (p > 0.05) for
metallic ions concentrations between Group A and Group B. Conclusions: Based on our results, there
are no differences in titanium or other metals concentrations in saliva of patients with healthy or
diseased implants.

Keywords: dental implants; saliva; corrosion; titanium; metallic ions

1. Introduction

Dental implants are usually made of commercially pure titanium or titanium-based alloys
(Ti-6Al-4V), these metals, as well as showing great long-term success and survival rates [1,2],
are known to be bio compatibles and chemically inert in the oral cavity and consequently considered
corrosion-resistant. Corrosion is a state of metal’s deterioration caused by oxidation or chemical action,
thwarted by a titanium dioxide layer (TiO2), spontaneously covering the implant surface in presence
of oxygen and providing great resistance and stability to the implant [3,4]. Nevertheless, titanium
alloys can be affected by this gradual degradation and the structural and mechanical integrity of the

J. Clin. Med. 2020, 9, 1264; doi:10.3390/jcm9051264 www.mdpi.com/journal/jcm3
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implant may be jeopardized and at risk of failure. Corrosion leads to titanium dissolution, release and
dispersion of metal ions and particles into soft and hard tissues either, which may be a possible factor
in peri-implant inflammatory processes [5,6].

The factors that trigger corrosion are acidification of the oral environment or the release of
lactic acid by bacteria, such as Streptococcus mutans, and also chemical stimuli by fluorides (with
a concentration range greater than 100 ppm) normally present in home and professional oral care
products [7–9].

Titanium and other metals particles released by dental implants are not totally bioinert:
they induce the release of mediating inflammation cytokines, such as tumor necrosis factor-alpha
(TNF-α), interleukin 1 beta (IL-1β) and the secretion of RANKL. These present an immunogenic
potential which—by acting as a secondary inflammatory stimulus in peri-implantitis—amplifies bone
resorption [10]

Under physiological conditions, osteoprotegerin (OPG) secreted by the fibroblasts of the
periodontal ligament and osteoblasts, subtracts the receptor activator of nuclear factor kappa-B
ligand (RANKL) from the link with its true receptor activator of nuclear factor kappa-B (RANK),
creating a real competitive inhibition, preventing differentiation from the pre-osteoclast into osteoclasts
and subsequent bone resorption [11,12]. In the presence of inflammation, an up-regulation of RANKL
is associated with a down-regulation of OPG, which is produced in minimal quantities. The RANKL
produced will, therefore, bind the RANK present on the osteoclastic precursors, with consequent
massive bone resorption [13,14]

Furthermore, other kinds of corrosion can occur, such as mechanical corrosion due to functional
stresses of implants or the cracking or weakening of its prosthetic components [7,8].

Once ultimately dispersed in the peri-implant environment, metal ions and particles are no longer
biocompatible and inert, and are, therefore considered a potential incentive to the inflammatory process
in peri-implantitis [5]. A study in mice immune cells has demonstrated that Titanium ions release
pro-inflammatory cytokines involved in bone resorption, demonstrating that peri-implantitis may be
directly related to corrosion and, therefore, with metal ions dispersion [15].

Peri-implantitis treatment and risk factors are still controversial [16,17], with incontrovertible
evidence just for periodontitis, inadequate plaque control and lack of supportive periodontal
therapy [18–20].

Furthermore, smoking, excess cement and other systemic conditions have all been described as
potential risk indicators, however there is inconclusive evidence to draft clear conclusions [18,21–26].

Recent articles have hypothesized a possible correlation between titanium dissolution products
and peri-implantitis [27–29] therefore, the aims of this case-control study were to evaluate salivary
metallic ions dissolution in patients with dental implants, healthy or affected by peri-implantitis.

The null hypothesis tested was that there would be no differences in the salivary concentrations
of titanium (Ti), vanadium (V), nickel (Ni) and arsenic (As) ions among patients with dental implants,
healthy or affected by peri-implantitis, compared to subjects without implants and/or metallic
prosthetic restorations.

2. Material and Methods

2.1. Study Design

To address the research purpose, the authors designed a case-control study, conducted at the
Departments of Oral and Maxillo-Facial Sciences, at “Sapienza” University of Rome.

2.2. Study Population

From May 2018 to May 2019, all subjects who underwent previous implant surgery since January
2008 at the Oral Surgery Unit, Policlinico Umberto I, “Sapienza” University of Rome were identified
and consecutively evaluated.
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Each patient received detailed descriptions of the study protocol and all subjects signed an informed
consent form to be included in the study population, according to the World Medical Declaration of
Helsinki. The Institution Review Board of “Sapienza” approved the study (Ref. 4939/2018).

Eligible patients were divided into two groups: subjects with clinically healthy implants (Group A)
and patients with peri-implantitis (Group B).

Patients in group A were enrolled in the study based on the following inclusion and
exclusion criteria:

• Single crown implants functioning for >1 year
• No clinical signs of pathologies of the oral mucosa
• Age ≥ 18 years
• Implants classified as clinically healthy
• No antibiotic treatment in the previous three months
• Non-smoker
• No uncontrolled systemic diseases
• Not pregnant or breastfeeding
• No metal reconstruction, crowns or other prosthetic restorations present in the oral cavity

Patients in Group B had to meet the following inclusion and exclusion criteria:

• Single crown implants functioning for >1 year
• No clinical signs of pathologies of the oral mucosa
• Age ≥ 18 years
• Implants with a diagnosis of peri-implantitis
• No antibiotic treatment in the previous three months
• Non-smoker
• No uncontrolled systemic diseases
• Not pregnant or breastfeeding
• No metal reconstruction, crowns or other prosthetic restorations present in the oral cavity

Furthermore, a third group of patients (Group C) without dental implants, derived from a
population of subjects attending the Oral Surgery Unit from May 2018 to May 2019 for wisdom tooth
removal, was enrolled in accordance with the following inclusion and exclusion criteria:

• Absence of dental implants
• No metal reconstruction, crowns or other prosthetic restorations present in the oral cavity
• Age ≥ 18 years
• No clinical signs of pathologies of the oral mucosa
• No antibiotic treatment in the previous three months
• Non-smoker
• No uncontrolled systemic diseases
• Not pregnant or breastfeeding

2.3. Clinical Examination

Patients’ data collected included sex and age.
For each implant, the following clinical measurements were recorded at six sites per implant by

using a periodontal probe (PCP-Unc 15, Hu-Friedy®, Chicago, IL, USA):

• Probing pocket depth (PPD) measured in millimeters
• Plaque index (PI) recorded with dichotomic values (present/absent)
• Mucosal redness recorded with dichotomic values (present/absent)
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• Suppuration recorded with dichotomic values (present/absent)
• Bleeding on probing recorded with dichotomic values (present/absent)

2.4. Radiographic Assessment

Mesial and distal implant crestal bone levels were measured on standardized (Rinn Centratore
XCP Evolution 2003, Dentsply, Rome, Italy) digital periapical X-rays for each implant using a calibrated
software (SOPRO Imaging, Acteon Group, Norwich, UK). The implant length and width were used as
references for calibration of measurements, with the bone level digitally evaluated by measuring the
distance between the implant shoulder and the first visible bone contact on the implant.

Case definitions for epidemiological or disease surveillance studies of the 2017 World Workshop on
the Classification of Periodontal and Peri-Implant Diseases and Conditions were adopted to establish
the diagnosis of peri-implant diseases [30].

2.5. Saliva Collection

Five milliliters of saliva were collected from each patient using the unstimulated drainage method,
or alternatively by leaving the saliva flow passively from the lower lip directly into designated
sterile tubes.

Patients were advised not to take food or drink and to avoid oral hygiene procedures before
saliva collection.

All samples were stored at a temperature of 1 ◦C, in order to block any biologic process still
in place.

2.6. ICP-MS Analysis

Samples were analyzed using a Thermo Scientific XSERIES2 ICP-MS instrument (Thermo-Fisher
Scientific, Waltham, MA, USA) at the Department of Earth Sciences at “Sapienza” University of Rome.
Samples were processed as previously described [29]. The concentrations of Ti, V, Ni and As were
quantified in μg/L.

2.7. Statistical Analysis

The required sample size was calculated using statistics software (GPower 3.1.9.2,
Heinrich-Heine-Universität, Düsseldorf, Germany). A power analysis using the repeated measures
ANOVA with three measurements, an alpha level of 0.05 and a medium effect size (f = 0.56) showed
that 100 subjects would be adequate to obtain 95% power in detecting a statistical difference in the
salivary level of Ti, assuming a loss to follow-up of 20% [31].

A database was created using Excel (Microsoft, Redmond, WA, USA). Descriptive statistics were
calculated for each variable. The Shapiro–Wilk test was used to determine whether or not the data
conformed to a normal distribution.

One-way repeated-measures ANOVA was used to identify statistically significant differences in
the salivary level of Ti, V, Ni and As between three different groups: Control group, patients with
healthy implant and patients with implant affected by peri-implantitis. Pairwise Tukey honestly
significant difference (HSD) test for multiple comparisons.

The chi-squared test of homogeneity was used to evaluate the presence of differences in the
proportion of males and females among the three groups.

Data were evaluated using standard statistical analysis software (version 20.0, Statistical Package
for the Social Sciences, IBM Corporation, Armonk, NY, USA). A p value <0.05 was considered as
statistically significant.
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3. Results

A total of 100 patients were enrolled in the study (42 males and 58 females; age 49.02 ± 11.37 years).
The patients were thus distributed in the three groups: 50 patients in Group C, 26 patients in Group B
and 24 patients Group B. There were no significant differences in the proportions of males and females
in the three groups (p = 0.620). Patients’ demographics are reported in Table 1.

Table 1. Sample demographic.

Study Variable Group A Group B Group C

Sample size 26 24 50
Male 11 11 20

Female 15 13 30
Age (y) ± SD (range) 63.13 ± 17.72 70.52 ± 8.24 46.57 ± 9.23
Dental implants (n) 26 24 NA

Functional loading (y) ± SD (range) 7.8 ± 2.62 9.88 ± 3.52 NA
Mean PPD (mm) 3.2 ± 0.44 4.66 ± 1.32 NA
Mean MBL (mm) 0.89 ± 0.32 1.95 ± 1.43 NA

SD, standard deviation; PPD, probing pocket depth; MBL, marginal bone loss; NA, not applicable.

3.1. Titanium

The mean concentration of Ti was 136.65 ± 263.28 μg/L in the Group C, 489.60 ± 227.86 μg/L in the
Group A and 492.83 ± 313.90 in the Group B. Statistical significant differences in mean concentration
were found between the Group C and the Group A (p < 0.001) and between the Group C and the
Group B (p < 0.001) (Table 2).

3.2. Nickel

The mean concentration of Ni was 4.77 ± 8.33 μg/L in the Group C, 24.99 ± 12.47 μg/L in the
Group A and 23.50 ± 10.12 in the Group B. Statistical significant differences in mean concentration
were found between the Group C and the Group A (p < 0.001) and between the Group C and Group B
(p < 0.001) (Table 2).

3.3. Vanadium

The mean concentration of V was 1.30 ± 4.28 μg/L in the Group C, 2.27 ± 2.43 μg/L in the Group A
and 2.01 ± 1.35 in the Group B. The group means of V concentration were not statistically significant
different (p = 0.440) (Table 2).

3.4. Arsenic

The mean concentration of As was 0.01 ± 0.01 μg/L in the Group C, 2.20 ± 1.88 μg/L in the Group
A and 1.54 ± 2.07 in the Group B. Statistical significant differences in mean concentration were found
between the Group C and the Group A (p < 0.001) and between the Group C and the Group B (p < 0.001)
(Table 2).
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Table 2. Difference in the mean concentration of titanium, nickel vanadium and arsenic in the
three groups.

Multiple Comparisons

Tukey’s HSD

Dependent
Variable

(I) Groups (J) Groups
Mean

Difference
(I-J)

Std. Error Sig.
95% Confidence Interval

Lower Bound Upper Bound

Titanium

Group C Group A −352.951280 * 59.517272 0.000 −494.61555 −211.28701
Group B −356.184613 * 61.127007 0.000 −501.68041 −210.68882

Group A Group C 352.951280 * 59.517272 0.000 211.28701 494.61555
Group B −3.233333 69.678791 0.999 −169.08426 162.61760

Group B Group C 356.184613 * 61.127007 0.000 210.68882 501.68041
Group A 3.233333 69.678791 0.999 −162.61760 169.08426

Nickel

Group C Group A −20.215246 * 2.410887 0.000 −25.95369 −14.47680
Group B −18.728483 * 2.476093 0.000 −24.62213 −12.83483

Group A Group C 20.215246 * 2.410887 0.000 14.47680 25.95369
Group B 1.486763 2.822503 0.858 −5.23142 8.20494

Group B Group C 18.728483 * 2.476093 0.000 12.83483 24.62213
Group A −1.486763 2.822503 0.858 −8.20494 5.23142

Vanadium

Group C Group A −0.965529 0.809320 0.460 −2.89189 0.96083
Group B −0.707260 0.831209 0.672 −2.68572 1.27120

Group A Group C 0.965529 0.809320 0.460 −0.96083 2.89189
Group B 0.258269 0.947497 0.960 −1.99698 2.51352

Group B Group C 0.707260 0.831209 0.672 −1.27120 2.68572
Group A −0.258269 0.947497 0.960 −2.51352 1.99698

Arsenic

Group C Group A −2.193412 * 0.336286 0.000 −2.99385 −1.39298
Group B −1.525553 * 0.345382 0.000 −2.34764 −0.70347

Group A Group C 2.193412 * 0.336286 0.000 1.39298 2.99385
Group B 0.667859 0.393701 0.212 −0.26924 1.60496

Group B Group C 1.525553 * 0.345382 0.000 0.70347 2.34764
Group A −0.667859 0.393701 0.212 −1.60496 0.26924

* The mean difference is significant at the 0.05 level. HSD, honestly significant difference.

4. Discussion

The aims of this study were to detect salivary metallic ions levels of Ti, V, Ni and As in patients
with and without dental implants.

The metal concentration was measured by the use of ICP-MS, a versatile, rapid and extremely
sensitive analytical technique used to determine different metallic and non-metallic inorganic substances
present in concentrations lower than one part per billion.

Just a few studies have investigated the possible relationship of metallic ions dissolution and
peri-implantitis, mainly focusing on titanium levels [27–29]

Safioti et al. first hypothesized a possible association between high titanium levels and implants
affected by peri-implantitis, studying the metal concentration in submucosa plaque. The plaque samples
were taken from the deepest points of the pockets of each implant through dental scalers (mini-five
1–2 Gracey) and then analyzed by ICP-MS. Results showed that implants with peri-implantitis had
significantly (p < 0.05) higher titanium levels than healthy implants [27].

Olmedo et al. using the exfoliative cytology technique, measured the concentration of titanium
particles in the peri-implant mucosa cells and found higher values in the group of patients affected by
peri-implantitis compared to the group of patients with healthy implants [28,32].

In our study setting, attention was focused not only on titanium but also on other metals such as
V, Ni and As.
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Vanadium is ubiquitous: it is present in water and soil and its effects at systemic level are still
debated: several authors have reported the use of vanadium in the treatment of diabetes mellitus,
while others have correlated the long-term exposure with risk of cancer [33–36].

Nickel is known to be the cause of contact dermatitis and in general of allergic episodes, which can
develop with serious consequences in the most sensitive subjects. Adverse reactions were documented
in relation to orthodontic devices (brackets, arches) containing nickel. This element has a carcinogenic
and mutagenic effects; therefore, exposure must be minimized [37–39].

Arsenic is one of the most widespread elements in nature: it can be found in soil, water, air and
almost in all animal and plant tissues.

Arsenic poisoning can be acute (lethal) or chronic, caused by prolonged exposure even at
low concentrations.

Martin-Camean et al. in 2014, in an in vivo study, evaluated the dissolution of different metal
ions in the oral mucosa of subjects with orthodontic mini-implants. The epithelial cells of the oral
mucosa were taken from each patient using a rubber brush. The samples were then analyzed through
ICP-MS. The results reported only traces of vanadium, while the release of other elements occurred in
the following growing order Cr < Ni < Ti < Cu < Al [40–42].

In our study, concentrations of metallic ions were higher in subjects with dental implants, either
healthy or affected by peri-implantitis, compared to the control group, with the exception of vanadium.

Based on our results, metallic ions are detectable in the saliva of patients with dental implants;
according to a recent systematic review conducted by Noronha Oliveira et al., degradation products—in
the form of micro and nanoscale particles—can be found for different reasons, such as detachment
from implant surface during surgical insertion, wear caused by micro-movements between contacting
surfaces at implant connections, corrosive effects of therapeutic substances, like bleaching agents and
fluorides or peri-implantitis treatment (mainly implantoplasty) [43].

In the present study, there were no statistically significant differences (p > 0.05) for metallic ions
concentrations between patients with healthy dental implants and peri-implantitis subjects.

Our results are in contrast with the findings of Safioti et al. and Olmedo et al. [27,28]. However,
in the above-mentioned articles, exclusion criteria did not limit enrollment to patients without other
metallic prosthetic reconstructions and a control group without implants was not provided.

A recent systematic review by Gomes et al. [44] evaluated the diagnostic accuracy of biomarker
levels in saliva to distinguish between healthy implants and implants affected by peri-implantitis.
Based on their results, there was no clear evidence to support the use of salivary biomarkers (IL-6,
IL-1β) in peri-implantitis detection. Pettersson et al. [45] performed gingival biopsies during surgical
treatment of patients with severe periodontitis or peri-implantitis in order to evaluate titanium levels
via ICP-MS. They found higher titanium values in peri-implantitis patients (p < 0.001) compared to
periodontitis subjects, however samples were obtained after surgical treatment of dental implants and
titanium release may be, therefore, exacerbated by ultrasonic scaling, as previously demonstrated by
Eger et al. [46].

Furthermore, human samples from appropriate control groups (healthy implants and patients
without metallic reconstructions) could not be obtained for ethical reasons.

Therefore, saliva collection and analysis through ICP-MS, as performed in the present study, seem
a viable alternative to investigate data obtained by different populations.

5. Conclusions

Current evidence on the possible role of titanium or other metal particles in peri-implantitis
pathogenesis is still controversial: in a recent critical review, Mombelli et al. concluded that there is
poor specificity for the association of titanium particles and peri-implantitis, since metallic ions can be
commonly detected in healthy and diseased peri-implant mucosa, as well as in gingiva of subjects
without dental implants, being Tio2 used in multiple kinds of foods, toothpastes, cosmetics or medical
pills [10].
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Schwarz et al. in the latest World Workshop on the Classification of Periodontal and Peri-Implant
Diseases and Conditions [18] stated that there was insufficient available evidence to consider titanium
particles as a risk indicator for peri-implantitis.

Based on our results, concentrations of metallic ions were higher in subjects with dental implants,
either healthy or affected by peri-implantitis, compared to the control group, with the exception of
vanadium. No statistically significant differences were found in the metallic concentrations of healthy
implants or peri-implantitis.

Future research should be orientated in conducting further studies, with a larger sample and a
longitudinal design, to determine the role of titanium or other metals in peri-implantitis pathogenesis.

Author Contributions: P.P. and A.R. drafted the article, revised the paper and gave substantial contributions to
the conception of the work; G.P. and A.D. gave substantial contributions to the conception of the work and revised
the manuscript critically for important intellectual content. N.P. revised the paper, gave substantial contributions
to the conception of the work and performed the statistical analysis. B.D.M. and P.C.P. revised the paper, gave
substantial contributions to the conception of the work and recruited patients. M.B. gave substantial contributions
to the conception of the work, revised the manuscript critically for important intellectual content and performed
the ICP-MS analysis. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare they have no conflicts of interest related to this study.

References

1. De Angelis, F.; Papi, P.; Mencio, F.; Rosella, D.; Di Carlo, S.; Pompa, G. Implant survival and success rates
in patients with risk factors: Results from a long-term retrospective study with a 10 to 18 years follow-up.
Eur. Rev. Med. Pharmacol. Sci. 2017, 21, 433–437. [PubMed]

2. Rossi, F.; Lang, N.P.; Ricci, E.; Ferraioli, L.; Baldi, N.; Botticelli, D. Long-term follow-up of single crowns
supported by short, moderately rough implants—A prospective 10-year cohort study. Clin. Oral Implant. Res.
2018, 29, 1212–1219. [CrossRef] [PubMed]

3. Li, J.; He, X.; Zhang, G.; Hang, R.; Huang, X.; Tang, B.; Zhang, X. Electrochemical corrosion, wear and cell
behavior of ZrO(2)/TiO(2) alloyed layer on Ti-6Al-4V. Bioelectrochemistry 2018, 121, 105–114. [CrossRef]

4. Zhang, R.; Wan, Y.; Ai, X.; Liu, Z.; Zhang, D. Corrosion resistance and biological activity of TiO(2) implant
coatings produced in oxygen-rich environments. Proc. Inst. Mech. Eng. Part H 2017, 231, 20–27. [CrossRef]

5. Delgado-Ruiz, R.; Romanos, G. Potential Causes of Titanium Particle and Ion Release in Implant Dentistry:
A Systematic Review. Int. J. Mol. Sci. 2018, 19, 3585. [CrossRef] [PubMed]

6. Apaza-Bedoya, K.; Tarce, M.; Benfatti, C.A.M.; Henriques, B.; Mathew, M.T.; Teughels, W.; Souza, J.C.M.
Synergistic interactions between corrosion and wear at titanium-based dentalimplant connections: A scoping
review. J. Periodontal Res. 2017, 52, 946–954. [CrossRef] [PubMed]

7. Maruthamuthu, S.; Rajasekar, A.; Sathiyanarayanan, S.; Muthukumar, N.; Palaniswamy, N. Electrochemical
behaviour of microbes on orthodontic wires. Curr. Sci. 2005, 89, 988–996.

8. Chang, J.C.; Oshida, Y.; Gregory, R.L.; Andres, C.J.; Barco, T.M.; Brown, D.T. Electrochemical study on
microbiology-related corrosion of metallic dental materials. Bio-Med. Mater. Eng. 2003, 13, 281–295.

9. Souza, J.C.M.; Henriques, M.; Oliveira, R.; Teughels, W.; Celis, J.P.; Rocha, L.A. Do oral biofilms influence the
wear and corrosion behavior of titanium titanium? Biofouling 2010, 26, 471–478. [CrossRef] [PubMed]

10. Mombelli, A.; Hashim, D.; Cionca, N. What is the impact of titanium particles and biocorrosion on implant
survival and complications? A critical review. Clin. Oral. Implant. Res. 2018, 29, 37–53. [CrossRef]

11. Boyce, B.F.; Xing, L. Functions of RANKL/RANK/OPG in bone modeling and remodeling.
Arch. Biochem. Biophys. 2008, 473, 139–146. [CrossRef] [PubMed]

12. Walsh, M.C.; Choi, Y. Biology of the RANKL-RANK-OPG System in Immunity, Bone, and Beyond.
Front. Immunol. 2014, 5, 511.

13. Wachi, T.; Shuto, T.; Shinohara, Y.; Matono, Y.; Makihira, S. Release of titanium ions from an implant
surface and their effect on cytokine production related to alveolar bone resorption. Toxicology 2015, 327, 1–9.
[CrossRef] [PubMed]

14. Cadosch, D.; Al-Mushaiqri, M.S.; Gautschi, O.P.; Meagher, J.; Simmen, H.P.; Filgueira, L. Biocorrosion and
uptake of titanium by human osteoclasts. J. Biomed. Mater. Res. 2010, 95, 1004–1010. [CrossRef] [PubMed]

10



J. Clin. Med. 2020, 9, 1264

15. Nishimura, K.; Kato, T.; Ito, T. Influence of titanium ions on cytokine levels of murine splenocytes stimulated
with periodontopathic bacterial lipopolysaccharide. Int. J. Oral. Maxillofac. Implant. 2014, 29, 472–477.

16. La Monaca, G.; Pranno, N.; Annibali, S.; Cristalli, M.P.; Polimeni, A. Clinical and radiographic outcomes of a
surgical reconstructive approach in the treatment of peri-implantitis lesions: A 5-year prospective case series.
Clin. Oral Implant. Res. 2018, 29, 1025–1037. [CrossRef]

17. Mencio, F.; De Angelis, F.; Papi, P.; Rosella, D.; Pompa, G.; Di Carlo, S. A randomized clinical trial about
presence of pathogenic microflora and risk of peri-implantitis: Comparison of two different types of
implant-abutment connections. Eur. Rev. Med. Pharmacol. Sci. 2017, 21, 1443–1451.

18. Schwarz, F.; Derks, J.; Monje, A.; Wang, H.L. Peri-implantitis. J. Periodontol. 2018, 89, 267–290. [CrossRef]
19. Pimentel, S.P.; Shiota, R.; Cirano, F.R.; Casarin, R.C.V.; Pecorari, V.G.A.; Casati, M.Z.; Haas, A.N.; Ribeiro, F.V.

Occurrence of peri-implant diseases and risk indicators at the patient and implant levels: A multilevel
cross-sectional study. J. Periodontol. 2018, 89, 1091–1100. [CrossRef]

20. Dreyer, H.; Grischke, J.; Tiede, C.; Eberhard, J.; Schweitzer, A.; Toikkanen, S.E.; Glöckner, S.; Krause, G.;
Stiesch, M. Epidemiology and risk factors of peri-implantitis: A systematic review. J. Periodontal Res. 2018,
53, 657–681. [CrossRef]

21. Papi, P.; Di Murro, B.; Pranno, N.; Bisogni, V.; Saracino, V.; Letizia, C.; Polimeni, A.; Pompa, G. Prevalence of
peri-implant diseases among an Italian population of patients with metabolic syndrome: A cross-sectional
study. J. Periodontol. 2019, 90, 1374–1382. [CrossRef]

22. Papi, P.; Letizia, C.; Pilloni, A.; Petramala, L.; Saracino, V.; Rosella, D.; Pompa, G. Peri-implant diseases and
metabolic syndrome components: A systematic review. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 866–875.
[PubMed]

23. Kotsakis, G.A.; Lan, C.X.; Barbosa, J.; Lill, K.; Chen, R.Q.; Rudney, J.; Aparicio, C. Antimicrobial agents used
in the treatment of peri-implantitis alter the physicochemistry and cytocompatibility of titanium surfaces.
J. Periodontol. 2016, 87, 809–819. [CrossRef] [PubMed]

24. Gurgel, B.C.V.; Montenegro, S.C.L.; Dantas, P.M.C.; Pascoal, A.L.B.; Lima, K.C.; Calderon, P.D.S. Frequency
of peri-implant diseases and associated factors. Clin. Oral Implant. Res. 2017, 28, 1211–1217. [CrossRef]
[PubMed]

25. Dalago, H.; Schuldt Filho, G.; Rodrigues, M.; Renvert, S.; Bianchini, M. Risk indicators for peri-implantitis:
A cross-sectional study with 916 implants. Clin. Oral Implant. Res. 2017, 28, 144–150. [CrossRef] [PubMed]

26. Renvert, S.; Aghazadeh, A.; Hallström, H.; Persson, G.R. Factors related to peri-implantitis—A retrospective
study. Clin. Oral Implant. Res. 2014, 25, 522–529. [CrossRef] [PubMed]

27. Safioti, L.M.; Kotsakis, G.A.; Pozhitkov, A.E.; Chung, W.O.; Daubert, D.M. Increased levels of dissolved
titanium are associated with peri-implantitis—A cross-sectional study. J. Periodontol. 2017, 88, 436–442.
[CrossRef]

28. Olmedo, D.G.; Nalli, G.; Verdú, S.; Paparella, M.L.; Cabrini, R.L. Exfoliative cytology and titanium dental
implants: A pilot study. J. Periodontol. 2013, 84, 78–83. [CrossRef]

29. Barbieri, M.; Mencio, F.; Papi, P.; Rosella, D.; Di Carlo, S.; Valente, T.; Pompa, G. Corrosion behavior of dental
implants immersed into human saliva: Preliminary results of an in vitro study. Eur. Rev. Med. Pharmacol. Sci.
2017, 21, 3543–3548.

30. Berglundh, T.; Armitage, G.; Araujo, M.G. Peri-implant diseases and conditions: Consensus report of
workgroup 4 of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases
and Conditions. J. Clin. Periodontol. 2018, 45, 286–291. [CrossRef]

31. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for
the social, behavioral, and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef]

32. Olmedo, D.; Fernandez, M.M.; Guglielmotti, M.B.; Cabrini, R.L. Macrophages related to dental implant
failure. Implant Dent. 2003, 12, 75–80. [CrossRef] [PubMed]

33. Zwolak, I. Vanadium carcinogenic, immunotoxic and neurotoxic effects: A review of in vitro studies.
Toxicol. Mech. Methods 2014, 24, 1–12. [CrossRef] [PubMed]

34. Domingo, J.L.; Gómez, M. Vanadium compounds for the treatment of human diabetes mellitus: A scientific
curiosity? A review of thirty years of research. Food Chem. Toxicol. 2016, 95, 137–141. [CrossRef] [PubMed]

11



J. Clin. Med. 2020, 9, 1264

35. Imtiaz, M.; Rizwan, M.S.; Xiong, S.; Li, H.; Ashraf, M.; Shahzad, S.M.; Shahzad, M.; Rizwan, M.; Tu, S.
Vanadium, recent advancements and research prospects: A review. Environ. Int. 2015, 80, 79–88. [CrossRef]
[PubMed]

36. Gruzewska, K.; Michno, A.; Pawelczyk, T.; Belarczyk, H. Essentiality and toxicity of vanadium supplements
in health and pathology. J. Physiol. Pharmacol. 2014, 65, 603–611.

37. Lu, L.; Vollmer, J.; Moulon, C.; Weltzien, H.U.; Marrack, P.; Kappler, J. Components of the ligand for a Ni++
reactive human T cell clone. J. Exp. Med. 2003, 197, 567–574. [CrossRef]

38. Saito, M.; Arakaki, R.; Yamada, A.; Tsunematsu, T.; Kudo, Y.; Ishimaru, N. Molecular mechanisms of nickel
allergy. Int. J. Mol. Sci. 2016, 17, 202. [CrossRef]

39. Girolomoni, G.; Gisondi, P.; Ottaviani, C.; Cavani, A. Immunoregulation of allergic contact dermtitis.
J. Dermatol. 2004, 31, 264–270. [CrossRef]

40. Martín-Cameán, A.; Jos, A.; Calleja, A.; Gil, F.; Iglesias, A.; Solano, E.; Cameán, A.M. Validation of a method
to quantify titanium, vanadium and zirconium in oral mucosa cells by inductively coupled plasma-mass
spectrometry (ICP-MS). Talanta 2014, 118, 238–244. [CrossRef]

41. Martín-Cameán, A.; Jos, A.; Puerto, M.; Calleja, A.; Iglesias-Linares, A.; Solano, E.; Cameán, A.M. In vivo
determination of aluminum, cobalt, chromium, copper, nickel, titanium and vanadium in oral mucosa cells
from orthodontic patients with mini-implants by inductively coupled plasma-mass spectrometry (ICP-MS).
J. Trace Elem. Med. Biol. 2015, 32, 13–20. [CrossRef] [PubMed]

42. Martín-Cameán, A.; Molina-Villalba, I.; Jos, A.; Iglesias-Linares, A.; Solano, E.; Cameán, A.M.; Gil, F.
Biomonitorization of chromium, copper, iron, manganese and nickel in scalp hair from orthodontic patients
by atomic absorption spectrometry. Environ. Toxicol. Pharmacol. 2014, 37, 759–771. [CrossRef] [PubMed]

43. Noronha Oliveira, M.; Schunemann, W.V.H.; Mathew, M.T.; Henriques, B.; Magini, R.S.; Teughels, W.;
Souza, J.C.M. Can degradation products released from dental implants affect peri-implant tissues?
J. Periodontal Res. 2018, 53, 1–11. [CrossRef] [PubMed]

44. Gomes, A.M.; Douglas-de-Oliveira, D.W.; Oliveira Costa, F. Could the biomarker levels in saliva help
distinguish between healthy implants and implants with peri-implant disease? A systematic review.
Arch. Oral Biol. 2018, 96, 216–222. [CrossRef]

45. Pettersson, M.; Pettersson, J.; Johansson, A.; Molin Thorén, M. Titanium release in peri-implantitis.
J. Oral Rehabil. 2019, 46, 179–188. [CrossRef] [PubMed]

46. Eger, M.; Sterer, N.; Liron, T.; Kohavi, D.; Gabet, Y. Scaling of titanium implants entrains inflammation-induced
osteolysis. Sci. Rep. 2017, 7, 39612. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

12



Journal of

Clinical Medicine

Article

Salivary Biomarkers and Their Correlation with Pain
and Stress in Patients with Burning Mouth Syndrome

Pia Lopez-Jornet 1,*, Candela Castillo Felipe 2, Luis Pardo-Marin 3, Jose J. Ceron 3,

Eduardo Pons-Fuster 4 and Asta Tvarijonaviciute 3

1 Department Stomatology School of Medicine, Biomedical Research Institute (IMIB-Arrixaca), Faculty of
Medicine and Odontology, University of Murcia, 30008 Adv Marques de los Velez s/n, Spain

2 Department Stomatology School of Medicine, Faculty of Medicine and Odontology, University of Murcia;
30008 Murcia, Span; candela.casti@gmail.com

3 Interdisciplinary Laboratory of Clinical Analysis, Interlab-UMU, Regional Campus of International
Excellence ‘Campus Mare Nostrum’, University of Murcia, Espinardo, 30100 Murcia, Spain;
lpm1@um.es (L.P.-M.); jjceron@um.es (J.J.C.); asta@um.es (A.T.)

4 Biomedical Research Institute (IMIB-Arrixaca), Faculty of Medicine and Odontology, University of Murcia,
30008 Murcia, Span; edupfl5@hotmail.com

* Correspondence: majornet@um.es; Tel.: +34-868-888-588

Received: 22 February 2020; Accepted: 25 March 2020; Published: 28 March 2020
��������	
�������

Abstract: Objective: To evaluate a panel of salivary analytes involving biomarkers of inflammation,
stress, immune system and antioxidant status in patients with burning mouth syndrome (BMS) and
to study their relationship with clinical variables. Materials and Methods: A total of 51 patients with
BMS and 31 controls were consecutively enrolled in the study, with the recording of oral habits, the
severity of pain using a visual analogue scale (VAS), the Hospital Anxiety and Depression (HAD)
score and the Oral Health Impact Profile-14 (OHIP14) score. Resting whole saliva was collected
with the drainage technique, followed by the measurement of 11 biomarkers. Results: The salivary
flow was higher in patients with BMS. Among all the biomarkers studied, significantly higher levels
of alpha-amylase, immunoglobulin A (IgA), and macrophage inflammatory protein-4 (MIP4) and
lower levels of uric acid and ferric reducing activity of plasma (FRAP) were observed in the saliva of
patients with BMS as compared to the controls (p < 0.05 in all cases). Positive correlations were found
between pain, oral quality of life and anxiety scores and salivary biomarkers. Conclusions: BMS is
associated with changes in salivary biomarkers of inflammation, oxidative stress and stress, being
related to the degree of pain and anxiety.

Keywords: saliva; IgA; alpha-amylase; uric acid; stress; inflammation

1. Introduction

The International Association for the Study of Pain (IASP) defines burning mouth syndrome
(BMS) as an intraoral burning or dysesthetic sensation that manifests daily for more than two hours
over three months, with no evidence of clinical lesions [1]. The epidemiological data on BMS are
largely contradictory, in part because of a lack of strict compliance with the diagnostic criteria of
the disorder. Nevertheless, BMS is estimated to affect 4% of the general population and 18–33% of
all postmenopausal women [2–6]. The symptoms are generally focused on the tongue and lips and
are almost always bilateral. The palate and other locations within the oral cavity are less commonly
affected. Although much has been published about BMS, its underlying etiopathogenesis is largely
unknown, and complex interactions among local, systemic and psychogenic factors are believed to
be involved [2,7,8]. For these reasons, BMS is poorly diagnosed, and in many cases management is
deficient, a situation that causes frustration for both physicians and patients [3,5]. In the same way
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as with other chronic pain syndromes, BMS is characterized by associated psychological problems.
Changes in personality and mood state, particularly anxiety and depression, are a typical finding in
patients with BMS [2,9].

The use of saliva as a sample for clinical analysis has increased in recent decades. Saliva is a body
fluid that reflects the physiological condition of the body. It can be easily collected using non-invasive
and relatively inexpensive methods [4,5], and it is gaining attention as a source of biomarkers in
different oral and systemic pathologies [10]. In BMS an increase in amylase (a marker of the adrenergic
system) and immunoglobulin A (IgA) (a marker of the immune system) have been found [11–14].
However, to the authors’ knowledge, there have been no studies in which a panel of analytes reflecting
possible pathogenic and psychological factors were evaluated in this disease, and also compared with
the degree of stress and pain.

The objective of this study was to evaluate how a panel of biomarkers of inflammation represented
by complement C4 (CC4), α1-antitrypsin (a1AT), C-reactive protein (CRP), macrophage inflammatory
protein-4 (MIP4), pigment epithelium-derived factor (PEDF), serum amyloid P (SAP), haptoglobin
(Hp), a panel of biomarkers of oxidative stress integrated by uric acid and ferric reducing activity
of plasma (FRAP), the salivary alpha-amylase (sAA) as a marker of the adrenergic system and total
immunoglobulin A (IgA) as a marker of the innate immune system can be altered in patients with BMS,
and study their possible relation with the degree of pain and stress of the patients was measured by
visual analogue scale (VAS) and the Hospital Anxiety and Depression (HAD) score. Also, the possible
influence of oral health was evaluated.

2. Material and Methods

2.1. Study Design and Subjects

A cross-sectional study was carried out with data compiled between January 2018 and September
2019 in the Dental Clinic of the University of Murcia (Murcia, Spain). All the patients were informed
about the study and gave consent to participation in the trial, which was approved by the local
Clinical Research Ethics Committee (Ref.: 2203/2018). The following inclusion criteria were established:
patients over 18 years of age with a diagnosis of BMS based on exhaustive oral examination, laboratory
findings and the patient profile and symptoms [15], presenting continuous symptoms of oral burning
or pain persisting for at least two hours per day, lasting longer than three months, without paroxysms
and not following any unilateral nerve trajectory, and with no clinical mucosal alterations. The patients
underwent blood testing to confirm the absence of alterations (including blood count, glucose, serum
iron, ferritin and transferrin, folic acid and vitamin B12 levels). Cancer patients and individuals with
known liver or kidney disease were excluded, as were those with oral diseases other than BMS such as
Sjögren’s syndrome or ongoing infection, thyroid diseases, coagulation disorders, psychiatric disease,
and pregnant or nursing women.

The healthy controls were recruited from the Dental School of the University of Murcia and
consisted of patients with the same sociosanitary characteristics and matched for age and gender.
Following the procurement of written informed consent, a structured questionnaire was administered
to confirm the absence of significant medical conditions. The study was carried out following the
STROBE (Strengthening the Reporting of Observational studies in Epidemiology) guidelines.

In all cases, patients were not included in the study if their samples showed hemolysis as
determined by visual inspection [16,17].

2.2. Data Collection

A structured interview was used to collect sociodemographic and clinical information as well
as data referring to smoking and alcohol consumption. The patients were evaluated by a trained
professional (C.C.F.) who conducted the interviews and explorations, administered the questionnaires
and collected the saliva samples.
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An extraoral and intraoral exploration was carried out, documenting the presence of caries and
missing teeth. Pain intensity was scored using a visual analogue scale (VAS) (0 = no pain and 10 =
worst possible pain) [18].

The Hospital Anxiety and Depression (HAD) scale [19] was used to assess the emotional state of
the participants. This instrument consists of two subscales relating to anxiety (HAD-A) and depression
(HAD-D). Concerning the interpretation of the HAD scale, scores of > 10 indicate the probable presence
of anxiety or depression, scores of ≤ 7 indicate no significant anxiety or depression, and scores of 8–10
are of borderline significance.

The evaluation of the oral quality of life, in turn, was based on the Oral Health Impact Profile-14
(OHIP14) score [20].

2.3. Saliva Collection

Resting whole saliva was collected using a standardized method [18]. To avoid possible
contamination from other sources, the patients were instructed to rinse the mouth thoroughly
before saliva sample collection. The subjects were required to avoid heavy physical exercise one hour
before sampling. Unstimulated saliva was obtained using the draining method for 5 min. The samples
were collected at about the same time in all subjects (8:00 to 11:00 a.m.). The saliva was vortexed
and centrifuged (3000× g for 10 min at 4 ◦C) immediately after collection, and the supernatant was
transferred into polypropylene tubes and stored at −80 ◦C until analysis.

2.4. Biochemical Analysis

Complement C4, a1AT, CRP, MIP4, PEDF and SAP in saliva were analyzed using a commercially
available kit (Human Neurodegenerative Disease Magnetic Bead Panel 2, Neuroscience Multiplex
Assay; Life Science, Darmstadt, Germany) according to the manufacturer’s instructions. Values were
calculated based on a standard curve constructed for the assay. Saliva total protein quantification
was done using a commercially available colorimetric kit for measuring urine and low-complexity
region (LCR) proteins (protein in urine and CSF, Spinreact, Barcelona, Spain) and validated for
human saliva [21]. Uric acid was measured using a colorimetric commercial kit (Uric acid, Beckman
Coulter Inc., Fullerton, CA, USA) following the International Federation of Clinical Chemistry and
Laboratory Medicine (IFCC) method [21]. Total IgA was evaluated with a commercial ELISA kit
(Bethyl, Montgomery, TX, USA) previously validated for use with human saliva samples [18]. FRAP
(ferric reducing ability of plasma) measurement was based on the method described by Benzie and
Strain [22] with some modifications [23]. Hp levels were measured in saliva using a homemade
immunoassay as previously described [24]. Salivary alpha-amylase (sAA) activity was measured using
a colorimetric commercial kit (Alpha-Amylase, Beckman Coulter Inc., Fullerton, CA, USA) following
the IFCC method as previously reported and validated [25].

2.5. Statistical Analysis

For the descriptive statistical analysis of the sample, the basic descriptive methods were used, with
calculation of the frequencies, mean, median, standard deviation (SD) and 25th and 75th percentile
values. The comparison of means between groups was based on the Student’s t-test or Mann–Whitney
test, depending on the data distribution as verified with the Kolmogorov–Smirnov test, and the
homogeneity of groups was confirmed. Clinical scores, smoking and alcohol consumption habits,
as well as sex distribution among the two groups, were explored using the chi-square test. The
correlations between variables were checked using the partial correlation corrected by age and sex.
Previous studies that also analyzed biomarkers in saliva in patients with burning mouth syndrome,
such as sAA and total IgA, have been able to detect differences with 30 or fewer individuals in each
group considering α = 0.05 and β = 0.20 [11]. Based on these data we assumed that the study was
sufficiently powered (ncontrols = 31; nBMS = 51) to achieve our aims. Differences and associations among
groups were considered statistically significant when p < 0.05.
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3. Results

The study sample consisted of 82 consecutively enrolled individuals (71 females and 11 males),
of which 51 were diagnosed with BMS while the remaining 31 constituted the control group. Table 1
describes the characteristics of each group. Statistically significant differences were not detected in sex,
age or smoking and alcohol consumption habits between the two groups of patients (p > 0.05).

Table 1. General characteristics of participants.

Variable Controls SBA p

Sex, n (%) 0.083 c

Women 26 (76.5) 45 (88.2)
Men 5 (14.7) 6 (11.8)

Age, mean (SD) years 58.3 (11.05) 59.12 (12.29) 0.765 a

Smoking, n (%) 0.292 c

Yes 10 (32.3) 11 (21.6)
No 18 (58.1) 29 (56.9)

Former smoker 3 (9.7) 11 (21.6)

Alcohol consumption, n (%) 0.212 c

Less than once a week 21 (61.8) 31 (60.8)
Daily 2 (5.9) 9 (17.6)

Weekends only 11 (32.4) 11 (21.6)

Tooth brushing, n (%) 0.236 c

No 0 (0) 1 (2)
Less than once a day 1 (3.2) 1 (2)

Once a day 7 (22.6) 5 (9.8)
Twice a day 14 (45.2) 18 (35.3)
≥3 times a day 9 (29) 26 (51)

Dental floss, n (%) 0.006 c

No 23 (74.2) 22 (43.1)
Yes 8 (25.8) 29 (56.9)

Mouthwashes, n (%) 0.080 c

No 28 (90.3) 38 (74.5)
Yes 3 (9.7) 13 (25.5)

Missing teeth, mean (SD) 2.1 (2.82) 5.8 (8.3) 0.004 b

Missing teeth groups, n (%) 0.098 c

1–5 29 (93.5) 39 (76.5)
6–9 0 (0) 5 (9.8)
<10 2 (6.5) 7 (13.7)
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Table 1. Cont.

Variable Controls SBA p

Caries, mean (SD) 0.42 (0.99) 0.2 (1.13) 0.121 b

OHIP14, mean (SD) 14.33 (1.37) 33.1 (9.02) <0.001 b

HAD-A, mean (SD) 3.77 (2.3) 8.71 (3.82) <0.001 b

HAD-D, mean (SD) 2.9 (2.4) 4.1 (3.6) 0.292 b

VAS, mean (SD) 0 (0) 8.12 (1.77) <0.001 b

VAS groups, n (%)

Mild 1 (2.0)
Moderate 16 (31.4)

Severe 34 (66.7)

a, Student’s t-test; b, Mann–Whitney test; c, Pearson’s chi-square. Bold type denotes statistical significance.

Concerning oral hygiene and health, the controls and patients with BMS did not present statistically
significant differences in habits related to tooth brushing and use of mouthwashes, while patients with
BMS used more dental floss than controls (p < 0.01). In turn, controls presented a comparatively greater
number of caries, though the difference was not statistically significant (p > 0.05), and significantly
fewer missing teeth compared with the BMS group (p < 0.01).

Of the clinical variables, the mean burning sensation score in patients with BMS was greater than
8, while it was equal to 0 in healthy controls. The OHIP14 score was 2.3-fold higher in the BMS group
as compared with the control group (p = 0.001).

Concerning the psychological profile as evaluated by the HAD scale, the anxiety scores among
the patients were 2.3-fold higher than in controls (p < 0.001). While HAD-D, although being 1.4-fold
higher in patients, did not show statistically significant differences between the two groups (p > 0.05).

Resting whole saliva flow was 1.4-fold greater in the BMS group as compared to healthy controls
(p < 0.05) (Figure 1a and Table S1). The study of biomarkers in resting whole saliva yielded significant
differences between the cases (patients with BMS) and controls for sAA (p < 0.01) and IgA (p < 0.05)
(Figure 1a,b and Table S1).

Figure 1. Salivary flow rate (a), salivary alpha-amylase (sAA; (b)) and immunoglobulin A (IgA; (c)) in
healthy controls (n = 31) and patients with burning mouth syndrome (BMS; n = 51). Differences of
medians and means±SD for salivary flow are 0.54 and 0.75 ± 0.41, for sAA they are 48,660 and 109,536
± 41,492 and for IgA they are 22.47 and 34.01 ± 12.72.

When absolute values of salivary biomarkers were corrected by salivary flow, sAA, IgA and MIP4
showed statistically higher concentrations in patients with BMS as compared with healthy controls
(Figure 2 and Table S1). When values were corrected by total protein content, statistically significantly
higher levels in patients with BMS were observed for sAA and lower for uric acid and FRAP (Figure 3
and Table S1).
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Figure 2. Salivary alpha-amylase (sAA; (a)), immunoglobulin A (IgA; (b)) and macrophage inflammatory
protein-4 (MIP4; (c)) corrected by salivary flow in healthy controls (n = 31) and patients with burning
mouth syndrome (BMS; n = 51). Difference of medians and means ± SD for sAA are 44.0 and 47.4 ± 15.91,
for IgA are 119.9 and 147.6 ± 38.4 and for MIP4 are 13.0 and 33.6 ± 27.2.

Figure 3. Salivary alpha amylase [sAA; (a)], uric acid (b) and ferric reducing activity [FRAP; (c)]
corrected by salivary total protein content in healthy controls (n = 31) and patients with burning mouth
syndrome (BMS; n = 51). Difference of medians and means ± SD for sAA are 38,525 and 33,653 ± 15,365,
for uric acid are –11.5 and –7585 ± 4593 and for FRAP are –0.17 and –0.1413 ± 0.06614.

Partial correlation data are given in Table S2. When absolute values were evaluated, a positive
correlation was detected between VAS and total proteins (r = 0.241; p < 0.05), sAA (r = 0.260; p < 0.05)
and IgA (r = 0.334; p < 0.01); HAD-A was correlated with total proteins (r = 0.251; p < 0.05), IgA (r =
0.302; p < 0.05), PEDF (r = 0.351; p < 0.01) and MIP4 (r = 0.267; p < 0.05) and HAD-D with IgA (r =
0.261; p < 0.05), PEDF (r = 0.363; p < 0.01) and MIP4 (r = 0.271; p < 0.05); OHIP14 was correlated with
IgA (r = 0.273; p < 0.05).

After data were corrected by salivary flow, statistically significant correlations remained between
VAS and sAA (r = 0.269; p < 0.05) and IgA (r = 0.367; p < 0.01); between HAD-A and IgA (r = 0.338; p <
0.01), PEDF (r = 0.297; p < 0.05) and MIP4 (r = 0.264; p < 0.05); between HAD-D and PEDF (r = 0.386; p
= 0.01) and MIP4 (r = 0.269; p < 0.05) and between OHIP14 and IgA (r = 0.313; p < 0.01).

After data were corrected by salivary flow, negative correlations appeared between sAA and
OHIP14 (r = −0.242; p < 0.05) and between HAD-A and FRAP (r = 0.250; p < 0.05) and CRP (r = −0.243;
p < 0.05).

4. Discussion

Burning mouth syndrome is a clinically relevant form of chronic orofacial pain [1–3]. The diagnosis
of the syndrome remains a challenge for health professionals due to the discrepancy between the
intensity of pain as reported by the patient and the absence of objective clinical lesions. In this
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study we therefore focused on the identification of potential biomarkers capable of reflecting the
physiopathological changes involving pain, psychological stress and inflammation that occur in
the context of the disease. Of 11 biomarkers evaluated in the present study, three—sAA, IgA and
MIP4—were found to be increased, and two—uric acid and FRAP—were found to be decreased in the
saliva of patients with BMS versus controls, suggesting that these patients can present with alterations
in immune response, pro-inflammatory status and oxidative stress that are related to pain sensation
and psychological stress.

In the present study, a higher salivary flow rate was detected in patients with BMS as compared
with healthy controls. In the scientific literature, controversy exists regarding this topic since some
authors did not detect changes in salivary flow between controls and patients with BMS [12–14], while
others observed lower flow rates in patients with BMS [9,11,26]. Similarly, different authors reported
divergent results related to total protein content in the saliva of patients with BMS, as some of them
detected decreased [27], increased [12,14] or unchanged (present study) salivary total protein content in
these patients when compared with controls. The characteristics of the method or device used to collect
the samples and the analytical assays used may have influenced the results obtained and, therefore,
the differences among the different studies. It is therefore important to follow the same guidelines for
sample collection and processing to enable comparison of the results from different studies.

Since components present in saliva have different origins, i.e., are locally secreted by salivary
glands or oral mucosa, or pass from blood among other, and can be affected by non-uniform salivary
flow rate, the need to correct values of salivary biomarker by flow rate, total protein content or salivary
osmolarity versus use of their absolute value is being increasingly acknowledged and studied by
different authors [25,28]. In this study we aimed to evaluate the results without any adjustment, and
we also corrected salivary flow or total protein content to gain knowledge about the possible effect
that these corrections can have in this particular disease. When levels of biomarkers without any
adjustment by saliva flow or protein content were compared between healthy and diseased patients,
statistically significant changes were detected only in sAA and IgA. Correction by salivary flow rate
allowed identification of the increased levels of MIP4 in the saliva of patients with BMS but also yielded
higher differences between the studied groups for IgA in accordance with previously reported data [29].
When values were corrected by total protein content the presence of oxidative stress in patients with
BMS was detected, as levels of uric acid and FRAP were lower compared to controls. Therefore, in
BMS, correcting salivary values by flow rate and total protein content would be recommended in this
disease since it can detect additional changes in salivary analytes that are correlated with the clinical
condition of the patient.

sAA is considered to be a sensitive biomarker of stress-related changes that reflect the activity
of the sympathetic nervous system (SNS) [30]. Most patients with BMS experience chronic pain and
have a poorer quality of life than do healthy individuals [9]. Furthermore, chronic pain characterizing
BMS was associated with psychological problems, specifically personality and mood changes, anxiety
and depression. The results of this study agree with these findings and previous reports that detected
higher sAA levels in the saliva of patients with BMS [12,14] since patients included in the present study
showed both higher anxiety scores and sAA levels; however, another study did not detect changes in
sAA between healthy controls and patients with BMS, and differences in the severity of the disease
in the population evaluated or in the assay used could be the cause of these differences [9]. A weak
positive correlation between sAA (expressed in absolute concentrations and when corrected by flow)
and burning sensation was detected, which could indicate that increases in this enzyme could be
influenced in part by pain.

Salivary IgA was another biomarker that showed statistically significant differences among
controls and patients in the studied population, being higher in patients with BMS. These data are
consistent with those reported by other authors [12–14]. Furthermore, a higher difference between the
two groups was detected when IgA was corrected by salivary flow resulting in an increase of 1.8-fold
to 2.9-fold change between the two groups. IgA is an immune glycoprotein that acts as a defense
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against pathogens [31]. Nevertheless, different studies have suggested that changes in salivary IgA
can also be associated with stress [32]. This hypothesis would be supported by the observed positive
correlations between IgA in saliva and oral quality of life, burning sensation and anxiety in the studied
population. In addition, MIP, a biomarker of the innate immune system [33], was also increased in
patients with BMS and weakly positively correlated with anxiety and depression scores, suggesting
that the immune system is implicated in the pathogenesis of BMS.

In the present study, when the results were corrected by protein content, patients with BMS had
lower salivary FRAP and uric acid, suggesting the presence of oxidative stress, and in the case of FRAP,
it was weakly correlated with HAD-A, which would indicate that this increase could be influenced by
stress. The two markers are closely related since uric acid was the main component (up to 60%) of the
FRAP assay [22]. Uric acid is considered to be the most important antioxidant molecule in saliva since
it is responsible for approximately 70% of the total antioxidant capacity of this body fluid. As a reactive
oxygen species scavenger, it helps stabilize arterial pressure and oxidative stress [21,34–36]. In turn,
alterations in its levels in saliva were associated with acute stress [34] and different local and systemic
pathologies such as oral lichen planus [37] or nephropathies [38]. Previous studies that evaluated
salivary uric acid in patients with BMS did not find statistically significant changes as compared with
healthy controls [16,20], although these studies did not make corrections for total protein content.

A limitation of the study is the fact that the measurements were limited to a single time-point.
Variations of these markers in the same individual should be investigated in the context of future
studies with a larger sample size to increase the power, and by employing multiple samplings over time,
resulting in more accurate estimations. Furthermore, it would be of interest to apply the biomarkers
that showed significant changes in a larger population to corroborate the results of this study. Finally,
the possible blood contamination in saliva samples should have been evaluated using more sensitive
methods, such as determination of hemoglobin or transferrin, although these methods were shown to
be affected by different factors such as age, hormones and salivary flow among others [16]. Conversely,
visual inspection was shown to be sufficient in the case of determining some of the analytes including
oxidative stress markers in saliva without interfering with the results [17].

5. Conclusions

In conclusion, patients with BMS showed changes in biomarkers associated with stress such as
sAA and IgA, with the immune system such as MIP4 and oxidative stress such as uric acid and FRAP
in saliva as compared with healthy controls, which are related to clinical variables including burning
sensation and anxiety. Moreover, in this particular disease, the study of the absolute values but also
the values corrected by flow and total protein would be recommended. Overall, biomarkers that were
shown to change differently between groups could potentially help clinicians not only with diagnosis
but also in objectively evaluating the severity of this disease, although further large-scale studies
should first be performed to collaborate our findings.
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Abstract: Psoriasis is the most common inflammatory skin disease, characterized by the release of
proinflammatory cytokines from lymphocytes, keratinocytes, and dendritic cells. Although psoriasis
is considered an immune-mediated inflammatory disease, its effect on secretory activity of salivary
glands and quantitative composition of saliva is still unknown. The aim of this study was to evaluate
the secretion of saliva as well as several selected inflammation and nitrosative stress biomarkers
in unstimulated and stimulated saliva as well as plasma of psoriasis patients. We demonstrated
that, with progressing severity and duration of the disease, the secretory function of the parotid and
submandibular salivary glands is lost, which is manifested as decreased unstimulated and stimulated
saliva secretion and reduced salivary amylase activity and total protein concentration. The levels
of tumor necrosis factor-alpha (TNF-α), interleukin-2 (IL-2), and interferon-gamma (INF-γ) were
significantly higher, whereas interleukin-10 (IL-10) content was considerably lower in unstimulated
and stimulated saliva of patients with psoriasis compared to the controls, and the changes increased
with the disease duration. Similarly, we observed that the intensity of nitrosative stress in the salivary
glands of psoriasis patients depended on the duration of the disease. By means of receiver operating
characteristic (ROC) analysis, we showed that the evaluation of nitric oxide (NO), nitrotyrosine,
and IL-2 concentration in non-stimulated saliva with high sensitivity and specificity differentiated
psoriasis patients on the basis of the rate of saliva secretion (normal salivation vs. hyposalivation).
In summary, the dysfunction of salivary glands in psoriasis patients is caused by inflammation and
nitrosative stress.

Keywords: plaque psoriasis; salivary glands; saliva; cytokines; nitrosative stress

1. Introduction

Psoriasis vulgaris is a skin inflammatory disease, the third most common among autoimmune
diseases [1]. The pathogenesis of psoriasis involves the combination of genetic susceptibility, aberrant
immune response, and several environmental factors (injuries, viral infections, medications taken,
food intolerances). Typical features of psoriasis vulgaris include an immune-mediated process in
which the key role is played by Th1 cells (T-helper 1). The presence of antigen-specific CD4+ (dendritic

J. Clin. Med. 2020, 9, 745; doi:10.3390/jcm9030745 www.mdpi.com/journal/jcm23



J. Clin. Med. 2020, 9, 745

cell) T cells secreting type 1 cytokines: interferon-gamma (INF-γ), interleukin-2 (IL-2), and tumor
necrosis factor-alpha (TNF-α) was observed in psoriatic skin lesions [2,3]. Moreover, the imbalance
between Th1 and Th2 cells in psoriasis was confirmed by studies that showed interleukin-10 (IL-10)
deficiency in psoriatic skin lesions [4]. Recent findings suggest that redox imbalance in the blood and
skin of patients with psoriasis, resulting from the immune system stimulation, plays as important role
in the pathogenesis of plaque psoriasis as the inflammatory process itself. It has been shown that,
in the course of psoriasis, oxidative stress (OS) is primarily caused by reduced activity/concentration
of antioxidants [5–9] and leads to increased oxidative modification of cellular elements of skin and
plasma [6,10,11]. Plasma and erythrocyte product of lipid peroxidation (malondialdehyde, MDA) is
considered a biomarker of plaque psoriasis exacerbation [12,13].

The detrimental inflammatory milieu and increased production of free radicals (ROS) associated
with plaque psoriasis are not limited to the skin, but are also responsible for the growing number
of comorbidities, including cardiological diseases, metabolic syndrome, chronic kidney disease,
mood disorders, and salivary gland diseases [5,14–17].

Saliva produced by salivary glands performs numerous important functions in the oral cavity:
hydrating it, removing harmful waste products and bacteria, participating in the remineralization
of dental hard tissues, maintaining redox balance, and being involved in immune responses [18–
20]. Disorders of both the composition and amount of saliva secreted into the oral cavity have
physiological and psychological consequences. Therefore, it is very important to understand the
mechanisms leading to salivary gland dysfunction in the course of systemic diseases. Unfortunately,
the pathophysiology of salivary gland disorders in psoriasis is still unknown. In our previous
work, we demonstrated that plaque psoriasis is accompanied by salivary redox imbalances with
the prevalence of oxidation reactions. We observed that redox equilibrium in the submandibular
glands was more vulnerable, and antioxidant capacity of the submandibular glands decreased with
the disease duration [15]. There have been very few studies on the modification of saliva inflammatory
components in psoriatic patients. Ganzetti et al. [21] demonstrated higher levels of TNF-α, transforming
growth factor-beta (TGF-β), and interleukin-1 (IL-1β) in the saliva of psoriatic subjects vs. the controls.
Unfortunately, most patients with psoriasis had also been diagnosed with periodontitis or gingivitis.
Consequently, the observed cytokine changes in saliva reflected periodontal inflammation and not
psoriasis-related salivary changes, and thus they did not explain the pathophysiology of salivary gland
dysfunctions in the course of this disease. It has been evidenced that pro-inflammatory cytokines boost
the expression of the inducible nitric oxide (NO) synthase (iNOS) in the cells, which results in increased
NO synthesis in inflamed joints [22]. It was proven that NO and other reactive nitrogen intermediates
affect a vast number of physiological functions of salivary glands, including exocytosis, water secretion,
salivary blood flow, and non-specific immunological reactions [23–25]. The contribution of nitrosative
stress to the pathophysiology of salivary glands in the course of psoriasis is unknown.

An ideal biomarker is characterized by simple determination as well as high sensitivity, specificity,
and repeatability. It should also enable the identification of the patient’s physiological and pathological
status and response to the applied treatment [26]. Numerous biomarkers have been suggested for easier
diagnosis of psoriasis and monitoring of its treatment. However, studies on psoriasis biomarkers have
been based on blood tests, examining skin fragments, conducting genetic tests, and transcriptomics.
The results of these studies were divergent, and therefore neither was considered reliable nor was
accepted as a psoriasis marker [27]. Saliva is a mixture of secretions of large salivary glands and
gingival fluid. It also contains almost all the elements present in the blood and passing through the
spaces between cells as part of an inter- and paracellular transport. It is also relatively easy and safe to
collect, providing a new, non-invasive way to diagnose numerous general diseases [28–32].
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Thus, the aim of this work was to explore the mechanisms responsible for salivary gland
dysfunction in psoriasis. We compared the concentrations of TNF-α, IL-2, INF-γ, IL-10, NO,
peroxynitrite, S-nitrosothiols, and nitrotyrosine in the saliva and blood of psoriatic subjects with
hyposalivation and normal salivation vs. healthy controls. The goal of our study was also to search for
salivary biomarkers to assess the severity of psoriasis and the accompanying salivary complications.

2. Materials and Methods

We obtained the consent of the Local Research Ethics Committee in Bialystok (permission number:
R-I-002/563/2018). All patients as well as healthy subjects were informed about the purpose of the
study and its risks and benefits, and they all consented to the collection of saliva and blood samples.

This experiment included psoriatic patients applying for treatment to the Department of
Dermatology and Venereology of the Medical University of Bialystok. The reason for reporting
to the hospital was exacerbation of psoriasis symptoms. Patients had not undergone general treatment
of psoriasis within 2 preceding years. The only acceptable forms of treatment included local application
of ointment with glucocorticosteroids, but not during 3 preceding months. The severity of skin lesions
was assessed using the previously described Psoriasis Area and Severity Index (PASI) [15].

A total of 60 healthy patients participated in the study, who were individuals reporting for
check-up visits to the Department of Restorative Dentistry at the Medical University of Bialystok, and
were matched to the group of patients in terms of age and sex.

Within 6 preceding months, participants did not take any medicines that could affect the
composition and secretion of saliva, as well as vitamins, antioxidants, and antibiotics. The participants
from the control group were generally healthy, and patients with psoriasis did not have any
accompanying diseases. The inclusion criteria was absence of periodontal pathology (periodontal
pocket depth (PPD) < 2 mm, did not bleed during the probing) and no inflammatory or fungal changes
on the oral mucosa. Only subjects without acrylic dentures were included in the study. The patients as
well as healthy controls were not addicted to alcohol and did not smoke cigarettes.

One of the criteria differentiating the dysfunction of salivary glands is reduced flow of unstimulated
saliva (NWS) [18]. Therefore, to delineate the influence of psoriasis vulgaris on the parotid and
submandibular glands, psoriatic patients were divided into two groups: with reduced NWS (psoriasis
hyposalivation-PH, n = 30) and normal NWS (psoriasis normal secretion- PN, n = 30). The limit value
for NWS was assumed at ≤ 0.2 mL/min, which is considered the minimum value of NWS for healthy
population [18]. Moreover, the minimum value of NWS in our control group was 0.21 mL/min.

The number of patients was confirmed by the test as sufficient, and the test power was 0.9. Clinical
characteristics of the patients are presented in Table 1.

Table 1. Clinical characteristics of plaque psoriasis patients and control subjects.

Patient Characteristics
Control
n = 60

PN
n = 30

PH
n = 30

Sex
Male n (%) 23 (38.33%) 13 (43.33%) 10 (33.33%)

Female n (%) 37 (61.67%) 17 (56.67%) 20 (66.67%)

Age (years) 52 ± 5 49 ± 6 51 ± 3

Height (cm) 172 ± 6 176 ± 3 169 ± 8

Weight (kg)
Duration of psoriasis (years)

75 ± 1 72 ± 3 74 ± 1

ND 9.7 ± 3.4 18.52 ± 7.8

PASI ND 10.39 ± 2.4 18.29 ± 4.6

Psoriasis in the family
<1 n (%) ND 18 (60%) 6 (20%)

≥1 n (%) ND 12 (40%) 24 (80%)
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Table 1. Cont.

Patient Characteristics
Control
n = 60

PN
n = 30

PH
n = 30

Blood Tests

RBC (106/μL) 4.54 ± 0.54 4.23 ± 0.65 4.89 ± 0.87

HCT (%) 40.25 ± 6.5 42.45 ± 4.25 45.21 ± 0.89

PLT (103/μL) 275 ± 56 245 ± 87 292 ± 23

WBC (103/μL) 6.5 ± 2.2 7.05 ± 1.8 6.98 ± 1.86

CRP (mg/L) 1.5 ± 0.5 8.56 ± 6.3 6.32 ± 7.56

Glc (mg/dL) 69 ± 9.8 72 ± 9.8 75 ± 6.5

ALT (U/L) 27.56 ± 12.3 24.36 ± 9.68 27.24 ± 6.35

AST (U/L) 28.54 ± 12.25 30.23 ± 6.52 28.98 ± 8.64

Dental Characteristics

DMFT 20 ± 3 19 ± 6 21 ± 2

GI 0.2 ± 0.1 0.2 ± 0.2 0.1 ± 0.2

PPD 1.5 ± 0.5 1.0 ± 0.5 1.0 ± 0.5

Dental implants 0 0 0

Abbreviations: ALT—alanine transferase; AST—aspartate transaminase; CRP—C-reactive protein; DMFT—decayed,
missing, filled teeth index; GI—gingival index; Glc—D-glucose; HCT—hematocrit; n—number of patients; PASI—Psoriasis
Area and Severity Index; PBI—papilla bleeding index; PLT—platelets; RBC—red blood cells; WBC—white blood cells. ND-
not defined.

2.1. Blood Collection

Blood was collected at fasting, either at the admission of a patient to the hospital or during
routine tests in case of control subjects. Blood was collected at 5 mL using an S-Monovette EDTA K3
tube (Sarstedt, Nümbrecht, Germany). The samples were then centrifuged (3000 × g, 10 min, 4 ◦C).
No hemolysis was observed in any of the obtained plasma samples. To prevent sample oxidation,
0.5 M Butylated hydroxytoluene BHT (Sigma-Aldrich, Saint Louis, MO, USA; 10 μL/mL blood) was
added [28]. Plasma was frozen (−82 ◦C). The samples were stored deep-frozen for no longer than
6 months.

2.2. Saliva Collection

The examined material was unstimulated and stimulated (SWS) total saliva collected from the
patient by the spitting method [28]. Saliva was collected in the morning, on an empty stomach, between
8 a.m. and 10 a.m. in order to minimize the effect of daily changes on saliva secretion. The participants
had refrained from taking any drugs for 8 hours prior to the examination. Saliva was collected in a
separate room, in a sitting position with the head slightly inclined downwards, with minimized face
and lip movements, and after a 5-minute adaptation period. Next, the patient rinsed the mouth three
times with water at room temperature. The saliva collected during the first minute was discarded.
The subsequent batches of saliva (the patient actively spat out the saliva accumulated in the bottom
of the oral cavity) were collected into a plastic centrifuge tube placed in an ice container. NWS was
collected for 15 minutes, and SWS was collected after a 5-minute break. Stimulation was performed by
dropping 100 μL of 2% citric acid on the tip of the tongue every 20 seconds, for 5 minutes. To prevent
sample oxidation, 0.5 M BHT (Sigma-Aldrich, Saint Louis, MO, USA; 10 μL/mL blood) was added to
the saliva [33]. The volume of each sample was measured with a pipette calibrated to 0.1 mL. Saliva
secretion was calculated by dividing the volume of the obtained saliva by the number of minutes of
its collection. The collected saliva was centrifuged (20 minutes, 4 ◦C, 10,000 × g) [33]. The sediments
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were discarded, and supernatant fluid was divided into portions of 200 μL each, frozen in −80 ◦C, and
stored until assayed, but for no longer than 6 months.

2.3. Stomatological Examination

After saliva collection, stomatological examinations were performed by one dentist (A.S.-R.),
in artificial light, using a dental mirror, probe, and periodontal probe (Hossa International, Warsaw,
Poland; design and construction in accordance with WHO guidelines) according to WHO criteria [34].
The dental status of each participant was assessed on the basis of the DMFT index (decayed, missing,
filled teeth). The condition of periodontal tissues was assessed using GI (gingival index) and probing
pocket depth (PPD) were assessed at teeth 16, 21, 24, 36, 41, and 44. The PPD and occurrence of bleeding
were assessed after gently introducing the probe into the gingival space parallel to the long axis of
the tooth, to the depth of perceived resistance posed by the bottom of the gingival gap. Four surfaces
of each examined tooth (mesial, distal, buccal, and lingual) were examined. In the case of GI, we
used a scale of 0 to 3. The sum of the values, from four surfaces divided by 4, determined the level of
the PPD/ gingival index for a given tooth. Then, the results were added and divided by the number
of teeth examined. In 25 participants, the inter-rater agreement between the examiner (A.S.-R.) and
other experienced dentists (U.K., A.K.) was performed. The reliability for DMFT was r = 0.99, for GI
was r = 0.89, and for PPD was r = 0.94. If bleeding during probing or PPD deeper than 2 mm were
found, previously collected saliva was discarded and the patient was excluded from the study. Thus,
53 patients with psoriasis and 37 healthy controls who had bleeding of probing and/or PPD > 2 mm
were disqualified from the study.

2.4. Biochemical Assays

All determinations of plasma, NWS, and SWS were performed in duplicate samples.
The absorbance/fluorescence was measured using an Infinite M200 PRO Multimode Microplate
Reader (Tecan Group Ltd., Männedorf, Switzerland). The results were standardized to 1 mg of protein.

2.5. Pro-Inflammatory Cytokines

The concentrations of TNF-α, IL-2, IL-10, and INF-γ were determined by the ELISA method using
commercial kits from EIAab Science Inc. Wuhan (Wuhan, China), according to the manufacturer’s instructions.

2.6. Nitrosative Stress

The concentration of NO was determined spectrophotometrically using the Griess reagent—a
solution of sulfanilic acid and α-naphthylamine in acetic acid [35]. The reaction of nitrates with
sulfanilamide produces N-(1-naphthyl)-ethylenediamine dihydrochloride, the absorbance of which
was measured at 490 nm wavelength.

The concentration of S-nitrosothiols was determined spectrophotometrically on the basis of the
reaction of the Griess reagent with Cu2+ copper ions [36]. The solution was shaken and set aside for
20 minutes, and then the absorbance was measured at 490 nm [37].

Peroxynitrite concentration was determined spectrophotometrically via a test using peroxynitrite
decomposition followed by nitration of 4-hydroxyphenylacetic acid (4-HPA) and glycyltyrosine [38].
The reaction resulted in the production of nitrophenol, the absorbance of which was measured at
320 nm wavelength.

The concentration of nitrotyrosine was determined by ELISA using the Nitrotyrosine ELISA
kit from Immunodiagnostik AG (Bensheim, Germany), following the manufacturer’s instructions
provided in the package.
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2.7. Salivary Protein

Salivary protein content was determined using the bicinchoninic acid (BCA) method (Pierce BCA
Protein Assay; Thermo Scientific (Rockford, IL, USA)). Bovine serum albumin was used as a standard.

2.8. Salivary Amylase

The activity of salivary amylase (EC 3.2.1.1.) was determined colorimetrically using
3,5-dinitrosalicylic acid (DNS) as a substrate [39]. By this method, starch was transformed by
amylase to maltose, and was measured at 540 nm by the complex with DNS.

2.9. Statistical Analysis

The obtained results were assessed statistically by means of one-way analysis of variance (ANOVA).
The significance of differences between individual groups was determined with the post-hoc Tukey’s
HSD test, and normal distribution was confirmed via the Shapiro–Wilk test. The correlations between
the examined parameters were described using the Pearson correlation coefficient. The value of p < 0.05
was considered statistically significant. In order to assess the diagnostic usefulness between plaque
psoriasis patients with normal salivary secretion and hyposalivation, receiver operating characteristic
(ROC) curves were generated and then the area under the curve (AUC) was calculated. Every parameter
had its optimal limit values determined, which simultaneously provided high sensitivity and specificity.
The analysis of the data was performed in the statistical program GraphPad Prism 8.3.0 for MacOS.

3. Results

3.1. Inflammatory Cytokines

3.1.1. NWS

The concentration of IL-2 (↑10.91%, p = 0.007; ↑33.64%, p < 0.0001, respectively) and INF- γ
(↑33.11%, p ≤ 0.0001; ↑57.34%, p ≤ 0.0001, respectively) in NWS of psoriasis patients with normal and
decreased saliva secretion was significantly higher than in the control group. Moreover, concentrations
of IL-2 (↑20.50%, p ≤ 0.0001) and INF-γ (↑18.21%, p = 0.005) in NWS of patients with hyposalivation
were considerably higher than in psoriasis patients with normal saliva secretion. TNF-α concentration
in the NWS of psoriasis patients with hyposalivation was significantly higher than in the control
group (↑61.38%, p ≤ 0.0001) and in the group of psoriasis patients with normal salivation (↑30.47%,
p = 0.009). The concentration of IL-10 (↓25.68%, p = 0.002; ↓47.30%, p ≤ 0.0001, respectively) in the
NWS of psoriasis patients with normal and decreased saliva secretion was considerably lower than
in the control group. Moreover, the concentration of IL-10 (↓29.09%, p = 0.03) in NWS of patients
with hyposalivation was significantly lower than in the group of psoriasis patients with normal saliva
secretion (Figure 1).

3.1.2. SWS

TNF-α concentration (↑69.77%, p ≤ 0.0001; ↑103.32%, p ≤ 0.0001, respectively) and IL-2 (↑45.10%,
p ≤ 0.0001; ↑67.65%, p ≤ 0.0001, respectively) in SWS of patients with psoriasis with normal and
decreased saliva secretion was significantly higher than in the control group. The concentration of
TNF-α (↑19.77%, p = 0.0002) and IL-2 (↑15.54%, p = 0.03) in SWS of patients with hyposalivation was
considerably higher than in psoriasis patients with normal saliva secretion. INF-γ content in SWS of
psoriasis patients with hyposalivation was significantly higher than in the control group (↑66.28%,
p ≤ 0.0001) and in the group of psoriasis patients with normal saliva secretion (↑31.19%, p = 0.03).
The level of IL-10 (↓44.23%, p ≤ 0.0001; ↓61.54%, p ≤ 0.0001, respectively) in SWS in psoriasis patients
with normal and decreased saliva secretion was significantly lower than in the control group, with
IL-10 content (↓31.23%, p ≤ 0.0001; ↓61.54%, p ≤ 0.0001, respectively) in SWS in hyposalivation patients
significantly lower than in psoriasis patients with normal saliva secretion (Figure 1).
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Figure 1. Cytokine levels in unstimulated and stimulated saliva as well as plasma of plaque psoriasis
patients with normal salivation and hyposalivation. Abbreviations: C—the control; IL-2—interleukin 2;
IL-10—interleukin-10; INF-γ—interferon-gamma; ns—not significant; NWS—non-stimulated whole
saliva; PN—psoriasis patients with normal salivation; PH—psoriasis patients with hyposalivation;
SWS—stimulated whole saliva; TNF-α—tumor necrosis factor-alpha. * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001.

3.1.3. Plasma

TNF-α concentration in plasma of psoriasis patients with normal secretion (↑83.25%, p ≤ 0.0001)
and in plasma of psoriasis patients with hyposalivation (↑100.49%, p ≤ 0.0001) was significantly higher
than in the control group. Similarly, plasma concentration of IL-2 and INF-γ in psoriasis patients with
normal secretion (↑19.68%, p = 0.002; ↑28.51%, p = 0.0006, respectively) and hyposalivation (↑29.70%,
mboxemphp ≤ 0.0001; ↑25.29%, p = 0.003, respectively) were significantly higher vs. control.
Plasma concentration of IL-10 in psoriasis patients with normal secretion (↓24.49%, p ≤ 0.0001)
and hyposalivation (↓18.37%, p = 0.0001) was significantly lower than in the control group (Figure 1).

3.2. Nitrosative Stress

3.2.1. NWS

The concentration of NO (↑14.31%, p = 0.009; ↑35.14%, p ≤ 0.0001, respectively) and nitrotyrosine
(↑12.41%, p = 0.04; ↑39.60%, p ≤ 0.0001, respectively) in NWS of psoriasis patients with normal secretion
and with hyposalivation was significantly higher than in the control group. Moreover, the levels of NO
(↑18.23%, p = 0.0006) and nitrotyrosine (↑24.19%, p ≤ 0.0001) in NWS of patients with hyposalivation
was considerably higher than in psoriasis patients with normal salivary secretion.
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The concentration of S-nitrosothiols and peroxynitrite in NWS of psoriasis patients with
hyposalivation was significantly higher than in the control group (↑11.59%, p = 0.04; ↑30.70%,
p ≤ 0.0001, respectively) and the group of psoriasis patients with normal salivation (↑16.64%, p = 0.01;
↑17.63%, p = 0.003, respectively) (Figure 2).

Figure 2. Nitrosative stress in non-stimulated and stimulated saliva as well as plasma of plaque psoriasis
patients with normal salivation and hyposalivation. Abbreviations: C—the control; NO—nitric oxide;
ns—not significant; NWS—non-stimulated whole saliva; PN—psoriasis patients with normal salivation;
PH—psoriasis patients with hyposalivation; SWS—stimulated whole saliva. * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001.

3.2.2. SWS

The concentration of NO, S-nitrosothiols, peroxynitrite, and nitrotyrosine in SWS of psoriasis
patients with hyposalivation was significantly higher than in the control group (↑25.56%, p = 0.006;
↑35.93%, p ≤ 0.0001; ↑11.47%, p ≤ 0.0001; ↑11.80%, p ≤ 0.0001, respectively), as well as compared to
the group of psoriasis patients with normal salivation (↑22.71%, p = 0.04; ↑21.53%, p = 0.002; ↑17.26%,
p = 0.002; ↑8.26%, p = 0.02, respectively) (Figure 2).

3.2.3. Plasma

The concentration of NO (↑27.19%, p = 0.001; ↑33.05%, p ≤ 0.0001, respectively) and nitrotyrosine
(↑25.04%, p ≤ 0.0001; ↑24.34%, p ≤ 0.0001, respectively) in plasma of psoriasis patients with normal and
decreased saliva secretion was considerably higher than in the control group. Plasma concentration of
S-nitrosothiols in psoriasis patients with hyposalivation was significantly higher than in the control
group (↑20.41%, p = 0.008) and in psoriasis patients with normal saliva secretion (↑24.18%, p = 0.008).
Plasma concentration of peroxynitrite did not differ between the study and control groups (Figure 2).
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3.3. Salivary Gland Function

Unstimulated as well as stimulated saliva secretion was significantly lower in psoriasis patients
with hyposalivation compared to the control group (↓57.58%, p ≤ 0.0001; ↓41.03%, p ≤ 0.0001,
respectively). Similarly, unstimulated as well as stimulated saliva secretion was significantly lower
in psoriasis patients with hyposalivation compared to the psoriatic patients with normal salivation
(↓56.25%, p ≤ 0.0001; ↓34.29%, p = 0.0003, respectively). The concentration of protein in NWS of
psoriasis patients with hyposalivation was considerably lower than in the control group (↓24.90%,
p = 0.008). Protein content in SWS of psoriasis patients with hyposalivation was significantly lower than
in the controls (↓43.49%, p ≤ 0.0001) and the group of patients with normal saliva secretion (↓13.60%,
p = 0.0008). The activity of salivary amylase in NWS of psoriasis patients with hyposalivation and
normal salivation was visibly lower than in the control group (↓30.00%, p = 0.0003; ↓25.00%, p = 0.002,
respectively). Similarly, salivary amylase activity in SWS of psoriasis patients with hyposalivation
and normal salivation was significantly lower than in the control group (↓42.86%, p ≤ 0.0001; ↓25.00%,
p = 0.0006, respectively). Moreover, amylase activity in SWS of patients with hyposalivation was
considerably lower than in patients with normal salivation (↓23.81%, p = 0.02) (Figure 3).

Figure 3. Salivary gland function in plaque psoriasis patients and control subjects. Abbreviations:
C—the control; NWS—non-stimulated whole saliva; ns—not significant; PN—psoriasis patients with
normal salivation; PH—psoriasis patients with hyposalivation; SA—salivary amylase; SWS—stimulated
whole saliva; TP—total protein. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

3.4. ROC Analysis

The assessment of diagnostic usefulness of the analyzed biomarkers of inflammation and
nitrosative stress is presented in Tables 2 and 3. Many of the assessed parameters clearly differentiated
psoriatic patients with hyposalivation from patients with normal salivary flow. Particularly noteworthy
is the assessment of NO, nitrotyrosine, and IL-2 levels in NWS, differentiating psoriatic patients with
high sensitivity and specificity on the basis of the rate of saliva secretion (Figure 4).
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Figure 4. Receiver operating characteristic (ROC) analysis of nitric oxide, nitrotyrosine, and IL-2
in unstimulated saliva of plaque psoriasis patients with normal salivation and hyposalivation.
IL-2—interleukin 2; NO—nitric oxide; NWS—non-stimulated whole saliva.

3.5. Correlations

The results of statistically significant correlations are presented in Table 4. We demonstrated a
negative correlation between NO concentration and minute secretion of unstimulated saliva as well as
between peroxynitrite and protein concentrations in stimulated saliva of patients with hyposalivation.
Moreover, we observed a negative correlation between TNF-α level and non-stimulated salivation,
as well as in IL-2 content and stimulated salivary flow in patients with hyposalivation. On the other
hand, peroxynitrite concentration correlated negatively with α-amylase activity in both unstimulated
and stimulated saliva of patients with normal salivation.

We noted a positive correlation between TNF-α and NO concentrations in unstimulated saliva
of patients with hyposalivation, as well as between IL-2 and NO contents in unstimulated saliva of
psoriasis patients with normal saliva secretion.

We showed a positive correlation between PASI and TNF-α, as well as PASI and IL-2 in
unstimulated saliva of patients with hyposalivation. Moreover, we observed a positive correlation
between nitrotyrosine concentration and duration of psoriasis in patients with normal as well as
reduced salivary flow (both in unstimulated and stimulated saliva).

Table 4. Statistically significant correlations in patients with plaque psoriasis.

Pair of Variables Group r p

NO NWS and NWS flow rate PH −0.68 0.001

Peroxynitrite SWS and total protein SWS PH −0.56 0.0015

TNF-α NWS and NWS flow rate PH −0.60 0.004

IL-2 SWS and SWS flow rate PH −0.54 0.002

Peroxynitrite NWS and amylase NWS PN −0.58 0.0008

Peroxynitrite SWS and amylase SWS PN −0.68 <0.0001

TNF-α NWS and NO NWS PH 0.60 0.004

IL-2 NWS and NO NWS PN 0.64 0.002

TNF-α NWS and PASI PH 0.59 0.0006

IL-2 NWS and PASI PH 0.63 0.0029

Nitrotyrosine NWS and disease duration PN 0.53 0.003

Nitrotyrosine SWS and disease duration PN 0.58 0.001

Nitrotyrosine NWS and disease duration PH 0.61 0.004

Nitrotyrosine SWS and disease duration PH 0.60 <0.0001

Abbreviations: IL-2—interleukin 2; NO—nitric oxide; NWS—non-stimulated whole saliva; PN—psoriasis patients
with normal salivation; PH—psoriasis patients with hyposalivation; SWS—stimulated whole saliva; TNF-α—tumor
necrosis factor-alpha.
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4. Discussion

In the presented study, we evaluated the concentrations of TNF-α, IL-2, INF-γ, IL-10, and selected
nitrosative stress parameters (NO, peroxynitrite, S-nitrosothiols, and nitrotyrosine) in NWS and SWS,
as well as the plasma of psoriasis patients. The obtained results demonstrated the pathophysiology of
salivary gland dysfunction in the course of plaque psoriasis. We were also seeking salivary psoriasis
biomarkers that could be helpful in diagnosing the severity of psoriasis and its salivary complications.

The accepted values of normal unstimulated salivary flow are above 0.2 mL/min. Any unstimulated
flow rate below 0.2 mL/min is considered salivary gland hypofunction and is referred to as
hyposalivation [18]. Hyposalivation has a detrimental effect on numerous aspects of oral health, and
thus on general well-being. It decreases the quality of life as it hinders speaking, tasting, chewing,
and swallowing food [40]. Reduced saliva secretion is the cause of cracks and fissures in the oral
mucosa, which is associated with chronic pain in the oral cavity and the resulting discomfort to the
patient. Decreased salivation also contributes to boosted incidence of caries, periodontitis, and fungal
infections of the oral cavity [40]. All these may lead to patient malnutrition, social isolation, and even
depression, as well as generate high treatment costs. Therefore, it is very important to identify patients
with salivation disorders and to prevent the development and effects of salivary gland dysfunction in
the course of systemic diseases.

Our findings that plasma concentrations of TNF-α, IL-2, and INF- γ were significantly higher
and for IL-10 were significantly lower than in the controls are consistent with the assumption that
psoriasis is primarily driven by an aberrant immune response and results from an imbalance between
Th1 and Th2 cells [2–4]. Significantly higher concentration of NO, especially nitrotyrosine, and a
positive correlation between the latter and the disease duration in psoriatic patients’ plasma compared
to the controls confirm the contribution of nitrosative stress to the development of the disease [41].
Interestingly, apart from S-nitrosothiols, we did not observe significant differences between patients
with hyposalivation and those with normal saliva secretion. On the other hand, patients from the
hyposalivation group were characterized by longer duration of psoriasis and higher PASI index
compared to those with normal flow of unstimulated saliva.

At this point, it is worth reminding that 90% of saliva is produced by three pairs of large salivary
glands: submandibular, parotid, and sublingual. The remaining 10% of saliva is secreted by small
salivary glands scattered under the oral cavity mucosa, and gingiva fluid. The submandibular glands
are the major contributor to unstimulated salivary flow, and the parotid glands secrete stimulated
saliva, that is, saliva secreted mainly in response to stimuli. The contribution of the sublingual glands
to unstimulated and stimulated salivation is low [42]. Therefore, any deviation in the composition of
unstimulated saliva reflects dysfunction of the submandibular glands, as well as of stimulated saliva,
of the parotid glands. The exception here are patients with inflammatory changes in periodontal
tissues, in whom changes in saliva composition reflect periodontal diseases. In our work, we excluded
patients with periodontitis/gingivitis, and therefore any changes observed in saliva originated from the
dysfunction of salivary glands.

Our results revealed significantly increased levels of the tested proinflammatory cytokines and
a decrease in IL-10 concentration in unstimulated and stimulated saliva of psoriasis patients with
normal salivation (except for TNF-α in NWS and INF-γ in SWS) and hyposalivation compared to
the controls. An earlier report suggested that mRNA expression of Th1 and derived inflammatory
cytokines IL-2, TNF-α, and INF-γ were also increased in the saliva of the patients with Sjögren’s
syndrome [43]. The salivary changes were accompanied by clusters of infiltrating cells present in
salivary gland biopsy, where 80% were Th1 cells, and the remaining 20% consisted of stimulated B
lymphocytes and plasma cells [43]. On the basis of the performed analyses, it was difficult to assess
the nature of the developing inflammation in salivary glands of our patients. There were also no
histological examinations of the salivary glands of psoriasis patients. By analogy to Sjögren’s syndrome,
the observed increases in TNF-α, IL-2, and INF-γ concentrations allow us to assume that salivary
glands of patients with psoriasis are infested with autoreactive Th1 lymphocytes. Despite the deficiency
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of Th2 response (↓IL-10) supporting the humoral type response, we do not rule out the presence of
stimulated B lymphocytes, as there has been no research to confirm or exclude the existence of the
culprit autoantigens. However, increased concentration of the examined proinflammatory cytokines
and decreased level of IL-10 in NWS and SWS of patients with hyposalivation compared to psoriasis
patients with normal salivation indicates an increase in imbalance between Th1 and Th2 cells, and thus
inflammation in salivary glands of patients with hyposalivation vs. those with normal salivary flow.

Human salivary glands contain different kinds of nitric oxide synthase (NOS) isoforms. Neuronal
NOS (nNOS) was found in the salivary gland parenchyma, ducts, blood vessels, and nerve fibers
around acini, mainly in the submandibular glands [44], and—in negligible amounts—in the parotid
and sublingual glands [45]. Endothelial NOS (eNOS) was identified as localizing to the glandular
vascular endothelium of the salivary ducts [45]. iNOS has been detected in the salivary ducts of
normal tissue [45]. In physiological concentrations, NO does not damage the structures of salivary
glands; it regulates oral blood flow and saliva secretion, and participates in non-specific protective
mechanisms [23–25], which seems to take place in parotid glands of psoriasis patients without salivation
disorders (no changes in the studied nitrosative stress parameters in SWS). We observed excessive
amount of NO and peroxynitrite in unstimulated and stimulated saliva of patients with hyposalivation.
A positive correlation between TNF-α and NO concentrations in NWS of patients with hyposalivation
and between IL-2 and NO content in NWS of patients with normal salivation confirm the previous
observations that proinflammatory cytokines lead to the expression of iNOS in salivary gland cells,
resulting in increased production of NO and its derivatives [46]. We also noted a boost in nitrosative
stress (NO, S-nitrosothiols, peroxynitrite) and, primarily, nitrosative damage to protein elements of the
salivary glands (S-nitrosothiols and nitrotyrosine) in unstimulated and stimulated saliva of psoriasis
patients with hyposalivation vs. those with normal saliva secretion.

Evidence has shown that much larger amounts of NO generated in response to inflammation
are connected with the cytotoxic effect of NO due to its interaction with superoxide anions to form
peroxynitrite and other free radicals. Research results have revealed that intense production of NO
and peroxynitrite in salivary glands acts as a strong proapoptotic agent [46,47]. Moreover, it has been
observed that NO, by auto-ADP (adenosyno-diphospate) ribosylation of glyceraldehyde 3-phosphate
dehydrogenase, inhibits the production of ATP that is necessary to maintain anabolic processes in the
cell [23]. It has been demonstrated that apoptosis of salivary gland structures disturbs their function, and
ATP deficiency impairs mechanisms responsible for replacing damaged or lost cellular elements [46,48].
We noted a negative correlation between NO and NWS secretion, and between peroxynitrite and
protein concentrations in SWS of hyposalivation patients. These results suggest that decreased salivary
secretion and protein synthesis/selection could be caused by the proapoptotic effect of NO on the
salivary gland cells. This hypothesis requires further confirmation in histological studies. On the other
hand, it is known that TNF-α and IL-2 stimulate the production of metalloproteinases, which results
in structural changes in the basement membrane of the salivary glands [49]. A negative correlation
between TNF-α and NWS secretion, and IL-2 and SWS secretion in patients with hyposalivation may
result from damage to acinar cell-basement membrane interaction resulting from overproduction of
MMPs (metalloproteinases) followed by decreased number of secretory units (acini and ducts) [50,51].
This phenomenon has been recently demonstrated in the saliva of Sjögren’s syndrome patients [52].
Remodeling of the extracellular matrix, alongside apoptosis, could be the reason for the observed
drop in the synthesis/secretion of proteins and reduced salivary secretion in psoriasis patients with
hyposalivation. It is noteworthy that salivary gland dysfunction occurs in patients with a longer
duration and higher intensity of the disease.

The lack of significant differences in the secretion of NWS and SWS as well as proteins between
patients with normal salivation (shorter disease duration, lower PASI) and the controls suggests
that, at an early stage of the disease, the mechanisms of controlling saliva secretion and protein
production/secretion counteract the damaging effects of psoriasis. Interestingly, already at this early
stage we observed decreased amylase activity in SWS and UWS of patients with normal salivation,
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as well as intensification of this phenomenon in the saliva of patients with hyposalivation. These results
may explain the negative correlation between peroxynitrite concentration and salivary amylase activity
in NWS and SWS of patients with normal salivation. It has been demonstrated that peroxynitrite
reacts readily with iron-sulfur cluster of several enzymes and is able to oxidize the sulfhydryl groups
of proteins, leading to the formation of disulfides and resulting in their inactivation [53]. Naturally,
it should be remembered that exposure to peroxynitrite entails tyrosine nitration of proteins [54].
This mechanism of amylase inactivation should be eliminated, as increased nitrotyrosine concentration
was only observed in NWS and SWS of patients with hyposalivation, both compared to the controls
and patients with normal saliva secretion.

Salivary glands are surrounded by a dense network of blood vessels that enable the exchange of
components between the acinar cells and ducts, as well as blood. Thus, biomarkers present in the blood
can permeate into the structures of salivary glands and hence into saliva. Therefore, saliva is more and
more frequently considered a potential source of biological markers for systemic diseases. Many of
the examined parameters clearly differentiated psoriatic patients with hyposalivation from psoriatic
patients with normal saliva flow, and thus the levels of NO, nitrotyrosine, and IL-2 in NWS deserve
special attention and should be further evaluated. Additionally, the observed positive correlation of
PASI and TNF-α and IL-1β in UWS of patients with hyposalivation could provide a new non-invasive
and simple method in the diagnosis of the intensity of the disease.

5. Conclusions

Increased levels of TNF-α, IL-2, and INF-γ, as well as decreased content of IL-10 in NWS and
SWS of psoriasis patients compared to the controls indicated an imbalance between Th1 and Th2 cells
in the salivary glands.

The severity of inflammation and nitrosative stress in the salivary glands of psoriatic patients
depends on the disease duration.

At an early stage of the disease, the mechanisms controlling saliva secretion and protein
production/secretion counteract the damaging effects of psoriasis. With the severity and duration
of psoriasis, the secretory function of all salivary glands is lost, which is manifested as significant
reduction of unstimulated and stimulated saliva secretion as well as protein concentration.

Dysfunction of salivary glands in the course of psoriasis may be attributed to inflammation and
nitrosative stress.
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Abstract: Obesity is inseparably connected with oxidative stress. This process may disturb the
functioning of the oral cavity, although the effect of oxidative stress on salivary gland function
and changes in the qualitative composition of saliva are still unknown. Our study is the first
to evaluate salivary redox homeostasis in 40 overweight and obese adolescents and in the age-
and gender-matched control group. We demonstrated strengthening of the antioxidant barrier
(↑superoxide dismutase, ↑catalase, ↑peroxidase, ↑uric acid, ↑total antioxidant capacity (TAC)) with a
simultaneous decrease in reduced glutathione concentration in saliva (non-stimulated/stimulated)
in overweight and obese teenagers compared to the controls. The concentration of the products
of oxidative damage to proteins (advanced glycation end products), lipids (malondialdehyde,
4-hydroxynonenal) and DNA (8-hydroxydeoxyguanosine) as well as total oxidative status were
significantly higher in both non-stimulated and stimulated saliva as well as plasma of overweight
and obese adolescents. Importantly, we observed more severe salivary and plasma redox alterations
in obese adolescents compared to overweight individuals. In the study group, we also noted a drop
in stimulated salivary secretion and a decrease in total protein content. Interestingly, dysfunction
of parotid glands in overweight and obese teenagers intensified with the increase of BMI. We also
showed that the measurement of salivary catalase and TAC could be used to assess the central
antioxidant status of overweight and obese adolescents.

Keywords: oxidative stress; antioxidants; saliva; salivary biomarkers; obesity

1. Introduction

Overweight/obesity is a social problem worldwide, characterized by an increase in body weight
that results in excessive accumulation of fat [1]. In recent years, we have observed a steady growth
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in the frequency of overweight and obesity, observed not only among adults, but also children and
adolescents [2]. This results from various genetic, environmental and economic (easy access to cheap
and highly calorific food) factors as well as evolutionary conditioning (sedentary lifestyle, low physical
activity, low energy expenditure) [1,3]. According to the latest WHO report, nearly 41 million children
under 5 years of age are overweight or obese [4]. Interestingly, studies have shown that about 40%
of overweight children will continue to gain weight during the puberty period, and about 80% of
these obese teenagers will remain obese as adults [5]. Although obesity rates are higher in developed
countries, more overweight or obese children live in developing countries, and this trend also applies
to European countries.

It has been shown that obesity is associated with an increase in oxidative stress (OS). OS is a
condition characterized by disturbed balance between the amount of reactive oxygen species (ROS)
produced by the body and activity/concentration of antioxidants responsible for neutralizing ROS [6].
ROS are chemically reactive molecules which, when unbalanced, lead to oxidative modifications of
proteins, lipids, carbohydrates and nucleic acids, resulting in obesity-related complications.

It should be emphasized that obesity has been recognized as a major underlying factor in the
pathogenesis of serious OS-related health problems, such as hyperlipidemia [7], insulin resistance [8],
hypertension [9], type 2 diabetes [10], cardiovascular diseases [7] and certain types of cancer [11].
Overweight/obesity has been shown to adversely affect the condition of the oral cavity, including
salivary gland function [12–14]. The pathogenesis of salivary gland lesions in the course of obesity is
not fully understood, although the influence of OS is emphasized. It has been demonstrated that adult
morbid obesity is associated with disorders of antioxidant systems [15,16] and oxidative damage to
salivary proteins, lipids, and DNA [17], while bariatric treatment generally lowers the levels of salivary
oxidative damage. However, it does not rescue antioxidant capacity of non-stimulated and stimulated
saliva [16,17].

Recently, more and more attention has been paid to the use of saliva in laboratory medical
diagnostics, particularly in connection with pediatric diseases, as the collection of saliva samples is
non-invasive and thus acceptable to children. It has been shown that proteins and other substances are
transported to saliva from blood via the passive process of diffusion, ultrafiltration and active transport.
The concentrations of numerous substances in saliva can be correlated with their concentrations in
blood plasma, allowing for the use of saliva as an alternative diagnostic material. Moreover, the use
of oxidative stress biomarkers is proposed in diagnosing patients with obesity due to the observed
changes in enzymatic and non-enzymatic antioxidant levels as well as accumulation of protein and
lipid oxidation products in plasma and saliva of obese patients [16,17].

There have been numerous studies on OS in saliva and blood of overweight and obese adults [15–18],
whereas no research has been conducted to evaluate salivary redox markers and their usefulness in
diagnosing adolescents with excessive body weight. Therefore, the aim of our work is to evaluate
antioxidant systems as well as oxidative modifications of proteins and lipids in non-stimulated and
stimulated saliva of overweight and obese adolescents.

2. Materials and Methods

2.1. Patients

The study was approved by the Ethics Committee at the Medical University of Bialystok, Poland
(permission number R-I-002/43/2018). After explaining the purpose and methodology of the study to
patients and their parents, written informed content was obtained from each parent/legal guardian.

Our study included adolescents aged 11–18: overweight with BMI z-score ≤ + 1 + 2 < SD (n = 20,
10 teenagers) and obese with BMI z-score ≥ + 2 SD (n = 20, 10 teenagers).

The control group consisted of adolescents (n = 40, 20 teenagers) with normal body weight (BMI
z-score < –1 + 1 <, matched by age and gender to the study group.
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The adolescents included in the study group were recruited in the Department of Pediatrics and
Nephrology of the Medical University of Bialystok, during routine follow-up visits, after performing a
dental and biochemical blood test and meeting the conditions for inclusion/exclusion to the study.

The adolescents included in the control group were recruited during dental follow-up visits
in the Children’s Outpatient Dentistry Clinic (Specialist Dental Centre of the Medical University of
Bialystok), initially based on BMI index and a health survey. Then, after obtaining the written consent
of participants and their legal guardians, biochemical blood tests were performed. If the participants
met the conditions for inclusion/exclusion in the study, they were finally included in the control group.

Patients from the study and control group were qualified by the same experienced pediatrician
(K.T.J.) as well as a pediatric dentist (A.Z.). The control group consisted of patients of the Children’s
Outpatient Dentistry Clinic because, in the Pediatrics and Nephrology Clinic, there were only a few
healthy controls that met the inclusion criteria for the study.

Clinical data of the subjects are presented in Table 1.

Table 1. Clinical characteristics of patients and healthy controls.

C
n = 40

OWT
n = 20

OB
n = 20

Age (years) 16 ± 2.0 16 ± 1.9 15.8 ± 2.2
Sex (male/female) n 20/20 10/10 10/10

Weight (kg) 55 ± 3.1 65 ± 10 * 90 ± 21 *
Height (cm) 167 ± 4.5 163 ± 12 162 ± 14
BMI (kg/m2) 20 ± 1.5 28 ± 1.5 * 34 ± 2.7 *

cc BMI 50 ± 2.5 97 ± 1.2 99 ± 0.83
SDS BMI 0.5 ± 0.2 2.5 ± 0.28 3.9 ± 0.81

Systolic BP (mmHg) 109 ± 1.0 110 ± 1.2 111 ± 1.0
Diastolic BP (mmHg) 58 ± 4.2 73 ± 10 76 ± 9.8
WBC (thousand/μL) 5.8 ± 1.3 6.7 ± 2.2 6.7 ± 1.1

Hgb (g/dL) 13.9 ± 1.1 14 ± 1.2 14 ± 1.0
Hct (%) 42.0 ± 2.3 41 ± 3.3 42 ± 3.2

PLT (thousand/μL) 278 ± 46 294 ± 71 263 ± 48
sCre (mg/dL) 0.63 ± 0.1 0.64 ± 0.19 0.79 ± 0.56
Urea (mg/dL) 15.4 ± 3.6 24 ± 9.7 * 27 ± 13 *
HDL (mg/dL) 47 ± 2.2 52 ± 1.4 43 ± 8.1
LDL (mg/dL) 70 ± 5.2 87 ± 24 106 ± 21 *

Total cholesterol (mg/dL) 120 ± 9 132 ± 30 161 ± 39 *
TG (mg/dL) 68 ± 8 102 ± 75 * 139 ± 75 *

Glucose (mg/dL) 86 ± 5.3 86 ± 9.9 91 ± 5.4
eGFR (mL/min/1.73 m2) 132 ± 10 120 ± 42 122 ± 43

IL-6 (pg/mL) 1.7 ± 0.71 2.3 ± 0.74 3 ± 1.13

Body weight, height and head and chest circumferences were measured by standard methods.
BMI was calculated as weight (kg) divided by the square of height (m2). BMI z-scores that reflect
the standard deviation score (SD) for age- and gender-appropriate BMI distribution, were calculated
according to the LMS method [19], using reference values from the WHO study [20]. Based on the
international norms from the World Health Organization for age- (with an accuracy of 1 month) and
gender-specific BMI, BMI cut-offs for children over 5 years of age were the following: overweight–BMI
z-score ≤ + 1 + 2 < SD; obesity–BMI z-score ≥ + 2 SD [21].

The inclusion criteria were: adolescents of both sexes (in the case of girls, those who had had
menarche) with full permanent dentition. On the day of material collection, the teenage girls were in
the first phase of their menstrual cycle.

Patients with deciduous and mixed dentition, with gingivitis (gingival index, GI > 0.5) and
pathological changes in the oral cavity mucosa were excluded from the study. Negative general
medical history was a necessary factor to qualify for the experiment. The questionnaire completed
by the patients included: infectious, autoimmune and metabolic diseases (type 2 diabetes) as well as
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hypertension, insulin resistance and diseases of respiratory, cardiovascular, digestive, genitourinary
and coagulation systems. The exclusion criteria also covered inappropriate behavior and/or refusal to
cooperate with the examiner. At least 3 months before the study, patients and the healthy controls
had not taken any oral non-steroidal anti-inflammatory drugs, glucocorticosteroids, vitamins, other
supplements, or antibiotics. The participants were non-smokers and did not drink alcohol more
frequently than once a month.

2.2. Blood Collection

Blood was collected on an empty stomach, during routine examinations in the case of adolescents
from the control group, and for the study groups: during admission to the Pediatric and Nephrology
Clinic of the Medical University of Bialystok. Blood was collected in the amount of 10 mL using
an S-Monovette® EDTA K3 tube (Sarstedt, Nümbrecht, Germany). After collection, the blood was
centrifuged (3000 g, 10 min, 4 ◦C). No hemolysis was observed in any of the obtained plasma samples.
Blood cell mass was rinsed 3 times with 0.9% NaCl, and then underwent osmotic lysis using 50 mM cold
phosphate buffer (pH 7.4) 1:9 (v/v) [17]. To prevent sample oxidation, 0.5 M BHT (Sigma-Aldrich, Saint
Louis, MO, USA; 10 μl/ml blood) was added to the plasma and red blood cell lysate [17]. Plasma and
blood lysate were frozen (–82 ◦C). The samples were stored deep-frozen for no longer than 6 months.

2.3. Saliva Collection

Non-stimulated and stimulated saliva was collected by the spitting method between 7 and 8 a.m.,
one day after admission to the Pediatrics and Nephrology Clinic of the UMB or during a routine
dental check-up. The time since the last meal, tooth-brushing and taking medications was at least
10 h. Samples were collected in a separate room to ensure comfort for the subjects. After rinsing the
mouth with water, participants spat out non-stimulated saliva accumulated at the bottom of the oral
cavity for 15 min. Stimulated saliva was collected after a 5-min break. Stimulation was performed by
dropping 20 μl of 2% citric acid on the tongue every 20 s for 5 min. Both types of saliva were collected
in test tubes placed on ice. To prevent sample oxidation, 0.5 M BHT (Sigma-Aldrich, Saint Louis, MO,
USA; 10 μl/ml blood) was added to the saliva. After collecting the samples, the volume of saliva was
measured in a calibrated pipette with accuracy of 100 μL and saliva flow rate was estimated. Saliva
samples were centrifuged (3000 g, 20 min, 4 ◦C, MPW 351, MPW Med. Instruments, Warsaw, Poland)
and then frozen (–82 ◦C). Frozen samples were stored for no longer than 6 months.

In each of the obtained saliva samples, the concentration of transferrin was determined by the
ELISA test to identify samples contaminated with blood. Transferrin was not detected in any of the
saliva samples (data not shown).

2.4. Dental Examination

Immediately after saliva collection, dental examination was performed by the selected dentists
(K. F., M. S., P. K.-S.) in artificial light, using a mirror, an explorer and a periodontal probe (WHO,
621) in accordance with the WHO criteria. The dental examination included the evaluation of DMFT
(decayed, missing, filled teeth) and GI (gingival index). The interrater reliability for DMFT was r = 0.92,
and for GI was r = 0.94.

2.5. Biochemical Determination

The performed assays included: antioxidant enzymes (salivary peroxidase (Px), EC 1.11.1.7,
catalase (CAT), EC 1.11.1.6 and superoxide dismutase (SOD), EC 1.15.1.1), non-enzymatic antioxidants
(reduced glutathione (GSH), uric acid (UA) and albumin), redox status (total oxidant status (TOS), total
antioxidant capacity (TAC) and oxidative stress index (OSI)), advanced glycation end products (AGE),
malondialdehyde (MDA), 4-NHE-protein adduct (4-HNE) and 8-hydroxy-D-guanosine (8-OHdG). All
results were standardized to mg of total protein. The total protein content was determined using the
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bicinchoninic acid (BCA) method and bovine serum albumin (BSA) as a standard (Thermo Scientific
PIERCE BCA Protein Assay (Rockford, IL, USA).

In the saliva samples, we analyzed all redox biomarkers. In erythrocytes, antioxidant enzymes
were assayed, while in the blood plasma we evaluated non-enzymatic antioxidants, redox status and
oxidative damage products as well as interleukin-6 (IL-6) concentration. All assays were performed in
duplicate samples (TOS in triplicate samples), and the absorbance/fluorescence of the samples was
measured with an Infinite M200 PRO Multimode Microplate Reader (Tecan).

2.6. Antioxidant Enzymes

The activity of salivary peroxidase (Px, E.C. 1.11.1.7) was determined colorimetrically according
to Mansson-Rahemtulla et al. [22] based on the reduction of 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB)
to thionitrobenzoic acid, which then reacted with thiocyanate anions (SCN-) formed as a result of
potassium thiocyanate (KSCN) oxidation by Px. The absorbance was measured at a 412 nm wavelength.
The activity of catalase (CAT, E.C. 1.11.1.6) was determined by the colorimetric method described
by Aebi [23], based on the measurement of the hydrogen peroxide (H2O2) decomposition rate in
phosphate buffer at pH 7.0. The absorbance was measured at 240 nm wavelength. One unit of CAT
activity was defined as the amount of the enzyme that decomposes 1 mM H2O2 for 1 min. The activity
of superoxide dismutase-1 (SOD, E.C. 1.15.1.1) was determined colorimetrically according to Misra and
Fridovich [24] based on the measurement of cytoplasmic activity of the SOD subunit in the reaction of
inhibiting the oxidation of epinephrine to adrenochrome at a 320 nm wavelength. It was assumed that
one unit of SOD activity inhibits epinephrine oxidation in 50%.

2.7. Non-Enzymatic Antioxidants

The concentration of reduced glutathione (GSH) was determined colorimetrically based on DTNB
reduction to 2-nitro-5-mercaptobenzoic acid under the influence of GSH contained in the assayed
samples [25]. Absorbance changes were measured at 412 nm wavelength. Uric acid (UA) concentration
was determined by the colorimetric method using a set of ready-made reagents (QuantiChrom TM
Uric Acid Assay Kit DIUA-250, BioAssay System Harward, CA, USA). The method is based on the
reaction of 2,4,6-tripyridyl-s-triazine with iron (3+) ions in the presence of UA contained in the samples.
Changes in the absorbance of the resulting complex were measured at a 590 nm wavelength.

2.8. Redox Status

Total antioxidant capacity (TAC) was determined colorimetrically as described by
Erel [26], based on the measurement of the ability to neutralize the radical cation ABTS ·+
[2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonate)] under the influence of antioxidants contained
in the tested samples. Changes in the absorbance of ABTS ·+ solution were measured at a 660 nm
wavelength. Total oxidant status (TOS) was determined using the colorimetric method described by
Erel [27], based on the oxidation of iron (2+) ions to iron (3+) ions in the presence of oxidants contained
in the sample, followed by the detection of Fe3+ ions by xylene orange. TOS concentration was
calculated from the standard curve for hydrogen peroxide and presented in nM H2O2 equivalent/mg
total protein. TOS determination was performed in triplicate samples. The oxidative stress index (OSI)
was presented as the quotient of TOS to TAC and expressed in % [28,29].

2.9. Products of Oxidative Damage to Proteins and Lipids

The content of protein advanced glycation end products (AGE) was determined fluorimetrically
by the method described by Kalousová et al. [30] based on the measurement of fluorescence of
furyl-furanyl-imidazole (FFI), carboxymethyl lysine (CML), pyraline and pentosidine at the excitation
wavelength 350 nm and emission wavelength 440 nm. To determine the AGE content, the samples
were diluted in PBS buffer (0.02 M, pH 7.0) in a volume ratio of 1:5, and mixed thoroughly [31]. AGE
content was determined in duplicate samples and expressed in fluorescence arbitrary units AFU/mg

45



J. Clin. Med. 2020, 9, 548

total protein. The concentration of malondialdehyde (MDA) was determined colorimetrically using
thiobarbituric acid (TBA) [32]. The MDA reaction with TBA produces a colored adduct with the
maximum absorption at 535 nm wavelength. The concentrations of 4-HNE and 8-OHdG were assessed
by ELISA with commercial sets (Cell Biolabs, Inc. San Diego, CA, USA; USCN Life Science, Wuhan,
China, respectively), following the manufacturer’s instructions included in the package.

2.10. Statistical Analysis

Statistical analysis of the results was performed using GraphPad Prism 8 and Microsoft Excel
16.16.12 for MacOS. The D’Agostino–Pearson test and Shapiro–Wilk test were used to assess the
distribution of the results. Individual groups were compared using the analysis of variance (ANOVA)
followed by Tukey’s honest significant difference test (Tukey’s HSD test). The multiplicity adjusted p
value was also calculated. Correlations between redox biomarkers were assessed based on the Pearson
correlation coefficient. The results were presented as mean and standard deviation (SD) using tables or
graphs. Diagnostic usefulness of the redox biomarkers was evaluated by means of receiver operating
characteristic (ROC) analysis. Statistical significance was assumed at p ≤ 0.05.

The number of subjects was determined based on our previous experiment, assuming that the
power of the test would equal 0.9.

3. Results

3.1. General Characteristics

Stimulated secretion was significantly lower in the group of overweight and obese adolescents
compared to the controls (↓40%, p < 0.0001; ↓51%, p < 0.0001, respectively). Teenagers with obesity
secreted considerably less saliva after stimulation than their overweight peers (18%, p = 0.004). The
secretion of non-stimulated saliva did not differ significantly between the study groups as well as in
comparison with the control group (Table 2).

Table 2. Salivary flow rate, total protein and stomatological findings.

C
n = 40

O
n = 20

OB
n = 20

NWS (mL/min) 0.42 ± 0.05 0.39 ± 0.11 0.41 ± 0.11
SWS (mL/min) 1.5 ± 0.1 0.9 ± 0.2 * 0.74 ± 0.18 *#

TP NWS (μg/mL) 1291 ± 227 1167 ± 299 1139 ± 245
TP SWS (μg/mL) 986 ± 327 658 ± 208 * 598 ± 197 *

DMFT 6 ± 2 8 ± 3 8 ± 2
GI 0.1 ± 0.1 0.1 ± 0.15 0.1 ± 0.12

NWS- non-stimulated salivary flow rate, SWS- stimulated salivary flow rate, TP- total protein, C- control, OWT-
overweight, OB- obese, DMFT= decay, missing, filling teeth, PBI- papilla bleeding index, GI- gingival index, * p <
0.05 vs. C; # p < 0.05 vs. OWT.

Total protein concentration in stimulated saliva of overweight and obese adolescents was
significantly lower than in the control group (↓33%, p = 0.0001; 40%, p < 0.0001, respectively). Protein
concentration in non-stimulated saliva did not differ significantly between the study groups and
compared to the control group (Table 2).

Scatter plots for BMI and NWS/SWS flow rate are presented in Figure 1.

46



J. Clin. Med. 2020, 9, 548

Figure 1. Scatter plots for BMI and non-stimulated and stimulated salivary flow rate in healthy children
(A) as well as overweight and obese adolescents (B). BMI- body mass index; NWS- non-stimulated
whole saliva; SWS- stimulated whole saliva.

There were no significant differences in the dental indexes DMFT and GI between the controls
and the groups of overweight and obese adolescents (Table 2).

3.2. Enzymatic Antioxidants

The activity of SOD in non-stimulated and stimulated saliva of overweight adolescents was
significantly higher than in the control group of adolescents with normal weight (↑60%, p < 0.001;
↑48%, p = 0.002, respectively). Similar significant differences were observed in the group of obese
adolescents, in whom SOD activity in non-stimulated and stimulated saliva was significantly higher
than in the control group (↑125%, p < 0.001; ↑78%, p < 0.001, respectively). There were no differences in
salivary SOD activity between overweight and obese subjects. SOD activity in erythrocytes of both
overweight (↓59%, p < 0.001) and obese (↓58%, p < 0.001) adolescents was considerably lower than in
erythrocytes of teenagers with normal body weight, and did not differ between the study groups.

The activity of CAT in non-stimulated saliva of obese adolescents was significantly higher
compared to the controls (↑75%, p < 0.001) and overweight adolescents (↑75%, p < 0.001).

The activity of CAT in stimulated saliva of overweight (↑62%, p < 0.001) and obese (↑90%, p < 0.001)
adolescents was significantly higher than in the control group. CAT activity in erythrocytes of obese
teenagers was considerably lower than in the control group (↓49%, p < 0.001) and in overweight
adolescents (↓38%, p = 0.02).

The activity of Px in non-stimulated saliva did not differ between the study groups and the
controls. Px activity in stimulated saliva and erythrocytes of overweight (↑78%, p < 0.001; ↑153%,
p < 0.001, respectively) and obese (↑57%, p < 0.001; ↑153%, p < 0.001, respectively) adolescents was
significantly higher than in saliva and erythrocytes of the control group (Figure 2).
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Figure 2. Enzymatic antioxidants in overweight and obese adolescents as well as healthy controls.
C- control, CAT- catalase, NWS- non-stimulated whole saliva, OB- obese, OWT- overweight, Px-
salivary peroxidase, SOD- superoxide dismutase, SWS- stimulated whole saliva. Differences statistically
significant at: * p < 0.05, ** p < 0.005, *** p < 0.0005.

3.3. Non-Enzymatic Antioxidants

The concentration of GSH in non-stimulated and stimulated saliva of overweight (↓47%, p < 0.001;
↓26%, p = 0.005, respectively) and obese (↓65%, p < 0.001; ↓54%, p < 0.001, respectively) adolescents
was significantly lower than in the control group. However, the GSH concentration in overweight
adolescents was significantly higher only in stimulated saliva compared to obese subjects (↑38%,
p < 0.001). Plasma GSH concentration in obese adolescents was significantly lower than in the control
group (↓29%, p < 0.006).

The concentration of UA in non-stimulated saliva of obese adolescents was significantly higher
than in the controls (↑37%, p < 0.001). UA concentration in stimulated saliva of overweight and obese
adolescents was considerably higher than in the control group (↑157%, p < 0.001; ↑198%, p < 0.001,
respectively). Plasma UA concentration in overweight and obese adolescents was significantly elevated
compared to their peers with normal body weight (↑43%, p < 0.001; ↑45%, p < 0.001, respectively)
(Figure 3).
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Figure 3. Non-enzymatic antioxidants in overweight and obese adolescents as well as healthy
controls. C- control, GSH- reduced glutathione, NWS- non-stimulated whole saliva, OB- obese, OWT-
overweight, SWS- stimulated whole saliva, UA- uric acid. Differences statistically significant at: ** p <
0.005, *** p < 0.0005.

3.4. Redox Status

In overweight and obese adolescents, TAC in non-stimulated (↑110%, p < 0.001; ↑122%, p < 0.001,
respectively) and stimulated (↑62%, p < 0.001; ↑56%, p < 0.001, respectively) saliva as well as plasma
(↑61%, p < 0.001; ↑75%, p < 0.001, respectively) was considerably higher than in the control group.

TOS in non-stimulated (↑113%, p < 0.001; ↑288%, p < 0.001, respectively) and stimulated (↑115%,
p < 0.001; ↑170%, p < 0.001, respectively) saliva as well as plasma (↑103%, p < 0.001; ↑97%, p ≤ 0.001,
respectively) of overweight and obese adolescents was significantly raised compared to the control
group. TOS in non-stimulated (↑129%, p < 0.001) and stimulated (↑25%, p = 0.001) saliva of obese
teenagers was considerably higher than in their overweight peers.

OSI in non-stimulated and stimulated saliva as well as plasma in obese adolescents was significantly
higher than in the controls (↑153%, p < 0.001; ↑105%, p = 0.001; ↑48%, p = 0.01, respectively) (Figure 4).
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Figure 4. Redox status in overweight and obese adolescents as well as healthy controls. C- control,
NWS- non-stimulated whole saliva, OB- obese, OSI- oxidative stress index, OWT- overweight, SWS-
stimulated whole saliva, TAC- total antioxidant capacity, TOS- total oxidative status. Differences
statistically significant at: * p < 0.05, ** p < 0.005, *** p < 0.0005.

3.5. Oxidation Products

AGEs in non-stimulated and stimulated saliva as well as plasma of both overweight (↑281%,
p < 0.001; ↑209%, p < 0.001; ↑203%, p < 0.001, respectively) and obese (↑347%, p < 0.001; ↑423%, p < 0.001;
↑244%, p < 0.001, respectively) adolescents were significantly higher compared to the saliva of the
control group. Only AGEs in stimulated saliva of obese adolescents were considerably higher than in
overweight adolescents (↑69%, p < 0.001).

MDA in non-stimulated and stimulated saliva as well as plasma in both overweight (↑43%, p< 0.001;
↑63%, p = 0.001; ↑41%, p < 0.001, respectively) and obese (↑43%, p < 0.001; ↑79%, p < 0.001; ↑55%,
p < 0.001, respectively) teenagers were significantly higher than in saliva of control group adolescents.

The concentration of 4-HNE was notably higher in non-simulated and stimulated saliva as well
as plasma of overweight (33% p = 0.01; 50% p < 0.001; 41% p = 0.003) and obese adolescents (84%
p < 0.001; 95% p < 0.001; 104% p < 0.001) compared to the control group. The concentration of 4-HNE
in non-simulated and stimulated saliva as well as plasma of obese adolescents was considerably
higher than in overweight adolescents (37% p < 0.001; 50% p < 0.001; 43% p < 0.001). Similarly, the
concentration of 8-OHdG in non-stimulated and stimulated saliva as well as plasma of both overweight
(53% p < 0.001; 25% p = 0.04; 62% p < 0.001) and obese adolescents (121% p < 0.001; 73% p < 0.001; 118%
p < 0.001) was significantly higher than in saliva and plasma of the controls. The 8-OHdG concentration
in non-stimulated and stimulated saliva as well as plasma of obese teenagers was considerably higher
than in their overweight peers (43% p = 0.001, 38% p = 0.007; 34% p < 0.001) (Figure 5).
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Figure 5. Protein, lipid, and DNA oxidation products in overweight and obese adolescents as well as
healthy controls. AGE- advanced glycation end products, C- control, MDA- malondialdehyde, NWS-
non-stimulated whole saliva, OB- obese, OWT- overweight, SWS- stimulated whole saliva, 4-HNE-
4-hydroxynoneal protein adduct, 8-OHdG- 8-hydroxy-D-guanosine. Differences statistically significant
at: ** p < 0.005, *** p < 0.0005.

3.6. ROC Analysis

The diagnostic utility of salivary redox parameters to differentiate children who are overweight
from those who are obese is presented in Table 3. For this purpose, ROC curves were generated, and
then the area under the curve (AUC) was calculated. Optimal cut-off values were determined for each
parameter that ensured high sensitivity with high specificity. The maximum AUC value, from 0 to 1, is
a parameter that determines the discriminatory power of the test.

Particular attention should be paid to SOD, CAT, TOS and OSI in NWS, GSH and AGE in SWS,
and CAT in erythrocytes—the AUC of which is close to 1.0, which differentiates overweight adolescents
from obese ones (Figure 6).
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Figure 6. Area under the curve (AUC) of selected redox biomarkers in overweight and obese children.
AGE- advanced glycation end products, CAT- catalase, GSH- reduced glutathione, NWS- non-stimulated
whole saliva, OSI- oxidative stress index, SOD- superoxide dismutase, SWS- stimulated whole saliva,
TOS- total oxidative status, UA- uric acid, 4-HNE- 4-hydroxynoneal protein adduct,.
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3.7. Correlations

We showed a positive correlation between erythrocyte and salivary CAT and TAC in overweight
and obese adolescents. We also demonstrated a positive correlation between UA content in plasma
and non-stimulated/stimulated saliva of the study group patients (Figure 7B). However, we did not
observe a saliva–blood correlation of UA in healthy children and adolescents (Figure 7A).

 
Figure 7. Saliva–blood correlations of the analyzed redox biomarkers in healthy controls (A) as well
as overweight and obese adolescents (B). CAT- catalase, NWS- non-stimulated whole saliva, SWS-
stimulated whole saliva, TAC- total antioxidant capacity, UA- uric acid.

Correlations between BMI and salivary redox biomarkers and presented in Figures 8 and 9.
Interestingly, BMI correlates with most salivary antioxidants and oxidative damage products but only
in the study group.
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Figure 8. Correlations between BMI and salivary antioxidants in healthy children (A) as well as
overweight and obese adolescents (B). BMI- body mass index, CAT- catalase, GSH- reduced glutathione,
NWS- non-stimulated whole saliva, Px- salivary peroxidase, SOD- superoxide dismutase, SWS-
stimulated whole saliva, TAC- total antioxidant capacity, UA- uric acid.

55



J. Clin. Med. 2020, 9, 548

Figure 9. Correlations between BMI and salivary oxidative damage in healthy children (A) as well
as overweight and obese adolescents (B). BMI- body mass index, AGE- advanced glycation end
products, MDA- malondialdehyde, NWS- non-stimulated whole saliva, OSI- oxidative stress index,
SWS- stimulated whole saliva, TOS- total oxidative status, 4-HNE- 4-hydroxynoneal protein adduct,
8-OHdG- 8-hydroxy-D-guanosine.

4. Discussion

This publication is the first to analyze redox balance in the saliva of overweight and obese
adolescents. Generally, we demonstrated disturbances in the activity/concentration of antioxidants as
well as oxidative stress in non-stimulated and stimulated saliva of both examined groups compared to
their peers with normal body weight, with a higher intensity of oxidative modifications in the saliva of
obese adolescents.

Excessive body weight is characterized by chronic (low-grade) inflammation with permanently
elevated OS. It has been demonstrated that adipose tissue induces the synthesis of proinflammatory
cytokines, such as TNFα, IL-1 and IL-6, which increase the generation of ROS and nitrogen radicals
by macrophages and monocytes. ROS production promotes inflammation and expression of
molecules as well as growth factors by redox-sensitive transcription factors, mainly NF-κB and
the NADPH oxidase pathway [33,34]. The inefficiency of antioxidant systems, observed in the plasma
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of obese individuals [16], entails oxidative damage to cellular components and development of
obesity-related complications.

It has been shown that obesity results in the dysfunction of salivary glands as well as changes in
salivary flow and composition [15–17,35]. As saliva is essential for maintaining appropriate functions
of the body, such as swallowing, chewing, carbohydrate digestion, healing of the oral mucosa and
tooth enamel remineralization, it is not surprising that excessive body weight increases the risk of
gingivitis [36], periodontitis [37], caries [38,39] and inflammatory changes in the oral cavity mucosa [40].
Recently, a significant influence of OS has been increasingly emphasized in explaining the pathogenesis
of salivary gland lesions in the course of overweight/obesity in adults [16,17,41]. To the best of our
knowledge, there have been no studies evaluating redox balance in the oral cavity of overweight and
obese adolescents.

The study by Brown et al. [42] demonstrated that failure of antioxidant systems is related to the
duration of obesity. Considering that our study covered adolescents aged 11 to 18 with relatively
short overweight/obesity history (4/4.3 years, respectively, data not shown), it is not surprising that
salivary and plasma TAC (the sum of both enzymatic and non-enzymatic antioxidants) as well as
the content of enzymatic antioxidants were elevated in both non-stimulated and stimulated saliva of
overweight and obese adolescents. Therefore, the higher activity of enzymatic antioxidants may be
an expression of a highly effective antioxidant barrier that has not been exhausted in oxidative stress
conditions. On the other hand, a significant increase in salivary TAC and enzymatic antioxidants as
well as, generally, plasma biomarkers (despite the decline in SOD activity, which we explain further)
can be considered as a positive adaptative response to the increased ROS generation (↑TOS in plasma
as well as non-stimulated and stimulated saliva of both study groups). It was demonstrated that
decreased activity of antioxidant enzymes in erythrocytes, accompanying increased plasma TAC, is
likely to result from cell damage due to an inflammatory process and leakage of enzymes into the
extracellular space [43]. On the other hand, it may result from the use of enzymes in the process of
ROS control, or from inactivation of enzymes by free radicals [44].

Interestingly, we found a significant positive correlation between erythrocyte and salivary CAT
and TAC in overweight and obese adolescents, which suggests that these salivary parameters could
assess the general antioxidant status of overweight and obese adolescents.

Uric acid constitutes 40% of the antioxidant potential of saliva [45]; however, it has been
found that at high concentrations it can induce and intensify oxidative damage [46]. Obesity has
been demonstrated to increase UA concentration by reducing its renal secretion and accumulating
metabolites for UA production [47], which was confirmed by our study. We observed an increase in
uric acid concentration both in plasma and stimulated saliva of overweight and obese adolescents as
well as in non-stimulated saliva of the latter. The negative correlation between the concentrations of
UA and protein in non-stimulated saliva of overweight and obese adolescents, as well as the negative
correlation between UA content and Px activity in stimulated saliva, suggest that in both groups UA
shifts salivary redox balance towards oxidation and does not oxidize hydroxyl or peroxyl radicals,
preventing OS. Moreover, we demonstrated a positive correlation between UA levels in plasma and
stimulated saliva of overweight and obese subjects. Considering that plasma UA is a strong predictor
of future development of type 2 diabetes [48], measurements of salivary UA may be useful in assessing
the risk of this disease.

Although changes in the activity/concentration of antioxidants or ROS concentration may suggest
redox imbalance, they are not sufficient to determine the existence and extent of OS. The most reliable
determinants of oxidative stress are increased concentrations of oxidative damage products [49,50].
There are numerous markers of oxidative damage to biomolecules; in our study, we assessed 4-HNE
protein adducts, MDA, AGE and 8-OHdG. These are only few selected markers, which should be taken
into account when interpreting the presented results. The use of other OS indicators could change our
observations and conclusions.
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Our research showed, however, that the overproduction of free radicals exceeds the capabilities of
antioxidant systems of the examined adolescents at the central level as well as in both salivary glands,
which was observed as increased concentration of oxidative modification products in plasma and
non-stimulated as well as stimulated saliva. It should be noted that intensified oxidative modifications
reveal a certain tendency (AGE and MDA in plasma and non-stimulated saliva; MDA in stimulated
saliva) or are significantly higher (4-HNE, 8-OHdG in plasma and stimulated and non-stimulated saliva,
and AGE in stimulated saliva) in obese adolescents compared to their overweight peers. The obtained
results prove that oxidative damage occurred in the salivary glands of overweight adolescents, and was
more severe in obese subjects. We noted a significant increase of TOS in non-stimulated and stimulated
saliva in obese adolescents compared to the overweight group, but observed no such dependence
for TAC and antioxidant enzymes (except CAT in non-stimulated saliva). In our opinion, this is a
worrying phenomenon and may be evidence of the beginning of subclinical inefficiency of antioxidant
mechanisms, leading to the boost of oxidative damage to the salivary glands of obese adolescents.

We demonstrated that in both non-stimulated and stimulated saliva of overweight and obese
patients, GSH levels were significantly decreased and considerably lower in the stimulated saliva of
patients with obesity compared to overweight ones. Our results suggest that, GSH is the first to be
used up, and perhaps forms the first line of defense against free radicals, which can be easily explained.
The main function of GSH is maintaining thiol groups of proteins in a reduced state, which is often
necessary for preserving the functional activity of these proteins. It has been shown that the most
probable primary object of ROS attack is proteins, and, according to this theory, fatty and nucleic
acids are protected by proteins and therefore undergo oxidation at a later stage [51]. A mediator of
biomolecule damage in cells is the hydroxyl radical (OH.) [52]. It was shown that the percentage share
of primary substrates of the OH. reaction is 75% proteins, 21% lipids, and 4% DNA, which is related to
the specificity of the mechanism of OH. radical production in the Fenton reaction [52].

It is worth mentioning that the stimulation of saliva secretion activates parotid glands, while at rest
the main source of saliva is the submandibular glands. Therefore, it was assumed that any disturbances
in secretion/composition of non-stimulated saliva reflects disturbances of the submandibular gland
function, and disturbed secretion/composition of stimulated saliva indicates disturbed activity of
parotid glands [53].

The ability of salivary glands of overweight and obese adolescents to secrete saliva at rest was
similar to the results of their peers of normal weight. Protein secretion by submandibular glands of the
examined adolescents also did not differ from the control group of normal weight. In relation to the
stimulated salivary flow, overweight and obese subjects showed reduced salivary secretion compared
to the control group, which is consistent with the results of Modéer et al. [38]. Moreover, the dysfunction
of parotid glands intensified with the increase in BMI, as obese adolescents produce significantly less
stimulated saliva than their overweight peers, and in 8 obese individuals we recorded the salivary flow
value of 0.7 mL/min, which is classified as hyposalivation. Modéer et al. [38] claimed that BMI SDS may
be a potential factor to exclude subjects with reduced flow of stimulated saliva. Protein concentration
in SWS of overweight and obese adolescents was also reduced compared to the controls. The decrease
in stimulated saliva secretion and protein concentration is most probably caused by steatosis of the
parotid (but not submandibular) glands observed in obese patients, which decreases the number of
secretory units (acini and ducts) [54,55]. It can also be assumed that obesity-related inflammatory
milieu (up-regulation of proinflammatory cytokines, ROS), similarly to Sjögren’s syndrome [56],
activates metalloproteinases, thus disrupting the stromal tissue. This phenomenon may disturb the
neurotransmission between the residual neural network and residual secretory units, as well as inhibit
the response of follicular cells [57,58].

Our study showed reduced salivary production and enhanced oxidative stress in overweight and
obese teenagers. However, in obese children, alterations in salivary gland function are more severe
than those who are overweight. This is also reflected in the redox status of saliva (greater disturbances
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in the antioxidant barrier) as well as higher severity of oxidative damage in children with obesity
vs. overweight.

5. Conclusions

Obese and overweight adolescents present impaired systemic and salivary oxidative status in
contrast to their normal weight peers.

Both parotid and submandibular salivary glands lose the ability to maintain redox balance at the
level observed in the control group, which was shown by an increased level of oxidized biomolecules.
However, redox equilibrium in our study was more disturbed in the saliva and plasma of obese
adolescents compared to overweight subjects.

Excess of adipose tissue and deficiency of GSH are the main factors responsible for oxidative
damage to the salivary glands.

Dysfunction of parotid glands in relation to salivary secretion deepens with the increase of BMI.
Dysfunction of mechanisms responsible for protein synthesis/secretion observed at the overweight
stage does not worsen with the increase of body weight in adolescents.

Determinations of salivary CAT and TAC could be used to assess the central antioxidant status of
overweight and obese adolescents.

Author Contributions: Conceptualization, A.Z., M.M.; Data curation, A.Z. and M.M.;A.K., S.Z., Formal analysis,
A.Z. and M.M. A.K., S.Z.; Funding acquisition, A.Z.; Investigation, A.Z. and M.M.; Methodology, A.Z., M.M.,
Material collection: A.K., K.F., M.S., P.K-S., Supervision, A.Z., K.T-J., A.W.; Validation, A.Z. and M.M.; Visualization,
A.Z. and M.M.; Writing—original draft, A.Z. and M.M.; Writing—review and editing, A.Z. and M.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Medical University of Bialystok, Poland (grant numbers:
SUB/1/DN/20/002/1209; SUB/1/DN/20/002/3330).

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

References

1. Marseglia, L.; Manti, S.; D’Angelo, G.; Nicotera, A.; Parisi, E.; Di Rosa, G.; Gitto, E.; Arrigo, T. Oxidative
stress in obesity: A critical component in human diseases. Int. J. Mol. Sci. 2014, 16, 378–400. [CrossRef]

2. Rowicka, G.; Dylag, H.; Ambroszkiewicz, J.; Riahi, A.; Weker, H.; Chelchowska, M. Total Oxidant and
Antioxidant Status in Prepubertal Children with Obesity. Oxid. Med. Cell. Longev. 2017. [CrossRef] [PubMed]
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16. Knaś, M.; Maciejczyk, M.; Sawicka, K.; Hady Razak, H.; Niczyporuk, M.; Ładny, J.R.; Matczuk, J.; Waszkiel, D.;
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Abstract: Systemic low-grade inflammation is associated with obesity. Our aim was to examine
the association between obesity and salivary biomarkers of periodontitis. Salivary interleukin
(IL)-1-receptor antagonist (IL-1Ra), IL-6, IL-8, IL-10, and tumor necrosis factor (TNF)-α concentrations
were measured from 287 non-diabetic obese (body mass index (BMI) of >35 kg/m2) individuals and
293 normal-weight (BMI of 18.5–25 kg/m2) controls. Periodontal status was defined according to
a diagnostic cumulative risk score (CRS) to calculate the risk of having periodontitis (CRS I, low
risk; CRS II, medium risk; CRS III, high risk). In the whole population, and especially in smokers,
higher IL-8 and lower IL-10 concentrations were detected in the obese group compared to the control
group, while in non-smoking participants, the obese and control groups did not differ. IL-1Ra and
IL-8 concentrations were higher in those with medium or high risk (CRS II and CRS III, p < 0.001) of
periodontitis, whereas IL-10 and TNF-α concentrations were lower when compared to those with low
risk (CRS I). In multivariate models adjusted for periodontal status, obesity did not associate with any
salivary cytokine concentration. In conclusion, salivary cytokine biomarkers are not independently
associated with obesity and concentrations are dependent on periodontal status.

Keywords: obesity; periodontitis; cytokine; inflammation; saliva

1. Introduction

Obesity is an increasing health problem in developed countries and is a major risk factor for
diabetes, cancer, and cardiovascular diseases [1]. Obesity is linked to both local and systemic
inflammation [2–5]. In obese subjects, there is an elevated release of proinflammatory cytokines into
serum derived from either adipocytes, stromal vascular fraction cells, or immune cells in adipose
tissue [3,5,6]. This elevated cytokine release in obese individuals is a reversible condition, since even
mild weight loss can reduce serum cytokine levels [7].

There is substantial evidence showing a positive association between obesity or weight gain
and periodontitis [8–11]. The underlying mechanisms explaining this association are not completely
elucidated, but one proposed mechanism is that the low-grade systemic inflammation related to obesity
could expose obese people to infectious diseases [3,4,12]. Pathogenic bacterial biofilms at the gingival
margin trigger the initiation of inflammatory processes in periodontal tissues, including the production
of chemokines and proinflammatory cytokines [13,14]. Inflammatory cytokines in the periodontium
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are low-molecular weight proteins secreted from both periodontal tissue and immune cells [13]. They
are the main regulators of inflammation and tissue destruction in periodontitis [15], and their levels in
saliva predict periodontal disease progression and remission [16]. To our knowledge, the association
between salivary cytokine concentrations and obesity and periodontitis has not been examined in
humans so far.

In the present study, we used a novel diagnostic method, the cumulative risk score (CRS), to detect
periodontal disease based on three biomarkers in saliva [17]. CRS combines Porphyromonas gingivalis,
interleukin (IL)-1β, and matrix metalloproteinase (MMP)-8, and categorizes individuals with low,
medium, or high risk of having periodontitis. Our hypothesis is that low-grade inflammation related
to obesity affects the cytokine biomarker concentrations in saliva. In this context, our cross-sectional
study aimed to examine the relation between obesity and periodontitis-associated salivary cytokine
concentrations in smoking and non-smoking individuals.

2. Experimental Section

2.1. Study Population

The study consisted of 580 individuals aged 25–74 (mean 55.3) years. They were participants
of the Dietary, Lifestyle, and Genetic determinant of Obesity and Metabolic syndrome (DILGOM)
study, which was an extension of the population-based National FINRISK2007 health survey to
investigate more specifically the effects of diet, lifestyle, and genetic factors on obesity and metabolic
syndrome [18,19]. Of the 5024 individuals who participated in the DILGOM study, 287 severely
obese (body mass index (BMI) ≥35 kg/m2) and 297 normal-weight (BMI 18.5–25 kg/m2) controls
matched for age and smoking status were included. Exclusion criteria for both cases and controls
were diabetes, cardiovascular disease, cancer, or medication for hypercholesterolemia. The protocol
of the FINRISK2007 survey included questionnaire data on smoking and other health behaviors,
socioeconomic background factors, clinical measurements, and venous blood samples. Participants
were categorized by their smoking status as current smokers or non-smokers (smokeless for at least
the past 6 months). Height was measured to the nearest 0.1 cm and weight to the nearest 0.1 kg.

2.2. Bacterial and Cytokine Measurements from Salivary Samples

Paraffin-stimulated whole saliva samples were collected by expectoration into plastic tubes from
the DILGOM study participants. All samples were stored frozen at −70 ◦C until laboratory analyses.
Before analyses, melted samples were gently mixed, and centrifuged at 10,000 × g for 5 min. DNA
was isolated from the pellet and used in P. gingivalis quantification, while the supernatant was used in
cytokine determinations.

Salivary concentrations of IL-1β, IL-1 receptor antagonist (IL-1Ra), IL-6, IL-8, IL-10, tumor necrosis
factor alpha (TNF–α), and MMP-8 were analyzed with the flow-cytometric Luminex xMAP technique
with commercially available kits by Bio-PlexTM 200 (Bio-Rad Laboratories Incorporation, Santa Rosa,
CA, USA).

The amounts of P. gingivalis were determined with a quantitative real-time PCR (qPCR) assay as
previously described [20] with modifications. Reaction mixtures (total volume 20 μL) contained 2 μL
of template DNA, 200 nM primers (Thermo Fisher Scientific, Waltham, MA, USA), and 1 × Universal
KAPA SYBR FAST qPCR mastermix (KAPA Biosystems, Wilmington, MA, USA) supplemented with 1
× ROX Low reference dye. qPCR analyses were performed with the Mx3005P Real-Time qPCR System
(Stratagene, La Jolla, CA, USA) via the following steps: Initial denaturation at 95 ◦C for 3 min, followed
by 40 cycles of 3 s at 95 ◦C and 20 s at 60 ◦C. A dissociation curve was generated from one cycle of 1 min
at 95 ◦C, then lowering the temperature gradually to 60 ◦C, 30 s at 60 ◦C, then raising the temperature
gradually to 95 ◦C, and 30 s at 95 ◦C. The data were analyzed with the Mx3005P Real-Time qPCR
System software and the results were presented as genomic equivalents (GE)/mL saliva.
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For the standard curve, the whole P. gingivalis waaA gene, encoding
3-deoxy-Dmanno-oct-2-ulosonic acid (Kdo) transferase, was cloned to pJet1.2/blunt vector
(Thermo Fisher Scientific, Waltham, MA, USA). The cloned fragment was PCR-amplified in the reaction
containing 500 nM primers (Fwd-ATGCGATTCCTTTTCAG and Rew-CTATTTCATGATTCGGTG),
200 μM dNTPs, Phusion DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA) 0.04 U/μL,
1 × Phusion High-Fidelity Buffer, and 10 ng of chromosomal DNA of P. gingivalis strain W50.
The cycling conditions followed the manufacturer’s instructions. The purified PCR fragment was
ligated into pJet1.2/blunt vector with CloneJET PCR Cloning Kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions and ligation mixture was transformed into
Escherichia coli DH5a competent cells. The correct insert was verified by sequencing. The constructed
plasmid, pJet1.2/blunt-Pg, was linearized with FastDigest HindIII restriction enzyme (Thermo
Fisher Scientific, Waltham, MA, USA) and used for a tenfold dilution series for the qPCR analysis.
The plasmid copy number was determined with “DNA Copy Number and Dilution Calculator”
(www.thermofisher.com).

2.3. Periodontal Status Assessment Based on Cumulative Risk Score (CRS)

Periodontal status of the study population (n = 580) was defined according to CRS as described
in detail by Gursoy et al. [17]. Briefly, for calculating CRS, the salivary concentrations of P. gingivalis,
IL-1β, and MMP-8 were independently divided into tertiles and each participant was categorized to
one of the three tertiles according to the level of the biomarker in the saliva. The person’s cumulative
score was calculated by multiplication of three biomarkers’ tertile values. Based on these calculations,
the study participants were categorized into three periodontal status groups, as follows: CRS I: low
risk; CRS II: medium risk; CRS III: High risk [17,21,22].

2.4. Statistical Analyses

All statistical analyses were conducted using the IBM SPSS Statistic 23.0 software (IBM, Armonk,
North Castle, NY, USA). In descriptive statistics, continuous variables were reported as means and
standard deviations and the differences between the groups were analyzed by independent t-test.
Categorical variables were reported as the number of individuals and as percentages. Differences
between the groups in categorical variables were analyzed using the chi-square test. Statistical
significance was set at a p-value of < 0.05.

Results of two saliva samples were not included in analyses due to the low sample quality. Due to
skewed distribution, salivary cytokine concentrations were reported as medians and interquartile ranges.
Differences of salivary cytokine concentrations between the obese and normal-weight participants and
a pairwise comparison between the groups among different CRS categories were conducted using
the Mann–Whitney U test. A p-value significance level of < 0.05 was used. Multinomial logistic
regression was used to determine whether salivary cytokines were associated with obesity, before
and after adjusting the model for smoking and periodontal status (CRS). For multinomial logistic
regression, cytokine concentrations were converted into tertiles, and the lowest tertile was used as the
reference group.

2.5. Ethical Issues

The study was conducted in accordance with the Declaration of Helsinki and approved by the
Ethical Committee of the Hospital District of Helsinki and Uusimaa. Written informed consent was
obtained from each participant.

3. Results

There was no difference in age, gender, or smoking status between the two study groups, whereas
mean BMI was significantly higher in the obese (39.0 kg/m2) than in the normal-weight (22.9 kg/m2)
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groups (p < 0.001) (Table 1). Obese individuals were lower educated (p = 0.005) and were more likely
to have periodontal disease than their controls (p = 0.015).

Table 1. Characteristics of the study groups according to their weight status. Significant differences
(p < 0.05) are presented in bold.

Demographic and Clinical
Parameters

Obese n = 287 Normal Weight n = 293 p

Age, mean (SD) 55.0 (11.9) 55.5 (12.0) 0.604
Males, n (%) 98 (34.1) 98 (33.4) 0.859

Smokers, n (%) 51 (17.8) 47 (16.0) 0.578
Education level, n (%)

Low 105 (37.1) 74 (25.3) 0.005
Average 94 (33.2) 104 (31.7)

High 84 (29.7) 115 (39.2)
BMI, mean (SD) 39.0 (4.1) 22.9 (1.6) <0.001

Periodontitis, n (%)
Cumulative Risk Score (CRS) I 58 (20.2) 80 (27.3) 0.015
Cumulative Risk Score (CRS) II 82 (28.6) 97 (33.1)
Cumulative Risk Score (CRS) III 147 (51.2) 116 (39.6)

p-values: Independent samples T-test (age, body mass index (BMI)) and chi-square test (gender, smoking status,
educational level, periodontitis).

In the whole population and in smokers, the salivary concentrations of IL-8 were higher (whole
population p = 0.033; smokers p = 0.005) and those of IL-10 were lower (whole population p = 0.022;
smokers p = 0.018) in the obese group than in their controls (Table 2). Other salivary cytokine
concentrations did not differ according to weight status. In non-smokers, there was no difference in
salivary cytokine concentrations between the groups.

When the study participants were stratified only according to their periodontal status and not by
their weight, IL-1Ra and IL-8 concentrations were higher in those with medium or high risk (CRS II
and CRS III, p < 0.001) of periodontitis, whereas IL-10 and TNF-α concentrations were lower when
compared to those with the low risk (CRS I). After weight was taken into account, obese individuals
with CRS I had lower IL-10 (p = 0.043) and TNF-α (p = 0.35) concentrations than their normal-weight
controls, while obese individuals with CRS III had higher IL-6 concentrations (p = 0.011). Other
cytokine concentrations in saliva did not differ between the obese and control groups according to
their periodontal status (Table 3).
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The multinomial regression model revealed a significant association between obesity and IL-10
concentrations, but the significance was lost after the model was adjusted for smoking and periodontal
status (Table 4).

Table 4. Associations of salivary IL-1Ra, IL-6, IL-8, IL-10, and TNF-α tertiles with obesity, before and
after adjusting the model for smoking and periodontal status (CRS). Significant associations (p < 0.05)
are presented in bold.

Middle Tertile Highest Tertile

Unadjusted Adjusted Unadjusted Adjusted

IL-1Ra 1.5 (1.0–2.3), 0.033 1.3 (0.9–2.1), 0.194 1.5 (0.9–2.2), 0.06 1.1 (0.7–1.8), 0.722
IL-6 1.3 (0.9–1.9), 0.222 1.3 (0.8–1.9), 0.247 1.2 (0.8–1.8), 0.334 1.2 (0.8–1.8), 0.359
IL-8 1.1 (0.7–1.6), 0.760 0.9 (0.5–1.3), 0.514 1.4 (0.9–2.1), 0.114 0.9 (0.6–1.6), 0.852
IL-10 0.8 (0.5–1.2), 0.264 0.8 (0.5–1.2), 0.287 0.7 (0.4–0.9), 0.042 0.8 (0.5–1.2), 0.247

TNF-α 0.8 (0.5–1.2), 0.263 0.8 (0.5–1.2), 0.306 0.7 (0.5–1.1), 0.114 0.8 (0.5–1.2), 0.327

Odds ratios (95% confidence intervals) and p-values: Multinomial logistic regression model.

4. Discussion

The main finding of the present study was that, despite periodontal status being worse in
obese individuals (BMI of ≥35kg/m2) compared to normal-weight controls (BMI of 18.5–25 kg/m2),
the association was not consistently reflected in salivary cytokine concentrations. Instead, the
concentrations were merely affected by periodontal status rather than obesity. To our knowledge, this
was the first study to investigate potential associations of salivary cytokines with obesity by taking
periodontal and smoking states into account.

The relatively large sample size, including 287 severely obese and 293 normal-weight individuals,
allowed us to make reliable comparisons of cytokine concentrations in saliva between these groups.
However, the cross-sectional study design does not provide any information about the causality
between periodontitis, obesity, and cytokines. In addition, the relatively large age range of the study
population may have displayed an underestimated effect, since the immune response undergoes
remodeling with age. To define the presence of periodontal disease, a novel salivary diagnostic tool,
CRS, was used [17]. Its capability has been validated in independent populations twice, showing
that the CRS index is more strongly associated with moderate to severe periodontitis than any of the
salivary biomarkers alone [21,22]. Finally, as part of the sample collection protocol of this survey study,
stimulated saliva samples were collected. The protein concentration was higher in the unstimulated
saliva samples than the stimulated saliva samples, however, the unstimulated saliva samples possessed
greater inter- and intraindividual variation than the stimulated saliva samples [23].

According to the present study, obese individuals expressed enhanced IL-8 and IL-1Ra but reduced
IL-10 concentrations in saliva when compared to normal-weight individuals. This finding was observed
especially in smokers. Studies dealing with salivary cytokines in relation to weight are sparse. In a
recent small-scale study (n = 44), TNF-α concentrations in saliva were shown to be significantly higher
in obese than non-obese adults [24]. In obese and non-obese children, on the other hand, salivary
TNF-α concentrations did not differ [25]. As both obesity and periodontitis are inflammatory states, it
was proposed that obesity-related inflammation could predispose obese subjects to periodontal tissue
destruction [12,26]. In the present study, obese individuals displayed mainly CRS II and III, indicating
worsened periodontal conditions, more frequently than their normal-weight controls. Nevertheless,
there were no consistent differences in the salivary cytokine concentrations between the groups.

In periodontitis, cytokines are mainly released from periodontal tissues after pathogenic bacterial
recognition [13,14]. There is also some evidence that adipose tissue-derived cytokines act in a paracrine
more than an endocrine manner, and hence do not contribute to cytokine concentrations in the oral
cavity [27,28]. It is therefore possible that the local infection of the periodontium has such a strong
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effect on salivary cytokine concentrations that it overpowers the systemic influence of obesity in
statistical analyses. Still, obesity may reinforce the inflammatory response to periodontal pathogens in
the periodontium, resulting in an increased susceptibility to periodontitis. It is also possible that the
link between obesity and periodontitis is not explained by inflammatory factors.

Obesity and periodontitis share other risk factors, including low socioeconomic status [29]. In the
present study, obese individuals were less educated than their controls. This is in line with studies
linking educational status to health behaviors as well as eating habits to the prevalence of periodontal
disease [29–31]. Obesity-related comorbidities, for example, diabetes mellitus, which is a well-known
risk factor for periodontitis [26], could also explain the association between obesity and periodontitis.
In our study, diabetic patients were excluded, but the obese individuals may still have insulin resistance,
a prediabetic state, which is also a proposed risk factor for periodontitis [32].

In addition to obesity, an unhealthy diet causing weight gain plays a role in the obesity-related
inflammatory burden [33–35]. In an experimental rodent model, it was shown that obese rats fed
a high-fat and high-carbohydrate diet mimicking the Western diet (known as the “cafeteria diet”)
caused significantly more advanced alveolar bone loss when compared to non-obese counterparts [34].
In another rodent model, it was observed that a diet enriched with saturated fat was associated with
higher inflammatory potential and tissue destruction when compared to a diet high in unsaturated
fat in obese mice [34]. Therefore, in future studies regarding obesity and periodontitis in humans, it
would be of interest to include the dietary composition of obesity in the analyses.

5. Conclusions

In conclusion, although obese individuals may be prone to have periodontal disease, obesity does
not lead to altered cytokine concentrations in saliva. The associations between obesity and salivary
cytokine concentrations may be explained by periodontal status and smoking.
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Abstract: Escherichia coli and salivary Klebsiella oxytoca and Staphylococcus saccharolyticus were
subjected to different concentrations of silver nanoparticles (AgNPs), namely: 12.5, 50, and 100 μg
mL−1. Matrix-assisted laser desorption/ionization–time-of-flight mass spectrometry (MALDI-TOF
MS) spectra were acquired after specified periods: 0, 1, 4, and 12 h. For study of
volatile metabolites, headspace solid-phase microextraction coupled to gas chromatography/mass
spectrometry (HS-SPME-GC-MS) was employed—AgNPs were added to bacteria cultures and
the headspace was analyzed immediately and after 12 h of incubation. Principal components
analysis provided discrimination between clusters of protein profiles belonging to different strains.
Canonical correlation, network analysis, and multiple linear regression approach revealed that
dimethyl disulfide, dimethyl trisulfide, 2-heptanone, and dodecanal (related to the metabolism of
sulfur-containing amino acids and fatty acids synthesis) are exemplary molecular indicators, whose
response variation deeply correlated to the interaction with bacteria. Therefore, such species can
serve as biomarkers of the agent’s effectiveness. The present investigation pointed out that the used
approaches can be useful in the monitoring of response to therapeutic treatment based on AgNPs.
Furthermore, biochemical mechanisms enrolled in the bactericidal action of nanoparticles can be
applied in the development of new agents with enhanced properties.

Keywords: bacteria; HS-SPME-GC-MS; MALDI-TOF MS; silver nanoparticles; VOCs

1. Introduction

Silver nanoparticles (AgNPs) are widely used in a growing number of industrial and medical
applications, such as electronics, food industry, paints, clothing, cosmetics, and medical devices [1,2].
They are well-known antimicrobial agents and their antimicrobial activity against bacteria is attributed
to their high reactivity with proteins and initiation of structural changes in the cell wall and membrane.
Silver nanoparticles can interact with SH-groups of amino acids and hence inhibit protein synthesis
and function. Also, uptake of free silver ions followed by disruption of ATP production and DNA
replication is one possible mechanism of toxicity. As a consequence, it leads to inhibition of vital
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functions and cell death [3,4]. Possible mechanisms of function of silver nanoparticles are described
in many publications, however, there are still gaps in the understanding of this phenomenon [4].
Effectiveness of function of AgNPs was investigated by means of various techniques including well and
disc diffusion methods and flow cytometry [5–9]. In the current study, we employed matrix-assisted
laser desorption/ionization–time-of-flight mass spectrometry (MALDI-TOF MS), which has emerged as
a powerful technique for identification of microorganisms [10,11] and for investigation of, for instance,
bacterial drug resistance [12]. Protein profiles obtained within the mass range of 2000 to 20,000 Da
using MALDI-TOF MS can reflect many physiological states of bacteria [10]. Ag nanoparticles have a
dual function in MALDI-TOF MS analyzes, they can serve as a MALDI matrix for enhanced detection of
bacteria or as a bactericidal agent. A critical limiting threshold concentration, which governs whether
AgNPs would function as an affinity probe or would express bactericidal property, was investigated
in the study of Gopal et al. (2011) [13]. Authors conducted their studies using two model bacterial
strains: Escherichia coli and Serratia marcescens. They stated that critical concentration of affinity probes
(CCAP) for silver nanoparticles was 1 mL L−1 in the case of E. coli and 0.5 mL L−1 for S. marcescens.
Above these concentrations, AgNPs became bactericidal for tested bacteria.

Saliva is a biological matrix with promising applications in clinical settings. Its rapid,
non-invasive, and cost-effective collection, easy storage and transportation are advantages over
other specimens [14,15]. Like serum, saliva contains hormones, antibodies, growth factors, enzymes,
microbes, and their products. Consequently, saliva can be considered as a “mirror” of the body
for diagnostic purposes of (inter alia) oral diseases [16]. Volatile organic compounds (VOCs) are
one of salivary constituents that can indicate various oral conditions, such as halitosis, periodontal
disease, lung cancer, and celiac disease [17]. Gas chromatography–mass spectrometry (GC-MS)
is a technique which allows detection of VOCs from different niches, including breath, tissues,
saliva, or bacteria [18–23]. Solid phase microextraction (SPME) in headspace (HS) variant is a
commonly used method for extraction and enrichment of VOCs from many biological matrices [24–26].
Also, VOCs from bacterial strains were analyzed using gas chromatography–mass spectrometry
technique. For example, the effect of applied growth medium on emission of volatiles from E. coli
was investigated in the work of Ratiu et al. (2017) [27]. Streptococcus pneumoniae and Haemophilus
influenzae cultures were identified to find characteristic volatile biomarkers of these bacteria associated
with community-acquired pneumonia (CAP) [28]. Staphylococcus aureus and Pseudomonas aeruginosa
were investigated by Filipiak et al. (2012) [29] to find volatile organic compounds from bacteria most
frequently found in ventilator-associated pneumonia (VAP) patients. Headspace samples from bacteria
were collected and preconcentrated on multibed sorption tubes and analyzed by GC-MS. Once the
investigation of bacterial profiles of molecular species can be related with the presence of a specific
strain and its metabolic behavior, the features regarding the activity of bactericidal agents can be
measured and thoroughly investigated employing the comprehensive evaluation of these profiles.

The aim of the present work is to provide correlated relationships between expressed proteins
and volatile metabolites, as a form to assess bactericidal agent performance. Moreover, such
knowledge can contribute for elucidation of action mechanism of silver nanoparticles and how
they can influence the physiological state of selected bacteria. Growth curves of E. coli, Klebsiella oxytoca,
and Staphylococcus saccharolyticus were prepared, then, MALDI-TOF MS technique was employed to
obtain proteins profiles of these bacteria and to investigate the addition of selected levels of AgNPs on
them. Furthermore, in order to assess alterations in the produced bacterial volatile metabolites, VOCs
were investigated by means of HS-SPME-GC-MS, for strains in the unstressed form and after their
treatment with silver nanoparticles.
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2. Experimental Section

2.1. Instruments

The ultrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker Daltonik, Bremen, Germany)
equipped with a modified Nd:YAG laser (Smartbeam IITM) operating at the wavelength of 355 nm and
the frequency of 2 kHz was used to acquire spectra from strains of bacteria by means of two methods
and to investigate the interactions between silver nanoparticles and bacterial cells. Optical density
(OD) measurements were performed with a DEN-1B Densitometer (Biosan, Riga, Latvia). VITEK®

2 Compact system (bioMérieux, Marcy l’Etoile, France) was employed for identification of salivary
bacteria. The GC-MS analyses were carried out using an Agilent 6890A gas chromatograph coupled
to an Agilent 5975 Inert XL MSD mass spectrometer (both from Agilent Technologies, Santa Clara,
CA, USA). The system was equipped with a Rtx®-5MS w/Integra Guard 30 m × 0.25 mm × 0.25
μm column (Restek Corporation, Bellefonte, PA, USA). Extractions of volatile organic compounds
were performed using 65 μm polydimethylsiloxane (PDMS)/divinylbenzene (DVB) fiber (Supelco,
Bellefonte, PA, USA). Incubating Microplate Shaker (VWR International, Radnor, PA, USA) was used
for incubation of headspace vials with bacterial content.

2.2. Materials

Water LC-MS Chromasolv, ethanol, acetonitrile (ACN), trifluoroacetic acid (TFA), formic acid,
and isopropanol were purchased from Sigma Aldrich (Steinheim, Germany). Ultra-pure water from a
Milli-Q water system (Millipore, Bedford, MS, USA) was used throughout the work.

All chemicals for MALDI-MS analyses were supplied at the highest commercially available purity
from Fluka Feinchemikalien GmbH (part of Sigma Aldrich). Polished steel targets (Bruker Daltonik)
were used for sample deposition. α-cyano-4-hydroxycinnamic acid (HCCA; Sigma Aldrich) was
employed as a matrix for MALDI analyses (dried droplet method). Bruker bacterial test standard (BTS)
was used for external calibration (Bruker Daltonik).

Then, 15 mL sterile polypropylene tubes (ISOLAB, Wertheim, Germany) were used for collection
of oral fluid. For identification of salivary bacteria strains, we used 0.45% saline and VITEK® 2
Compact ID Cards for Gram-negative (GN), Gram-positive (GP), and anaerobe corynbacteria (ANC)
(bioMérieux). Headspace screw top 20 mL clear vials and magnetic polytetrafluoroethylene (PTFE)/Sil
screw caps for headspace vials, 18 mm thread, were purchased from Agilent Technologies.

Three media were used for bacteria cultivation: tryptic soy broth (TSB; Soybean-Casein Digest
Medium; Bacto, Sydney, Australia), Mueller Hinton (MH) broth, and M9 (both from Sigma Aldrich).
Glucose used as an additive to the minimal medium M9 was purchased from Avantor Performance
Materials (Gliwice, Poland). Detailed information regarding media technical aspects can be found
elsewhere [30].

The silver nanoparticles used in this study were synthesized in our laboratory and physicochemical
characterized previously by Railean-Plugaru et al. (2016) [31]. They were synthesized by the biological
method. In comparison with the chemically synthesized one, it was found to be naturally coated with
organic deposit, therefore, considered as a biocolloid. The biologically synthesized nanocomposites
were tested against 7 different bacterial strains and the antimicrobial activity was found to be dependent
on the silver nanocomposite concentrations [9,31].

Two bacterial strains used during investigations, namely: Escherichia coli ATCC 25922 and salivary
Klebsiella oxytoca ATCC 13182 were obtained from POL-AURA (Dywity, Poland). The strain of
Staphylococcus saccharolyticus was isolated from the saliva of a healthy human oral cavity and identified
using VITEK® 2 Compact system, as described by Buszewski et al. (2017) [32].

2.3. Growth Curves of Bacteria

In order to draw the growth curves of the three bacteria, the OD of samples was measured using
DEN-1B Densitometer, which provided results in the unit of McFarland (McF). First, three test tubes
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were filled with 4.8 mL of M9 medium and sterilized by autoclaving. Once the test tubes cooled down,
0.2 mL of prefiltered 10% (m/v) solution of glucose, which served as a source of carbon for bacteria,
was added to each tube—the concentration of glucose in the obtained 5 mL of solution was 0.4%
(m/v). The content of all test tubes was vortexed for 30 s and the OD of obtained blanks was measured
using DEN-1B Densitometer. Then, three loopfuls of bacterial cells were suspended in 1 mL of saline
solution to prepare inoculum. Bacterial suspension was thoroughly vortexed for 30 s and the test
tubes were inoculated under sterile conditions using 100 μL of the obtained inoculum. Immediately
after inoculation, OD at t0 was determined. Subsequent measurements were performed at t2, t4, t6,
t8, t23, t25, t27, t29, and t31, corresponding to 2, 4, 6, 8, 23, 25, 27, 29, and 31 h of incubation at 37 ◦C.
Growth profiles were assessed for selection of cultivation times to be used in further assays. Such
cultivation periods were aimed to refer to the stationary phase of these bacteria, because in this stage
the ratio alive/dead is rather constant, thus, the changes observed in the molecular profiles could be
ascribed to a metabolic response to the added stressing agent, minimizing the contribution of metabolic
alterations due to the growth process.

2.4. MALDI-TOF MS Analysis

MALDI-TOF MS spectra were recorded manually in linear positive mode within m/z range
of 3000–30000 and applying the acceleration voltage of 25 kV. All mass spectra were acquired and
processed with the dedicated software: flexControl and flexAnalysis, respectively (both from Bruker).
Two following experiments with MALDI MS technique were conducted in triplicate during the study.

2.4.1. Comparison of Sample Preparation Methods

The first experiment concerned a comparison between two sample preparation protocols
for microorganism profiling, according to the instructions of mass spectrometer manufacturer.
The “DIRECT” procedure consists in direct smearing of a sample onto a MALDI target,
whereas “EXTRACTION” involves extraction of proteins from a sample with ethanol and formic acid.
The HCCA matrix (10 mg mL−1) was prepared in a standard solvent (50% acetonitrile, 47.5% water,
2.5% trifluoroacetic acid). The “DIRECT” procedure was as follows: (i) direct smearing of a small
amount of biological material (barely visible) using pipette tips onto a sample spot of a polished steel
target, (ii) overlaying the biological material with 1 μL of HCCA matrix solution, (iii) allowing the
sample spot to air dry before analysis. The above-mentioned biological material was a precentrifuged
(13,000 rpm/RCF = 15,871× g for 2 min) bacterial pellet obtained from 1.5 mL of a liquid culture. For
our purpose, we applied three different media (5 mL of TSB, MH, or M9) which were inoculated using
a loopful with three bacterial strains and incubated at 37 ◦C for 24 h. Moreover, we performed OD
measurements of a medium alone, a sample after inoculation, and a sample after incubation (next
day in the morning). In addition, three types of media alone (TSB, MH, and M9) served as blanks.
The “EXTRACTION” protocol was used in the following way: (i) 300 μL of water was transferred
into an eppendorf tube containing the biological material and mixed; (ii) then 900 μL of 100% ethanol
was added to the tube and mixed thoroughly; (iii) this was followed with centrifugation at 13,000
rpm/RCF = 15,871× g for 2 min and decanting the supernatant; (iv) centrifugation was continued for
further 2 min and residual ethanol was removed from the pellet using a pipet; (v) subsequently, 5 μL
of 70% formic acid was added to the pellet and mixed thoroughly by pipetting and by vortexing; (vi)
5 μL of acetonitrile was added to the tube and mixed carefully; (vii) the whole was centrifuged at
13,000 rpm/RCF = 15,871× g for 2 min and 1 μL of the supernatant was spotted onto a polished steel
target; (viii) the sample was covered with 1 μL of HCCA matrix solution as soon as the sample spot had
dried out; (ix) finally, the sample spot was allowed to air dry before analysis. The biological material
for “EXTRACTION” method was a precentrifuged (13,000 rpm/RCF = 15,871× g for 2 min) bacterial
pellet obtained from 1.5 mL of a liquid culture with MH medium. In this part of the experiment we
used only MH medium (5 mL) inoculated using a loopful with three bacteria and incubated at 37 ◦C
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for 24 h. The samples were smeared onto a MALDI target in triplicate. Extract from pure MH was
used as a blank in this step.

2.4.2. Influence of AgNPs on MALDI-TOF MS Profiles of the Selected Bacteria

A total of 150 mL of MH medium was prepared and shared between three Erlenmeyer flasks
(50 mL in each). After sterilization, each portion of medium was inoculated with two loopfuls of
bacterial cells (approximately 1 × 106 of cells) of E. coli, K. oxytoca, and S. saccharolyticus individual
strains and placed into a shaker at 37 ◦C for 8, 15, or 18 h, depending on strain type (based on growth
curves experiments). Then, under sterile conditions, nine sterilized test tubes received 10 mL of liquid
culture each. Immediately, silver nanoparticles were added and vortexed to obtain the final silver
concentration of 12.5, 50, and 100 μg mL−1. After that, OD measurements were performed. Next, all test
tubes with their content were placed into an incubator at 37 ◦C for a specified period of time, namely:
0, 1, 4, and 12 h, then 1.5 mL of each solution was transferred to an Eppendorf tube and centrifuged at
13,000 rpm/RCF = 15,871× g for 2 min. The supernatant was removed and the bacterial pellet was
subjected to the “EXTRACTION” technique (treatment of a sample using ethanol and formic acid).

2.5. Gas Chromatography–Mass Spectrometry (GC-MS)

A total of 4 mL of sterilized MH broth was inoculated with 100 μL of a bacterial suspension
(already cultured bacteria, under 37 ◦C for 8, 15, or 18 h, depending on strain type) of E. coli, K. oxytoca,
and S. saccharolyticus in the medium (100 μL of pure medium was used as a blank). Before application
of AgNPs, OD of the inoculum was always measured and was approximately 1.5 McF. Immediately,
silver nanoparticles were added to obtain the final concentration of 12.5 and 50 μg mL−1. All four
headspace vials (three with bacteria and one with a blank) were placed into an incubator at 37 ◦C
with continuous shaking. Then, the vials were taken out immediately (t = 0) and after 12 h (t = 12).
VOCs were extracted at 37 ◦C for 45 min, using 65 μm PDMS/DVB fiber. All GC-MS experiments were
done in triplicate. Helium with a flow rate of 1.1 mL min−1 was the carrier gas and temperature of the
split–splitless injector was set at 240 ◦C. The oven temperature program was as follows: The initial
temperature of 40 ◦C was kept for 3 min, then ramped at 10 ◦C min−1 to 300 ◦C and kept at this last
temperature for 5 min. Spectra acquisition was performed within m/z range of 30–300 with electron
ionization (EI) at 70 eV; both the ion source and the transfer line temperature was set at 250 ◦C.

2.6. Data Processing and Statistical Analysis

Part of the data processing and statistical analysis was performed in R environment, using RStudio
v.1.1.463 console. GC-MS raw data (CDF format) was processed using the “xcms” package, peaks
were detected in the shift region of 10 ppm, applying the “centWave” method. As result, a database
displaying retention time and corresponding area for extracted ion chromatogram (EIC) was obtained.
Peaks arising from medium blanks in different incubation times were subtracted from the related
bacterial samples. Peak identification was performed using NIST11, for each peak detected belonging
to the same retention time—a match factor of at least 750/1000 was considered. From MALDI-TOF
MS data, the 100 most intense and corresponding signals were annotated and ion database was
created manually.

A comparison between MALDI-TOF MS raw spectra (mzXML format) obtained from bacterial
extract before and after AgNPs addition was performed by calculation of the spectrum similarity
score (SSS), with usage of “OrgMassSpecR” package in default mode. Heatmaps based on the area of
ions, associated with hierarchical cluster analysis using the Spearman method, were built employing
“gplots” package.

Canonical correlation analysis (CCA) is a multivariate ordination analysis used to provide sample
correlations between two sets of variables. This method was employed to relate the variation in the
fold-change of VOCs and proteins ions after the treatment with nanoparticles. The analysis was
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conducted using representative features (p < 0.05, indicated by Mann–Whitney test), “vegan” package
was applied to run CCA function.

Network analysis was performed using “igraph” package, in order to provide visualization of
the connections between both sets of data. Spearman’s coefficients were used to produce the edges
between nodes representing protein ions and VOCs, which presented statistically relevant (p < 0.05)
change in their response after the addition of nanoparticles.

With the usage of IBM SPSS Statistics v.24, Spearman correlation coefficient was calculated between
triplicates to verify the reproducibility of the obtained profiles. Principal components analysis (PCA)
was carried out to assess the distribution of MALDI-TOF MS profiles according to strain. Mann–Whitney
U test was performed to indicate discriminating features. Linear regression was used to create a model
able to predict the extension of AgNPs interaction with bacteria. Detailed information regarding used R
packages and input formats, as well as employed databases are available in Supplementary Materials.

3. Results

3.1. Determination of Growth Curves

Figure S1 depicts growth curves of three selected bacteria grown in minimal medium M9 with
glucose as a source of carbon. Based on the assessed curves, further experiments were conducted
using 8, 15, or 18 h of cultivation of E. coli, K. oxytoca, and S. saccharolyticus, respectively. Bacteria at
the given times were at the beginning of the stationary phase. Previous experiments reported growth
profiles of the selected bacteria using MH medium [33–35].

3.2. Comparison of Procedures: Direct Smearing Versus Extraction and Medium Selection

Straight and clear baseline with negligible signals recorded in the acquired spectra were seen for
all tested growth media (M9, MH, and TSB) after using “DIRECT” and “EXTRACTION” (MH only)
protocols (Figure S2). Figure S3 demonstrates an exemplary comparison of MALDI-TOF MS spectra
of E. coli cultured in M9, MH, and TSB media, obtained using “DIRECT” method. The presented
observations for E. coli are typical for our selected bacterial strains. M9 was found to be the most
effective medium among the used growth media. The number of peaks reached almost 100. Moreover,
the number of signals with signal-to-noise ratio (S/N) greater than or equal to 10 was 77. Only 33 and
34 signals with such defined S/N were recorded for MH and TSB medium, respectively. However,
for further MALDI-TOF MS investigations concerning addition of silver nanoparticles, we selected MH
medium, since it provided the best results in the simultaneously conducted GC-MS study (Figure 1).
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Figure 1. Comparison of overlaid gas chromatography–mass spectrometry (GC-MS) chromatograms
obtained for (A) E.coli bacterium +M9 medium (black) versus pure M9 medium (blue) and (B) E.coli
bacterium +Mueller Hinton (MH) medium (black) versus pure MH medium (blue).

Figure 2 shows a comparison between the two applied sample preparation techniques with the
example of E. coli.
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Figure 2. Representative (from triplicate experiment) matrix-assisted laser
desorption/ionization–time-of-flight mass spectrometry (MALDI-TOF MS) spectra of E. coli
in MH medium obtained using the “DIRECT” and “EXTRACTION” procedure.

The differences between MALDI-TOF MS spectra include both the number of detected peaks and
their intensity. For E. coli, in the “EXTRACTION” method, we recorded 54 signals with S/N greater
than or equal 10. On contrary, for the “DIRECT” procedure, we found only 33 peaks fulfilling this
requirement. Moreover, signals obtained for the “EXTRACTION” procedure were several times more
intense than the values for the “DIRECT” technique. Similar observations were extended to the other
studied bacteria. It indicates that sample treatment using ethanol and formic acid is far more efficient
than the method consisting in direct smearing of a sample onto a MALDI target.

3.3. Influence of Silver Nanoparticles on MALDI-TOF MS Spectra and HS-SPME-GC-MS Chromatograms of
the Selected Bacteria

To investigate the influence of AgNPs on MALDI-TOF MS spectra of the three model bacteria,
the following tests were conducted. In this part of the study, the “EXTRACTION” technique was
applied for sample preparation of each bacterial strain, as it was found to be superior to the “DIRECT”
procedure in the previous experiment.

Regarding MALDI-TOF MS experiments, the prepared database displayed 1928 most relevant
ions, ranging from 3013 to 17,449 m/z. In GC-MS data, ions addressed as belonging to medium, GC
column material, or fiber coating were subtracted from the database, resulting in a total number of 281
computed ions, ranging from 32 to 298 m/z.

Figure 3 presents the PCA score plot obtained for different protein ions profiles acquired under
the mentioned experimental conditions, for each bacterial strain. Profiles belonging to an individual
bacterial strain were clearly separated from others, highlighting the discriminative power of ribosomal
profiles in bacteria identity. However, still being possible to observe that the performed assays were
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capable of significantly altering such profiles, in this case, the distinction between the 3 strains was
explained by only 14% of the variance.

Figure 3. Principal component analysis (PCA) plot of protein ions profiles acquired by MALDI-TOF
MS experiments, where diamonds, triangles, and circles represent K. oxytoca (KO), S. saccharolyticus
(SS), and E. coli (EC), respectively.

Heatmaps referring to protein ions profiles (Figure 4A) and VOC profiles (Figure 4B) allow
inspection of the distribution of ions detected in each experiment. Hierarchical cluster analysis
evidencing the similarity between these individual profiles and segregation according to bacterial strain
were observed in data extracted both by MALDI-TOF MS and GC-MS results. The ions constituting
the profiles were grouped in clusters, which correspond to the main distribution behaviors identified
along the samples.
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Figure 4. Heatmaps and hierarchical cluster analysis of protein ions (A) and volatile organic
compound (VOC) profiles (B), based on ion areas extracted from MALDI-TOF MS spectra and
GC-MS chromatograms, respectively; Horizontal axis = conducted assays, using different bacterial
strains, vertical axis = ions organized in clusters.
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In order to objectively quantify the overall changes in MALDI-TOF MS spectra after the addition
of nanoparticles, the SSS parameter was assessed. The average SSSs calculated for each experiment
are displayed in Figure 5. This parameter mathematically represents the average level of similarity
between spectra acquired for unstressed strain and the same strain after supplementation with AgNPs.
The clusters on the right side of the matrix are based on Euclidian distance and represent more similar
behaviors during assay with nanoparticles.

 
Figure 5. Matrix presenting average values of spectra similarity score (SSS), concerning comparison
between unstressed spectrum and assays using silver nanoparticles (AgNPs) at 12.5, 50, and 100 μg
mL−1, for periods of time 0, 1, 4, and 12 h. Gray, orange, and green bars refer to K. oxytoca (KO),
S. saccharolyticus (SS), and E. coli (EC), respectively; C—concentration (μg mL−1); t—time (h).

For K. oxytoca, it can be seen that for concentration 100 μg mL−1, the biggest changes in profiles
were obtained for 1 and 4 h after supplementation with AgNPs. After 12 h, an adaptation to the
stressing agent is observable resulting in an increased spectrum similarity score to the original native
strain. For lower concentrations (12.5 and 50 μg mL−1), K. oxytoca manifested stronger resistance
to applied silver nanoparticles. E. coli was the most resistant for concentration 50 μg mL−1, bigger
alternations were noticed for the remaining concentrations. On the other hand, S. saccharolyticus
appeared to be the most susceptible to added AgNPs. This strain reacted the most in the first hours
after supplementation of silver nanoparticles. The strain showed tolerance to stressing agent only after
12 h of influence, regardless of the used concentration. In a general view, the apex of interaction of
AgNPs with intercellular portion can be addressed as the higher studied concentration (100 μg mL−1),
associated to the incubation time of 4 h for K. oxytoca and S. saccharolyticus and 1 h for E. coli. Once 12 h
of incubation was reached, an overall tendency to return to the untreated-like profile is observed for
all strains.

With the aim to investigate how the alterations produced in profiles of bacterial proteins are
reflected in the VOCs distribution, canonical correlation analysis (CCA) and direct correlation analysis
using the Pearson method were conducted. The results are showed in Figure 6. The CCA plot
(Figure 6A), along its CCA1 and CCA2 axes, was able to explain 37.71% of the variance of a matrix
combining MALDI-TOF MS and GC-MS data. This observation points out the possible relation between
VOCs emitted by bacteria and their pattern of small proteins. Although it can be understood that this
fraction of proteins is not the only factor governing VOCs production, some particular ions seemed to
be closely related to the detected volatiles, regardless of the studied strain. In this plot, length and angle
of arrows are related to the contribution of a certain variable to the axes. Variables not accompanied by
arrows displayed much weaker influence score than others, not being depicted in the automatically
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scaled graph. The compounds that presented to be the most affected by bacterial ribosomes were
dimethyl disulfide, 2-heptanone, 2-undecanol, dimethyl trisulfide, 3-methyl-1-butanol, 1-nonanol,
and 2-tetradecanol. While dimethyl disulfide, 2-heptanone, and 1-nonanol can be interpreted as having
correlated behavior between them in the three studied bacteria, hexanal and 2-tetradecanol, for example,
demonstrated a much more diverse trend than the aforementioned compounds. Figure 6B allows
a visual inspection of the nature of the main connections between the two classes of variables.
Variables not showed in this network are those that did not present strong or relevant correlation
and, in contrast to the last approach, only individual interactions were considered. Interdependency
relationships can be also examined: according to the network analysis, the compounds 2-heptanone,
3-methyl-1-butanol, 3-methylbutanoic acid, and dodecanal have their levels associated with many
different related proteins—from this, it can be concluded that their expression is associated with
intricate factors.

With basis on what was demonstrated concerning the strong correlations between emitted VOCs
and protein ions, it was assumed that the levels of such VOCs could provide indirect information
about effectiveness of interaction of the bactericidal agent and colonizing bacteria. This approach has
potential usefulness in the monitoring of therapeutic response to antimicrobial treatment. Multiple linear
regression analysis was conducted in order to create a model based on VOCs as biomarkers of the
extension of AgNPs interaction with bacteria. Level of interaction was used as criterion, using
100-SSS*100 as parameter, since it is related to the percentage of modification of unstressed bacterial
spectra. VOCs’ responses common to all strains were employed as predictors. As a result, Equation (1)
was obtained, with R (coefficient of correlation between observed and predicted values) = 0.89, adjusted
R square = 0.79, and standard error of estimate = ±4.10. Such parameters indicate good precision of
the generated model:

% of agent effectiveness = 42.9 + 1.6 × 10−5 × Adimethyl disulfide

− 2.8 × 10−7 × Adimethyl trisulfide + 5.3 × 10−6 × A2-heptanone − 2.9 × 10−8 × Adodecanal.
(1)
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Figure 6. (A) Canonical correlation analysis (CCA) biplot showing the correspondence of the
main protein ions (red) with emitted VOCs (black), where CCA1 = 22.43% and CCA2 = 15.28%;
(B) Correlation network depicting main relevant connections (rho ≥ [0.7]) between MALDI-TOF MS
ions and identified volatiles.
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4. Discussion

The subjects of our work were: Escherichia coli (Gram-negative bacterium) and salivary
Klebsiella oxytoca (Gram-negative bacterium) and Staphylococcus saccharolyticus (Gram-positive
bacterium). The differences between cell wall structure of Gram-positive and Gram-negative bacteria
are essential in the mechanism of interaction of silver nanoparticles with the surface and the inner
part of bacteria. Combined effects of AgNPs and antibiotics (ampicillin, kanamycin, erythromycin,
and chloramphenicol) were investigated in the Fayaz et al. (2010) study for bactericidal activity
against test strains using the disc diffusion method with Mueller Hinton agar plates [36]. In another
work, silver colloid nanoparticles synthesized by reduction of [Ag(NH3)2]+ complex cation by four
saccharides revealed high antimicrobial and bactericidal activity against both Gram-positive and
Gram-negative bacteria, including E. coli and methicillin-resistant S. aureus. Authors claimed that the
size of particles and very low concentration of silver are crucial to exhibit bactericidal properties of these
nanoparticles [37]. In Krishna et al. (2015), antibacterial activity of silver nanoparticles was tested against
the two pathogenic strains Salmonella typhi and Salmonella paratyphi by well-diffusion method. Complex
of AgNPs-ofloxacin demonstrated the augmented effect in comparison to separated components [38].
The example of work showing superiority of Gram-positive bacteria over Gram-negative ones in the
meaning of resistance against AgNPs is described by Fayaz et al. (2010).

The tested bacteria from this study were two Gram-positive cocci and two Gram-negative rods,
including E. coli. The antibacterial activity for all antibiotics (especially ampicillin) increased in the
presence of AgNPs against test strains. The minimum inhibitory concentration (MIC) evaluated for
synergistic effect of AgNPs and antibiotics showed increased less significant influence on growth
of Gram-positive bacteria than on Gram-negative species. Cell wall of Gram-positive bacteria
is characterized by a thick peptidoglycan layer (~20–80 nm), whereas in Gram-negative bacteria,
the peptidoglycan layer is thinner (~7–8 nm) and sandwiched between two layers of periplasmic space
and covered by an outer membrane composed by liposaccharides (LPSs) portion. The Gram-negative
wall is considered as more susceptible than the Gram-positive one, because the negative charges
liposaccharides are attracted toward the positive relative charge available on silver nanoparticles.
Moreover, Fayaz et al. (2010) described also negatively charged AgNPs which can attack this type of
bacteria by metal depletion [36]. It was found that E. coli cells are more prone to increased permeability
after ethylenediaminetetraacetate disodium (EDTA) treatment. Liberation of LPS molecules from outer
cell membrane are caused by higher metal depletion which weakens maintaining the assembly of the
LPSs in membrane [39]. On the contrary, Gram-positive bacteria with thicker layer of peptidoglycan are
more resistant to AgNPs because of hindered penetration of nanoparticles and fewer anchoring points
for the AgNPs. The layer is highly composed of rigid structure of linear polysaccharide cross-linked
by short peptides [36]. The AgNPs-ampicillin complex prevents unwinding of cellular DNA by
preferential binding of silver atoms with cells’ DNA [40].

Our work showed that Gram-positive S. saccharolyticus was the most resistant strain at all tested
AgNPs levels against the remaining Gram-negative ones, when the highest incubation time (12 h) is
considered (Figure 5). However, at shorter incubation times E. coli and K. oxytoca appeared to be more
insusceptible for AgNPs influence as reflected in protein profiles acquired by MALDI-TOF MS. After
12 h, bacterial strains exhibited behavior more similar to unstressed ones, deprived of the effect of
nanoparticles. Another observation was the fact that both Gram-negative bacteria were more resistant
at medium concentration (50 μg mL−1) of AgNPs. Such remark was not noticed for S. saccharolyticus
strain, making this bacterium more distinctive. In recent work of Al-Sharqi et al. (2019), authors
investigated antibacterial efficiencies of photoactivated and not-enhanced AgNPs against E. coli and
S. aureus. Cells not treated with silver nanoparticles served as controls. The results for unmodified
E. coli show that after 24 h of treatment with 12.5 μg mL−1 AgNPs, bacterial growth was observed to
be 93.33% ± 2.88%. Along with increasing concentration of AgNPs, the microbial number decreased
significantly reaching the lowest value of survival viability in the level of 76% ± 1.73% for 100 μg
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mL−1 [41]. Our work confirms that with long time of incubation, E. coli is more susceptible for AgNPs
influence with increasing level of added stressing agent, from 12.5 to 100 μg mL−1.

Protein patterns were processed to obtain heatmap and hierarchical cluster analysis (Figure 4A) that
allowed to distinguish three separate clusters belonging to each bacterial strain. It proves effectiveness
and appropriateness of the conducted research and shows potential applicability in differentiation
purposes. Using lysozyme-stabilized silver nanoparticles, Ashraf et al. (2014) were able to differentiate
some of the strains (two Salmonella enterica, two Klebsiella pneumoniae, four P. aeruginosa, two E. coli)
within the same bacterial species based upon the difference of their antimicrobial activity [42].

The bactericidal effect of silver nanoparticles consists in several mechanisms; (1) AgNPs can
adhere onto the surface of cell wall, resulting in membrane damage and altered transport activity [43].
Penetration of cell membrane causes the increased permeability and death of the cell [44]. The damage
to membranes is the result of the formation of irregular-shaped pits in the cell surface due to release of
LPS molecules [39,45]. (2) Anchoring of silver to cell membrane also inhibits cell wall formation [44,46].
(3) AgNPs modulate cellular signal system and induce oxidative stress caused by generation of
reactive oxygen species (ROS) and free radicals [46]. These free radicals can increase porosity of the
cell membrane, leading to damage and cell death [44]. (4) AgNPs can be the source of silver ions
released by themselves. These Ag+ are able to react with thiol groups of enzymes and proteins causing
inactivation of them [44,45]. (5) Silver nanoparticles tend to react also with phosphorus-containing
compounds such as DNA and prevent its replication as well as cell division and respiratory chain
processes [44,45,47]. (6) AgNPs modulate cellular signaling by dephosphorylation of protein substrates
in bacteria, resulting in inhibition of cell growth [48]. Finally, changes in nucleoid of bacteria are leading
to DNA fragmentation, cell cycle arrest, apoptosis, and inflammatory response [49]. Silver nanoparticles
are characterized by many physico-chemical parameters affecting their antimicrobial effectiveness,
such as shape, size, concentration, particle dispersion state, and surface charge [43,49].

MALDI-TOF MS technique is often used to identify bacterial strains in timesaving manner and pure
culture isolation, such as model organism E. coli [50] and other Gram-positive, Gram-negative, anaerobic
bacteria and mycobacteria [51,52]. In our work, we applied MALDI-TOF MS technique to obtain
protein profiles of bacteria after treatment with silver nanoparticles. In the work of Lok et al. (2006),
proteomic analyzes using two-dimensional gel electrophoresis (2-DE) and MS identification revealed
that short exposure of E. coli cells to AgNPs resulted in alterations in the expressions of a panel
of envelope proteins and heat shock proteins (like 30S ribosomal subunit S6) [50]. Twenty protein
patterns were identified by MALDI-TOF MS technique from the set of recombinant, human cDNA
expression products, together with native proteins isolated from crude mouse brain extracts [53].
Peptide mass fingerprint (PMF) searching of databases appeared to be a cost-effective solution for
protein identification purposes. Sixty-two proteins in unsequenced parasitic nematodes were identified
by MALDI-TOF MS after evaluation of expressed sequence tag (EST) datasets [54]. This technique was
also used, for example, to characterize proteomic patterns in serum from ovarian cancer and healthy
control group [55].

MALDI-TOF MS was a suitable technique to investigate binding bare and carbonate-coated
AgNPs to the purified tryptophanase (TNase) fragments from E. coli to characterize the effect of surface
modifications on the binding. It was showed that binding of the protein to AgNPs may sterically block
access to the active site caused by lost enzymatic activity of TNase [56]. Using MALDI mass spectra,
authors could evaluate the TNase’ enhanced affinity for AgNPs, similarly to our present experiments
with protein patterns. Metabolic alterations in bacteria after supplementation with nanoparticles were
the subject of interest in the study of Gopal et al. (2013) [57]. They examined the interaction of five
types of nanoparticles (Ag, NiO, Pt, TiO2, and ZnO) with P. aeruginosa and S. aureus and postulated two
mechanisms of interaction of the above-mentioned NPs with these two pathogenic bacterial strains.
The approach consisting in addition of AgNPs at 0 h of bacterial growth, and incubation with bacteria
when they grow in the medium, enabled effective interaction of P. aeruginosa with unmodified NPs.
For S. aureus, NPs were added to fully grown bacterial cultures and incubated—a method similar to
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the one used in our work. In this case, in MALDI-MS spectra, many bacterial peaks were observed.
The changes of proteomic profiles were also the object of the researcher interest in the work of He et
al. [58]. They carried out the proteomic analysis of graphene-based silver nanoparticles (AgNPs–GE)
together with silver nitrate on P. aeruginosa. MALDI–TOF/TOF MS was used to identify proteins from
bacteria as outcome of 2-DE experiments with silver agents. Authors discovered seven proteins being
induced and nine proteins being suppressed by AgNPs–GE.

The effect of the addition of silver nanoparticles on the S. aureus strain was again studied in the
work of Chudobova et al. (2013) [59]. These researchers conducted a basic characterization of this
strain and found out that AgNPs caused considerable inhibition of the growth of S. aureus. The authors
proposed two methods for determination of silver nanoparticles inhibition effect: using the growth
curves and measurements of inhibition zones. Protein fingerprints for the identification of untreated
and silver-supplemented S. aureus were obtained by MALDI/TOF mass spectra. The usage of the
MALDI-TOF MS technique was extended in the more recent work of Chudobova et al. (2015), dedicated
to S. aureus strain [60]. They focused on examination of the influence of selected heavy metal ions (Ag+,
Cu2+, Cd2+, Zn2+, and Pb2+) at several concentration levels using biochemical methods and mass
spectrometry. Additional peaks in silver-fortified bacteria were found in the obtained MALDI-TOF MS
spectra demonstrating modifications at the protein level.

The above-mentioned studies are clear examples of how silver ions or nanoparticles may affect
the metabolic and proteomic profiles of bacteria, changes in which are visible using the MALDI MS
technique. In the present work, a new approach was introduced: MALDI MS and GC-MS data were
processed and correlated using statistical methods that allowed to characterize patterns of small
proteins and volatile metabolites associated with the interaction of nanoparticles with bacteria.

Once it was demonstrated that VOC profiles are able to reflect metabolic alterations in bacterial
cells, the effective changes in the response of detected volatiles were evaluated. Figure 7 shows
VOCs presenting statistically relevant (p < 0.05) difference in their distribution when varying amounts
of AgNPs were added to the bacterial culture. It is reasonable to assume that the consequences of
the presence of nanoparticles in the medium can vary depending on the examined microorganism.
For example, after AgNPs addition, dimethyl disulfide levels increased for K. oxytoca, and decreased
for the other two bacteria; for dimethyl trisulfide, the other sulfur containing metabolite, an opposite
trend is observed.
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Figure 7. Combination of charts showing altered VOCs and addressed bacterial metabolic pathways,
where numbers inside boxes display the base 2 logarithm of fold-change calculated with respect to
the response in untreated strain; pr = produced only after AgNPs addition, ab = absent after AgNPs
addition, ns = not significant alteration (p > 0.05), KO—K. oxytoca, EC—E. coli, SS—S. saccharolyticus,
C—concentration (μg mL−1), VOC—volatile organic compound [61].
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The origin of volatiles released by three investigated bacteria is mainly a modification of products
of the fatty acid biosynthetic pathway, like hydrocarbons, alcohols, and ketones (Figure 8) [61].

 

Figure 8. Scheme showing main pathways related to volatile organic metabolites which presented
relevant alterations in their responses due to nanoparticles supplementation (AK—acetate kinase;
KDC—2-keto acid decarboxylase; ADH—alcohol dehydrogenase; FAR—fatty acid reductase;
FabD—malonyl-CoA:ACP transacylase; FadD—fatty acyl-CoA synthase; AhR—aryl hydrocarbon
receptor; Acr2—acyl-CoA reductase; MGL—methionine-γ-lyase; ROS—reactive oxygen species).

Volatile organic compounds secreted from E. coli were the object of interest of several researchers
who used multiple techniques to investigate the headspace of bacteria. Tait et al. (2014) [62] performed
optimization of conditions of HS-SPME-GC-MS analysis of E. coli VOCs and evaluated the effect
of a culture medium type, SPME fiber type, and the employed GC column on the obtained results.
Furthermore, volatile profiles of E. coli were investigated in the work of Umber et al. (2013) [63] who
found elevated levels of such compounds as: dimethyl disulfide, dimethyl trisulfide, and 1-propanol
in the headspace of bacteria in LB broth. These volatiles were not observed in chromatograms obtained
from E. coli/blood mixture. In our research, we detected these three compounds both in the untreated
and AgNPs-supplemented strain of E. coli.

VOCs from K. oxytoca and other species were studied using ion-molecule reaction–mass
spectrometry (IMR-MS) by Dolch et al. (2012) [64]. This method allowed to conduct a short
analysis time of 3 min per vial and showed the possibility of process automation. For identification
of human pathogenic bacteria (like E. coli and K. oxytoca), Jünger et al. 2012 used multi-capillary
column–ion mobility spectrometry (MCC-IMS). Comparisons of volatilomes were confirmed by thermal
desorption–gas chromatography–mass spectrometry (TD-GC-MS). VOC patterns from bacteria enabled
fast and cost-effective discrimination of investigated pathogens [65]. Another technique employed
for volatile extraction from E. coli, K. oxytoca, and P. aeruginosa was a static head-space-sampler (SHS)
coupled to a sensory perception system (SPS). Carrillo and Durán 2019 used this method for distinguish
polluted water samples after statistical approaches such as pattern recognition techniques [66].

S. saccharolyticus is a bacterial strain responsible for, inter alia, the production of volatile compounds
in spoilt mango fruits. GC-MS analyzes revealed the presence of eleven and sixteen volatile organic
constituents in healthy and spoilt ripe mango fruits, respectively [67]. There are no other studies
concerning volatile profiling of S. saccharolyticus. In recent work of Brüggemann et al. (2019),
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S. saccharolyticus isolates from blood cultures and prosthetic joint infection specimens were detected and
their genomes were sequenced and analyzed. They found that the closest relative of S. saccharolyticus is
Staphylococcus capitis with an average nucleotide identity of 80%. Moreover, S. saccharolyticus manifests
host tissue-invasive potential and is associated with prosthetic joint infections [68].

5. Conclusions

The reported results confirm that the MALDI-TOF MS technique is an appropriate tool for
investigating the influence of silver nanoparticles on metabolism of selected bacterial strains.
The comparison between spectra acquired from untreated and silver-enhanced bacteria revealed
that addition of AgNPs led to significant changes in their metabolic profiles. Such metabolic alterations
were attested by distinguished variations in the emitted bacterial metabolites assessed using GC-MS.

It was demonstrated that interaction between AgNPs and bacteria is deeply associated to the
concentration of nanoparticles, incubation time, and strain nature, considerations to be evaluated for
the employment of such species as bactericidal agent in medical practice.

Statistical approaches performed in this work reinforced the relation between ribosomal profiles
and strain identity, besides that, combination between the variation in protein ion data and VOC
patterns allowed the observation of alterations in bacterial inner part closely related with produced
volatile metabolites.

Moreover, it can be concluded that the usage of molecular profiles is a promising tool in
monitoring of bactericidal performance during infection treatment and to investigate the associated
biochemical mechanisms.
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Abstract: Salivary IL-6 mRNA was previously identified as a promising biomarker of oral
squamous cell carcinoma (OSCC). We performed a multi-center investigation covering all geographic
areas of Hungary. Saliva from 95 patients with OSCC and 80 controls, all Caucasian, were
collected together with demographic and clinicopathological data. Salivary IL-6 mRNA was
quantified by real-time quantitative PCR. Salivary IL-6 protein concentration was measured by
enzyme-linked immune-sorbent assay. IL-6 protein expression in tumor samples was investigated by
immunohistochemistry. Normalized salivary IL-6 mRNA expression values were significantly higher
(p < 0.001) in patients with OSCC (mean ± SE: 3.301 ± 0.885) vs. controls (mean ± SE: 0.037 ± 0.012).
Differences remained significant regardless of tumor stage and grade. AUC of the ROC curve was
0.9379 (p< 0.001; 95% confidence interval: 0.8973–0.9795; sensitivity: 0.945; specificity: 0.819). Salivary
IL-6 protein levels were significantly higher (p < 0.001) in patients (mean ± SE: 70.98 ± 14.06 pg/mL),
than in controls (mean± SE: 12.45± 3.29). Specificity and sensitivity of IL-6 protein were less favorable
than that of IL-6 mRNA. Salivary IL-6 mRNA expression was significantly associated with age and
dental status. IL-6 manifestation was detected in tumor cells and tumor-infiltrating leukocytes,
suggesting the presence of a paracrine loop of stimulation. Salivary IL-6 mRNA is one of the best
performing and clinically relevant biomarkers of OSCC.
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1. Introduction

Hungarian males and females exhibit the highest age-standardized rates both for the incidence
and the mortality of oral cavity and pharyngeal cancers in Europe without substantial improvements in
the last decades [1]. Frequently, oral squamous cell carcinoma (OSCC) is being diagnosed in advanced
stages, i.e., stage III and IV, with long-term survival rates around 50% despite considerable progress in
surgical methods, radio-, chemo-, and immunotherapy. In contrast, patients with early, i.e., stage I and
II lesions, may experience recovery rates up to 80%. Unfortunately, with the exception of the gold
standard procedure, tissue biopsy and histopathological analysis, there are no evidence-based, reliable,
non-invasive methods for large-scale screening and early detection of OSCC [2,3].

The aim of the present investigation was to study the potential of salivary IL-6 mRNA and
IL-6 protein as OSCC-related biomarkers. Saliva was chosen as a complex, informative body-fluid
containing biomolecules that originate from multiple sources and may differentiate between healthy
subjects and patients with OSCC. Application of advanced molecular methods resulted in the discovery
of several candidate salivary proteins, metabolites, mRNAs, miRNAs, and circRNAs associated with
OSCC. However, there has been a high degree of variation between results reported by different
investigators with respect to the value of these biomolecules as biomarkers detected in patients of
different geographic and ethnic backgrounds [4–10]. In addition, salivary levels of inflammatory
cytokines, considered as one of the best performing molecular groups of OSCC biomarkers, may be
confounded by the presence of oral inflammatory lesions [11–13].

Previously, we applied both targeted and high-throughput molecular methods to identify
potentially useful mRNA and protein biomarkers in a small-scale single-institution pilot cohort
of patients with OSCC and controls [12,13]. These pilot transcriptomic and proteomic investigations
suggested that salivary IL-6 mRNA and protein may prove the best performing biomarkers of OSCC
in the Hungarian population. Therefore, we investigated salivary IL-6 mRNA and IL-6 protein
in a sample of patients with OSCC covering each geographic area of Hungary. To support the
relevance of salivary IL-6 mRNA expression, we were looking for differences in salivary IL-6 protein
concentrations of patients and controls and by detecting the expression of IL-6 protein in tumor cells
and in tumor-infiltrating leukocytes (TIL). An additional objective was to analyze associations of
salivary IL-6 mRNA and protein expression with age, sex, gingival inflammation status, smoking, and
ethanol consumption habits in patients with OSCC.

2. Materials and Methods

2.1. Patients and Control Subjects

Between 2 May 2013 and 31 December 2015, 95 adult (>18 years) patients with OSCC, presenting a
suitable saliva sample, were enrolled in a multi-centric investigation from four Hungarian sites: Faculty of
Dentistry, University of Debrecen, Debrecen (“Debrecen Center”): 26 patients; Faculty of Dentistry, Scientific
University of Szeged, Szeged (“Szeged Center”): 24 patients; Faculty of Dentistry, Scientific University
of Pécs, Pécs (“Pécs Center”): 25 patients; and Faculty of Dentistry, Semmelweis University, Budapest
(“Budapest Center”): 20 patients. Eighty age-matched adult controls, admitted for dental check-ups, were
recruited from the same sites. Subjects with previous and present cancer, except for the present OSCC
(patients), coexisting diabetes, autoimmune disorders, contagious diseases, and pregnancy were excluded.

The investigation was approved by the Institutional Review Board of the University of Debrecen
(No. 3244–8/2011, No. 3722–2012) and by the Scientific and Research Ethics Committee, Medical
Research Council, Hungary [(693/PI/12.) 45038-1/2012/EKU]. The Code of Ethics of the World Medical
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Association and the ethical standards of the 2000 Revision of the Helsinki Declaration were respected.
Signed informed consent was obtained from all participating subjects.

Examination of the oral cavity and the head and neck region was performed by a licensed
dental and/or maxillofacial surgeon according to standard methods and criteria of the World Health
Organization [14]. Tooth decay was characterized using the DMFT index by calculating the number
of decayed (D), missing (M), and filled (F) teeth (T). Periodontal health was characterized by the
gingival index (GI) [15]. Suspicious lesions were removed or biopsied, and OSCC was verified by
histology investigating the hematoxylin- and eosin-stained slides. The histological differentiation grade
of OSCC was defined according to the classification of the World Health Organization (WHO) [16].
The staging was performed according to the 8th edition of the TNM classification of the International
Union Against Cancer [17]. Demographic and clinicopathological data, including age, sex, stage,
and grade of OSCC, DMFT, and GI indices, were recorded. The stage and grade of OSCC lesions
were not available from study subjects of the Pécs Center. Smoking and ethanol consumption habits
were recorded from consenting subjects as precisely as possible. Based on the information obtained,
we formed two groups in each category. Regarding smoking habits, we distinguished regular smokers
and non-smokers/occasional smokers (<10 cigarettes/day). Regarding ethanol consumption habits,
we formed two categories: people who consumed ethanol-containing beverages at least once a week
vs. those who drank less than once a week.

2.2. Saliva Collection and Processing

Unstimulated saliva samples were collected between 9:00 and 11:00 a.m. Patients and controls
refrained from eating, drinking, smoking, gum chewing, and performing oral hygiene measures for at
least 60 min before sampling. A minimum of 5.0 mL saliva was collected from each participant. Samples
were kept on ice throughout collection and processing. Samples were pushed five-times through
a 19 g needle then filtered (Millex 25 mm Durapore PVDF 5 μm Sterile, Merck KGaA, Darmstadt,
Germany). Three aliquots of 200 μL filtered saliva were mixed with 1 mL PAXgene® reagent in
cryotubes, for immediate stabilization of salivary RNA (PAXgene® Blood RNA Tubes, BD Biosciences,
Cat.No. 762165, BD Franklin Lakes, NJ, USA). Aliquots of 0.5 mL were pipetted from the remaining
saliva filtrate into cryotubes, for ELISA (Cryopure tube, SARSTEDT, Cat.No. 72.380, Nümbrecht,
Germany). The PAXgene®-stabilized and proteomic saliva samples were frozen within 60 min from
collection and stored at −70 ◦C until processing.

2.3. Reverse Transcription and Real-Time Quantitative PCR (qPCR)

Salivary RNA was isolated with the Direct-zol™RNA MiniPrep Plus Kit (Zymo research, Cat.No. R2072,
Irvine, CA, USA) according to the manufacturer’s instructions. RNA sample quality and concentration were
characterized by Nanodrop spectrophotometry and by the Agilent 2100 Bioanalyzer system. Expression of
IL-6 mRNA and two normalizing genes, GAPDH and ACTB, were quantified using qPCR with TaqMan®

assays on a QuantStudio™ 12K Flex Real Time PCR System (Applied Biosystem®, Thermo Fisher Scientific,
Waltham, MA, USA). Raw data analysis was performed using the ExpressionSuite Software v1.0.3 (Applied
Biosystem®). Samples with a high standard deviation of replicates, or with only one replicate giving a
signal in the qPCR assay were categorized as borderline, non-quantifiable-positive ones. Ct values of the
latter samples were set uniformly to 39 for the calculations and statistical analysis.

For qPCR efficiency correction, raw Ct values of cDNA serial dilutions (from HeLa total RNA) were
used to determine the slope of the assays, using the linear regression function of GraphPad Prism software
(GraphPad Software, Inc., CA, USA). PCR efficiency values were calculated, Ct values were corrected, and
data were normalized. qPCR efficiencies were as follows: IL-6 = 0.904, GAPDH = 0.814, ACTB = 1.03.
Cutoff Ct values (limit of quantitation; LOQ) for each TaqMan® assay were also determined in these
experiments. Detailed descriptions of RNA methods were provided as Supplementary data.
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2.4. Enzyme-Linked Immune-Sorbent Assay (ELISA)

IL-6 protein concentration in saliva samples of patients and controls was determined in duplicates
by the sandwich ELISA kit (Human ELISA Kit EK0410, Boster Biological Technology Co., Pleasanton,
CA, USA) according to the manufacturer’s instructions. Optical density was measured at 450 nm, and
concentrations were calculated based on the recorded 7-point calibration curve. LOQ for IL-t6 protein
concentration was 4.96 pg/mL.

2.5. Immunohistochemistry (IHC)

Sections obtained from 41 preexisting formalin-fixed and paraffin-embedded tissue blocks of
patients with proven OSCC from the Debrecen Center were microscopically reviewed by an independent
pathologist (BD). Since IHC labeling of preexisting tissue blocks did not interfere with salivary IL-6
mRNA and protein measurements, 15 samples from the previous pilot cohort were co-investigated
with the 26 samples collected in the course of the present investigation to increase sample size [12,13].
Serial sections were used for the detection of IL-6 manifestation in tumor cells and TILs by IHC, as
described in detail [18]. Briefly, mouse monoclonal antibodies (MoAb, clone 8H12; Invitrogen, Rockford,
IL, USA) to IL-6 (8H12; Invitrogen; Thermo Fisher Scientific, Rockford, IL, USA), CD3, CD4, CD20,
and CD163 (all from DAKO, Glostrup, Denmark) were used according to manufacturers’ instructions.
Peroxidase-conjugated anti-mouse secondary immunoglobulin was used with a peroxidase-based
detection kit (DAKO, Glostrup, Denmark) and VIP or DAB chromogenic substrates (Vector Labs,
Peterborough, UK) for visualization. Stained sections were digitalized using a Panoramic MIDI digital
slide scanner (3D-Histech-Zeiss, Budapest, Hungary) equipped with a Hitachi (HV-F22CL) 3CCD
camera. Image analysis was performed by the HistoQuant application of Panoramic viewer software
1.15.2 (3D-Histech, Budapest, Hungary) as described [19].

2.6. Statistical Analysis

Distribution of demographic characteristics and clinical parameters of patients and controls were
described by mean values and standard deviations (SD) for continuous variables. One-way ANOVA for
continuous and chi-square test for non-continuous variables were used to check for uneven distribution
of patients’ parameters between controls and cases. Statistical computation was carried out by IBM
SPSS Statistics version 20 (IBM SPSS Statistics for Windows, Version 20.0, Armonk, NY, USA).

In describing the expression of IL-6 mRNA and IL-6 protein, mean values and standard errors
(SE) were computed. Differences between patients and controls were assessed with GraphPad Prism,
using the Mann-Whitney U-test on the efficiency-corrected, normalized IL-6 mRNA expression values,
and IL-6 protein concentration values.

Receiver Operating Characteristic (ROC) curve analysis was carried out on the same data with
GraphPad Prism to evaluate the discrimination properties of IL-6 mRNA and IL-6 protein, and the
area under the curve (AUC) was determined.

Multivariate linear regression models were applied to investigate the influence of patients’ age, sex,
DMFT score, GI score, smoking, and ethanol consumption on IL-6 mRNA and IL-6 protein concentrations.
Before modeling, IL-6 mRNA and IL-6 protein concentrations were ln-transformed because of these
parameters showed right-tailed distribution. The normal distribution of ln transformed values was
checked by the Kolmogorov-Smirnov test. Results were described by linear regression coefficients with the
corresponding p-values. Statistical computation was carried out by IBM SPSS Statistics version 20.

3. Results

3.1. Characteristics of Study Participants

Demographic and clinicopathological characterization of 95 patients with newly diagnosed and
histologically-verified OSCC and 80 age-matched controls were summarized in Table 1. There were more
males (N = 60) than females (N = 35) among patients with OSCC, resulting in a significant difference
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in sex distribution between the patient and control groups. The patient group was characterized
by significantly higher DMFT scores than the group of controls. Smoking and ethanol consumption
were significantly more frequent among patients than controls. Both IL-6 mRNA and IL-6 protein
determination were successfully performed in 53 patient samples. Twenty-one and 21 samples, each,
from different patients were suitable for either IL-6 mRNA or IL-6 protein measurements. In the case
of the 80 controls, the number of successful salivary analyses were as follows, IL-6 mRNA and IL-6
protein: 55, IL-6 mRNA only: 9, and IL-6 protein: only 16 (Table S1: Demographic, clinicopathological
characterization, and IL-6 mRNA and IL-6 protein levels of individual patients with OSCC and controls).

Table 1. Demographic and clinicopathological characterization of patients with oral squamous cell
carcinoma (OSCC) and control subjects.

- Patients (N = 95) Controls (N = 80) P

Sex
Male 60 (63%) 30 (37%)

0.004 *Female 35 (37%) 50 (63%)
Age (years; mean ± SD) 61.7 ± 9.8 61.7 ± 9.2 0.982 **

OSCC stage

N = 70

St I 14 (20%) – na ***
St II 22 (31%) – na ***
St III 13 (19%) – na***
St IV 21 (30%) – na ***

Histological grade

N = 70
G1 17 (24%) – na ***
G2 42 (60%) – na ***
G3 11 (16%) – na ***

DMFT (N; mean ± SD) 64; 27.6 ± 6.4 47; 24.8 ± 6.9 0.011 **
GI (N; mean ± SD) 36; 0.53 ± 0.49 41; 0.42 ± 0.34 0.79 **

Ethanol
consumption

at least once a week 46 (48%) 14 (30%)
0.035 *less than once a week 49 (52%) 33 (70%)

Smoking regular smoking 62 (65%) 8 (17%)
<0.001 *non-smoker or occasional smoker 33 (35%) 40 (83%)

N = number of patients * chi-square test; ** t-test; *** not applicable.

3.2. Salivary IL-6 mRNA and IL-6 Protein Expression

Saliva samples of 74/95 patients and 64/80 controls were suitable for qPCR. The majority of
saliva samples from patients were positive for IL-6 mRNA. Initially, there were 18 samples with no
quantifiable results. Reverse transcription and qPCR of these cases were repeated, resulting in 71
quantifiable results of 74 IL-6 mRNA samples from patients with OSCC. In contrast, 46 of 64 control
samples were non-quantifiable (36 negative, and 10 borderline positive samples) for IL-6 mRNA
expression, even in the repeated measurements. Normalized salivary IL-6 mRNA expression values
were significantly higher in the group of patients with OSCC than in controls. The difference remained
significant when subgroups of patients with different stages and grades were compared with controls
(Table 2, Figure 1A). There were no significant differences in IL-6 mRNA expression between subgroups
of patients with different stages and grades (data not shown). To test the sensitivity and specificity of
salivary IL-6 mRNA as a diagnostic biomarker for OSCC, an ROC curve analysis was performed, and
the AUC was calculated. The AUC for IL-6 mRNA was 0.9379 (p < 0.001; 95% confidence interval:
0.8973–0.9795; sensitivity: 0.945; specificity: 0.819) (Figure 1C).
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Table 2. Differential expression of IL6 mRNA and IL6 protein in the saliva of patients with OSCC
and controls.

IL-6 mRNA Normalized Values IL-6 Protein [pg/mL]

Sample N mean SE p * N mean SE p *
OSCC
St I-II 31 1.634 0.400 <0.001 30 59.72 18.09 <0.001

St III-IV 23 23.694 19.850 <0.001 28 102.44 28.22 <0.001
G1 9 1.440 0.501 <0.001 16 39.08 10.92 0.005
G2 34 16.327 13.550 <0.001 35 102.56 26.24 <0.001
G3 11 2.505 1.540 <0.001 7 63.58 22.45 0.010

Total 74 3.301 0.885 <0.001 74 70.98 14.06 <0.001
Control 64 0.037 0.012 71 12.45 3.29

* Statistical comparison (Mann-Whitney U-test) of indicated groups of patient and control samples. There were
no significant differences either in IL6 mRNA or IL6 protein expression between different subgroups of patients
according to tumor stages and grades.

Figure 1. Salivary IL-6 mRNA and IL-6 protein expression. Expression of normalized salivary IL-6
mRNA (A) and salivary IL-6 protein (B) in patients with OSCC and controls. The horizontal lines
indicate the mean. The p values are derived from the Mann-Whitney U test. Differences between Tumor
and Control groups proved significant at p < 0.001 for both salivary IL-6 mRNA normalized values and
for salivary IL-6 protein concentrations (p < 0.05 was considered significant). Dotted lines indicate the
limit of quantification (LOQ). Receiver operating characteristic (ROC) curves for diagnostic ability of
IL-6 mRNA (C) and protein (D) levels in saliva for OSCC. AUC for IL-6 mRNA = 0.9379 (p < 0.001;
95% confidence interval: 0.8973–0.9795; sensitivity: 0.945; specificity: 0.819); AUC for IL-6 protein =
0.6981 (p < 0.0001; 95% confidence interval: 0.6105–0.7858; sensitivity: 0.622; specificity: 0.789).

IL-6 protein concentration was measured in 74 suitable salivary samples of 95 patients and in 71/80
controls. Patients with OSCC, both the total patient group and subgroups of patients according to stages and
grades, had statistically significantly higher IL-6 concentrations than controls (Table 2, Figure 1B). There were
no significant differences in IL-6 protein concentrations of subgroups of patients with different stages and
grades. There was a partial overlap between the distribution of the salivary IL-6 protein concentration of
the patient and the control groups (Figure 1B). Using ROC analysis, salivary IL-6 protein concentration
successfully identified patients with OSCC. The AUC for IL-6 protein was 0.6981 (p< 0.0001; 95% confidence
interval: 0.6105–0.7858; sensitivity: 0.622; specificity: 0.789) (Figure 1D).

According to the multivariate linear regression analysis, the age and DMFT score had significant
associations with ln transformed IL-6 mRNA expression levels. Sex, GI scores, alcohol consumption,

102



J. Clin. Med. 2019, 8, 1958

and smoking exhibited no statistically significant association either with salivary IL-6 RNA or IL-6
protein expression (Table 3).

Table 3. Associations between demographic variables, gingival inflammation status, ethanol
consumption, and smoking habits and ln-transformed salivary levels of IL-6 mRNA and IL-6 protein
according to multivariate linear regression analysis.

In Transformed IL-6 mRNA In Transformed IL-6 Protein

Adjusted linear
regression
coefficient

p-value
Adjusted linear

regression
coefficient

p-value

Sex female/male −0.181 0.1 −0.159 0.11
Age Year 0.234 0.037 0.174 0.094

DMFT 0.234 0.037 0.174 0.094
Gingival index 0.094 0.488 0.201 0.1

Alcohol consumption
at least once a
week/less than 0.561 0.07 −0.1 0.375

once a week
Smoking

regular smoking
non-smoker or −0.134 0.232 0.005 0.959Occasional

smoker

Significant associations are indicated in bold characters.

3.3. IL-6 Protein Expression in OSCC Tumor Tissue

We performed an IHC investigation of the neoplastic lesions so as to see if the IL-6 mRNA and
protein detected in the saliva of patients with OSCC might be produced by cells in the tumor tissue.
We detected a positive IL-6 reaction in 28/41 (68%) samples. In 16/41 samples, neoplastic cells were
stained positively, and in 26/41 samples, there were detectable IL-6 protein expression in TILs (Figure 2).
TILs consisted mostly of neutrophil granulocytes, CD163-positive macrophages, and CD3-positive
T-lymphocytes. Occasionally, CD20-positive B-lymphocytes, plasma cells, and eosinophil granulocytes
were found. CD4-positive T-cells predominated over CD8-positive T-cells. The CD4:CD8 ratio was 2:1
in 30/41 (73%) of cases. We noted a CD4:CD8 inversion (CD4:CD8 < 1:2) in 5/41 (12%) cases without
signs of tumor cell destruction.
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Figure 2. IL-6 protein expression in OSCC tumor tissue. Images from a representative tissue sample
exhibiting OSCC with moderate differentiation grade (G2). (A) Abundant peri- and intratumoral
tumor-infiltrating leukocytes (TILs) surrounding and intermixed with tumor cells (hematoxylin-eosin
staining). (B) A region of a representative tumor sample showing many IL-6-positive TILs, whereas cancer
cells are negative for IL-6 staining. (C) Another region of the same representative tumor sample with large
squamous carcinoma cells exhibiting IL-6 positivity. Original magnification for all three images is 20×.
Horizontal bars indicate 20 μm. Images (B) and (C) represent the immunohistochemistry (IHC) reaction
using the peroxidase-based technique with VIP chromogen, as described in Materials and Methods.

4. Discussion

The aim of the present investigation was to validate salivary IL-6 mRNA and protein as a
diagnostic biomarker of OSCC. Saliva samples from patients with histologically proven, newly
diagnosed OSCC were collected from tertiary treatment centers representing each geographic region of
Hungary. The age distribution of patients was similar to previously reported Hungarian regional and
nation-wide epidemiologic data. The predominance of female patients with 37% and the prevalence of
advanced patients (stage 3 and 4: 62%) in the present investigation was more expressed than observed
previously [1,12,20,21]. Although the distribution pattern of histological differentiation grades (G2 >
G1 > G3) was similar as that reported in a previous North-Eastern Hungarian cohort, the ratio of less
differentiated grades (G2 and G3) was slightly higher but the same as in the preliminary institutional
pilot investigation [12,20].

Salivary IL-6 was chosen as the potentially best-performing biomarker from 9 mRNA and 14
protein molecules tested in a small-scale pilot cohort of patients from one of the participating centers
(Debrecen) [12,13]. Results on quantitatively determined salivary IL-6 mRNA transcripts have not yet
been published prior to our previous pilot cohort and the present multi-center study investigating the
largest number of patients with OSCC. Earlier only one study reported on the expression of salivary
IL-6 mRNA in patients with OSCC; however, the level of expression was not quantified [22]. We found
IL-6 mRNA transcripts by qPCR in 71 of 74 saliva samples of patients with OSCC. In contrast, only
18 of 64 control saliva samples contained quantifiable levels of IL-6 mRNA transcripts, and there
was a statistically significant difference in the expression levels of normalized IL-6 mRNA transcripts
between patients and controls. With an AUC value of 0.9379 of the ROC curve, IL-6 mRNA is one of
the best-performing salivary OSCC biomarkers reported so far [10,23–25].

At the protein level, salivary IL-6 was reported most consistently to distinguish between patients
with OSCC and controls with different geographic and ethnic backgrounds. Results with other
salivary protein biomarkers were found less coherent [11]. We observed significantly higher IL-6
protein concentrations in the saliva of patients with OSCC vs. controls; however, there was a partial
overlap between the distribution of salivary IL-6 concentrations of patients and controls, resulting in
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a less favorable AUC value of the ROC curve than with salivary IL-6 mRNA. Similar salivary IL-6
concentrations to our results were observed in patients with OSCC by other investigators [4,26–35].
The attempt at normalizing salivary IL-6 protein concentration for salivary total protein concentration
abolished the significant difference of salivary IL-6 manifestation observed between patients and
controls (data not shown). IL-6 is a low-abundance salivary protein with a concentration in the pg/mL
range, whereas salivary total protein concentration is in the mg/mL range and the low signal-to-noise
ratio might obscure differences [32]. Moreover, salivary albumin, a high-abundance salivary protein,
was reported to correlate with OSCC, similar to IL-6, which may further compromise normalized
results [35]. In addition to OSCC, salivary IL-6 protein concentration was investigated in oral
premalignant lesions (OPML). The majority of investigators found significantly increased salivary IL-6
protein concentrations in patients with OPML when compared to controls, although the concentration
was less excessively elevated in OPML than in OSCC samples [26,34,36,37]. In contrast, Brailo et
al. found significantly elevated IL-6 protein concentrations in salivary samples from patients with
OSCC but not with OPML [31], suggesting that further studies are requested before establishing a
discriminatory role of salivary IL-6 protein between OSCC and OPML. Since data on salivary IL-6
mRNA in patients with OPML are lacking, we can either confirm or refute if salivary IL-6 mRNA,
although remarkably sensitive for OSCC, would be proven specific for OSCC as compared to OPML.

Few groups investigated salivary IL-6 expression in association with various tumor stages and
differentiation grades. In our study, differences both in salivary IL-6 mRNA and protein expression
levels remained significant when comparing subgroups of patients with OSCC according to the stage
and grade of their disease with controls, and there were no differences between distinct subgroups of
patients. Similar results were reported by Sato et al. and Lisa Cheng et al. [29,32]. Three other groups
observed higher salivary IL-6 concentration in patients with advanced lesions [27,32,33].

Conflicting results were reported on the potential influence of age, sex, smoking, and ethanol
consumption habits on salivary IL-6 protein concentration in patients with OSCC [27,29,31,33,36].
Using linear regression analysis, we found significant associations between age and DMFT scores and
salivary IL-6 mRNA expression confirming the results of our previous pilot studies, suggesting the
influence of oral health on salivary OSCC biomarkers [12,13]. Yet, the separation between salivary
mRNA levels of patients with and without OSCC is robust enough to maintain its value as an OSCC
biomarker. Sex, smoking, and ethanol consumption did not bias the expression of either salivary IL-6
mRNA or IL-6 protein.

In a search for the source of elevated salivary IL-6 levels in patients with OSCC, we investigated
the expression of IL-6 protein in the tumor tissue. In the majority of cases, tumor cells, and TILs were
positive for IL-6 staining. Similar observations were reported in one publication [38]. These results,
together with experimental evidence, suggest that a paracrine loop of stimulation may exist between
neoplastic and nonmalignant cells of the tumor microenvironment [39,40]. The positive feedback loop
of stimulation may explain the significant upregulation of salivary IL6 expression in patients with
OSCC both at the mRNA and protein level when compared to controls. Thus, the IL-6-IL-6 receptor
interaction may offer therapeutic targets in OSCC [41].

In conclusion, salivary IL-6 mRNA is a robust biomarker for OSCC in the Hungarian population
in comparison with tumor-free control persons. However, caution is warranted before claiming the
specificity of this biomarker without investigating salivary IL-6 mRNA in patients with OPML. Further
investigations, involving patients from different ethnic groups and geographic regions may prove the
value of quantitative salivary IL-6 mRNA expression as a general OSCC biomarker. The relevance
of salivary IL-6 mRNA in OSCC was supported by the significantly elevated salivary IL-6 protein
concentration in patients with OSCC vs. controls. Moreover, intratumor IL-6 production both by tumor
cells and TILs, detected by IHC, may serve as a likely source of salivary IL-6 mRNA and protein in
patients with OSCC.
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Abstract: Background. Human papillomavirus (HPV) infection has been recognized as an important
risk factor in cancer. The purpose of this systematic review and meta-analysis was to determine
the prevalence and effect size of association between salivary HPV DNA and the risk of developing
oral and oropharyngeal cancer. Methods. A systematic literature search of PubMed, EMBASE,
Web of Science, LILACS, Scopus and the Cochrane Library was performed, without language
restrictions or specified start date. Pooled data were analyzed by calculating odds ratios (ORs) and
95% confidence intervals (CIs). Quality assessment was performed using the Newcastle–Ottawa Scale
(NOS). Results. A total of 1672 studies were screened and 14 met inclusion criteria for the meta-analysis.
The overall prevalence of salivary HPV DNA for oral and oropharyngeal carcinoma was 43.2%, and the
prevalence of salivary HPV16 genotype was 27.5%. Pooled results showed a significant association
between salivary HPV and oral and oropharyngeal cancer (OR = 4.94; 2.82−8.67), oral cancer
(OR = 2.58; 1.67−3.99) and oropharyngeal cancer (OR = 17.71; 6.42−48.84). Significant associations
were also found between salivary HPV16 and oral and oropharyngeal cancer (OR = 10.07; 3.65−27.82),
oral cancer (OR = 2.95; 1.23−7.08) and oropharyngeal cancer (OR = 38.50; 22.43−66.07). Conclusions.
Our meta-analysis demonstrated the association between salivary HPV infection and the incidence of
oral and oropharyngeal cancer indicating its value as a predictive indicator.

Keywords: human papillomavirus; oral cancer; oropharyngeal cancer; saliva; meta-analysis
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1. Introduction

Human papillomavirus (HPV) infection has been recognized as an important risk factor in a subset
of head and neck squamous cell carcinomas, independently of traditional risk factors such as tobacco
or alcohol use [1,2]. Globally, around 38,000 cases of head and neck cancer are attributed to the HPV
infection. Of these, around 76% are cases of oropharynx cancer, 12% of oral cavity cancer and 10% of
larynx cancer [3]. Currently, it is well known that HPV-status determines the molecular landscape of
these tumors and their clinical evolution, with a better prognosis and response to therapy being found
in HPV-positive patients [4,5].

HPVs are small, non-enveloped, close-circular, double-stranded DNA viruses of approximately
8000 base-pairs which present a specific tissue tropism infecting epithelial cells of the skin and mucosae
of the anogenital and upper aero-digestive tract [6]. More than 200 different HPV types have been
identified and classified into low-risk and high-risk according to their oncogenic potential. In this sense,
high-risk HPV (HR-HPV) can promote the malignant transformation of HPV-infected cells through
E6 and E7 viral oncoproteins, responsible for inactivating the TP53 and Rb (retinoblastoma tumor
suppressor gene) [7]. A subset of 12 alpha HR-HPV (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59)
has been classified as carcinogenic to humans according to the International Agency of Research in
Cancer [8]. HR-HPV is considered the main cause of cervical cancer, genotypes 16 and 18 being
responsible for 70% of cases [9]. In addition, several studies have also demonstrated the pathogenic
role of HPV in other anogenital cancers [10–12] as well as in head and neck cancers [13]. Currently,
HPV16 is widely recognized as an etiological factor in oropharynx tumors [14], however, not enough
evidence exists regarding the HPV relationship and the anatomic subsites of head and neck squamous
cell carcinoma [15].

Nowadays, a variety of molecular biological methods have been developed for the detection and
genotyping of HPV at DNA, mRNA, and protein levels by polymerase chain reaction (PCR), real-time
PCR, in situ hybridization, immunohistochemistry and serum antibody assays [16]. In addition,
next-generation HPV sequencing approaches provide accurate information on genotype composition
and pathways to better understand functional consequences [17]. Certain collection approaches present
difficulties. For example, tumoral tissue biopsy is invasive and tumors may be inaccessible. For its
part, the collection of oral exfoliated cells with cotton swabs or cytobrush is restricted to a specific and
accessible oral area, making collection difficult for non-visual tumors and early molecular alterations.
To overcome these drawbacks, the detection of HPV in oral exfoliated cells from saliva (with or without
oral rinses) represents a quick and easy non-invasive alternative for oral and oropharyngeal cancer
screening in high-risk populations. In this sense, several researchers have analyzed the prevalence of
salivary HPV DNA from head and neck cancer, however, to our knowledge, no previous systematic
review has elucidated evidence of this relationship. Therefore, the aim of the present systematic review
and meta-analysis was to determine the prevalence and effect size of association between salivary HPV
DNA and the risk of developing oral and oropharyngeal cancer.

2. Materials and Methods

2.1. Protocol and Registration

This study was conducted according to Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines [18] and the protocol was registered with the International
Prospective Register of Systematic Reviews (reference No. CRD42020161345).

2.2. Search Strategy and Study Selection

The systematic literature search was performed in PubMed, EMBASE, Web of Science, LILACS,
Scopus and the Cochrane Library through 9 January 2020, without language restrictions or specified
start date. The following combinations of keywords and medical subject headings were used: (human
papilloma virus OR HPV) AND (saliva OR oral rinses OR mouthwash) AND (oral squamous
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cell carcinoma OR OSCC OR oropharyngeal squamous cell carcinoma OR OPSCC OR oral cancer
OR oropharyngeal cancer). All studies were screened based on the title and abstract, and eligible
manuscripts were retrieved for full-text review. Additionally, we manually searched the reference lists
in each original and review article in order to avoid missing potential studies. The literature search
was performed independently by two researchers (ORG and MMSC), and any disagreements were
resolved by consensus. The studies selected through the search strategy and other references were
managed using RefWorks software, and duplicated items were removed using the associated tools.

2.3. Eligibility Criteria

We included the studies that met the following criteria: (1) case-control studies of patients with
oral and/or oropharyngeal cancer and healthy controls, (2) HPV DNA prevalence determined in
salivary samples (whole saliva or oral rinses), and (3) sufficient data to calculate odds ratios (ORs)
with 95% confidence intervals (CIs). The exclusion criteria were as follows: (1) in vitro or animal
study, (2) reviews, letters, personal opinions, book chapters, case reports, and conference abstracts,
and (3) duplicate articles or suspicion of data overlap.

2.4. Protocol and Registration

Two researchers (ORG and MMSC) independently assessed each eligible manuscript, extracted
data using a pre-established form, and collated the data into a Microsoft Excel spreadsheet (Microsoft
Corp. Redmond, WA, USA). Any disagreement among reviewers was resolved by consensus.
The following information was extracted from each study: author, publication year, country, type of
sample, method of collection, tumor location, sample size, HPV detection method, number of cases
and HPV-positive cases, number of controls and HPV-positive controls, HPV-positive genotypes,
overall HPV DNA prevalence (number of subjects testing positive for any HPV type) and type-specific
HPV DNA prevalence (number of subjects testing positive for specific HPV types: HPV16 or HPV18,
HR-HPV and LR-HPV). If the required data were incomplete, attempts were made to contact the
authors to obtain the missing information.

2.5. Assessment of Risk Bias

The Newcastle-Ottawa Scale (NOS) [19] was used to evaluate the individual quality of the selected
studies by three independent researchers (ORG, ARF, and MMSC), and discrepancies were resolved
by consensus. The NOS assesses the quality of non-randomized studies based on design, content
and ease of use directed to the task of incorporating the quality assessments in the interpretation of
meta-analytic results. This ‘star system’ consists of 8 items classified into three broad perspectives:
the selection of study groups; the comparability of the groups; and the ascertainment of either the
exposure or outcome of interest for case-control or cohort studies. The highest quality studies were
allotted a maximum of one star for each item, except for, the item related to comparability, which was
allowed the assignment of a maximum of two stars. The NOS score ranged from 0 to 9 stars and
validity criteria were as follows: 8–9, high quality; 6–7, medium quality; <5 low quality.

2.6. Statistical Analysis

Statistical analysis was conducted using the meta package of free R software (v.3.6.2; https:
//www.r-project.org). Firstly, to evaluate the statistical model applied to the meta analytic database,
heterogeneity was assessed using the Cochran’s Q statistic test-based Chi-squared test and I2 statistics.
Heterogeneity was considered significant when I2 > 50% and/or presence of a p < 0.10 for the Cochran’s
Q test. The prevalence of HPV DNA and HPV genotypes in oral and/or oropharyngeal cancer was
calculated using fixed or random effects depending on the heterogeneity. The relationship between
saliva HPV DNA infection and oral and/oropharyngeal cancer risk was evaluated by pooled odds ratio
(OR) and 95% confidence intervals (CIs) comparing cases to controls. If significant heterogeneity was
detected, the DerSimonian and Laird random-effects model was applied to calculate the pooled OR
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with 95% CIs; otherwise, the Mantel–Haenszel fixed-effects model was used. Then, subgroup analyses
were performed to explore the potential sources of heterogeneity among studies according to the
anatomic tumor location and HPV genotypes. Additionally, publication bias was checked with Begg’s
and Egger’s tests and by visual inspection in funnel plots demonstrating the relationship between the
individual log ORs and their standard errors [20,21]. p-values of <0.05 were considered to indicate
statistical significance.

3. Results

3.1. Study Selection

A total of 1669 articles were identified across the six electronic databases and three additional
reports from the reference lists. After removing duplicates, a total of 1542 articles were screened based on
the title and abstract, and 1494 were excluded for lack of adherence to our inclusion criteria. Therefore,
full-text articles were retrieved for the remaining 48 articles. After a full-text review, 34 articles were
excluded for the following reasons: non case-control studies (22); controls under risk conditions (2);
suspicious of data overlap (3); insufficient data (3); and reviews, letters, and meta-analysis (4). Finally,
14 articles met all the inclusion criteria and were included in the final analysis. A detailed flowchart
showing the selection process is shown in Figure 1.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow
diagram of the literature selection process, including identification, screening, eligibility and total
studies included in qualitative and quantitative synthesis.

3.2. Study Characteristics

Individual characteristics of the included studies are summarized in Table 1. A total of 14 articles
evaluating HPV prevalence in oral and/or oropharyngeal cancer were included in this meta-analysis,
and these studies were carried out from 2005 to 2019. Study sample sizes ranged from 42 to 677 subjects.
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The study units in this meta-analysis comprised a total of 2320 cases (658 from the oral cavity, 1160 from
the oral cavity plus oropharynx and 502 from the oropharynx), and 5868 controls (2210 from the oral
cavity, 2304 from the oral cavity plus oropharynx and 1354 from the oropharynx). As reported in Table 1,
four studies were conducted in India [22–25], three in the USA [26–28], and two in Sweden [29,30],
whereas the remaining studies were carried out in the following countries: Canada [31], France [32],
Hungary [33], Pakistan [34], and Iran [35]. In terms of sampling, oral rinses and saliva (n = 7, 50%,
respectively) were analyzed for HPV positivity and genotyping. The methods most used for saliva
HPV-DNA determination were conventional PCR, nested PCR and quantitative PCR. However,
other analytical strategies such as next generation sequencing or immunoassays were also employed
for salivary HPV genotyping (Table 1).

3.3. Study Quality

Assessment of risk of bias and quality was performed according to NOS (Table S1). Regarding
the selection domain, adequate description about characteristics and selection criteria for cases and
controls were provided by all of the included studies. Regarding the comparability domain, six out
of the 14 studies matched for age and at least one additional factor. Insofar as the exposure domain,
few studies reported the blinding of analyses or non-response rates. The mean NOS score in our
meta-analysis was six.

3.4. Meta-Analysis

3.4.1. Salivary HPV Association with Oral and Oropharyngeal Cancer

Overall, the prevalence of salivary HPV for oral and oropharyngeal carcinoma was of 43.2%
(n = 1160) while the infection rate in the healthy control group was of 8.9% (n = 2304). Salivary HPV16
was the most common type of HPV DNA positive cases (n = 1116), representing 27.5% (Figure 2).

 
Figure 2. Schematic drawing of salivary HPV and prevalence of oral and/or oropharyngeal cancer.
Oral tissue sheds pathogen-infected cells containing different HPV DNA genotypes (HPV16, HPV18,
HR-HPV, and LR-HPV) into saliva (with or without oral rinses). The prevalence of salivary HPV DNA
varied according to anatomic tumor location, showing the highest infection rate in oropharyngeal
carcinomas. In addition, the type-specific prevalence in saliva was also different according to the
anatomic tumor location.
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Our meta-analysis included a total of 1160 cases and 2304 controls. The pooled analysis showed
a significant association between positive salivary HPV DNA status and oral and oropharyngeal cancer
with a pooled OR of 4.94 (95% CI = 2.82−8.67; p < 0.01) (Figure 3).

Figure 3. Forest plot for the studies on the association between salivary HPV and oral and oropharyngeal
cancer. The squares indicate the ORs (odds ratios) in each study, with square sizes inversely proportional
to the standard error of the OR. The diamond shape indicates the pooled ORs. Horizontal lines represent
95% CIs (confidence intervals), I2 > 50% indicates severe heterogeneity.

A random-effects model was used because heterogeneity was identified among the 14 studies
(I2 = 82%). Visual inspection of the funnel plot revealed a symmetrical (Egger’s test, p = 0.159; Begg’s
test, p = 0.298) distribution of the studies, indicating no evidence of publication bias (Figure 4).

Figure 4. Funnel plot for studies (of 14 studies) on the association between salivary HPV and oral and
oropharyngeal cancer. The vertical line represents the pooled OR using random-effect meta-analysis.
Two diagonal lines represent (pseudo) 95% confidence limits around the OR for each standard error
on the vertical axis. In the absence of heterogeneity, 95% of the studies should lie within the funnel
defined by these diagonal lines. Abbreviations: se OR, standard error of odds ratio.
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For the type-specific analysis (Figure 5), salivary HPV16 showed a significant association with
a pooled OR of 10.07 (95% CI = 3.65−27.82; p < 0.01). However, salivary HPV18 did not show
any significant increased risk for oral and oropharyngeal cancer with a pooled OR of 1.80 (95%
CI = 0.66−4.90). In addition, a significant association was found for salivary HR-HPV with OR of 5.94
(95% CI = 2.78−12.69; p < 0.01), whereas salivary LR-HPV did not show any significant increased risk
with OR of 1.45 (95% CI = 0.70−2.98). The respective funnel plots are represented in Figures S1–S4.

Figure 5. Forest plot for the studies on the association between salivary HPV and oral and oropharyngeal
cancer. The squares indicate the ORs in each study, with square sizes inversely proportional to the
standard error of the OR. The diamond shape indicates the pooled ORs. Horizontal lines represent 95%
CIs. I2 > 50% indicates severe heterogeneity. (a) HPV16, (b) HPV18, (c) HR-HPV, and (d) LR-HPV.
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3.4.2. Type-Specific Salivary HPV Association with Oropharyngeal Cancer

Our subgroup meta-analysis consisted of eight studies, including 502 cases and 1354 controls.
In the pooled analysis, salivary HPV DNA infection and oropharyngeal cancer showed a significant
association with a pooled OR of 17.71 (95% CI = 6.42−48.84; p < 0.01) (Figure 6).

Figure 6. Forest plot for the studies on the association between salivary HPV and anatomic tumor
subsites. The squares indicate the ORs in each study, with square sizes inversely proportional to the
standard error of the OR. The diamond shape indicates the pooled ORs. Horizontal lines represent 95%
CIs. I2 > 50% indicates severe heterogeneity. (a) Oral Cancer and (b) Oropharyngeal Cancer.

According to type-specific analysis (Figure 7), salivary HPV16 showed a significant association
with a pooled OR of 38.50 (95% CI = 22.43−66.07; p < 0.01) whereas salivary HPV18 showed no
significant association with a pooled OR of 1.92 (95% CI = 0.63−5.91). In addition, a significant
association was found for salivary HR-HPV with a pooled OR of 26.69 (95% CI = 3.46−206.17; p < 0.01)
whereas no significant association was found for salivary LR-HPV with a pooled OR of 2.08 (95%
CI = 0.75−5.81). Their respective funnel plots are shown in Figures S5–S9.
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Figure 7. Forest plot for the studies on the association between salivary HPV and oropharyngeal cancer.
The squares indicate the ORs in each study, with square sizes inversely proportional to the standard
error of the OR. The diamond shape indicates the pooled ORs. Horizontal lines represent 95% CIs.
I2 > 50% indicates severe heterogeneity. (a) HPV16, (b) HPV18, (c) HR-HPV, and (d) LR-HPV.

3.4.3. Type-Specific Salivary HPV Association with Oral Cancer

Our subgroup meta-analysis consisted of 12 studies, including 658 cases and 2210 controls.
In the pooled analysis, salivary HPV DNA infection and oral cancer showed a significant association
with a pooled OR of 2.58 (95% CI = 1.67−3.99; p < 0.01) (Figure 6). According to type-specific
analysis (Figure 8), salivary HPV16 showed a significant association with a pooled OR of 2.95 (95%
CI = 1.23−7.08; p = 0.02), whereas no significant association was observed for salivary HPV18 with
a pooled OR of 1.51 (95% CI = 0.45−5.15). In addition, a significant association was observed for
salivary HR-HPV with a pooled OR of 4.44 (95% CI = 2.47−7.98; p < 0.01). However, salivary LR-HPV
did not show any significantly increased risk for oral cancer with OR of 1.79 (95% CI = 0.67−4.74).
Their respective funnel plots are shown in Figures S10–S14.
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Figure 8. Forest plot for the studies on the association between salivary HPV and oral cancer. The squares
indicate the ORs in each study, with square sizes inversely proportional to the standard error of the OR.
The diamond shape indicates the pooled ORs. Horizontal lines represent 95% CIs. I2 > 50% indicates
severe heterogeneity. (a) HPV16, (b) HPV18, (c) HR-HPV, and (d) LR-HPV.

4. Discussion

In the present study the overall pooled prevalence of salivary HPV-related to oral and
oropharyngeal cancer was 43.2%. Similarly, a meta-analysis based on 11 case-control studies evaluating
the HPV infection in oral and oropharyngeal cancer found an HPV DNA prevalence of 39.27% [36].
In terms of anatomic tumor location, we observed the highest prevalence of salivary HPV in
oropharyngeal cancer (51.9%), whereas the overall percentage in the oral cavity was 32.5%. Similarly,
a large comprehensive meta-analysis based on data from 148 studies estimated a pooled HPV DNA
prevalence of 45.8% in oropharynx tumors and 24.5% in oral cavity tumors [37]. Although our
meta-analysis did not evaluate HPV DNA prevalence in different oropharynx subsites, evidence shows
that HPV is most prevalent in tonsils and base of tongue cancers compared to tumors located in walls
of oropharynx, uvula and soft palate [38].

Overall, in our study, salivary HPV16 was the most commonly detected oncogenic type, accounting
for around 28% of cases. As we expected, salivary HPV16 showed a higher prevalence in oropharyngeal
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cancer (39.6%) than oral cancer (18.6%), in accordance with previous studies [37,39,40]. In particular,
the salivary HPV16 prevalence in our study was slightly higher in oral cancer than reported in
a meta-analysis by Nydiae et al. [37] (18.6% vs 14.9%), however, other authors have reported higher
rates of HPV16 prevalence in oral carcinoma, ranging from 20% to 50% [41–43]. Salivary HPV18
was another oncogenic HPV type commonly evaluated by the included studies. Unlike salivary
HPV16, HPV18 positivity was found much less frequently, with an overall prevalence of 2.3%. Salivary
HPV18 prevalence was even lower in oropharynx tumors (1.7%) as compared to oral cavity tumors
(2.7%). One plausible explanation for the decreased prevalence of salivary HPV18 in both oral and
oropharyngeal cancers is its specific tropism for glandular tissue and adenocarcinomas, while most head
and neck cancers are predominantly of the squamous cell carcinoma type [44]. In addition, HR-HPV has
developed a variety of mechanisms facilitating HPV evasion of recognition and clearance by the host
immune system [45], which probably contributes to the different viral persistence in each of the anatomic
regions of the head and neck. As in our study, Kreimer et al. [40] and Ndyae et al. [37] also found
a low HPV18 prevalence in oropharynx tumors (1% and 0.7%, respectively), however, these studies
reported a higher HPV18 prevalence in oral cancer (8% and 5.9%, respectively). These differences could
be explained by the effect on HPV prevalence of different covariates such as geographical location,
lifestyles (alcohol, tobacco or sexual activity), sample size, types of samples and methods used for
HPV detection.

To the best of our knowledge, this is the first meta-analysis evaluating the association between
salivary HPV and oral and/or oropharyngeal cancer. The pooled OR showed that oral and oropharyngeal
cancer patients had an almost five-fold higher risk of HPV infection than controls. A previous
meta-analysis evaluating the presence of HPV in oral and oropharyngeal cancer detected by different
methods (histopathology, serum analysis, and cytopathology using OralCDx or oral swishes) reported
a significant association with an OR of 2.82 [36]. Overall, our results indicate that salivary HPV causes
a higher risk of oral and oropharyngeal carcinogenesis. In addition, we also conducted different
subgroup analysis to evaluate the impact of HPV infection on cancer risk according to anatomic tumor
location and HPV genotypes. We stratified the salivary HPV studies by anatomical location observing
a stronger association between salivary HPV and oropharynx tumors compared to oral cavity tumors.
Similarly, Shaik et al. performed a comprehensive metanalysis of HPV-associated head and neck
cancers, reporting the highest association for oropharyngeal cancer, with an OR of 14.66, whereas oral
cavity and laryngeal cancers had ORs of 4.06 and 3.23, respectively [46]. In addition, we evaluated
type-specific salivary HPV risk associated with oral and oropharyngeal cancer. Compared to oncogenic
potential, salivary HR-HPV types were associated with an increased risk of oral and oropharyngeal
carcinomas. Thus, salivary HPV16 was significantly associated with oral cancer, confirming the
findings reported in previous studies [43,47]. Like our study, Hobbs et al. reported a weak statistically
significant association between HPV16 and oral cancer, with an OR of 2.0 [45]. On the contrary, a higher
association (OR = 9) was reported by Zhu et al., suggesting the potential oncogenic role of HPV16
in oral carcinogenesis in Chinese population [43]. However, in our study, a stronger association was
found between salivary HPV16 and oropharyngeal cancer, presenting an OR of 38.50, which suggests
the role of HPV16 in the etiology of oropharyngeal cancer. Unlike other meta-analysis [47,48], our study
did not analyze association based on specific subsites of the oropharynx. In this sense, a consistent
association between HPV16 infection and tonsil cancer has previously been described [47], which seems
to indicate a different oncogenic role for HPV infection in the different subsites of oropharynx.

All the studies included in the present meta-analysis addressed HPV status in oral exfoliated
cells collected from saliva with or without oral rinses. In this sense, the first association between oral
HPV and oral cancer was reported by Smith et al. [49]. These authors evaluated HPV status in oral
exfoliated cells collected by oral rinses from 93 patients and 205 controls finding significantly increased
risk (OR = 3.70) of cancer in positive oral HPV patients regardless of alcohol and tobacco use [49].
According to the evidence, salivary HPV DNA represents a promising approach for identifying oral
HPV infection. Several authors have shown a significant correlation between HPV DNA detected
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in tissue and positivity for HPV DNA in saliva, suggesting the potential value of this biofluid for
detecting HPV and thus predicting HPV-related head and neck carcinomas [1,50]. Furthermore,
salivary HPV DNA has demonstrated to be a good marker for detecting HPV in oropharyngeal cancer,
as a high agreement between salivary HPV16 DNA infection and tumor p16 expression has been
observed [51–53]. However, a recent study revealed a lower sensitivity for identifying p16-positive
oral cancer patients through salivary HPV, which may indicate a limited involvement of HPV16 in oral
carcinogenesis [54]. Interestingly, our study reviewed the different salivary HPV genotypes identified
in oral and oropharyngeal carcinomas, providing additional evidence on the co-existence of multiple
HPV types during carcinogenesis. In this matter, saliva analysis represents a great opportunity for the
identification and characterization of novel HPVs involved in head and neck cancer.

Our study has several strengths. It is the first meta-analysis highlighting the association between
salivary HPV infection and oral and/or oropharyngeal cancer. Moreover, we examined both the overall
and the specific prevalence of salivary HPV DNA in oral and/or oropharyngeal cancer. In addition,
we performed a comprehensive literature review without language restrictions and the results of our
study were in concordance with the scientific evidence. However, the present study is not exempt
from limitations. Firstly, the studies included in our meta-analysis were heterogeneous, which could
be explained by different factors such as ethnicity, sample size, geographic region, anatomic tumor
location, method of HPV detection and different HPV genotypes. Although we performed a subgroup
analysis by anatomic tumor location and HPV genotypes, we were unable to elucidate the potential
sources contributing to this heterogeneity. Secondly, data such as age, smoking, drinking, sexual habits
or diet were not provided by the studies in our sample, hampering the assessment of these confounding
variables. Thirdly, some studies included in our analysis could be biased due to the fact that cases and
controls were not matched for demographic variables such as age, sex and lifestyle habits. In addition,
although almost all these studies analyzed HPV16 and HPV18, we observed high variability regarding
HPV genotypes and HPV detection methods, which could substantially affect the results of our analysis.

5. Conclusions

To the best of our knowledge, this is the first meta-analysis addressing the association between
salivary HPV infection and oral and oropharyngeal carcinoma. The findings of this meta-analysis
provide additional evidence that salivary HPV is associated with oral and oropharyngeal cancer,
suggesting that salivary HPV infection is a risk factor for oral and oropharyngeal cancer. However,
to validate our findings, future research should focus on prospective cohort studies that explore the
occurrence of salivary HPV infection in oral and oropharyngeal cancer. In addition, it is necessary to
analyze confounding variables that might be associated with an increased risk of HPV infection in oral
and oropharyngeal cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/5/1305/s1,
Table S1: The Newcastle–Ottawa Scale (NOS) for assessing the quality of included studies, Figure S1: funnel plot
for studies (of 12 studies) on the association between salivary HPV16 and oral and oropharyngeal cancer, Figure S2:
funnel plot for studies (of 10 studies) on the association between salivary HPV18 and oral and oropharyngeal
cancer, Figure S3: funnel plot for studies (of 12 studies) on the association between salivary HR-HPV and oral
and oropharyngeal cancer, Figure S4: funnel plot for studies (of five studies) on the association between salivary
LR-HPV and oral and oropharyngeal cancer, Figure S5: funnel plot for studies (of eight studies) on the association
between salivary HPV and oropharyngeal cancer, Figure S6: funnel plot for studies (of seven studies) on the
association between salivary HPV16 and oropharyngeal cancer, Figure S7: funnel plot for studies (of five studies)
on the association between salivary HPV18 and oropharyngeal cancer, Figure S8: funnel plot for studies (of five
studies) on the association between salivary HR-HPV and oropharyngeal cancer, Figure S9: funnel plot for studies
(of three studies) on the association between salivary LR-HPV and oropharyngeal cancer, Figure S10: funnel plot
for studies (of 12 studies) on the association between salivary HPV and oral cancer, Figure S11: funnel plot for
studies (of eight studies) on the association between salivary HPV16 and oral cancer, Figure S12: funnel plot for
studies (of seven studies) on the association between salivary HPV18 and oral cancer, Figure S13: funnel plot for
studies (of nine studies) on the association between salivary HR-HPV and oral cancer, and Figure S14: funnel plot
for studies (of two studies) on the association between salivary LR-HPV and oral cancer.
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Abstract: Saliva is a fascinating biological fluid which has all the features of a perfect diagnostic tool.
In fact, its collection is rapid, simple, and noninvasive. Thanks to several transport mechanisms
and its intimate contact with crevicular fluid, saliva contains hundreds of proteins deriving from
plasma. Advances in analytical techniques have opened a new era—called “salivaomics”—that
investigates the salivary proteome, transcriptome, microRNAs, metabolome, and microbiome.
In recent years, researchers have tried to find salivary biomarkers for oral and systemic diseases
with various protocols and technologies. The review aspires to provide an overall perspective of
salivary biomarkers concerning oral diseases such as lichen planus, oral cancer, blistering diseases,
and psoriasis. Saliva has proved to be a promising substrate for the early detection of oral diseases
and the evaluation of therapeutic response. However, the wide variation in sampling, processing,
and measuring of salivary elements still represents a limit for the application in clinical practice.

Keywords: biomarkers; saliva; oral cancer; oral lichen planus; psoriasis; oral diseases

1. Introduction

Saliva is a biological fluid secreted by major and minor salivary glands. The major salivary glands
are the parotid, submandibular, and sublingual glands. Minor salivary glands are widely disseminated
throughout the entire oral cavity. Saliva provides lubrication; facilitates mastication, digestion, and
taste; it has antimicrobial properties; and serves as buffer for acidic food. Moreover, saliva inhibits the
demineralization of teeth and protects from caries [1]. The physiological secretion generates 0.75–1.5 L
per day, with a decrease during the night [2]. Saliva contains 99% water and proteins for the remaining
1% (mucins, enzymes, immunoglobulins), electrolytes, lipids, and inorganic substances [3].

There are many advantages to employing saliva as a substrate for diagnostic analysis. Its sampling
is fast, inexpensive, non-invasive, and well tolerated by children and people with disabilities; moreover,
it is a safe procedure for healthcare providers [4]. Many serum substances enter saliva through passive
diffusion, active transport, or extracellular ultrafiltration [5]. Obviously, compared with blood, levels of
several analytes are lower, which was an obstacle until a few years ago [6]. Nowadays, highly sensitive
molecular methods are available and can be used in the detection of many elements in saliva, despite
their dimensions and concentrations [7].

In recent decades, enormous progress has been made in early diagnosis and screening for
many diseases, especially for neoplastic conditions. However, some of these methods are invasive or
expensive, and for certain conditions, accurate tests are still not available. This is the case for oral
cancer, the sixth most common cancer worldwide, frequently diagnosed at an advanced stage with a
5 year survival rate of 50% [8].

In accordance with Biomarkers Definitions Working Group 2011, a biomarker is a characteristic
that can be objectively measured and evaluated as indicator of normal biological or pathogenic
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processes, or as an indicator of pharmacologic response to therapeutic interventions [9]. The detection
of salivary biomarkers and their use in clinical practice in the near future is one of the most ambitious
aims of contemporary researchers.

2. Materials and Methods

The review was conducted in accordance with the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) checklist. A search in the PubMed database was carried out
using the keywords “saliva”, “salivary”, “biomarkers”, “oral diseases”, “oral lichen planus”, “oral
cancer”, and associations between terms. We selected only articles written in English. The papers
were selected first by analyzing titles and abstracts, in order to choose a correct match with our topic;
full-text articles were then studied and included in the revision.

3. Sampling and Processing Techniques

Many factors can alter the composition and total amount of saliva. The time of day, hydration,
body position, drugs intake, smoking, psychological stimuli, food assumption, and other factors related
to systemic conditions can change the characteristics of saliva in a single subject [10]. A sample of
saliva can be collected at rest or after stimulation. This procedure consists of offering a gum or swab to
chew, or specific taste stimuli such as citric acid [11]. The stimulation changes not only the volume, but
also the composition of saliva; it has been demonstrated that parasympathetic stimulation produces a
high flow rate, but sympathetic stimulation produces a small flow richer in proteins and peptides [12].
Consequently, proteome profile and proportion are changeable as a reaction to neural activation [13].

As regards clinical trials, saliva is usually collected at rest (“unstimulated saliva”) after at least
1 h of fasting, without drinking or smoking; the patient must be comfortably seated, avoid oro-facial
movements for 5 min, and, just before the sampling, has to rinse their mouth with deionized water [11].

Saliva specimens can be collected from whole saliva or from a single gland (for example, the
parotid gland). This procedure, which uses a different method, can be uncomfortable for patients
and therefore is rarely used [14]. It should be specified that whole saliva has a higher proportion of
non-salivary materials such as food debris, bacteria, desquamated epithelial cells, and leukocytes [15].

The gold standard method is to drain saliva using special devices (Salivette®, Sarstedt, Nümbrecht,
Germany; Quantisal®, Immunalysis, Pomona, CA, USA; Orapette®, Trinity Biotech, Dublin, Ireland
and SCS® Greiner Bio-One, Kremsmünster, Austria) [16].

Controversies are evident in the literature regarding centrifugation and speed, addition of PIC
(protease inhibitor cocktail), and storage temperature. Most authors recommended the use of a
protease inhibitor mixture in order to stabilize the substrate; moreover, the samples collected must be
immediately stored in ice containers and, after processing, stored at −80 ◦C [17]. All these steps are
necessary for bacterial growth inhibition and the minimal impairment of salivary proteins.

4. “Salivaomics”

The term “salivaomics” was coined in 2008 to emphasize the various “omics” found in saliva:
genome, transcriptome, proteome, metabolome, and microbiome [18]. Salivaomics has been widely
studied in recent years thanks to the advent of more advanced analytical techniques. Nearly 70% of the
genome in saliva is human; the remaining 30% belongs to the oral microbiota [19]. The DNA contained
in saliva is approximately 24 μg (range 0.2–52 μg), which is almost 10 times lower than in blood, but
genotyping techniques require as little as 5 ng/mL of DNA to work effectively [20]. Polymerase chain
reaction (PCR) and sequencing arrays can be applied to saliva samples. The analysis of salivary DNA
aims especially to detect aberrant DNA methylation, which is the first epigenetic mark of neoplastic
alterations [21].
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4.1. Transcriptomes

mRNA and microRNA secreted from cells can be easily detected in saliva. Reverse transcriptase
polymerase chain reaction and microarray are the most commonly used analyses. Zhang et al. first
developed a technique to permit stabilization and to process salivary RNA [22]. The great potential
of transcriptome study in the early detection of cancer and other diseases has been reported [23–25].
More recently, noncoding RNAs (ncRNAs) or microRNAs (miRNA) have been the subject of many
studies because of their role in oncogenesis and their great stability in biological fluids, including
saliva [26]. MicroRNAs are encoded by genes but are not translated into proteins; it is now generally
accepted that these small nucleotides are involved in cell differentiation, proliferation, and survival.
Moreover, many studies have already demonstrated the dysregulation of miRNAs in cancer tissues [27,28].
Surprisingly, salivary microRNAs are more stable than mRNAs, which makes this biological fluid a
suitable substrate for transcriptome analysis.

4.2. Metabolome

The endogenous metabolites are nucleic acids, vitamins, lipids, organic acids, carbohydrates,
thiols, and amino acids. The study of the salivary metabolome can provide an overview of the
general health status or modification during systemic diseases [29]. In 2010, Sugimoto et al. first
used salivary metabolome analysis with capillary electrophoresis and mass spectrometry to detect
differences between healthy controls and patients with solid cancer [30]. The authors identified three
metabolites that were oral-cancer-specific and eight metabolites that were pancreatic-cancer-specific.
Nuclear magnetic resonance (NMR) spectroscopy can detect and measure metabolites in a solution
with minimal sample preparation. This quantitative technique is based on the magnetic properties
of atomic nuclei [31]. Each compound has a characteristic resonance frequency that makes it easy
to distinguish. Moreover, the area under a signal peak is proportional to the concentration of the
metabolite [32]. Liquid chromatography–mass spectrometry (LC-MS) is considered the gold standard
in metabolomics. In fact, it is able to analyze an enormous range of analytes with a greater sensitivity
than NMR [33]. This technique provides very high chromatographic resolution and its results are
easily interpretable using libraries of molecular fragmentation patterns [34].

4.3. Proteome

The term “proteome” encompasses all proteins in the oral cavity. Saliva contains more than 2000
proteins with a multitude of biological activities [35] and one quarter of salivary proteins are detectable
in plasma. The greatest obstacle to salivary proteome analysis is its rapid degradation, which occurs
just minutes after sample collection. For this reason, the majority of researchers combine the saliva with
protease inhibitor cocktails (PIC) before storage and analysis, as suggested by Xiao et al. [36]. Proteomics
takes advantage of NMR spectroscopy and gas and liquid chromatography–mass spectrometry
(GC-MS and LC-MS), described above. In this research field, two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) and capillary electrophoresis with electrochemical detection are essential
tools [37]. 2D-PAGE, which precedes the advent of 2D-difference gel electrophoresis (2D-DIGE),
fractionates proteins on the basis of their isoelectric points in the first dimension and apparent
molecular weight in the second [38]. An amphoteric carrier or an ampholyte is added to a gel and
subjected to electrophoresis under a continuously regulated temperature. The acrylamide gel is placed
in a glass tube and proteins are separated via an isoelectric gradient; it is easy to understand why
this method is poorly accurate with multiple samples. 2D-DIGE dramatically improved 2D-PAGE
thanks to the possibility of labeling each sample with distinct fluorescent dyes and then reading them
using a laser scanner. Immunoassay is one of the most commonly used analytical techniques to detect
the expression of an antibody or an antigen in a test sample. Enzyme-linked immunosorbent assay
(ELISA) has been used for a variety of applications including diagnostic tools and quality controls [39].
The four basic setups are direct, indirect, sandwich, and competitive ELISAs. Direct ELISA is the
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simplest format, requiring an antigen and an enzyme-conjugated antibody specific to the antigen [40].
The ELISA method is a sensitive and specific test that rapidly produces results and for these advantages
has found a wide field of applications in clinical practice (e.g., in viral serology tests).

4.4. Microbiome

The study of microbiota has probably been the largest topic in scientific literature in recent
years. In fact, next-generation sequencing has allowed the identification of thousands of phylotypes
of microorganism throughout the entire human body, and research is ongoing. About 19,000
microorganisms have been identified in saliva [41]. Oral dysbiosis can lead to periodontal disease [42],
caries [43], and some evidence exists supporting an association with cancer and systemic diseases [44,45].
Nowadays, molecular biology methods such as 16S ribosomal RNA (rRNA) gene sequencing,
polymerase chain reaction (PCR), and other related PCR-based methods are very popular thanks
to their high sensitivity and reproducibility. However, these techniques are no longer employed in
routine diagnostics due to their costs. Alternative approaches include electromigration techniques
(two-dimensional gel electrophoresis, capillary zone electrophoresis) and MS methods, such as
matrix-assisted laser desorption ionization time-of-flight mode (MALDI-TOF MS). MALDI-TOF MS
is a fast and accurate method based on the ionization of intact microorganism cells with short laser
pulses and the subsequent acceleration of the particles in a vacuum by way of an electric field. Each
microorganism has a specific spectrum profile [46].

Histopathology, in some cases with direct immunofluorescence, remains the gold standard for the
diagnosis of oral disease. In fact, it is often necessary to perform a biopsy to confirm the diagnosis of
bullous diseases (together with DIF) [47], Sjögren’s syndrome [48], and for all lesions suspected for
malignancy [49].

5. Fields of Application

In this article, we have summarized the latest findings on the use of saliva as a diagnostic tool in
oral inflammatory diseases. In particular, we chose the most epidemiologically relevant conditions
or where the oral cavity is a typical location of a systemic disease. In fact, mouth disorders can often
precede the onset of systemic symptoms (e.g., in bullous pemphigus), and early diagnosis of oral
disease can change the prognosis of these patients. In this scenario, the study of salivary biomarkers is
a promising tool for early diagnosis and screening in susceptible populations (e.g., in smokers).

5.1. Oral Lichen Planus

Oral lichen planus (OLP) is one of the most common chronic inflammatory condition of the oral
mucosa, with 0.5%–2% prevalence in adults and a slight predominance in women [50]. OLP affects
oral mucosa symmetrically, with a predilection for oral mucosa. Clinically, it is possible to distinguish
different aspects: reticular (the most prevalent form), erythematous, ulcerative or erosive, plaque-like,
bullous, or papular [51,52]. The histopathology of OLP is typical, with a prominent lymphocyte
infiltrate at the interface of epithelium, acanthosis, and degeneration of the basal cell layer [53]. Direct
immunofluorescence (DIF) permits deposition of Immunoglobulin M as colloid bodies and C3 in
granular and linear patterns in the basement membrane zone to be detected [54]. Although the exact
pathogenesis of OLP is mostly unknown, it is believed that autoreactive T cells play a crucial role in the
disease. Several risks/triggers factors have been described, such as stress, HCV and viral infections, and
drugs [55]. OLP has been classified as a premalignant lesion for its risk of malignant transformation
(0.04–1.74 per year) in squamous cell carcinoma (OSCC) [56]. Patients affected by OLP suffer from
burning and itching sensations up to a severe pain in the erosive form; the disease has a huge negative
impact on quality of life due to impairment in daily activities such as eating or oral hygiene [57].
Published articles focused on salivary biomarkers in OLP are quite recent and concern the diagnosis of
OLP, but in particular the early detection of malignant transformation.
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In 2018, Sineepat et al. enrolled five OLP patients and five healthy controls using a proteomic
approach on saliva with two-dimensional gel electrophoresis followed by mass spectrometry.
The authors detected three proteins that showed a potential role in OLP patients (cystatin SA,
chain C of human complement component C3c, and chain B of fibrinogen fragment D) and tested
with ELISA. All the analytical techniques confirmed with statistical significance that fibrinogen
fragment D and complement component C3c were increased and cystatin SA was decreased in OLP
patients compared with healthy subjects [58]. Fibrinogen fragments D and C3c play a central role in
inflammation, whereas cystatin SA belongs to the cystatin superfamily, a group of cysteine protease
inhibitors with antimicrobial activity. In fact, fibrinogen expression and C3 deposition are typical
findings in OLP using IFD [54].

A different and more complex panel of proteins was reported by another study, published in
2017 [59]. The study was conducted on 10 patients, investigating with mass spectrometry 108 proteins
differentially expressed in OLP subjects in comparison to healthy controls. The first finding was the
absence of proteins essential to lubrication and viscoelasticity, supporting the xerostomia symptom
frequently reported by patients. The authors interestingly tried to link protein expression in saliva
with histological findings in OLP, discussing the known functions of each peptide. In particular,
S100A8 and S100A9 (also called MRP8 and MRP14) are calcium- and zinc-binding proteins with
a role in inflammation and cytokine production via IL-17. S100A8 can also induce apoptosis via
attraction to skin of CD8+ cells and natural killer (NK) cells [60]. Another player in the scene of T-cell
proliferation and differentiation is AZGP1 (zinc-alpha-2-glycoprotein), which is an adipocytokine [61].
The study also confirmed the crucial role of oxidative stress in OLP; reactive oxygen species (ROS)
induce apoptosis and dysfunction in keratinocytes and, moreover, ROS can be further produced from
TCD4+ lymphocytes infiltrating in OLP in a vicious circle.

Oxidative stress in OLP was previously discussed in 2016 in a case–control study enrolling
62 patients and 30 healthy individuals [62]. The authors demonstrated significant differences
between patients and the control group concerning the average concentration of total antioxidant
capacity (TAC, determined using the Benzie and Strain method [26]), glutathione (GSH, measured
spectrophotometrically), and thiobarbituric-acid-reactive substances (TBARS, determined using the
Aust method), which are a product of lipid peroxidation [63]. In patients suffering from OLP, as expected,
TAC and GSH had lower values, while TBARS was higher than in healthy controls. More interestingly,
patients with an erosive form of lichen had more marked values, demonstrating severe oxidative stress
and a great concordance with clinical features. These findings could support the oral or topical use of
antioxidants [64].

Many authors have suggested salivary cortisol as a biomarker in OLP [65–70]. Cortisol is considered
a biological marker of stress and anxiety, the variation of which can alter cytokine profiles [71]. OLP
has a double connection with stress: anxiety and stressful events are considered a trigger for OLP
onset but, at the same time, oral lichen itself represent a source of stress for patients. In this intricate
scenario, the evaluation of salivary cortisol seems to mimic the ancestral question “Which came first,
the chicken or the egg?” In fact, data from the literature are controversial, and cortisol is probably not
suitable as a biomarker in OLP. As previously discussed, OLP is a T-cell-driven disease; however, it is
still unclear if the inflammation is due to Th1 or Th2 expression. In fact, in OLP, there are numerous
cytokines expressed both from recruited lymphocytes and from affected keratinocytes, in a mechanism
of self-amplification [72]. The evaluation of specific interleukin in saliva is certainly a good trace to
detect biomarkers in OLP and, moreover, to design tailored therapies. Nowadays, more consistent
results concern IL-6 and IL-8. Interleukin-6 is involved in B- and T-cell differentiation and is able to
inactivate p53 with tumor progression of some cancers [73]. Mozaffari et al. revealed in a meta-analysis
that IL-6 levels in saliva and serum of OLP patients were significantly higher than in healthy controls,
with higher values in saliva than in serum [74]. For this reason, saliva seemed to be more useful than
serum for the detection of IL-6. Interleukin-8 is an important mediator of host response to injury and
inflammation; it can activate neutrophils, basophils, and T cells [75]. The group of Mozaffari conducted
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a meta-analysis on this topic [76]. The most interesting finding was that IL-8 plays a key role in the
transformation from reticular to erosive form of lichen, probably due to the loss of efficacy in the
repairing mechanisms of keratinocytes [77]. IL-8 also revealed a potential application in therapeutic
monitoring, as demonstrated via its decrease in saliva after dexamethasone administration [78].

5.2. Oral Cancer

Oral cancer is the sixth most common cancer worldwide [79] with a higher incidence in India,
because of the chewing of areca nut/betel quid [80]. The mortality rate after 5 years from diagnosis
is still 50% [79]. Well-known risk factors include tobacco consumption, alcohol abuse, and human
papilloma virus infections [81]. The onset of an oral cancer is frequently asymptomatic, but most oral
carcinomas develop from premalignant conditions such as leukoplakia and oral lichen planus [82,83].
Nowadays, the gold standard for diagnosis is tissue biopsy, an invasive technique that requires specific
training and creates public health costs [84]. It is therefore easy to understand the need for an early
detection method for pre-cancer and cancer by validating salivary biomarkers. Above, we discussed
the great diagnostic potential of miRNA both in saliva and serum. In 2018, a well-designed study
enrolled 30 patients with OLP, 15 patients with OSCC and 15 healthy donors [85]. Saliva samples
were analyzed by quantitative RT-PCR for miR-21, miR-125a, miR31, and miR200a. Results showed
that miRNA-21 and -125a were, respectively, higher and lower in OSCC patients and in OLP with
dysplasia compared to healthy controls with statistical significance. miR-21 has been widely studied in
oral, head, and neck cancer and has been postulated that it might have a role in inhibition of tumor
suppression and apoptosis [86]. In contrast, miR-125a may act as a tumor suppressor, downregulating
target oncogens [87]. Based on these data, the authors suggested a negative prognostic role of decreased
salivary miR-125a levels in association with increased salivary miR-21 levels in OLP patients. Ishikawa
et al. recently suggested a metabolomics approach to distinguish OLP from OSCC [88]; the authors
detected higher levels of 12 salivary metabolites in OSCC patients compared with OLP patients. More
specifically, the combination of indole-3-acetate and ethanolamine phosphate showed the best statistical
accuracy. The aim of Mikkonen’s research was to investigate the potential of nuclear magnetic resonance
(NMR) spectroscopy for detecting the salivary metabolic changes associated with head and neck
squamous cell carcinoma (HNSCC). The Authors found two metabolites, fucose and 1,2-propanediol,
to be significantly upregulated, whereas proline was significantly downregulated in patients affected by
HNSCC. The combination of four salivary metabolites (fucose, glycine, methanol, and proline) together
provided maximum discrimination among HNSCC patients and healthy controls [31]. The role of
fucosylation of glycoproteins in the development of cancer has been studied in recent years [89].
Ample evidence exists to prove that in normal tissues, fucosylation levels are relatively low, but this
rapidly increases during carcinogenesis [90]. Aberrant glycosylation in cancer development is also
an investigation area in oral diseases; in particular, researchers have focused attention on sialic acid
(N-acetyl neuraminic acid), which is an important terminal sugar in cell membrane glycoproteins and
glycolipids. Previous studies have shown elevated levels of salivary sialic acid in various carcinomas,
including oral pre-cancer and OC [91–93].

The fascinating study of the microbiome has a wide field of application in the oral cavity.
An extensive work has just been published regarding the alterations of salivary microbial community
in oropharyngeal and hypopharyngeal carcinoma patients. In fact, the microbiome is considered a
potential modulator of cancer metabolism [94]. The authors found 13 phylotypes of microorganism as
potential diagnostic biomarkers in oral cancer. The role of the microbiome in malignant change in the
oral cavity is still controversial because of the lack of large cohort studies. Healy et al. considered the
implication of risk factors such as smoking or alcohol consumption in promoting epithelial dysplasia
and production of carcinogenic agents [95]. Acetaldehyde (ACH) and N-nitrosamine compounds
are potential genotoxic agents that are increased in the saliva of smokers; these compounds can be
produced in vitro by microbial cultures [96,97]. In vitro studies have demonstrated the leading role of
Neisseria species and Candida species in ACH production [98,99]. However, one study revealed the
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reduction of Neisseria species in the oral cavity of smokers, with a theoretical improvement of ACH
levels [100]. Current theories hypothesize that the presence of these organisms could accelerate the
progression of dysplasia towards OSCC in association with predisposing factors such as diet, age,
or smoking/alcohol consumption habits in a multifactorial vision.

5.3. Blistering Diseases

Bullous pemphigoid (BP) and pemphigus vulgaris (PV) are acquired bullous diseases affecting
the mucosa and/or skin. In both diseases, autoantibodies react with adhesion cell mechanisms or with
the basement layer, resulting in blistering. Blisters are intraepithelial/intraepidermal in PV, whereas
in BP they are subepithelial/subepidermal [101]. The diagnosis is first clinical, then confirmed with
histopathology and direct immunofluorescence (IFD). In BP, bullae involving the skin and oral lesions
are rare; in contrast, PV frequently begins with oral blistering or oral lesions following cutaneous
involvement. IFD reveals IgG and C3 (BP180) deposition on the basement membrane in BP, while
in PV it shows intercellular IgG antibody deposition to desmoglein (Dsg) 1 and/or desmoglein 3,
which are trans-membrane desmosomal proteins [102]. In recent years, the use of ELISA to detect
autoantibodies in the serum of BP and PV patients has entered clinical practice for diagnosis and
therapeutic monitoring [101]. Starting from this technique, some authors have proposed the use of
saliva as substrate for the research of BP180 and Dsg1 and 3. In 2006, Andreadis et al. first applied
ELISA in both the serum and saliva of PV and BP patients, finding a great concordance in serum and
saliva levels of Dsg1 and 3, while the BP180 determination on saliva failed [103]. Similar results emerged
from Ali’s study [104] on Dsg1 and 3. The potential of salivary testing in PV prognosis and mucosal
severity has been investigated in two studies. Hallaji et al. included 50 patients with histologically
confirmed PV and performed ELISA for Dsg1 and 3 on serum and saliva samples [105]. There was
statistically significant concordance between serum and salivary levels of Dsg; more interestingly, there
was a significant relationship between salivary anti-Dsg1 antibody and mucosal severity. The authors
explained these data with the loss of integrity in mucosa and the largest transition of antibodies in
saliva. The study of De et al. perfectly reproduced this finding and the authors perfectly agreed with
the explanation concerning higher Dsg1 levels in severe disease [106]. In contrast to the previously
discussed research, one Italian study was designed to assess the use of a BIOCHIP approach compared
with ELISA in PV [107]. In fact, the authors considered saliva an unsuitable substrate for autoantibody
detection because of the discordance between techniques found when using saliva samples.

5.4. Sjögren’s Syndrome

Sjögren’s syndrome (SS) is a systemic autoimmune disease characterized by the inflammation
and consecutive destruction of exocrine glands, as well as salivary and lacrimal glands, with the
occurrence of a lymphoepithelial sialadenitis [108]. The majority of patients are women of menopausal
age; oral manifestations are frequently present at the onset of disease, but some patients develop a
systemic disease with the involvement of joints, the gastrointestinal tract, the central nervous system,
and with an increased risk of lymphoma [109]. Patients suffering from SS typically complain about
xerostomia and its impact on their quality of life [110]. Current research on salivary biomarkers
in SS is pursuing a non-invasive diagnostic test, a therapeutic monitoring marker, and, moreover,
an early detection of lymphoma onset. One of the current diagnostic approaches is the detection
of anti-Ro/SSA and/or anti-La/SSB in serum; studies from different groups have demonstrated the
presence of these autoantibodies in the saliva of SS patients [111,112]. The determination of salivary
autoantibodies seemed to be effective in discriminating SS patients from patients affected by systemic
lupus erythematosus (SLE) [113]. A few studies have investigated cytokine profiles in SS saliva; data
from these studies showed significantly higher levels of Th1, Th2, and Th17, in accordance with
serum findings [114,115]. The proteomic approach in SS comprises proteins, enzymes, calcium-binding
proteins, and immune-related molecules. Summarizing, data from the literature report high levels of
inflammatory-phase proteins in saliva that can provide a great indication of gland status [116]. Lee et al.
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recently published the results of determination of soluble sialic-acid-binding immunoglobulin-like
lectin (siglec)-5 in saliva and sera by ELISA [117]. The level of salivary siglec-5 was significantly higher
in the saliva from SS patients, which reflects the severity of hyposalivation. Several novel miRNAs have
been described in SS [118]. Pauley et al. demonstrated that the expression of miR-146a was significantly
increased in SS patients [119]. In Alevizos’ research, another two miRNAs, miR-768-3p and miR-574,
were associated with minor salivary gland inflammation in 15 patients with SS [120]. The pathogenesis
of autoimmune diseases is a very complex interaction of many factors; epigenetic modifications are
now considered crucial to the control of gene expression associated with these diseases [121,122].
Thabet et al. proposed that the dysfunction of salivary gland epithelial cells in SS might be partially
linked to epigenetic modifications. Their analysis showed that blood global DNA methylation was
reduced in SS patients and the expression of the gene DNMT1, which encodes DNA methyltransferase
1, was decreased compared to healthy controls. In contrast, the expression of the gene Gadd45a,
which encodes the growth arrest and DNA-damage-inducible protein GADD45 alpha (GADD45a),
was increased [123]. Probably the most interesting field in saliva and SS is the early diagnosis and
prevention of MALT-type lymphoma [124]. The neoplasm has an insidious onset, almost asymptomatic,
with a fast progression and dissemination. Cui et al. described a triad of markers (anti-cofillin-1,
anti-alpha-enolase, and anti-Rho GDP-dissociation inhibitor 2) overexpressed in patients with SS who
developed MALT lymphoma compared with SS patients and healthy individuals [125]. Sharma et al.
recently examined the role of the microbiome in SS compared to healthy controls [126]. The analysis,
performed with DNA isolation and 16rRNA sequencing, revealed four genera (Bifidobacterium,
Dialister, Lactobacillus, and Leptotrichia) that were different between the two groups. The results were
consistent with previous studies, revealing a role of Actinobacteria and Firmicutes phila [127,128].
More interestingly, Sharma et al. identified a difference in alpha diversity in patients treated with
steroids, suggesting the potential role of microbiome analysis in therapeutic response.

5.5. Psoriasis

Psoriasis is now classified as an immune-mediated inflammatory disease (IMID) of the skin. It is
being recognized that patients with psoriasis are at higher risk of developing systemic co-morbidities,
e.g., metabolic syndrome and cardiovascular diseases [129,130].

Oral involvement in course of psoriasis is still debated. Recently, it has been hypothesized that
gingivitis and periodontitis share the same underlying inflammatory pathogenic process as psoriasis.
Thus, in our previous study, psoriatic patients were investigated for oral mucosa lesion prevalence as
well as gum disease. Results displayed an increased association between gingivitis/periodontitis and
psoriasis, which may suggest common underlying pathogenic risk factors [131].

Furthermore, salivary secretions, collected from patients with active psoriasis and healthy control
subjects, were investigated for expression of interleukin (IL)-1b, IL-6, transforming growth factor
(TGF)-β1, IL-8, tumor necrosis factor (TNF)-α, interferon (IFN)-χ, IL-17A, IL-4, IL-10, monocyte
chemoattractant protein (MCP)-1, microphage inflammatory protein (MIP)-1a, and MIP-1b using a
Multi-Analyte ELISArray Kit (Qiagen, Venlo, the Netherlands). Patients with active psoriasis had
significantly higher salivary IL1β, TNF-α, TGF-β, and MCP-1 levels than healthy controls [132].

Thus, saliva can be a valid non-invasive tool for monitoring inflammation in psoriasis [133].

6. Conclusions

In the era of precision medicine, salivaomics approaches seem to be a promising field of
research. Despite encouraging results reported in this review, there is a large variability in study
designs, protocols, sampling collections, and techniques. Moreover, the study of new molecules
with new technologies requires a well-established range of values without random decisions. Future
studies should standardize accurate methodologies in order to validate new salivary biomarkers in
clinical practice.
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