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Background: Aging is inextricably linked to oxidative stress, inflammation, and posttranslational protein modifications. However, no
studies evaluate oxidation, glycation, and carbamylation of salivary biomolecules as biomarkers of aging. Saliva collection is non-
invasive, painless, and inexpensive, which are advantages over other biofluids.
Methods: The study enrolled 180 healthy subjects divided into six groups according to age: 6–13, 14–19, 20–39, 40–59, 60–79, and
80–100 years. The number of individuals was determined a priori based on our previous experiment (power of the test = 0.8; α = 0.05).
Non-stimulated saliva and plasma were collected from participants, in which biomarkers of aging were determined by colorimetric,
fluorometric, and ELISA methods.
Results: The study have demonstrated that modifications of salivary proteins increase with age, as manifested by decreased total thiol
levels and increased carbonyl groups, glycation (Nε-(carboxymethyl) lysine, advanced glycation end products (AGE)) and carbamyla-
tion (carbamyl-lysine) protein products in the saliva of old individuals. Oxidative modifications of lipids (4-hydroxynonenal) and
nucleic acids (8-hydroxy-2’-deoxyguanosine (8-OHdG)) also increase with age. Salivary redox biomarkers correlate poorly with their
plasma levels; however, salivary AGE and 8-OHdG generally reflect their blood concentrations. In the multivariate regression model,
they are a predictor of aging and, in the receiver operating characteristic (ROC) analysis, significantly differentiate children and
adolescents (under 15 years old) from the working-age population (15–64 years) and the older people (65 years and older).
Conclusion: Salivary AGE and 8-OHdG have the most excellent diagnostic utility in assessing the aging process. Saliva can be used
to evaluate the aging of the body.
Keywords: saliva, aging, protein oxidation, protein glycation, protein carbamylation, DNA oxidation

Introduction
The aging of the human population has become a particular challenge as its intensity enhanced significantly in recent
years. The latest epidemiological studies have indicated that stochastic damages to the genome, proteome, lipidome, and
glycome caused by reactive oxygen species (ROS) are the most important causes of aging.1–7 The severe consequences
of aging result from oxidative DNA modifications, leading to genetic mutations underlying carcinogenesis.4–7 Oxidized
proteins, lipids, and DNA can accumulate in the cell, which reduces the body’s ability to environmental stress.8,9

Accumulation of advanced glycation end products (AGE) in tissues has been shown to induce ROS overproduction and
enhance the secretion of several cytokines, chemokines, and growth factors such as interleukin 1 (IL-1), interleukin 6
(IL-6), and tumor necrosis factor α (TNF-α).10–12 The pro-oxidant and pro-inflammatory effects of AGE involve
interaction with a specific receptor (receptor for advanced glycation end-products; RAGE) that activates NF-κB (nuclear
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factor kappa-light-chain-enhancer of activated B cells) and MAP-kinase as well as enhances NADPH oxidase (NOX)
activity.11,13–15 Under these conditions, there is intensified protein carbonylation and more excellent permeability of cell
membranes, increasing cell susceptibility to hypoxia-induced damage.13,16 Additionally, oxidation and glycation protein
products cause disintegration between endothelium and extracellular matrix, promoting plaque formation or the devel-
opment of diabetic microangiopathies.2,12,17–19 Therefore, it is postulated that oxidized and glycated biomolecules can be
used to assess the intensity of aging processes or diseases with oxidative stress etiology.20–23

A healthy lifestyle is critical to healthy aging. Since modifiable risk factors significantly impact life expectancy more
than genetic ones, timely lifestyle changes could improve general health.1–7 In addition, many diseases occur with
premature aging, and biological age does not imply chronological age. Therefore, biomarkers of aging are continually
being sought. Among the biological fluids used in laboratory practice, saliva exhibits unique characteristics.24,25 Saliva is
the secretion of salivary glands that constitutes the oral cavity environment. Although it is 99% composed of water, the
rest includes inorganic and organic substances that pass into saliva from the blood. The compounds enter the oral cavity
by passive diffusion, active transport, ultrafiltration, or exudation, making saliva rich in many low and high molecular
weight compounds.26 These include proteins, lipids, hormones, antioxidants, and products of oxidation (eg, protein
carbonyls, 4-hydroxynonenal (4-HNE), 8-hydroxy-2’-deoxyguanosine (8-OHdG)), glycation (eg, Nε-(carboxymethyl)
lysine (CML), AGE), and carbamylation (eg, carbamyl-lysine (CBL)) of biomolecules.27–31 Although many compounds
can also be produced in the salivary glands, the concentration of several biomarkers in saliva highly correlates with their
plasma content.43–46 Therefore, it is not surprising that this biofluid is commonly used in diagnostics. Moreover, saliva is
collected non-invasive and stress-free without requiring specialized equipment or trained personnel. It is also character-
ized by high stability and durability compared to other biological fluids.24,32–35 Our previous studies have shown that the
salivary antioxidant barrier is most prominent in middle-aged individuals and weakens with age, accompanied by
a decrease in salivary flow rate.36–38 However, the studies were conducted on a small number of patients and did not
include individuals in all age ranges. Furthermore, no studies evaluate salivary oxidation, glycation, and carbamylation
products as biomarkers of aging. Modified proteins have relatively high molecular weight, and it is not known if they
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pass from plasma into saliva. Furthermore, it is not known whether their salivary content reflects the blood level. Since
indicators of aging and premature aging are constantly being sought, the presented study is the first to evaluate oxidized,
glycated and carbamylated proteins, lipids, and DNA in the saliva of subjects with different age groups.

Materials and Methods
The studies involving human participants were carried out according to the Declaration of Helsinki and approved by the
Bioethics Committee of the Medical University of Bialystok (permission code R-I-002/62/2016 R-I-002/43/2018). The
participants and/or their legal guardians provided written informed consent to participate in this study.

Subjects
The experiment included one hundred eighty patients of the Specialist Dental Clinic of the Medical University of
Bialystok reporting for regular follow-up visits. The study enrolled generally healthy subjects having never suffered from
oral diseases (hyposalivation, burning mouth syndrome, and oral cancer) as well as metabolic (obesity, insulin resistance,
metabolic syndrome, and type 1 diabetes), cardiovascular (arrhythmias and conductivity disorders), neuropsychiatric
(dementia, Parkinson’s disease, and Alzheimer’s disease), thyroid (hypothyroidism, hyperthyroidism, and Hashimoto’s
disease), lung (asthma, chronic obstructive pulmonary disease), liver (hepatitis and non-alcoholic fatty liver), kidney
(acute and chronic renal failure), and neoplastic diseases. Data were collected from Medical records and data provided by
the patient. Moreover, the research excepted individuals with infectious (eg, infection with hepatitis C virus (HCV) and
human immunodeficiency virus (HIV)), autoimmune (eg, rheumatoid arthritis, Sjögren’s syndrome, and scleroderma),
and gastrointestinal disorders, as well as alcohol-dependent patients, smokers, and pregnant women. All subjects had not
taken hormones, antibiotics, nonsteroidal anti-inflammatory drugs, vitamins, and dietary supplements for the last three
months chronically. Additionally, none of the subjects changed their eating habits during this period. Patients with active
caries, gingivitis, and periodontitis were also eliminated from the study.

All participants were split into six groups based on age: 6–13, 14–19, 20–39, 40–59, 60–79, and 80–100—every
group comprised 30 individuals: 15 men and 15 women. The division into the above age ranges was elaborated using the
WHO classification regarding the most common intervals in the standard population distribution. The number of subjects
was settled according to our previous study, assuming that the power of the test = 0.8 (α = 0.05).

Clinical data of participants are shown in Tables 1 and 2. All subjects had body mass index (BMI) in the range of 18.5
to 24.5, normal blood count, and normal biochemical blood results (electrolytes, creatinine, and ALT).

Saliva Collection
Mixed non-stimulated saliva was gathered by the spitting method after 2-hour abstinence from liquid and solid food
(except for mineral water) as well as dental hygiene procedures. Saliva gathering took place in a separate and cozy room,
sitting with the head slightly tilted down. Saliva was gathered between 7 am and 9 am after a 5-minute adaptation to the
environment. All individuals had not taken any drugs for 8 hours before the samples collection. Every subject irrigated
the oral cavity three times with deionized water, and saliva was collected into a 15 mL Falcon tube set in an ice container.
The material gathered during the first minute was expelled.39 Saliva was collected in the amount of up to 5 mL for no
more than 15 minutes.40 The volume of samples was measured using an automatic pipette calibrated to 0.1 mL. The
salivary flow rate was estimated by dividing the saliva volume by the time of gathering it (mL/min). Instantly after
collection, saliva was centrifuged (4°C, 5000 × g, 20 min) and frozen at −80°C until assessment. The supernatant was
preserved for subsequent study. An antioxidant (butylated hydroxytoluene, BHT) was added to protect the material
against oxidation.41

Dental Examination
Examination of the oral cavity was conducted in artificial light (10,000 lx) based on the World Health Organization criteria.42

To assess oral Hygiene and periodontal status, decayed, missing, filled teeth (DMFT), Gingival Index (GI), and also Papilla
Bleeding Index (PBI) were evaluated. The DMFT is the sum of teeth with caries (D), teeth extracted because of caries (M), and
teeth filled due to the occurrence of caries (F). The GI indicates qualitative changes in the gingivae, while PBI expresses the
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Table 1 Clinical Characteristics of Healthy Subjects Aged 6–13, 14–19, 20–39, 40–59, 60–79, and 80–100

6–13 14–19 20–39 40–59 60–79 80–100 ANOVA
p-value

Male Female Male Female Male Female Male Female Male Female Male Female

(n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15)

Age 8.8 ± 2.4 8.8 ± 2.4 16.7 ± 1.9 16.7 ± 1.9 29.3 ± 4.2 29.3 ± 4.2 49.4 ± 6.3 49.4 ± 6.3 69.7 ± 7.2 69.7 ± 7.2 85.8 ± 3.3 85.8 ± 3.3 <0.0001

Blood count

Red blood cells (106/μL) 4.3 ± 0.1 4.1 ± 0.2 4.5 ± 0.1 4.2 ± 0.2 4.4 ± 0.2 4.3 ± 0.2 4.2 ± 0.1 4 ± 0.1 4 ± 0.3 4.1 ± 0.2 4 ± 0.2 4 ± 0.3 NS

Hemoglobin (g/dL) 14.4 ± 0.3 14 ± 0.2 14.5 ± 0.2 14.3 ± 0.1 15.1 ± 0.2 14.8 ± 0.1 15 ± 0.1 14.7 ± 0.3 14.2 ± 0.2 14.3 ± 0.1 14.1 ± 0.1 13.9 ± 0.1 NS

White blood cells (103/μL) 6.5 ± 0.4 6.3 ± 0.5 7.6 ± 0.3 6.9 ± 0.2 6.5 ± 0.6 6.9 ± 1.2 5.8 ± 0.4 5.9 ± 0.8 7.1 ± 0.6 6.8 ± 0.7 5.8 ± 0.4 6.2 ± 0.8 NS

Platelets (103/μL) 340 ± 21 352 ± 13 333 ± 18 308 ± 9 359 ± 14 342 ± 16 364 ± 17 355 ± 20 303 ± 13 294 ± 22 286 ± 14 254 ± 18 NS

Blood biochemistry

Na+ (mmol/L) ND ND ND ND 142 ± 1.3 141 ± 0.9 140 ± 1.5 139 ± 1.1 141 ± 1.3 140 ± 1.5 140 ± 1 130 ± 1.4 NS

K+ (mmol/L) ND ND ND ND 4.4 ± 0.2 4.5 ± 0.1 4.3 ± 0.1 4.5 ± 0.1 4.5 ± 0.2 4.3 ± 0.1 4 ± 0.1 4.1 ± 0.1 NS

Alanine transferase (U/L) ND ND ND ND 23 ± 8 21 ± 6 26 ± 5 24 ± 9 29 ± 6 30 ± 5 31 ± 6 31 ± 8 NS

Creatinine (mg/dL) 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.2 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.2 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.2 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.2 NS

Chronic diseases

Hypertension, n (%) 0 0 0 0 2 (13) (2) 13 4 (27) 3 (20) 4 (27) 5 (33) (4) 27 (4) 27 <0.0001

Type 2 diabetes, n (%) 0 0 0 0 0 0 1 (7) 0 5 (33) 5 (33) 3 (20) 5 (33) <0.0001

Chronic heart disease, n (%) 0 0 0 0 0 0 13 1 (7) (4) 27 (4) 27 (4) 27 3 (20) <0.0001

Atherosclerosis, n (%) 0 0 0 0 0 0 0 0 1 (7) 1 (7) 2 (13) 2 (13) <0.0001

Osteoporosis, n (%) 0 0 0 0 0 0 1 (7) 1 (7) 2 (13) 2 (13) 3 (20) 2 (13) <0.0001

Note: Results were analyzed using one-way ANOVA analysis of variance.
Abbreviations: ND, no data; NS, no significance.
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Table 2 Dental Examination of Healthy Subjects Aged 6–13, 14–19, 20–39, 40–59, 60–79, and 80–100

6–13 14–19 20–39 40–59 60–79 80–100 ANOVA
p-value

Male Female Male Female Male Female Male Female Male Female Male Female

(n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15) (n = 15)

Salivary flow (mL/
min)

0.45 ±
0.06

0.43 ±
0.08

0.45 ±
0.07

0.43 ±
0.05

0.42 ±
0.06

0.41 ±
0.06

0.45 ±
0.07

0.42 ±
0.08

0.27 ±
0.09

0.29 ±
0.1

0.25 ±
0.08

0,27 ±
0.12

<0.0001

DMFT 3 ± 0.1 3 ± 0.4 15 ± 4 13 ± 6 18 ± 4 17 ± 4 18 ± 2 17 ± 4 30 ± 0.3 30 ± 0.2 30 ± 0.1 30 ± 0.2 <0.0001

dmft 12 ± 0.3 10 ± 0.2 NA NA NA NA NA NA NA NA NA NA NS

PBI 0 ± 0.1 0 ± 0.1 0 ± 0.1 0 ± 0.1 0.5 ± 0.3 0.4 ± 0.3 0.6 ± 0.3 0.6 ± 0.3 1.3 ± 0.4 1 ± 0.5 1.8 ± 0.3 1.4 ± 0.3 <0.0001

GI 0 ± 0.1 0 ± 0.1 0 ± 0.3 0 ± 0.2 0.1 ± 0.3 0.1 ± 0.1 0.1 ± 0.2 0.1 ± 0.2 0.2 ± 0.1 0.2 ± 0.3 0.2 ± 0.2 0.2 ± 0.2 <0.0001

Note: Results were analyzed using one-way ANOVA analysis of variance.
Abbreviations: dmft, decayed, missing, filled teeth for primary teeth; DMFT, decayed, missing, filled teeth for permanent teeth; GI, Gingival Index; n, number of patients; NA, not applicable; NS, no significance; PBI, Papilla Bleeding Index.
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intensity of bleeding from the gingival papilla after probing. The dmft index was also assayed for primary teeth in children and
adolescents.42 A clinical examination was performed by one experienced dentist (J.S.). Moreover, the interrater reliability, ie,
agreements among the examiner and two other experienced dentists (A.Z. and S.Z.), was assessed in 45 individuals. The
reliability for dmft/DMFTwas r = 0:96; for GI: r = 0:95; and for PBI: r = 0:94.

Blood Collection
10 mL of venous blood was gathered with the S-Monovette® K3 EDTA blood collection system (Sarstedt, Nümbrecht,
Germany). Each sample was taken on an empty stomach after an overnight rest. Blood was centrifuged (4°C, 1500 × g,
10 min), and plasma (upper layer after centrifugation) was collected instantaneously.43 BHT was added, similarly to
saliva samples. The material was frozen at −80° C until assessment.

Salivary and Blood Assays
All reagents (unless otherwise specified) were purchased from Sigma-Aldrich (Nümbrecht, Germany/Saint Louis, MO,
USA). To measure absorbance and fluorescence, BioTek Synergy H1 (Winooski, VT, USA) was used. All determinations
were conducted in duplicate samples, and results were standardized to 1 mg of total protein. Total protein content was
measured based on the bicinchoninic acid (BCA) method44 using the commercial Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, Rockford, IL, USA).

Protein Oxidation Products
Total thiols concentration was assessed colorimetrically at a wavelength of 412 nm with Ellman’s reagent. The quantity
of thiol groups was determined based on a standard curve for reduced glutathione.45

The level of protein carbonyls was measured with a colorimetric method at 355 nm wavelength. The method is based
on the reaction of carbonyl groups with 2,4-dinitrophenylhydrazine (2,4-DNPH).46

Protein Glycation Products
According to the manufacturer, the methylglyoxal (MGO) concentration was measured immunoenzymatically using the
OxiSelect™ Methylglyoxal ELISA Kit (Cell Biolabs, San Diego, CA, USA). MGO content was calculated using MG-
BSA standard curve.

The level of Nε-(carboxymethyl) lysine (CML) was estimated immunoenzymatically using OxiSelect™ Nε-
(carboxymethyl) lysine (CML) Competitive ELISA Kit (Cell Biolabs, San Diego, CA, USA). The quantity of
CML was assessed based on a standard curve for CML-BSA.

The content of advanced glycation end products (AGE) was assayed spectrofluorimetrically at 350 and 440 nm
wavelengths.

Protein Carbamylation Product
To assess the level of carbamylated proteins, carbamyl-lysine (CBL) was evaluated using the OxiSelect™ Protein
Carbamylation Sandwich ELISA Kit (Cell Biolabs, San Diego, CA, USA). CBL content was calculated from a CBL-
BSA standard curve.

Lipid Oxidation Product
4-hydroxynonenal protein adducts (4-HNE) were assayed with an enzyme immunoassay using the OxiSelect™ HNE
Adduct Competitive ELISA Kit (Cell Biolabs, San Diego, CA, USA). The level of 4-HNE was estimated based on
a standard curve of HNE-BSA.

DNA Oxidation Product
The 8-hydroxy-2’-deoxyguanosine (8-OHdG) level was measured immunoenzymatically with the OxiSelect™ Oxidative
DNA Damage ELISA Kit (Cell Biolabs, San Diego, CA, USA) according to the manufacturer’s instructions. 8-OHdG
quantity was calculated using the 8-OHdG standard curve.

https://doi.org/10.2147/JIR.S356029

DovePress

Journal of Inflammation Research 2022:152056

Maciejczyk et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Statistical Analyses
GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) for MacOS was used to perform the statistical analysis. The
normality of the distribution was assessed using the Shapiro–Wilk test, while homogeneity of variance used the Levene
test. Two-way analysis of variance ANOVA, post hoc Tukey’s HSD (honestly significant difference) test, and Student’s
t-test were involved in specific analyses. The relationships between the variables were assayed with Pearson’s correlation
coefficient. The multivariate linear regression model was applied to examine the associations among aging, sex, and
biomarkers levels. Sex and age were included as independent variables. A 95% confidence interval (CI) was reported
along with regression parameters. Moreover, receiver operating characteristic (ROC) analysis was used to determine the
diagnostic value of salivary and plasma biomarkers. Their concentrations were compared in three age groups: children
and adolescents (under 15 years of age), the working-age population (15–64 years of age), and the elderly (65 years of
age and older). Cut-off value, the area under the curve (AUC), sensitivity, and specificity with 95% CI were evaluated to
assess the discrimination power of the assessed biomarkers. As the statistical significance p < 0.05 was assumed.

Results
Protein Oxidation
Two-way analysis of variance (ANOVA) showed that salivary total thiols concentration was age dependent (p < 0.0001;
percentage of total variation – 23.12%), but not sex (p = 0.7259; percentage of total variation – 0.055%) or interaction
between age and gender dependent (p = 0.5469; percentage of total variation – 1.8%). The concentration of total thiols
was significantly lower in men aged 80–100 compared to men aged 14–19 (p = 0.0127; ↓38%) and 20–39 (p = 0.0498;
↓35%). Furthermore, this parameter was significantly reduced in men aged 60–79 than in those aged 14–19 (p = 0.0081;
↓39%) and 20–39 (p = 0.0338; ↓36%). The concentration of total thiols was significantly lower also in women aged 80–
100 and 60–79 compared to those aged 14–19 (p = 0.0006; ↓46% and p = 0.0122; ↓33%, respectively) (Figure 1A).

The results of a two-way ANOVA indicated plasma total thiols concentration was only age dependent (p < 0.0001;
percentage of total variation – 22.79%), but not sex (p = 0.8317; percentage of total variation – 0.02%) or age-gender
dependent (p = 0.3665; percentage of total variation – 2.43%). The concentration of total thiols was significantly lower in men
aged 80–100 in comparison to men aged 6–13 (p = 0.0281; ↓27%) and 14–19 (p = 0.0289; ↓27%). Moreover, this parameter
was significantly reduced between women aged 80–100 and those aged 6–13 (p < 0.0001; ↓37%), 14–19 (p = 0.0005; ↓35%),
and 40–59 (p = 0.0109; ↓31%) (Figure 1B).

Two-way analysis of variance showed salivary protein carbonyls was age dependent (p < 0.0001; percentage of total
variation – 22.65%), but not sex (p = 0.7226; percentage of total variation – 0.057%) or interaction between age and
gender dependent (p = 0.4994; percentage of total variation – 1.96%). The concentration of protein carbonyls was
significantly higher in men aged 80–100 compared to men aged 6–13 (p = 0.0003; ↑43%) and 14–19 (p = 0.0004; ↑41%),
and in women aged 80–100 in comparison to those aged 14–19 (p = 0.0007; ↑42%) (Figure 1C).

Two-way ANOVA indicated plasma protein carbonyls concentration was only age dependent (p < 0.0001; percentage of
total variation – 25.7%), but not sex (p = 0.9058; percentage of total variation – 0.006%) or age-gender dependent (p = 0.2119;
percentage of total variation – 3.06%). The concentration of protein carbonyls was significantly increased in men aged 80–100
in comparison to men aged 14–19 (p = 0.0107; ↑71%) and 40–59 (p = 0.0148; ↑68%). Furthermore, this parameter was
significantly higher in men aged 80–100 compared to those aged 6–13 (p = 0.0181; ↑55%), 14–19 (p = 0.0001; ↑92%), 20–39
(p = 0.0098; ↑60%), and 40–59 (p = 0.0002; ↑88%). The concentration of protein carbonyls was significantly higher also in
women aged 80–100 and 60–79 in comparison to women aged 6–13 (p = 0.0028; ↑82% and p = 0.0183; ↑72%, respectively)
(Figure 1D).

Protein Glycation
Two-way analysis of variance showed that salivary MGO concentration was age dependent (p = 0.018; percentage of
total variation – 7.56%), but not sex (p = 0.8318; percentage of total variation – 0.024%) or interaction between age and
gender dependent (p = 0.5132; percentage of total variation – 2.29%). There were not any significant differences in
concentration of salivary MGO (Figure 2A).
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The results of a two-way ANOVA indicated plasma MGO concentration was only age dependent (p < 0.0001; percentage
of total variation – 40.42%), but not sex (p = 0.3198; percentage of total variation – 0.34%) or age-gender dependent (p =
0.4583; percentage of total variation – 1.61%). The concentration of MGO was significantly higher in men aged 80–100 in
comparison to men aged 6–13 (p = 0.0007; ↑69%), 14–19 (p < 0.0001; ↑78%), and 40–59 (p = 0.0188; ↑49%). Moreover, this
parameter was significantly increased between men aged 60–79 and those aged 6–13 (p < 0.0001; ↑79%), 14–19 (p = 0.0002;
↑88%), and 40–59 (p = 0.0019; ↑58%). MGO concentration was significantly higher also in women aged 80–100 than in those
aged 6–13 (p = 0.0038; ↑61%) and aged 14–19 (p = 0.0081; ↑56%). Furthermore, the parameter was significantly increased in
women aged 60–79 compared to those aged 6–13 (p < 0.0001; ↑101%), 14–19 (p < 0.0001; ↑95%), 20–39 (p < 0.0001; ↑67%),
and 40–59 (p < 0.0001; ↑64%) (Figure 2B).

Two-way analysis of variance showed salivary CML concentration was age (p < 0.0001; percentage of total
variation – 24.01%) and sex (p = 0.0161; percentage of total variation – 2.51%), but not interaction between age and
gender dependent (p = 0.4432; percentage of total variation – 2.04%). The concentration of CML was significantly
higher in men aged 80–100 compared to men aged 14–19 (p = 0.0318; ↑58%). The CML concentration was
significantly increased also in women aged 80–100 than in those aged 6–13 (p < 0.0001; ↑78%), 14–19 (p < 0.0001;
↑77%), 20–39 (p = 0.0013; ↑55%), and 40–59 (p = 0.0004; ↑61%) (Figure 2C).

Figure 1 Concentration of total thiols in saliva (A) and plasma (B), and protein carbonyls in saliva (C) and plasma (D) of males and females aged 6–13 (blue bars), 14–19
(red bars), 20–39 (green bar), 40–59 (purple bars), 60–79 (Orange bars), and 80–100 (black bars).
Notes: Data are shown as mean ± SD. Differences statistically significant at: *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001.
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Figure 2 Concentration of MGO in saliva (A) and plasma (B), CML in saliva (C) and plasma (D), and AGE in saliva (E) and plasma (F) of males and females aged 6–13 (blue
bars), 14–19 (red bars), 20–39 (green bar), 40–59 (purple bars), 60–79 (Orange bars), and 80–100 (black bars).
Notes: Data are shown as mean ± SD. Differences statistically significant at: *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001.
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A two-way ANOVA indicated plasma CML concentration was only age dependent (p < 0.0001; percentage of total
variation – 18.97%), but not sex (p = 0.6824; percentage of total variation – 0.079%) or age-gender dependent (p = 0.649;
percentage of total variation – 1.58%). The concentration of CML was significantly higher in men aged 80–100 and aged
60–79 compared to men aged 6–13 (p = 0.0095; ↑78% and p = 0.005; ↑81%, respectively). Moreover, this parameter was
significantly increased in women aged 60–79 than those aged 6–13 (p = 0.0394; ↑60%) (Figure 2D).

Two-way analysis of variance showed salivary AGE was age (p = 0.0243; percentage of total variation – 39.12%)
and sex dependent (p = 0.0243; percentage of total variation – 1.71%), but not interaction between age and gender
dependent (p = 0.0652; percentage of total variation – 3.52%). The concentration of AGE was significantly higher in
men aged 80–100 compared to men aged 6–13 (p = 0.0001; ↑58%) and 14–19 (p = 0.0015; ↑70%). Furthermore, this
parameter was significantly increased in men aged 60–79 in comparison to those aged 6–13 (p < 0.0001; ↑51%) and
14–19 (p = 0.0001; ↑62%). The concentration of AGE was significantly higher in men aged 20–39 than in men aged
14–19 (p = 0.0277; ↑44%). The AGE concentration was significantly increased in women aged 80–100 compared to
those aged 6–13 (p < 0.0001; ↑83%), 14–19 (p < 0.0001; ↑74%), 20–39 (p < 0.0001; ↑47%), 40–59 (p < 0.0001;
↑59%), and 60–79 (p = 0.0103; ↑29%). The concentration of AGE was significantly higher between women aged 60–
79 and those aged 6–13 (p = 0.0099; ↑42%). In addition, this parameter was significantly increased in women aged
80–100 in comparison to men aged 80–100 (p = 0.037; ↑26%) (Figure 2E).

The results a two-way ANOVA indicated plasma AGE concentration was only age dependent (p < 0.0001;
percentage of total variation – 38.26%), but not sex (p = 0.4603; percentage of total variation – 0.2%) or age-gender
dependent (p = 0.7569; percentage of total variation – 0.95%). The concentration of AGE was significantly
increased in men aged 80–100 in comparison to men aged 6–13 (p < 0.0001; ↑107%), 14–19 (p < 0.0001;
↑110%), 20–39 (p < 0.0001; ↑96%), and 40–59 (p < 0.0001; ↑86%). Furthermore, this parameter was significantly
higher in men aged 60–79 compared to those aged 6–13 (p = 0.0305; ↑61%) and 14–19 (p = 0.024; ↑63%). The
concentration of AGE was significantly higher also in women aged 60–79 and those aged 6–13 (p < 0.0001;
↑108%), 14–19 (p < 0.0001; ↑102%), 20–39 (p = 0.0001; ↑84%), 40–59 (p = 0.0164; ↑51%) (Figure 2F).

Protein Carbamylation
Two-way analysis of variance showed salivary CBL concentration was age dependent (p < 0.0001; percentage of
total variation – 26.94%), but not sex (p = 0.2761; percentage of total variation – 0.51%) or interaction between age
and gender dependent (p = 0.6776; percentage of total variation – 1.33%). The concentration of CBL was
significantly higher in men aged 80–100 and those aged 60–79 in comparison to men aged 14–19 (p = 0.0129;
↑43% and p = 0.0004; ↑53%, respectively). The CBL concentration was significantly increased between women
aged 80–100 and 14–19 (p = 0.0145; ↑42%). Moreover, the parameter was significantly higher also in women aged

Figure 3 Concentration of CBL in saliva (A) and plasma (B) of males and females aged 6–13 (blue bars), 14–19 (red bars), 20–39 (green bar), 40–59 (purple bars), 60–79
(Orange bars), and 80–100 (black bars).
Notes: Data are shown as mean ± SD. Differences statistically significant at: *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001.
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60–79 compared to women aged 6–13 (p = 0.0012; ↑46%), 14–19 (p < 0.0001; ↑58%), 20–39 (p = 0.0101; ↑38%),
and 40–59 (p = 0.0013; ↑45%) (Figure 3A).

Two-way analysis of variance showed that salivary CML concentration was age (p < 0.0001; percentage of total
variation – 25.83%) and sex dependent (p = 0.0279; percentage of total variation – 2.06%), but not interaction between age
and gender dependent (p = 0.4731; percentage of total variation – 1.91%). The concentration of CBL was significantly
higher in men aged 80–100 in comparison to men aged 6–13 (p = 0.0043; ↑53%) and 14–19 (p = 0.0003; ↑67%), and also
between men aged 60–79 and those 6–13 (p = 0.0023; ↑55%), 14–19 (p = 0.0002; ↑69%), and 20–39 (p = 0.0433; ↑39%).
Moreover, this parameter was significantly increased in women aged 60–79 compared women aged 6–13 (p = 0.0029;
↑60%), 14–19 (p = 0.0284; ↑46%), 40–59 (p = 0.0412; ↑44%), and (p = 0.0423; ↑44%) (Figure 3B).

Lipid Oxidation
Two-way analysis of variance showed that salivary 4-HNE adducts concentration was age dependent (p < 0.0001; percentage
of total variation – 30.21%), but not sex (p = 0.6745; percentage of total variation – 0.072%) or interaction between age and
gender dependent (p = 0.674; percentage of total variation – 1.29%). The concentration of 4-HNE was significantly higher in
men aged 80–100 compared to men aged 6–13 (p = 0.0375; ↑42%), 14–19 (p < 0.0001; ↑86%), 20–39 (p = 0.0043; ↑54%), and
40–59 (p = 0.0003; ↑69%), and also between men aged 60–79 and those 14–19 (p = 0.0142; ↑23%). The parameter was
significantly increased in women aged 80–100 than in those aged 6–13 (p = 0.002; ↑60%), 14–19 (p = 0.0025; ↑59%), 20–39
(p = 0.0001; ↑76%), and 40–59 (p = 0.0052; ↑55%) (Figure 4A).

The results of a two-way ANOVA indicated plasma 4-HNE adducts concentration was only age dependent (p < 0.0001;
percentage of total variation – 37.41%), but not sex (p = 0.9474; percentage of total variation – 0.0016%) or age-gender
dependent (p = 0.1783; percentage of total variation – 2.75%). The concentration of 4-HNE was significantly higher in men
aged 80–100 in comparison to men aged 6–13 (p < 0.0001; ↑63%), 14–19 (p = 0.001; ↑41%), and 20–39 (p = 0.0008; ↑42%).
Moreover, this parameter was significantly increased between men aged 60–79 and those aged 6–13 (p = 0.0003; ↑51%) and
aged 20–39 (p = 0.0413; ↑32%). 4-HNE adducts concentration was significantly higher in men aged 40–59 than in those aged
6–13 (p = 0.0152; ↑19%). Furthermore, the parameter was significantly increased in women aged 80–100 compared to those
aged 6–13 (p < 0.0001; ↑47%), 14–19 (p < 0.0001; ↑64%), 20–39 (p < 0.0001; ↑50%), and 40–59 (p = 0.0002; ↑43%). The
concentration of 4-HNE was significantly higher also in women aged 60–100 in comparison to those aged 6–13 (p = 0.0164;
↑34%), 14–19 (p = 0.0002; ↑49%), 20–39 (p = 0.0077; ↑37%), and 40–59 (p = 0.0386; ↑31%). (Figure 4B).

DNA Oxidation
Two-way ANOWA showed salivary 8-OHdG concentration was age (p < 0.0001; percentage of total variation – 49.16%)
and interaction between age and gender dependent (p = 0.0234; percentage of total variation – 3.71%), but not sex
dependent (p = 0.1456; percentage of total variation – 0.59%). The concentration of 8-OHdG was significantly higher in
men aged 80–100 compared to men aged 6–13 (p < 0.0001; ↑79%), 14–19 (p < 0.0001; ↑75%), 20–39 (p = 0.0194;
↑33%), and 40–59 (p < 0.0001; ↑71%). The parameter was significantly increased in men aged 60–79 than in those aged
6–13 (p = 0.0009; ↑55%), 14–19 (p = 0.0019; ↑52%), and 40–59 (p = 0.004; ↑48%). Moreover, the 8-OHdG
concentration was significantly higher in women aged 80–100 compared to those aged 6–13 (p < 0.0001; ↑107%),
14–19 (p < 0.0001; ↑79%), 20–39 (p < 0.0001; ↑103%), and 40–59 (p < 0.0001; ↑91%). This parameter was significantly
increased also in women aged 60–100 in comparison to those aged 6–13 (p < 0.0001; ↑92%), 14–19 (p < 0.0001; ↑67%),
20–39 (p < 0.0001; ↑89%), and 40–59 (p < 0.0001; ↑77%) (Figure 4C).

The results of a two-way ANOVA indicated plasma 8-OHdG concentration was only age dependent (p < 0.0001;
percentage of total variation – 42.91%), but not sex (p = 0.8567; percentage of total variation – 0.011%) or age-
gender dependent (p = 0.4903; percentage of total variation – 1.47%). The concentration of 8-OHdG was
significantly higher in men aged 80–100 compared to men aged 6–13 (p < 0.0001; ↑42%), 14–19 (p < 0.0001;
↑51%), 20–39 (p = 0.027; ↑24%), and 40–59 (p = 0.0151; ↑25%). This parameter was significantly increased in men
aged 60–79 than in those aged 6–13 (p < 0.0001; ↑47%), 14–19 (p < 0.0001; ↑56%), 20–39 (p = 0.0036; ↑28%), and
40–59 (p = 0.0018; ↑29%). Furthermore, the 8-OHdG concentration was significantly higher in women aged 80–100
compared to those aged 6–13 (p = 0.0001; ↑38%), 14–19 (p = 0.0048; ↑30%), and 20–39 (p = 0.0032; ↑31%). The
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Figure 4 Concentration of 4-HNE in saliva (A) and plasma (B), and 8-OHdG in saliva (C) and plasma (D) of male and female aged 6–13 (blue bars), 14–19 (red bars), 20–39
(green bar), 40–59 (purple bars), 60–79 (Orange bars), and 80–100 (black bars).
Notes: Data are shown as mean ± SD. Differences statistically significant at: *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001.
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parameter was significantly increased also in women aged 60–100 in comparison to those aged 6–13 (p < 0.0001;
↑45%), 14–19 (p = 0.0001; ↑36%), 20–39 (p < 0.0001; ↑37%), and 40–59 (p = 0.0203; ↑24%) (Figure 4D).

Correlations
Salivary protein carbonyls (r = 0.44, p < 0.0001), CML (r = 0.45, p < 0.0001), AGE (r = 0.6, p < 0.0001), CBL (r =
0.43, p < 0.0001), 4-HNE (r = 0.47, p < 0.0001), and 8-OHdG concentration (r = 0.62, p < 0.0001) was positively
correlated with age. Plasma protein carbonyls (r = 0.44, p < 0.0001), MGO (r = 0.54, p < 0.0001), CML (r = 0.41,
p < 0.0001), AGE (r = 0.56, p < 0.0001), CBL (r = 0.46, p < 0.0001), 4-HNE (r = 0.6, p < 0.0001), and 8-OHdG
level (r = 0.62, p < 0.0001) was also positively correlated with age. However, a negative relationship between
salivary (r = −0.44, p < 0.0001) and plasma (r = −0.45, p < 0.0001) total thiols concentration and age were showed.

There were positive correlations between plasma and salivary concentrations of AGE (r = 0.53, p < 0.0001), 4-HNE
(r = 0.59, p < 0.0001), and 8-OHdG (r = 0.44, p < 0.0001).

Salivary CML and protein carbonyls concentrationswere positively correlated (r = 0.32, p < 0.0001). Salivary 4-HNE level
had positive relationship with AGE (r = 0.31, p < 0.0001) and CBL level (r = 0.34, p < 0.0001). Furthermore, a positive
correlation between concentration of 8-OHdG in saliva and protein carbonyls (r = 0.34, p< 0.0001), CML (r = 0.4, p< 0.0001),
AGE (r = 0.4, p < 0.0001), CBL (r = 0.36, p < 0.0001), and 4-HNE level in this material (r = 0.38, p < 0.0001) was showed.

Plasma MGO and protein carbonyls concentrations had positive correlation (r = 0.35, p < 0.0001). Plasma AGE
level was negatively correlated with plasma total thiols (r = −0.35, p < 0.0001) and positively with plasma MGO
level (r = 0.35, p < 0.0001). Also 4-HNE concentration in plasma showed positive relationship with plasma MGO
level (r = 0.34, p < 0.0001), and with plasma CBL level (r = 0.32, p < 0.0001). Curiously enough, plasma 8-OHdG
level had negative correlation with plasma total thiols concentration (r = −0.33, p < 0.0001) and positive correlation
with concentration of MGO (r = 0.46, p < 0.0001), CML (r = 0.31, p < 0.0001), AGE (r = 0.45, p < 0.0001), CBL
(r = 0.31, p < 0.0001), 4-HNE in plasma (r = 0.33, p < 0.0001).

The above correlations are shown in Figure 5.

The Multivariate Linear Regression Model
All analyzed salivary and plasma parameters depend on age. Moreover, CML and AGE levels in saliva and CBL
concentration in plasma are affected by sex (Table 3).

ROC Analysis
Results of ROC analysis are shown in Table 4. All measured parameters in saliva except for MGO level and all
parameters in plasma were significantly different between people under 15 years old and people 65 years and older.
Statistically significant differences between working-age and elderly patients were presented by the concentration of total
thiols in saliva and AGE, 4-HNE and 8-OHdG levels in saliva and plasma.

To summarize, AGE and 8-OHdG level concentrations are of particular diagnostic utility. Patients under 15 years old
and aged 65 years and older were differentiated with high sensitivity and specificity by the level of AGE in saliva (84%
and 86%) as well as in plasma (82% and 81%, respectively). Salivary AGE concentration also differentiated people in the
range 15–64 years old and these 65 years and older with 76% sensitivity and 73% specificity and plasma AGE
concentration – with 72% and 76%, respectively. Moreover, patients under 15 years old and aged 65 years and older
were differentiated with high sensitivity and specificity by the level of AGE in saliva (84% and 86%) and plasma (82%
and 81%, respectively). Children, young adolescents, and the elderly were differentiated with high sensitivity and
specificity by the concentration of 8-OHdG in saliva (92% and 92%) and plasma (82% and 81%, respectively).
Additionally, salivary 8-OHdG concentration differentiated the working-age and elderly populations with 76% sensitivity
and 81% specificity and plasma AGE concentration – with 76% and 74%, respectively (Table 4).

Discussion
Aging is inextricably linked to oxidative and carbonyl stress.13,16,47 The presented results confirm previous observations
that plasma proteins’ oxidation, glycation, and carbamylation significantly increase with age.11,48–51 This is not surprising
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since, in the elderly, there is a higher production of ROS via mitochondrial dysfunction and NOX overexpression,
disturbances in the antioxidant enzymes/nonenzymatic free radical scavengers, but also decreased proteasome activity
and protein repair mechanisms.52 Several studies have shown that enhanced protein carbonylation can cause and affect
many age-related disorders such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, diabetes, and
cancer.5,12,17,19,48,53–55,60 The consequences of oxidative/glycative damage to proteins include changes in gene expres-
sion, molecular heterogeneity, disrupted intercellular communication, as well as increased susceptibility to environmental
stress.5,6,12,17,19,48,53–55 However, it is unknown whether increased protein oxidation/glycation can be observed in other
biofluids. Nowadays, special attention is paid to non-invasive sample collection, reducing patient anxiety and contribut-
ing to more frequent health monitoring. Among all bioliquids, saliva provides particular diagnostic advantages. These
include inexpensive, painless, and stress-free collection in elderly and disabled patients.24,32–35

To our knowledge, we are the first to show that modifications of salivary proteins increase with age, which manifests
as reduced total thiol levels and elevated carbonyl groups and glycation (↑CML, ↑AGE)/carbamylation (↑CBL) protein
products. Although these compounds can be produced in the salivary glands, they can also enter the oral cavity via
intracellular or extracellular routes.000 The first involves passive (diffusion and filtration) or specific transport (facilitated
diffusion, pinocytosis, and active transport), while the extracellular pathway – ultrafiltration and transport across
damaged cell membranes.33,56,57 Highly permeable salivary glands are surrounded by numerous capillaries and blood,
allowing biomarkers in the bloodstream to penetrate the acini and ultimately be secreted into saliva. The highest fraction
of biomolecules found in saliva ranges from 20 to 40 kDa, allowing the determination of glycated and carbamylated
proteins in this biological fluid.24,25 It is believed that, in older individuals, exudation plays a vital role in the passage of
proteins and other macromolecules into saliva.36–38 However, saliva is the filtrate from the salivary glands and the
crevicular fluid from the gums and exudates from the oral mucosa. In older individuals, senile periodontal atrophy is

Figure 5 Heat map of correlations between age, salivary, and plasma concentration of oxidation, glycation, and carbamylation of proteins, lipids, and DNA.
Abbreviations: AGE, advanced glycation end products; CBL, carbamyl-lysine; CML, Nε-(carboxymethyl) lysine; MGO, methylglyoxal adducts; 4-HNE, 4-hydroxynonenal
protein adducts; 8-OHdG, 8-hydroxy-2’-deoxyguanosine.
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observed, manifested by uniform alveolar bone loss and gingival recession promoting the passage of several substances
from the blood into saliva.28,29 Enhanced damage to membrane lipids and thus enhanced permeability of oral cell
membranes may be evidenced by an increase in salivary 4-HNE, one of the major indicators of salivary lipoperoxidation.
Therefore, saliva is a particularly attractive diagnostic material for assessing aging. Although salivary MGO concentra-
tions were not statistically different, the protein glycation products (↑CML, ↑AGE) were significantly higher in the
elderly than in middle-aged and young subjects. Unlike early glycation products like Schiff bases and fructosamine, CML
and AGE are highly immunogenic and thus are recognized by membrane receptors of macrophages, neurons, hepato-
cytes, cardiomyocytes, and adipocytes. AGE binding to the RAGE receptor not only triggers the pro-inflammatory NF-
κB signaling but also enhances aldose reductase activity and increases the expression of adhesion molecules (↑ICAM,
↑VCAM). Under these conditions, NOX and cyclooxygenases (COX) are up-regulated, and secretion of pro-
inflammatory factors is increased (↑IL-1, ↑IL-6, and ↑TNF-α).11,13–15 Importantly, nonenzymatic glycosylation is
particularly detrimental to proteins with a long metabolic turnover, such as extracellular matrix proteins (eg, collagens,
proteoglycans, or lens crystallin).8,9,58,59 It was shown that AGE induce cross-linking, conformational changes, and
decreased resistance to proteolytic degradation, which promotes the accumulation of modified proteins in tissues.8,9,58,59

In the presented study, salivary AGE significantly correlated with their plasma concentrations. Therefore, saliva may be
an alternative to blood for assessing the severity of protein glycation. However, it should be remembered that circulating
AGE reflects mainly modifications of proteins with a short half-life, such as albumins, transferrins, and mucins.
Therefore, AGE assessment in saliva may indirectly suggest interactions between circulating proteins, eg, in enzyme-
substrate responses.24,35,58 Interestingly, recent studies indicate that many brain biomarkers correlate more strongly with

Table 3 Multiple Regression Analysis of Oxidation, Glycation, and Carbamylation of Salivary and Plasma Proteins, Lipids, and DNA

β1: Age β2: Sex

Estimate 95% CI p-value Estimate 95% CI p-value

Saliva

Total thiols level −0.4503 −0.5855 - −0.3151 < 0.0001 −1.344 −8.958–6.27 0.728

Protein carbonyls level 0.02077 0.01454–0.027 < 0.0001 0.06285 −0.2879–0.4136 0.7241

MGO level 0.008252 0.002732–0.01377 0.0036 0.03345 −0.2773–0.3442 0.8321

CML level 0.6253 0.4453–0.8053 < 0.0001 12.34 2.204–22.47 0.0173

AGE level 0.01658 0.01334–0.01982 < 0.0001 0.2036 0.02129–0.3859 0.0288

CBL level 0.01539 0.01067–0.02012 < 0.0001 −0.1421 −0.4083–0.124 0.2934

4-HNE level 0.01584 0.01141–0.02026 < 0.0001 −0.05109 −0.3003–0.1981 0.6863

8-OHdG level 0.02196 0.01783–0.02608 < 0.0001 −0.154 −0.3862–0.07826 0.1924

Plasma

Total thiols level −0.1152 −0.1491 - −0.08128 < 0.0001 −0.2048 −2.115–1.706 0.8327

Protein carbonyls level 0.09016 0.0628–0.1175 < 0.0001 −0.08927 −1.63–1.452 0.9091

MGO level 0.09579 0.0738–0.1178 < 0.0001 0.5817 −0.6561–1.82 0.355

CML level 0.9321 0.6263–1.238 < 0.0001 3.591 −13.63–20.81 0.6812

AGE level 0.01235 0.009662–0.01505 < 0.0001 −0.055 −0.2066–0.0966 0.475

CBL level 0.06489 0.04654–0.08325 < 0.0001 −1.139 −2.173 - −0.106 0.0309

4-HNE level 0.03569 0.02855–0.04283 < 0.0001 −0.01329 −0.4153–0.3887 0.948

8-OHdG level 0.02633 0.02141–0.03125 < 0.0001 −0.02482 −0.302–0.2523 0.8599

Abbreviations: AGE, advanced glycation end products; CBL, carbamyl-lysine; CI, confidence interval; CML, Nε-(carboxymethyl) lysine; MGO, methylglyoxal adducts;
4-HNE, 4-hydroxynonenal protein adducts; 8-OHdG, 8-hydroxy-2’-deoxyguanosine.
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Table 4 ROC Analysis of Oxidation, Glycation, and Carbamylation of Salivary and Plasma Proteins, Lipids, and DNA Between Children and Adolescents (Under 15 Years Old), the
Working-Age Population (15–64 Years), and the Older People (65 Years and Older)

< 15 vs 15–64

< 15* 15–64* Cut off AUC 95% CI Sensitivity % 95% CI Specificity % 95% CI

Saliva

Total thiols level 81.41 ± 30.21 81.04 ± 28.71 > 76.88 0.5059 0.3948–0.6171 52.13 42.15% - 61.94% 47.22 31.99% - 62.99%

Protein carbonyls level 5.062 ± 0.9361 5.396 ± 1.026 > 5.196 0.5975 0.4912–0.7038 59.57 49.47% - 68.93% 55.56 39.58% - 70.46%

MGO level 2.999 ± 0.7768 2.992 ± 1.068 > 2.985 0.5095 0.4066–0.6123 48.94 39.07% - 58.88% 50 34.47% - 65.53%

CML level 84.36 ± 17.91 93.4 ± 29.93 > 87.32 0.5969 0.4992–0.6947 57.45 47.35% - 66.96% 55.56 39.58% - 70.46%

AGE level 1.902 ± 0.4671 2.334 ± 0.5523 > 2.106 0.7284 0.6326–0.8242 65.96 55.92% - 74.74% 69.44 53.14% - 82%

CBL level 3.174 ± 0.9666 3.298 ± 0.9684 > 3.274 0.5322 0.4208–0.6436 51.06 41.12% - 60.93% 50 34.47% - 65.53%

4-HNE level 2.141 ± 0.9928 2.158 ± 0.7515 > 2.164 0.5071 0.39–0.6241 52.13 42.15% - 61.94% 50 34.47% - 65.53%

8-OHdG level 1.975 ± 0.5078 2.333 ± 0.8316 > 2.137 0.6188 0.5234–0.7142 55.32 45.26% - 64.96% 58.33 42.2% - 72.86%

Plasma

Total thiols level 31.54 ± 6.349 28.26 ± 6.9 < 29.25 0.6356 0.5333–0.738 57.45 47.35% - 66.96% 61.11 44.86% - 75.22%

Protein carbonyls level 10.41 ± 3.491 12.38 ± 5.1 > 11.61 0.6117 0.5101–0.7133 56.38 46.3% - 65.96% 58.33 42.2% - 72.86%

MGO level 9.496 ± 2.008 11.91 ± 4.407 > 10.12 0.6723 0.5805–0.7641 62.77 52.67% - 71.86% 61.11 44.86% - 75.22%

CML level 113.8 ± 42.49 142.7 ± 55.59 > 124.7 0.6365 0.5377–0.7354 54.26 44.22% - 63.96% 58.33 42.2% - 72.86%

AGE level 0.9947 ± 0.2352 1.177 ± 0.4672 > 1.04 0.6203 0.5235–0.717 58.51 48.41% - 67.94% 61.11 44.86% - 75.22%

CBL level 9.238 ± 2.304 10.32 ± 3.378 > 9.486 0.594 0.4907–0.6972 56.38 46.3% - 65.96% 61.11 44.86% - 75.22%

4-HNE level 4.896 ± 1.271 5.621 ± 1.449 > 5.176 0.6448 0.5435–0.7461 62.77 52.67% - 71.86% 66.67 50.33% - 79.79%

8-OHdG level 4.303 ± 0.9882 4.857 ± 1.06 > 4.44 0.6516 0.5452–0.758 69.15 59.21% - 77.58% 66.67 50.33% - 79.79%
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< 15 vs > 64

< 15* > 64* Cut off AUC 95% CI Sensitivity % 95% CI Specificity % 95% CI

Saliva

Total thiols level 81.41 ± 30.21 54.38 ± 16.36 < 65.45 0.8011 0.6996–0.9027 78 64.76% - 87.25% 77.78 61.92% - 88.28%

Protein carbonyls level 5.062 ± 0.9361 6.58 ± 1.585 > 5.75 0.7889 0.6956–0.8821 68 54.19% - 79.24% 72.22 56.01% - 84.15%

MGO level 2.999 ± 0.7768 3.628 ± 1.157 > 3.251 0.69 0.5778–0.8022 64 50.14% - 75.86% 66.67 50.33% - 79.79%

CML level 84.36 ± 17.91 127.6 ± 50.99 > 95.49 0.7828 0.6811–0.8844 74 60.45% - 84.13% 77.78 61.92% - 88.28%

AGE level 1.902 ± 0.4671 3.164 ± 0.8527 > 2.361 0.9056 0.8418–0.9693 84 71.49% - 91.66% 86.11 71.34% - 93.92%

CBL level 3.174 ± 0.9666 4.156 ± 0.7893 > 3.698 0.7794 0.6779–0.881 68 54.19% - 79.24% 72.22 56.01% - 84.15%

4-HNE level 2.141 ± 0.9928 3.245 ± 0.8189 > 2.562 0.8117 0.7162–0.9071 80 66.96% - 88.76% 75 58.93% - 86.25%

8-OHdG level 1.975 ± 0.5078 3.616 ± 0.8396 > 2.55 0.9622 0.9218–1 92 81.16% - 96.85% 91.67 78.17% - 97.13%

Plasma

Total thiols level 31.54 ± 6.349 23.45 ± 6.486 < 26.97 0.82 0.7303–0.9097 74 60.45% - 84.13% 77.78 61.92% - 88.28%

Protein carbonyls level 10.41 ± 3.491 16.8 ± 6.672 > 12.64 0.7878 0.6919–0.8837 72 58.33% - 82.53% 75 58.93% - 86.25%

MGO level 9.496 ± 2.008 16.18 ± 5.491 > 11.67 0.8817 0.8062–0.9571 80 66.96% - 88.76% 83.33 68.11% - 92.13%

CML level 113.8 ± 42.49 187.2 ± 72.72 > 145.1 0.8067 0.7149–0.8984 78 64.76% - 87.25% 77.78 61.92% - 88.28%

AGE level 0.9947 ± 0.2352 1.834 ± 0.7526 > 1.136 0.8778 0.8057–0.9499 82 69.2% - 90.23% 80.56 64.97% - 90.25%

CBL level 9.238 ± 2.304 13.81 ± 4.623 > 10.36 0.7883 0.6925–0.8842 72 58.33% - 82.53% 75 58.93% - 86.25%

4-HNE level 4.896 ± 1.271 7.403 ± 1.462 > 5.935 0.9006 0.8344–0.9667 88 76.2% - 94.38% 86.11 71.34% - 93.92%

8-OHdG level 4.303 ± 0.9882 6.125 ± 0.8617 > 5.25 0.9128 0.8531–0.9724 82 69.2% - 90.23% 80.56 64.97% - 90.25%

(Continued)
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Table 4 (Continued).

15–64 vs > 64

15–64* > 64* Cut off AUC 95% CI Sensitivity % 95% CI Specificity % 95% CI

Saliva

Total thiols level 81.04 ± 28.71 54.38 ± 16.36 < 61.31 0.8085 0.737–0.8801 74 60.45% - 84.13% 78.72 69.41% - 85.78%

Protein carbonyls level 5.396 ± 1.026 6.58 ± 1.585 > 5.832 0.7274 0.6368–0.8181 68 54.19% - 79.24% 63.83 53.75% - 72.82%

MGO level 2.992 ± 1.068 3.628 ± 1.157 > 3.387 0.6532 0.5601–0.7463 62 48.15% - 74.14% 62.77 52.67% - 71.86%

CML level 93.4 ± 29.93 127.6 ± 50.99 > 102 0.7166 0.6182–0.815 66 52.15% - 77.56% 62.77 52.67% - 71.86%

AGE level 2.334 ± 0.5523 3.164 ± 0.8527 > 2.62 0.7981 0.7151–0.881 76 62.59% - 85.7% 73.4 63.68% - 81.29%

CBL level 3.298 ± 0.9684 4.156 ± 0.7893 > 3.793 0.7455 0.6656–0.8254 64 50.14% - 75.86% 68.09 58.11% - 76.64%

4-HNE level 2.158 ± 0.7515 3.245 ± 0.8189 > 2.71 0.8413 0.7759–0.9066 74 60.45% - 84.13% 78.72 69.41% - 85.78%

8-OHdG level 2.333 ± 0.8316 3.616 ± 0.8396 > 2.986 0.8566 0.7943–0.9189 76 62.59% - 85.7% 80.85 71.75% - 87.53%

Plasma

Total thiols level 28.26 ± 6.9 23.45 ± 6.486 < 25.04 0.7011 0.611–0.7911 68 54.19% - 79.24% 72.34 62.56% - 80.37%

Protein carbonyls level 12.38 ± 5.1 16.8 ± 6.672 > 14.06 0.7051 0.6102–0.8 68 54.19% - 79.24% 68.09 58.11% - 76.64%

MGO level 11.91 ± 4.407 16.18 ± 5.491 > 13.58 0.7474 0.6598–0.8351 72 58.33% - 82.53% 72.34 62.56% - 80.37%

CML level 142.7 ± 55.59 187.2 ± 72.72 > 163.3 0.6832 0.5892–0.7772 62 48.15% - 74.14% 64.89 54.83% - 73.78%

AGE level 1.177 ± 0.4672 1.834 ± 0.7526 > 1.429 0.7823 0.7011–0.8636 72 58.33% - 82.53% 75.53 65.95% - 83.11%

CBL level 10.32 ± 3.378 13.81 ± 4.623 > 11.36 0.7177 0.6229–0.8124 68 54.19% - 79.24% 69.15 59.21% - 77.58%

4-HNE level 5.621 ± 1.449 7.403 ± 1.462 > 6.52 0.8123 0.7367–0.8879 80 66.96% - 88.76% 75.53 65.95% - 83.11%

8-OHdG level 4.857 ± 1.06 6.125 ± 0.8617 > 5.476 0.8247 0.7583–0.891 76 62.59% - 85.7% 74.47 64.81% - 82.2%

Note: *Expressed as mean ± standard deviation (SD).
Abbreviations: AGE, advanced glycation end products; AUC, the area under the curve; CBL, carbamyl-lysine; CI, confidence interval; CML, Nε-(carboxymethyl) lysine; MGO, methylglyoxal adducts; SD, standard deviation; 4-HNE,
4-hydroxynonenal protein adducts; 8-OHdG, 8-hydroxy-2’-deoxyguanosine; 15–64, the working-age population (15–64 years); < 15, children and young adolescents (under 15 years old); > 64, the elderly population (65 years and older).
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saliva than blood or urine. The proximity of the brain and salivary glands and the specific vascularization may cause the
products of neuronal metabolism to be found in higher concentrations in saliva.33,60–67 The brain is particularly
vulnerable to oxidative and carbonyl stress since it consumes more oxygen than other organs and has less activity of
antioxidant enzymes and a high content of transition metal ions.68–70 Although our study does not support this, saliva can
provide a non-invasive assessment of brain aging. Increased deposition of protein glycoxidation products was found in
the brains of patients with Alzheimer’s disease and Parkinson’s disease.8,38,67,71–74 Thus, further studies are needed on
the use of saliva to evaluate the aging of the central nervous system.

The presented study also showed an age-related increase in protein carbamylation (↑CBL in both saliva and plasma of
elderly patients). Carbamylation is the nonenzymatic attachment of isocyanic acid to free functional groups of proteins
and amino acids.51,75 Although isocyanic acid is one of the metabolites of urea, its higher production also occurs through
an increase in myeloperoxidase (MPO) activity catalyzing the oxidation of thiocyanate to hypochlorous acid. Since all
patients in the present study had a normal renal function, higher CBL concentrations may confirm the involvement of
inflammation in aging progression.76

Another theory of aging suggests that this process results from irreversible DNA damage within the telomeric and
non-telomeric sequences of the genome.77–80 Therefore, it is not surprising that we observed a significant increase in
8-OHdG concentrations in both plasma and saliva of elderly subjects. Salivary 8-OHdG levels correlated positively with
its blood concentrations, which supports the applicability of saliva to assess DNA oxidation during aging. The most
common DNA injuries involve mitochondrial DNA (mtDNA), which is favored by close proximity to the ROS-
producing respiratory chain.81–83 Oxidative DNA damages are also a critical factor responsible for tumor induction,
proliferation, and malignancy.5,6,84–86 Unfortunately, salivary 8-OHdG may be of limited diagnostic value since its level
is significantly increased in oral diseases, including periodontitis.32,87,88

Nowadays, biomarkers of aging are continually being sought.89,90 A growing number of diseases are associated with
premature aging, including progeroid genetic syndromes, Alzheimer’s disease, Parkinson’s disease, arteriosclerosis, or
diabetes mellitus.71,72,91–99 Although people age at different speeds, measuring the biological rate of aging is extremely
difficult. Metric age does not reflect the actual rate of aging as it can be affected by various environmental, lifestyle, and
daily stressors.100 Thus, information about accelerated aging could result in changes in diet, physical activity, and
nutritional supplementation. To our knowledge, the presented study is the first to demonstrate the potential utility of
saliva in the non-invasive assessment of aging. In detail, a two-way analysis of variance showed that the concentrations
of salivary biomarkers were age-dependent but not sex-dependent. We also evaluated the effects of age and sex using
multifactorial regression analysis, which confirmed our previous reports. Additionally, we have shown that salivary AGE
and 8-OHdG have the greatest diagnostic utility. In the regression model, they are a predictor of aging because their
salivary content increases with age. In the ROC analysis, we showed that salivary AGE and 8-OHdG significantly
differentiate children and adolescents (under 15 years old) from the working-age population (15–64 years) and the older
people (65 years and older). These biomarkers are characterized by high sensitivity and specificity and correlate
positively with their blood levels. Moreover, salivary AGE and 8-OHdG are measured by readily available and validated
methods. The use of saliva provides a non-invasive and stress-free sample collection. This biofluid has more extended
stability than blood, urine, or cerebrospinal fluid.24,32–35

The present work has numerous limitations. Although further studies on more significant numbers of subjects are
needed, it should be noted that smoking, periodontal disease, and caries may reduce the diagnostic utility of salivary
biomarkers to the assessment of the aging process.32,87,88 The proposed biomarkers do not distinguish between biological
and chronological age and are not very specific since they may also indicate other diseases with oxidative stress etiology.
In addition, reference values for salivary and plasma redox biomarkers are still lacking, and a standardized/uniform saliva
collection protocol is needed. With age, there is also a 40–50% reduction in the volume of the secretory follicles of the
salivary glands, which significantly decreases saliva production.101,102 The oral cavity is the only place in the body
exposed to many pro-oxidant and pro-inflammatory factors. These include air pollution, food, smoking, alcohol, other
xenobiotics, and dental procedures and materials. All of them can also exacerbate oxidative/glycative damage to
saliva.103–105
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Conclusions
In conclusion, aging leads to increased oxidation, carbonylation, glycation, and carbamylation of salivary proteins, as
well as intense oxidative damage to salivary lipids and DNA. Salivary biomarkers of oxidative and carbonyl stress were
age-dependent but not sex-dependent. Salivary AGE and 8-OHdG reflect their blood levels and may be potential non-
invasive biomarkers of aging. Further research is needed on the use of saliva to evaluate organ-specific senescence.
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