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Abstract: Chronic heart failure (HF) is an important clinical, social, and economic problem. A key 
role in HF progression is played by oxidative stress. Free oxygen radicals, formed under the condi-
tions of hypoxia and reperfusion, participate in myocardial stunning and other forms of post-reper-
fusion damage. HF patients also suffer from disorders connected with saliva secretion. However, 
still little is known about the mechanisms that impair the secretory function of salivary glands in 
these patients. In the presented study, we were the first to compare the antioxidant barrier, protein 
glycoxidation, and nitrosative/nitrative stress in non-stimulated (non-stimulated whole saliva 
(NWS)) and stimulated (SWS) saliva of HF patients. The study included 50 HF patients with normal 
saliva (NS) secretion (n = 27) and hyposalivation (HS) (n = 23), as well as an age- and gender-
matched control group (n = 50). We demonstrated that, in NWS of HF patients with HS, the concen-
tration of low-molecular-weight non-enzymatic antioxidants decreased (↓total polyphenols, ↓ascor-
bic acid, ↓reduced glutathione, ↓albumin) compared to HF patients with normal saliva (NS) secre-
tion, as well as the control group (except albumin). We also observed increased content of protein 
glycoxidation products (↑dityrosine, ↑kynurenine, ↑glycophore) in NWS and SWS of HF patients 
with HS compared to healthy controls. Interestingly, the content of dityrosine, N-
formylkynurenine, and glycophore in NWS was also significantly higher in HF patients with HS 
compared to those with NS secretion. The concentration of NO was considerably lower, while the 
levels of peroxynitrite and nitrotyrosine were significantly higher in NWS and SWS of HF subjects 
with HS compared to the controls. Salivary gland dysfunction occurs in patients with chronic HF 
with the submandibular salivary glands being the least efficient. Oxidative/nitrosative stress may 
be one of the mechanisms responsible for the impairment of salivary gland secretory function in HF 
patients. 

Keywords: chronic heart failure; salivary gland dysfunction; protein oxidation; protein glycation  
 

1. Introduction 
Chronic heart failure (HF) is a pathological condition in which the heart cannot de-

liver sufficient amount of blood to tissues and organs according to their current metabolic 
needs [1,2]. HF affects 1–2% of the population in developed countries and is currently one 
of the main causes of death worldwide. Thus, HF is not only a significant medical problem 
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but also a social one [3]. The most common HF risk factors include hypercholesterolemia, 
hypertension, smoking, diabetes, unbalanced diet, stress, and sedentary lifestyle [4–6]. On 
a molecular level, HF is defined as a defect of contractile proteins and myocyte organelles, 
as well as humoral disorders and changes in the cardiovascular and nervous systems that 
occur during heart damage in the course of various systemic diseases. Indeed, the occur-
rence of HF separately is rare in clinical practice [7]. Patients with HF often suffer from 
two or more conditions simultaneously, particularly as the incidence of concomitant dis-
eases increases with age [8]. As a consequence, polypharmacotherapy is required, which 
often leads to numerous side effects, including those that also affect the oral cavity. In 
patients taking cardiological drugs (e.g., beta blockers, angiotensin-converting enzyme 
(ACE) inhibitors, and diuretics), we can observe reduced saliva production (hyposaliva-
tion (HS)), abnormal protein secretion into the saliva, and a subjective sensation of dry 
mouth (xerostomia) [9,10]. 

However, not only pharmacotherapy but also a number of systemic diseases can af-
fect salivary gland activity. Reduced saliva secretion has been observed in patients with 
hypertension [11,12], chronic kidney disease [13,14], obesity [15,16], diabetes [17,18], pso-
riasis [19,20], and dementia [21,22]. It is believed that oxidative/nitrosative stress is a key 
factor leading to progressive salivary gland failure. In a state of decreased capacity of an-
tioxidant systems, the intensity of oxidation/nitration of cellular biomolecules is boosted. 
As a result, these biomolecules are aggregated and accumulated in salivary glands, thus 
hindering saliva secretion [14,23]. Disorders in the quantitative and qualitative composi-
tion of saliva entail numerous pathological consequences [24,25]. This fact is not surpris-
ing as saliva has a considerable impact on human health: it participates in food digestion, 
ensures proper hydration of the oral mucosa, removes harmful metabolic products, bac-
teria and viruses, and is necessary for the remineralization of hard dental tissues. Addi-
tionally, saliva maintains the redox balance in the oral cavity and participates in the body’s 
immune response [26–28]. However, still little is known about the secretory dysfunction 
of salivary glands in HF patients. Considering the key role of oxidative/nitrosative stress 
in the pathogenesis of HF (myocardial and blood vessel damage) [29,30], it can be as-
sumed that this process is also involved in salivary gland hypofunction. Numerous stud-
ies have demonstrated that peroxynitrite, which is generated in blood vessels, is a potent 
oxidant responsible for the nitration of aromatic amino acid residues (such as tryptophan 
and tyrosine), as well as the decrease in antioxidant barrier capacity [31,32]. 

In our previous study, we showed disturbances in enzymatic and non-enzymatic an-
tioxidant systems, as well as enhanced oxidative lipid damage in saliva and plasma/eryth-
rocytes of HF patients [33]. Disturbances in redox homeostasis generally worsen with dis-
ease progression, and some salivary biomarkers may have a diagnostic potential [33]. 
However, in HF patients, the contribution of oxidative/nitrosative stress to salivary gland 
damage is still unknown. Since HS significantly reduces the quality of life of patients with 
chronic HF, it is essential to understand the mechanisms that lead to salivary gland dys-
function in the course of HF. Therefore, the aim of our research was to assess the relation-
ship between the degree of salivary gland damage and redox homeostasis in HF patients 
with normal salivary secretion, as well as HS. In the non-stimulated saliva (non-stimu-
lated whole saliva (NWS)), stimulated saliva (SWS), plasma, and erythrocytes of HF pa-
tients and healthy controls, we assessed, the concentration of low-molecular-weight anti-
oxidants, redox status, content of glycoxidation products, and nitrosative stress bi-
omarkers. To evaluate the secretory function of salivary glands, we measured the salivary 
flow rate, total protein content, and salivary amylase activity. 

2. Materials and Methods 
2.1. Ethical Issues 

The study was approved by the Bioethics Committee of the Medical University of 
Bialystok, Poland (permission number R-I-002/75/2016). All persons participating in the 
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study gave their written consent to participate in the experiment after obtaining a thor-
ough explanation of the purpose of the study and possible risks connected with it. 

2.2. Patients 
Patients with chronic HF, hemodynamically stable, qualified for the implantation of 

an automatic implantable cardioverter-defibrillator or the cardiac resynchronization ther-
apy system were included in the study (Table 1). The qualification criterion for the proce-
dure was left ventricular ejection fraction (LVEF) < 35%. The study group consisted of 50 
patients treated in the Department of Cardiology with the Intensive Cardiac Care Unit of 
the Medical University of Bialystok Clinical Hospital. The patients were divided into two 
subgroups based on their flow of non-stimulated saliva (NWS): a group with normal sa-
liva (NS) secretion (HF NS) and one with reduced saliva secretion (hyposalivation (HS); 
HF HS). Hyposalivation was defined as an NWS flow below 0.2 mL/min [11,14,20]. 

Table 1. Clinical characteristics of heart failure (HF) patients and the control group. 

Patient Characteristics Control 
n = 50 

HF NS 
n = 27 

HF HS 
n = 23 

ANOVA 
p 

Demographic data 

Sex 
Male n (%) 29 (58) 14 (58.33) 15 (57.69) 

NA 
Female n (%) 21 (42) 13 (61.9) 8 (38.1) 

Age 66 (42–87) 64 (49–85) 71 (42–87) 0.3337 
Blood count 

WBC (×103/µL) 7.44 (6.6–8.38) 7.23 (4.02–11.62) 7.65 (4.5–12.12) 0.2232 
RBC (×106/µL) 4.50 (3.51–5.62) 4.62 (3.38–12.9) 4.3 (3.34–5.49) 0.1114 

HGB (g/dL) 13.52 (6–19.09) 13.75 (11.2–16.3) 13 (10.2–15.6) 0.2691 
HCT (%) 38.72 (32.49–46.8) 39.9 (31.6–47.4) 38.9 (31.8–46.2) 0.1628 
MCV (fL) 90.33 (78.63–97.32) 91.2 (76.2–105) 90.7 (78.2–98.5) 0.8838 
MCH (pg) 33.49 (26.94–39.18) 30.95 (24.2–38.2) a 30.5 (25.2–33.7) a <0.0001 

MCHC (g/dL) 34.62 (27.58–40.5) 37.4 (24.09–49) a 30.8 (25.2–43.37) b 0.0003 
RDW-SW (fL) 45.59 (42.95–47.98) 45.75 (37.1–58.6) 47.6 (42.2–55.6) 0.0904 
PLT (×103/µL) 250 (217.7–272.8) 175 (123–334) a 189 (152–399) a <0.0001 

PCT (%) 0.22 (0.17–0.25) 1.04 (0.25–2.94) 0.27 (0.16–0.31) 0.0382 
MPV (fL) 7.91 (7.43–8.21) 14.69 (4.37–21.15) a 11.8 (9.3–14.12) ab <0.0001 
PDW (fL) 13.62 (10.37–16.38) 17.22 (11.41–21.57) a 14.4 (10–17.5) b <0.0001 
P-LCR (%) 30.13 (21.66–35) 36.82 (28.03–47.25) a 36.1 (19.6–47.17) a <0.0001 

Blood biochemistry 
CRP (mg/L) 2.92 (2.39–3.47) 1.8 (0.2–6.5) 3.49 (0.6–9.2) b 0.0122 

Na+ (mmol/L) 137.9 (129.4–149.7) 139 (133–143) 137 (125–141) 0.1754 
K+ (mmol/L) 4.21 (3.94–4.6) 4.66 (3.46–6.07) a 4.71 (3.71–5.83) a <0.0001 

Creatinine (mg/dL) 0.91 (0.66–1.5) 0.93 (0.74–1.37) 1.08 (0.72–2.34) ab 0.0001 
GFR (ml/min) 85.69 (1.5–100.6) 84.01 (74.56–88.72) 73.99 (65.45–83.97) a 0.0282 
TSH (µIU/mL) 1.05 (0.69–1.5) 1.06 (0.03–2.56) 1.3 (0.38–4.18) ab 0.0014 
FT3 (pg/mL) 2.26 (1.3–3.0) 2.44 (1.38–3.14) 2.33 (1.65–3.15) 0.4556 
FT4 (ng/mL) 9.78 (1.5–10.12) 5.67 (0.34–12.48) a 4.22 (0.91–9.2) ab <0.0001 

Vit. D3 (ng/mL) 24.04 (1.5–35.14) 18.05 (8.3–34.6) a 12.1 (6.8–32.4) a <0.0001 
AST (IU/L) 21.12 (1.5–27.91) 22.5 (12–37) 20 (15–37) 0.03 
ALT (IU/L) 13.55 (1.5–16.42) 16 (7–44) a 18 (10–41) a <0.0001 

Glucose (mg/dL) 92.01 (75–101.3) 95.5 (85–104) a 91.49 (78–102.9) 0.044 
NT-proBNP (pg/mL) ND 1782 (34–3644) 3339 (742–6610) b NA 

Heart function 
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NYHA II/NYHA III n – 24/3 6/17 NA 
EF ND 26 (12–35) 20 (10–30) b NA 

RR (mmHg) 
SBP 125 (120–129.4) 124 (94–170) 125 (102–156) 0.3317 
DBP 71.06 (52.23–80) 75 (45–100) a 75 (56–89) 0.0318 

Comorbidities  
Type 2 diabetes n (%) 6 (14) 7 (29.17) 7 (26.92) NA 

Cardiac dysrhythmia (atrial flutter 
and fibrillation) n (%) – 8 (33.33) 7 (26.92) NA 

Coronary artery disease n (%) – 8 (33.33) 10 (38.46) NA 
Myocardial infarction n (%) – 3 (12.5) 2 (7.69) NA 

Hypertension n (%) 20 (40) 19 (79.17) 17 (65.38) NA 
Medications 

Medications 

ASA n (%) 6 (12) 10 (41.67) 8 (30.77) NA 
Alpha receptor 
blocker n (%) 0 (0) 3 (12.5) 3 (11.54) NA 

Beta receptor blocker 
n (%) 5 (10) 10 (37.04) 10 (43.47) NA 

Ca2+ channel blocker 
n (%) 3 (6) 8 (33.33) 7 (26.92) NA 

AT1-receptor blocker 
n (%) 8 (16) 8 (29.63) 9 (34.62) NA 

Diuretics n (%) 8 (16) 14 (51.85) 12 (52.17) NA 
ACE n (%) 6 (12) 13 (48.15) 12 (52.17) NA 

Cardiac glycosides n 
(%) 

0 (0) 3 (12.5) 3 (11.54) NA 

Organic nitrate n (%) 0 (0) 1 (4.17) 1 (3.85) NA 
Statins n (%) 9 (18) 13 (48.15) 10 (43.48) NA 

Abbreviations: ACE—angiotensin-converting enzyme; ALT—alanine transferase; ASA—acetylsalicylic acid; AST—aspar-
tate aminotransferase; CRP—c-reactive protein; DBP—diastolic blood pressure; EF—ejection fraction; FT3—free fraction 
of triiodothyronine; FT4—free fraction of thyroxine; GFR—glomerular filtration rate; HCT—hematocrit; HF HS—heart 
failure with hyposalivation; HF NS—heart failure with normal salivation; HGB—hemoglobin concentration; K—potas-
sium; MCH—mean corpuscular hemoglobin; MCHC—mean corpuscular hemoglobin concentration; MCV—mean cor-
puscular volume; MPV—mean platelet volume; Na—sodium; NT-proBNP—N-amino terminal fragment of the prohor-
mone B-type natriuretic peptide; NWS—non-stimulated whole saliva; PCT—procalcitonin; PDW—platelet distribution 
width; P-LCR—platelet large cell ratio; PLT—platelets; RBC—red blood cells; RDW-SD—red cell distribution width, 
standard deviation; RR—blood pressure; SBP—systolic blood pressure; TSH—thyroid-stimulating hormone; WBC—
white blood cells. a p < 0.05 vs. control, b p < 0.05 vs. HF NS. 

The control group, selected by gender and age to match the study group, consisted 
of 50 generally healthy participants who reported for follow-up visits to the Outpatient 
Clinic of Conservative Dentistry of the Medical University of Bialystok Specialized Dental 
Clinic. All subjects from the control group had an NWS flow above 0.2 mL/min. 

Patients with body mass index (BMI) between 18.5 and 24.5 were qualified for the 
study and the control groups. The exclusion criterion in both groups was the presence of 
chronic systemic and autoimmune diseases (type 1 diabetes mellitus, Sjögren’s syndrome, 
rheumatoid arthritis, psoriasis), lung, thyroid, liver, kidney, digestive tract, or infectious 
diseases (HCV, HBV, HIV infection), as well as immunological disorders. Moreover, the 
study did not involve subjects with periodontal disease, smokers, alcoholics, and patients 
taking antibiotics, non-steroidal anti-inflammatory drugs, glucocorticosteroids, vitamins, 
and dietary supplements within 3 months prior to the experiment. 

  

https://pl.wikipedia.org/wiki/Konwertaza_angiotensyny
https://pl.wikipedia.org/wiki/Kwas_acetylosalicylowy
https://pl.wikipedia.org/wiki/K
https://pl.wikipedia.org/wiki/MCH
https://pl.wikipedia.org/wiki/MCV_(wska%C5%BAnik)
https://pl.wikipedia.org/w/index.php?title=%C5%9Arednia_obj%C4%99to%C5%9B%C4%87_trombocyta&action=edit&redlink=1
https://pl.wikipedia.org/wiki/S%C3%B3d
https://pl.wikipedia.org/wiki/PLT_(wska%C5%BAnik)
https://pl.wikipedia.org/wiki/WBC_(medycyna)
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2.3. Research Material 
The research material, which consisted of venous blood and total non-stimulated 

(NWS) and stimulated (SWS) saliva collected via the spitting method, was obtained from 
patients before the implantation of an automatic cardioverter-defibrillator or the resyn-
chronization system. 

2.4. Blood Collection 
Venous blood (10 mL) was collected from the subjects after an overnight rest, on an 

empty stomach, using the S-Monovette® K3 EDTA blood collection system (Sarstedt, 
Nümbrecht, Germany). The blood samples were then centrifuged (1500× g, 10 min, +4 °C; 
MPW 351, MPW Med. Instruments, Warsaw, Poland). Only the samples without any signs 
of hemolysis were qualified for further testing. The upper layer—plasma—was taken, and 
erythrocytes were rinsed three times with 0.9% NaCl cold solution and hemolyzed by 
adding 9 volumes of cold 50 mM phosphate buffer [34]. To protect the samples against 
oxidation, butylated hydroxytoluene (BHT) antioxidant was added [35]. The samples 
were stored at −80 °C for no longer than 6 months. 

2.5. Saliva Collection 
In order to minimize the effect of the daily rhythm on saliva secretion, the samples 

were collected in the morning, between 8 a.m. and 10 a.m., with any additional stimuli 
eliminated. Two hours prior to saliva collection, the subjects from the study/control group 
refrained from consuming any food or beverages (excluding clean water), as well as from 
oral hygiene procedures. Moreover, they had not taken any medications at least 8 h before 
saliva collection [36,37]. After rinsing their mouth three times with distilled water at room 
temperature, the participants spit saliva accumulated at the bottom of the oral cavity into 
a sterile Falcon tube (cooled in a container with ice). The saliva collected during the first 
minute was discarded. NWS was collected for 10 min. After a 5-min break, SWS was col-
lected for 5 min up to a maximum volume of 5 mL (upon stimulation by applying 10 µL 
2% citric acid on the tip of the tongue every 30 s). The collected saliva was immediately 
centrifuged (3000× g, 20 min, +4 °C) [38]. Butylated hydroxytoluene (5 μL 0.5 M BHT in 
acetonitrile per 0.5 mL of salivary supernatant) was added to the obtained supernatants 
to protect them against oxidation processes. The samples were stored at −80 °C for no 
longer than six months [35]. 

2.6. Dental Examination 
Immediately after non-stimulated and stimulated saliva collection, the subjects had 

the dental examination performed by the same dentist (A.K.) each, according to the crite-
ria of the World Health Organization: in artificial lighting, using a mirror, an explorer, 
and a periodontal probe [39]. DMFT (decay, missing, filled teeth), PBI (Papilla Bleeding 
Index), GI (Gingival Index), and the occurrence of carious lesions of root cement (CR) were 
determined. The DMFT index is the sum of teeth with caries (D), teeth extracted because 
of caries (M), and teeth filled because of caries (F). The PBI showed the intensity of bleed-
ing from the gingival papilla after probing [40]. GI criteria include qualitative changes in 
the gingiva [41]. Inter-rater agreements were assessed in 30 patients. The reliability for 
DMFT was r = 0.96, for PBI: r = 0.96, and for GI: r = 0.99. 

2.7. Total Protein 
The concentration of total protein was determined colorimetrically with a commer-

cial kit Thermo Scientific PIERCE BCA Protein Assay (Rockford, IL, USA) according to 
the bicinchoninic method in which bicinchoninic acid (BCA) reacts with copper ions (2+), 
forming a stable complex that shows a maximum absorption at 562 nm wavelength. The 
concentration of total protein was expressed in μg/mL. 
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2.8. Salivary Amylase 
The activity of salivary amylase (EC 3.2.1.1) was determined colorimetrically at 540 

nm wavelength, using 3,5-dinitrosalicylic acid (DNS). We also measured absorbance 
changes accompanying the increased concentration of reducing sugars that were released 
during hydrolysis of starch, catalyzed by salivary amylase [35,42]. The activity of salivary 
amylase was determined in duplicate samples and expressed in μg/mg total protein. 

2.9. Biochemical Assays 
The levels of non-enzymatic antioxidants, redox status, protein glycoxidation prod-

ucts, and nitrosative stress biomarkers were determined in saliva samples, as well as 
plasma/erythrocytes. Reagents for all the said assays (unless stated otherwise) were pur-
chased from Sigma-Aldrich, Nümbrecht, Germany or Sigma-Aldrich, Saint Louis, MO, 
USA. The absorbance/fluorescence of the samples was measured with the Infinite M200 
PRO microplate reader (Tecan Group Ltd., Männedorf, Switzerland). All results were 
standardized to 1 mg of total protein. 

2.10. Salivary Antioxidants 
The total polyphenol content (TPC) was determined by the colorimetric method us-

ing the Folin-Ciocalteu (FC) reagent, which is a mixture of phosphotungstic acid and 
phosphomolybdic acid. By reacting with phenols, FC releases a blue product with a max-
imum absorption spectrum at 760 nm. The content of TPC was calculated from the stand-
ard curve for gallic acid (GAE) and expressed as μg/mg total protein. The determinations 
were performed in duplicate samples. 

The concentration of ascorbic acid (AA) was determined colorimetrically using FC. 
The absorption maximum of the color developed by the interaction of AA with FC was 
760 nm [43]. The assays were performed in duplicate samples and expressed in μg/mg 
total protein. 

Uric acid concentration (UA) was determined colorimetrically using a ready-made 
BioAssay System reagent kit (QuantiChrom TM Uric Acid Assay Kit DIUA-250, BioAssay 
System, Hayward, CA, USA). The method is based on the reaction of 2,4,6- tripyridyl-s-
triazine with iron ions (3+) in the presence of UA contained in the examined sample. Ab-
sorbance changes of the resulting complex were measured at 590 nm wavelength. The 
determinations were performed in duplicate samples and expressed in μg/mg total pro-
tein. 

The concentration of reduced glutathione (GSH) was assayed by the colorimetric 
method based on the reduction of 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) to 2-nitro-
5-mercaptobenzoic acid under the influence of GSH contained in the sample. The absorb-
ance changes were measured at 412 nm wavelength [44]. The determinations were per-
formed in duplicate samples and expressed in μg/mg total protein. 

Albumin concentration was measured colorimetrically using bromocresol green. The 
addition of albumin to the bromocresol green solution in succinate buffer resulted in in-
creased absorbance at 628 nm wavelength. The assays were performed in duplicate sam-
ples and expressed in mg/mg total protein. 

2.11. Salivary Redox Status 
The total antioxidant activity of every sample was evaluated using the DPPH (1,1-

diphenyl-2-picrylhydrazyl radical) reduction method [45]. In the presence of antioxidants, 
DPPH• is discolored, which is the basis for the colorimetric measurement at 515 nm wave-
length. The determination of DPPH was performed in triplicate samples and was ex-
pressed in nmol/mg total protein. 

The ability to reduce iron ions (ferric-reducing antioxidant power (FRAP)) was de-
termined colorimetrically based on the reduction of Fe3+-TPTZ complex (2,4,6-tripyridyl-
s-triazine complex of iron (III)) to Fe2+-TPTZ under the influence of antioxidants contained 
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in the assayed sample. The resulting complex reached its maximum absorption at 593 nm 
wavelength. FRAP concentration was calculated from the standard curve for iron (2+) sul-
phate and expressed as µmol/mg total protein [46]. FRAP determination was performed 
in triplicate samples. 

2.12. Salivary Glycoxidation Products 
In order to evaluate the content of glycoxidatively modified proteins (dityrosine, 

kynurenine, N-formylkynurenine, and tryptophan), saliva samples were diluted in 0.1 M 
sulfuric acid at a volume ratio of 1:10 [22]. After thorough mixing, fluorescence of the 
samples was measured at wavelengths of: 330/415 (dityrosine), 365/480 (kynurenine), 
325/434 (N-formylkynurenine), and 95/340 (tryptophan). The content of glycoxidatively 
modified amino acids was expressed in arbitrary fluorescence units (AFU)/mg of total 
protein [34,47]. All determinations were performed in duplicate samples. 

The formation of glucose-derived fluorescence, termed glycophore, was determined 
fluorimetrically. The principle of this method is to measure the fluorescence of furoyl-
furanyl-imidazole (FFI), carboxymethyl-lysine (CML), pyraline, and pentosidine, typical 
of advanced glycation end products (AGE) of proteins. Immediately prior to the determi-
nation, the samples were diluted in PBS buffer (0.02 M, pH 7.0) at a volume ratio of 1:5 
and mixed thoroughly. Fluorescence of the samples was measured at 350 nm excitation 
wavelength and 440 nm emission wavelength [48]. AGE content was determined in du-
plicate samples and expressed in AFU/mg total protein. 

2.13. Salivary Nitrosative Stress 
The activity of myeloperoxidase (MPO) was measured colorimetrically at 450 nm 

wavelength using sulfanilamide, ortho-dianisidine dihydrochloride, hexadecyltrime-
thylammonium, and hydrogen peroxide [49]. The activity of MPO was determined in du-
plicate samples and expressed in mU/mg total protein. 

Nitric oxide (NO) concentration was assayed by the colorimetric method based on 
the reaction of nitrates (3+) with sulfanilamide and N-(1-naphthyl)-ethylenediamine di-
hydrochloride, resulting in the formation of a colored product with a maximum absorp-
tion at 490 nm wavelength [50,51]. NO concentration was determined in duplicate sam-
ples and expressed in µmol/mg total protein. 

Peroxynitrite concentration was determined fluorimetrically by measuring the de-
gree of nitrosylation of phenol. S-nitrophenol, formed as a result of the reaction of perox-
ynitrite and phenol, exhibited its maximum absorption at 490 nm excitation wavelength 
and 530 nm emission wavelength. Molar absorption coefficient ε = 1670 M M−1 cm−1 [52] 

was used to calculate peroxynitrite concentration, which was assayed in duplicate sam-
ples and expressed in µmol/mg total protein. 

The concentration of S-nitrosothiols was measured colorimetrically based on the 
Griess reagent reaction with S-nitrosothiols contained in the tested sample, followed by 
the reaction with Hg2+ mercury ions. The maximum absorption of the resulting complex 
occurred at 490 nm wavelength. Molar absorption coefficient ε = 11,500 M−1 cm−1 was used 
to calculate the concentration of S-nitrosothiols [50,53]. The concentration of S-nitrosothi-
ols was determined in duplicate samples and expressed in µmol/mg total protein. 

Nitrotyrosine concentration was determined by ELISA using the Nitrotyrosine 
ELISA kit from Immunodiagnostik AG (Bensheim, Germany) according to the manufac-
turer’s instructions. Determinations were performed in duplicate samples and expressed 
in µmol/mg total protein. 

2.14. Statistical Analysis 
The statistical package GraphPad Prism 8 for Mac (GraphPad Software, La Jolla, CA, 

USA) was used for data analysis. The distribution of results was checked using the 
Shapiro-Wilk test and the Kolmogorov–Smirnov test. Due to the lack of normality of the 
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distribution, we used a non-parametric analysis of variance called the Kruskal–Wallis test. 
The Dunn test was used for multiple comparisons and multiplicity-adjusted p value was 
calculated. The Mann–Whitney U test was performed to analyze differences between the 
two groups. The Pearson’s correlation coefficient was used to assess the correlation be-
tween the dependent variables. The assessment of the diagnostic utility of redox bi-
omarkers was based on ROC (Receiver Operating Characteristics) curves. The maximum 
area under curve (AUC), with values from 0 to 1, is a parameter that determines the dis-
criminatory power of the test. The results for p < 0.05 were considered statistically signif-
icant. 

The number of patients was set a priori based on the pilot study. For this purpose, an 
online sample size calculator (ClinCalc) was used. The minimum number of patients was 
37 (level of significance = 0.05; power of study = 0.9). 

3. Results 
3.1. Dental Examination and Salivary Gland Function 

The secretory activity of salivary glands was analyzed by measuring the salivary flow 
rate and evaluating the total protein and amylase activity in saliva. The results are sum-
marized in Table 2. We observed significantly lower flow of NWS and SWS in HF patients 
with normal salivation (NS), as well as HF patients with HS compared to the control, and 
considerably lower NWS salivary flow in HF patients with HS compared to HF subjects 
with NS. 

Table 2. Salivary gland function and stomatological characteristics of HF patients and control subjects. 

Patient Characteristics Control 
n = 50 

HF NS 
n = 27 

HF HS 
n = 23 

NWS FR (mL/min) 0.40 (0.31–0.53) 0.31 (0.21–0.46) a 0.12 (0.001–0.19) ab 
SWS FR (mL/min) 1.3 (1.05–1.47) 0.8 (0.2–1.7) a 0.6 (0.2–1.5) a 
NWS TP (μg/mL) 1390 (464.2–2107) 1230 (381.6–1821) 882 (486.5–1273) ab 
SWS TP (μg/mL) 1002 (125.4–1517) 1060 (347.1–1507) 863.2 (528.2–1174) ab 

NWS SA (µmol/mg protein) 0.18 (0.05–0.41) 0.12 (0.02–0.19) a 0.05 (0.007–0.18) ab 
SWS SA (µmol/mg protein) 0.25 (0.09–0.81) 0.19 (0.1–0.33) a 0.15 (0.08–0.26) a 

DMFT 28.62 (28.09–29.15) 28.96 (28.27–29.65) 29.09 (28.2–29.98) 
GI 1.10 (0.4–1.17) 1.8 (1.53–2.07) 1.9 (1.66–2.14) 
PBI 1.62 (1.56–1.68) 1.65 (1.51–1.79) 1.67 (1.53–1.81) 

Abbreviations: DMFT—decayed, missing, filled teeth index; FR—flow rate; GI—gingival index; n—number of patients; 
HF HS—heart failure with hyposalivation; HF NS—heart failure with normal salivation; NWS—non-stimulated saliva; 
PBI—papilla bleeding index; SA—salivary amylase; SWS—stimulated saliva; TP—total protein. a p ˂ 0.05 vs. the control; b 

p ˂ 0.05 vs. HF NS. 

Total protein content was significantly lower in HF patients with HS compared to 
both HF patients with NS and the control group. 

The activity of salivary amylase was significantly lower in NWS, as well as SWS, in 
both study groups of patients compared to healthy controls. Moreover, in NWS of HF 
patients with HS, the activity of salivary amylase (SA) was considerably lower compared 
to HF patients with NS. 

No significant differences in DMFT, PBI, GI, and CR were found in patients from 
both the study and control groups. 

3.2. Salivary Antioxidants 
In NWS, the total polyphenol content (↓64.18%, p < 0.0001; ↓32.84%, p < 0.0001, re-

spectively) and the concentration of AA (↓77.78%, p = 0.0083; ↓50%, p < 0.0001, respec-
tively) and GSH (↓50%, p < 0.0001; ↓25.36%, p < 0.0001, respectively) were significantly 
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lower in HF patients with NS and HS compared to the control group, while albumin con-
tent (↓45.16%, p < 0.0001) was considerably lower only in HF patients with HS. UA con-
centration in HF subjects with HS was markedly higher compared to the control (↑69.47%, 
p = 0.0383) and HF patients with normal salivary secretion (↑76.84%, p < 0.0001). Within 
the study group, TPC (↑51.16, p = 0.0196), as well as the concentration of AA (↑64.29%, p = 
0.0081), GSH (↑50.71%, p = 0.0249), and albumins (↑65%, p = 0.0032), were significantly 
higher in HF patients with NS compared to HS ones with HS. 

In SWS, TPC (↓66.29%, p < 0.0001; ↓42.7%, p < 0.0001, respectively), as well as the 
concentration of AA (↓75%, p < 0.0001; ↓67.64, p < 0.0001, respectively), GSH (↓69.09, p = 
0.0016; ↓71.82%, p = 0.0004), and albumins (↓44.12%, p < 0.0001; ↓47.06%, p < 0.0001, respec-
tively) were considerably lower in HF patients with HS and HS compared to the control 
group, while UA concentration (↑76.12%, p = 0.0015; ↑78.46%, p = 0.003, respectively) was 
significantly higher (Figure 1). 

 
Figure 1. Salivary antioxidants in non-stimulated and stimulated saliva of HF patients and the control group. Abbrevia-
tions: AA—ascorbic acid; GSH—reduced glutathione; HF NS—heart failure with normal salivation; HF HS—heart failure 
with hyposalivation; NWS—non-stimulated whole saliva; Px—salivary peroxidase; SOD—superoxide dismutase-1; 
SWS—stimulated whole saliva; TPC—total polyphenol content; UA—uric acid; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** 
p < 0.0001. 

3.3. Salivary Redox Status 
In NWS, DPPH (↓77.03%, p = 0.0044; ↓37.32%, p < 0.0001, respectively) and FRAP 

(↓69.7%, p = 0.0008; ↓62.12%, p < 0.0001, respectively) were significantly lower in the group 
of HF subjects with NS and those with HS compared to healthy controls. Within the study 
group, DPPH (↑48.44%, p = 0.0183) and FRAP (↑89.13%, p = 0.0281) were considerably 
higher in HF patients with NS compared to those with HS. 

W SWS, DPPH (↓56.68%, p < 0.0001; ↓27.36%, p < 0.0001, respectively), and FRAP 
(↓81.16%, p = 0.0021; ↓79.71%, p < 0.0001, respectively) were statistically lower in HF pa-
tients with NS, as well as HS, compared to the control group (Figure 2). 
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Figure 2. Salivary redox status in non-stimulated and stimulated saliva of HF patients and the 
control group. Abbreviations: DPPH—2,2-diphenyl-1-picrylhydrazyl radical; FRAP—ferric-reduc-
ing antioxidant power; HF NS—heart failure with normal salivation; HF HS—heart failure with 
hyposalivation; NWS—non-stimulated whole saliva; SWS—stimulated whole saliva; * p < 0.05, ** p 
< 0.01, *** p < 0.001, and **** p < 0.0001. 

3.4. Salivary Glycoxidation Products 
In NWS, the content of dityrosine (↑73.33%, p = 0.0004; ↑68.75%, p < 0.0001, respec-

tively), kynurenine (in both cases ↑78.95%, p < 0.0001), N-formylkynurenine (↑70.71%, p < 
0.0001; ↑49.5%, p < 0.0001, respectively), and glycophore (↑83.33%, p < 0.0001; ↑62.5%, p < 
0.0001, respectively) was significantly higher in the group of HF patients with NS and HS 
compared to the controls, and the content of tryptophan (↓81.82%, p = 0.0475) was consid-
erably lower in the HF HS group in comparison with the control group. Within the study 
group, the levels of dityrosine (↓93.75%, p = 0.0472), N-formylkynurenine (↓70%, p = 
0.0487) and glycophore (↓75%, p = 0.0174) were markedly higher in HF patients with NS 
compared to HF subjects with HS. 

In SWS, the content of dityrosine (↑86.96%, p = 0.0108; ↑95.83%, p = 0.0005, respec-
tively), kynurenine (↑83.64%, p = 0.0265; ↑73.02%, p = 0.0005, respectively) and glycophore 
(↑71.43%, p = 0.0005; ↑55.56%, p < 0.0001, respectively) was significantly higher in HF pa-
tients with NS and HS compared to the control group, and tryptophan content (↓81.82%, 
p = 0.0215) was considerably lower in the HF HS group than in the controls (Figure 3). 
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Figure 3. Salivary glycoxidation product status in non-stimulated and stimulated saliva of HF patients and the control 
group. Abbreviations: HF NS—heart failure with normal salivation; HF HS—heart failure with hyposalivation; NWS—
non-stimulated whole saliva; SWS—stimulated whole saliva; * p < 0.05, *** p < 0.001, and **** p < 0.0001.  

3.5. Salivary Nitrosative Stress. 
In NWS, MPO activity (↑43.48%, p < 0.0001; ↑29.41%, p < 0.0001, respectively) and the 

concentration of peroxynitrite (↑60.29%, p < 0.0001; ↑41%, p < 0.0001, respectively) and ni-
trotyrosine (↑68.52%, p = 0.0011; ↑53.78%, p < 0.0001, respectively) were significantly 
higher in the group of HF patients with NS and HS compared to the controls, while the 
content of S-nitrosothiols (↑75.61%, p = 0.1054) was considerably higher only in HF pa-
tients with HS compared to the control group. NO concentration (↓74.64%, p = 0.0122; 
↓48.21%, p < 0.0001, respectively) was markedly lower in the study group (HF patients 
with NS, as well as HS) than in healthy controls. Within the study group, MPO activity 
(↓67.65%, p = 0.0497) and the concentration of peroxynitrite (↓68%, p = 0.049) were signifi-
cantly lower in HF participants with NS compared to HF patients with HS, while NO 
concentration (↑64.59%, p = 0.0344) was considerably higher. 

In SWS, the activity of MPO (↑68.89%, p = 0.0005; ↑68.89, p = 0.0004, respectively) and 
the concentration of peroxynitrite (↑68.46%, p < 0.0001; ↑55.63%, p < 0.0001, respectively) 
and nitrotyrosine (↑73.15%, p = 0.0101; ↑63.97%, p = 0.0029, respectively) were significantly 
higher in the group of HF patients with NS and HS compared to the controls. NO concen-
tration (↓72.4%, p < 0.0001) was considerably lower in HF patients with HS than in the 
control group. Within the study group, only NO concentration (↓75.08%, p = 0.0156) re-
vealed a statistically significant difference expressed as its decreased level in HF patients 
with HS compared to HF subjects with NS (Figure 4). 
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Figure 4. Salivary nitrosative stress in non-stimulated and stimulated saliva of HF patients and the control group. Abbre-
viations: HF NS—heart failure with normal salivation; HF HS—heart failure with hyposalivation; MPO—myeloperoxi-
dase; NO—nitric oxide; NWS—non-stimulated whole saliva; SWS—stimulated whole saliva; * p < 0.05, ** p < 0.01, *** p < 
0.001, and **** p < 0.0001. 

3.6. Plasma Antioxidants 
In the studied plasma samples of HF patients, UA concentration (↑51.02%, p < 0.0001; 

↑60.24%, p = 0.0002, respectively) was significantly higher, while GSH concentration 
(↓72.09, p < 0.0001; ↓79.07%, p = 0.0017, respectively) was considerably lower in HF patients 
with NS, as well as HF subjects with HS, compared to the control group. Similar statisti-
cally significant different results were obtained for the levels of UA (↑52.08%, p < 0.0001; 
↑61.73%, p = 0.0004, respectively) and GSH (↓68.65, p < 0.0001; ↓83.72%, p = 0.0161, respec-
tively) in patients with New York Heart Association (NYHA) class II and III compared to 
the control group (Table 3). 

Table 3. Plasma and erythrocyte redox biomarkers in HF patients and the control group. 

 C 
n =50 

HF NS 
n =27 

HF HS 
n =23 

ANOVA p-Value C 
n =50 

NYHA 
II 

n =30 

NYHA 
III 

n = 20 

ANOVA 
p-Value 

Salivary antioxidants 

AA (μg/mg protein) 
15.9 (3.0–

27.5) 

12.9 
(2.6–
27.6) 

15.1 
(0.58–
33.7) 

0.1741 
15.9 

(3.981–
27.5) 

13.4 
(2.5–
33.7) 

12.4 
(0.58–
29.8) 

0.2575 

UA (μg/mg protein) 
0.50 (0.18–

0.98) 

0.98 
(0.24–
1.3) a 

0.83 
(0.38–
1.1) a 

<0.0001 
0.50 

(0.18–
0.98) 

0.96 
(0.24–
1.3) a 

0.81 
(0.38–
1.1) a 

<0.0001 

GSH (μg/mg protein) 
4.3 (2.5–

5.4) 

3.1 (1.6–
5.4) a 

3.4 (2.0–
6.8) a <0.0001 

4.3 (2.5–
5.4) 

3.0 (1.6–
5.4) a 

3.6 (2.0–
6.8) a <0.0001 

Albumin (mg/mg 
protein) 

2.4 (0.35–
4.5) 

3.3 
(0.63–
4.5) 

2.5 (0.75–
6.1) 

0.3427 
2.4 (0.35–

4.5) 

3.25 
(0.63–
4.55) 

2.5 (1.3–
6.1) 

0.4745 

Salivary redox status 
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DPPH (nmol/mg 
protein) 

156.3 
(94.3–
221.6) 

114.2 
(24.2–

205.1) a 

109.5 
(63.8–

180.3) a 

<0.0001 
156.3 
(94.3–
221.6) 

107.3 
(24.2–

205.1) a 

119.5 
(63.8–

180.3) a 
<0.0001 

FRAP (µmol/mg pro-
tein) 

0.51 (0.30–
0.69) 

0.40 
(0.17–
0.59) a 

0.40 
(0.28–
0.56) a 

<0.0001 
0.51 

(0.30–
0.69) 

0.40 
(0.17–
0.59) a 

0.41 
(0.28–
0.52) a 

<0.0001 

Salivary glycoxidation products 

Dityrosine (AFU/mg 
protein) 

19.0 (6.9–
27.0) 

33.7 
(12.7–
54.2) a 

33.1 
(20.7–
48.2) a 

<0.0001 
20.0 (6.9–

27.0) 

33.4 
(12.7–
54.2) a 

33.1 
(20.7–
48.2) a 

<0.0001 

Kynurenine 
(AFU/mg protein) 

5.1 (2.9–
6.8) 

7.8 (6.2–
10.0) a 

7.9 (6.1–
9.3) a <0.0001 

5.1 (2.9–
6.8) 

7.8 (6.1–
10.0) a 

7.9 (6.2–
9.0) a 

<0.0001 

N-formylkynurenine 
(AFU/mg protein) 

1.9 (0.46–
5.2) 

2.5 
(0.96–
4.1) 

2.5 (0.41–
5.9) 

0.0209 
1.9 (0.5–

5.2) 
2.4 (0.5–

4.1) 
2.6 (0.4–

5.9) a 0.009 

Tryptophan 
(AFU/mg protein) 

69.8 (58.3–
90.2) 

68.3 
(48.3–
96.2) 

64.3 
(56.1–
73.6) a 

0.0114 
69.8 

(58.3–
90.2) 

68.2 
(48.3–
96.2) 

63.1 
(56.1–
73.6) a 

0.0105 

Glycophore 
(AFU/mg protein) 

2.2 (0.56–
3.4) 

4.9 (2.4–
6.9) a 

3.9 (2.0–
5.7) a <0.0001 

2.2 (0.56–
3.4) 

4.8 (2.4–
6.9) a 

3.9 (2.0–
5.7) a <0.0001 

Salivary nitrosative stress 

MPO (mU/mg pro-
tein) 

0.80 (0.62–
0.98) 

1.1 
(0.63–
1.2) a 

1.1 (0.98–
1.4) a <0.0001 

0.80 
(0.62–
0.98) 

1.1 
(0.63–
1.4) a 

1.1 (1.0–
1.2) a <0.0001 

NO (µmol/mg pro-
tein) 

97.0 (58.7–
151.9) 

128.7 
(75.0–

191.3) a 

90.6 
(44.1–

150.4) b 

<0.0001 
97.0 

(58.7–
151.9) 

124.1 
(50.6–

191.3) a 

90.9 
(44.1–

150.4) b 

<0.0001 

Peroxynitrite 
(µmol/mg protein) 

175.1 
(67.6–
256.7) 

193.5 
(80.1–
322.8) 

191.9 
(123.7–
297.8) 

0.3259 
175.1 
(67.6–
256.7) 

193.2 
(80.1–
322.8) 

195.1 
(123.7–
297.8) 

0.2504 

S-nitrosothiols 
(µmol/mg protein) 

10.4 (6.2–
15.0) 

8.2 (2.5–
12.7) a 

7.9 (2.5–
13.1) a <0.0001 

10.4 (6.2–
15.0) 

8.0 (2.5–
12.7) a 

8.2 (3.2–
13.1) a <0.0001 

Nitrotyrosine 
(µmol/mg protein) 

181.1 
(114.4–
234.4) 

218.1 
(99.5–

330.7) a 

205.6 
(113.7–
307.2) a 

0.0005 
181.1 

(114.4–
234.4) 

213.9 
(99.5–

330.7) a 

206.6 
(154.6–
307.2) a 

0.0004 

Abbreviations: AA—ascorbic acid; DPPH—2,2-diphenyl-1-picrylhydrazyl radical; C—the control; FRAP—ferric-reducing 
antioxidant power; GSH—reduced glutathione; HF HS—heart failure with hyposalivation; HF NS—heart failure with 
normal salivation; MPO—myeloperoxidase; NO—nitric oxide; NWS—non-stimulated whole saliva; NYHA II—class II in 
the New York Heart Association (NYHA) classification of heart failure; NYHA III—class III in the New York Heart Asso-
ciation (NYHA) classification of heart failure; Px—salivary peroxidase; SOD—superoxide dismutase-1; SWS—stimulated 
whole saliva; TPC—total polyphenol content; UA—uric acid. a p ˂ 0.05 vs. the control; b p ˂ 0.05 vs. HF NS and NYHA II. 

3.7. Plasma Redox Status 
In the plasma of HF patients, DPPH (↓73.06%, p = 0.0006; ↓70.06%, p = 0.0013, respec-

tively) and FRAP (↓78.43%, p < 0.0001; ↓78.43%, p = 0.0002, respectively) were significantly 
lower in the group of HF patients with NS and HS compared to the controls, similarly to 
NYHA class II and III patients (DPPH: ↓77.03%, p = 0.0001; ↓76.46%, p = 0.0079, respec-
tively, and FRAP: ↓78.43%, p < 0.0001; ↓80.39%, p = 0.0003, respectively) (Table 3). 

3.8. Plasma Glycoxidation Products 
The content of dityrosine (↑56.38%, p < 0.0001; ↑57.40%, p < 0.0001, respectively), 

kynurenine (↑65.38%, p < 0.0001; ↑64.56%, p < 0.0001), and glycophore (↑44.90%, p < 0.0001; 
↑56.41%, p < 0.0001, respectively) was significantly higher in the group of HF patients with 
NS, as well as HS, compared to the control group, while the level of tryptophan (↓92.12%, 
p = 0.0114) was significantly lower in HF subjects with HS compared to the controls. 
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Similar differences were observed when comparing the content of dityrosine 
(↑59.88%, p < 0.0001; ↑60.42%, p < 0.0001, respectively), kynurenine (↑65.38%, p < 0.0001; 
↑64.56%, p < 0.0001, respectively), and glycophore (↑45.83%, p < 0.0001; ↑56.41%, p < 0.0001, 
respectively) in NYHA class II and III groups compared to healthy controls, while the 
content of N-formylkynurenine (↑73.08%, p = 0.009) was significantly higher in NYHA 
class III patients compared to the control group, and tryptophan (↓90.40%, p = 0.0135) was 
considerably lower in this group compared to the controls (Table 3). 

3.9. Plasma Nitrosative Stress 
MPO activity (in both cases: ↑72.72%, p < 0.0001) and nitrotyrosine concentration 

(↑83.04%, p = 0.0039; ↑88.08%, p = 0.0044, respectively) were statistically significantly 
higher in the groups of HF patients with NS, as well as HS, compared to the controls, 
while the content of S-nitrosothiols (↓78.45%, p = 0.0008; ↓75.96%, p < 0.0001, respectively) 
was markedly lower. NO concentration (↑75.37%, p < 0.0001; ↑70.40%, p < 0.0001, respec-
tively) was considerably higher in the HF group with NS compared to healthy controls 
and HF patients with HS. 

Similar changes were noted when comparing MPO activity (↑72.72%, p < 0.0001 in 
both cases) and nitrotyrosine concentration (↑84.67%, p = 0.006; ↑87.66%, p = 0.0024, re-
spectively) in NYHA class II and III groups compared to the control group, while the con-
tent of S-nitrosothiols (↓76.92%, p = 0.0002; ↓78.85%, p = 0.0005, respectively) was signifi-
cantly lower. NO concentration (↑78.16%, p < 0.0001; ↑73.25%, p = 0.0014, respectively) was 
considerably higher in the NYHA class II group compared to the controls and NYHA class 
III patients (Table 3). 

3.10. Salivary Antioxidants 
Both in NWS and SWS, the total polyphenol content (NWS: ↓57.72%, p < 0.0001; 

↓32.68%, p < 0.0001; SWS: ↓64.00%, p < 0.0001; ↓45.56%, p < 0.0001, respectively) and the 
concentrations of AA (NWS: ↓77.78%, p = 0.0027; ↓50%, p < 0.0001; SWS: ↓75%, p < 0.0001; 
↓66.18%, p < 0.0001, respectively), GSH (NWS: ↓46.43%, p < 0.0001; ↓25.36%, p < 0.0001; 
SWS: ↓69.09%, p = 0.0012; ↓72.73%, p = 0.0006, respectively), and albumins (NWS: ↓74.19%, 
p = 0.0123; ↓48.39%, p < 0.0001; SWS: ↓44.11%, p = 0.0012; ↓47.06%, p = 0.0006, respectively) 
were significantly lower in NYHA class II and NYHA class III patients compared to the 
control group. 

In NWS of the study group, TPC (↑56.62, p = 0.0492) and the levels of AA (↑64.29%, p 
= 0.0103) and albumins (↑65.22%, p = 0.0129) were considerably higher in NYHA class II 
patients compared to NYHA class III subjects. 

UA concentration (↑68.38%, p = 0.0008) in NWS was significantly higher only in pa-
tients with NYHA class III compared to the control group, and, in SWS (↑75.46%, p = 
0.0009; ↑78.02%, p = 0.0052, respectively), it was considerably higher in patients from both 
study groups (Table 4). 
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Table 4. Comparison of salivary redox biomarkers in NYHA class II, as well as NYHA class III, HF patients and the control 
group. 

 

NWS SWS 

C 
n = 50 

NYHA II 
n = 27 

NYHA 
III 

n = 23 

ANOVA p-
Value 

C 
n = 50 

NYHA II 
n = 30 

NYHA 
III 

n = 20 

ANOVA p-
Value 

Salivary antioxidants 

TPC (µg /mg protein) 
66.7 

(47.0–
91.6) 

38.5 
(11.8–
68.7) a 

21.8 (8.1–
38.3) ab <0.0001 

88.9 
(62.2–
103.9) 

56.9 
(23.0–
97.0) a 

40.5 
(11.3–
67.9) a 

<0.0001 

AA (μg/mg protein) 
5.4 (3.9–

9.0) 
4.2 (2.5–

9.7) a 

2.7 (2.1–
8.3) ab <0.0001 

6.8 (4.1–
8.8) 

5.1 (3.0–
11.2) a 

4.5 (2.2–
8.1) a <0.0001 

UA (μg/mg protein) 
65.7 

(41.2–
81.8) 

74.9 
(19.6–
176.1) 

94.7 
(24.6–

187.9) a 
0.0012 

101.5 
(45.3–
192.1) 

134.5 
(66.6–

382.9) a 

130.1 
(35.1–

310.0) a 

0.0002 

GSH (μg/mg protein) 
2.8 (1.7–

3.6) 
1.3 (0.46–

2.9) a 

0.71 
(0.42–1.5) 

a 

<0.0001 
1.1 (0.54–

1.9) 

0.76 
(0.22–1.7) 

a 

0.80 
(0.43–1.2) 

a 

<0.0001 

Albumin (mg/mg pro-
tein)  

0.31 
(0.12–
0.53) 

0.23 
(0.04–
0.67) a 

0.15 
(0.03–
0.24) ab 

< 0.0001 
0.34 

(0.16–
0.47) 

0.15 
(0.01–
0.76) a 

0.16 (0.04- 
0.34) a <0.0001 

Salivary redox status 

DPPH (nmol/mg pro-
tein) 

209.5 
(125.3–
331.5) 

148.8 
(35.7–

252.0) a 

76.6 
(15.7–

255.3) a 

<0.0001 
307.2 

(207.3–
450.2) 

169.5 
(28.3–

404.4) a 

82.6 
(21.9–

284.6) a 

<0.0001 

FRAP (µmol/mg pro-
tein) 

0.66 
(0.37–
0.85) 

0.45 
(0.27–
0.88) a 

0.41 
(0.27–
0.68) a 

<0.0001 
0.69 

(0.50–
0.94) 

0.58 
(0.26–
0.96) a 

0.51 
(0.23–1.1) 

a 

<0.0001 

Salivary glycoxidation products 

Dityrosine (AFU/mg 
protein) 

11.2 (5.5–
14.9) 

14.6 (8.9–
26.3) a 

15.7 
(11.8–
27.3) a 

<0.0001 
19.6 

(14.8–
25.0) 

23.2 
(12.7–
46.5) a 

23.6 
(12.2–
47.3) a 

0.0003 

Kynurenine (AFU/mg 
protein) 

3.0 (1.2–
4.3) 

3.9 (2.5–
8.1) a 

3.8 (2.4–
5.4) a <0.0001 

4.6 (3.5–
6.5) 

5.6 (1.9–
10.8) a 

6.2 (3.7–
11.5) a 0.0005 

N-formylkynurenine 
(AFU/mg protein)  

0.99 
(0.39–1.6) 

1.6 (0.91–
2.8) a 

2.0 (1.4–
3.0) a <0.0001 

1.8 (1.1–
2.5) 

2.1 (1.1–
4.1) a 

1.8 (0.99–
3.8) 

0.0357 

Tryptophan (AFU/mg 
protein) 

44.1 
(27.6–
60.7) 

37.7 
(10.2– 
84.1) 

34.2 
(10.2–
61.5) a 

0.029 
63.4 

(46.8–
82.2) 

57.7 
(35.9–
94.3) 

50.0 
(13.9–
96.4) a 

0.0064 

Glycophore (AFU/mg 
protein) 

10.0 (8.3–
12.4) 

12.3 (8.8–
23.0) a 

15.2 
(11.1–
20.8) a 

<0.0001 
10.2 (8.6–

12.6) 
13.9 (3.4–

25.6) a 

18.2 (7.1–
23.9) a <0.0001 

Salivary nitrosative stress 

MPO (mU/mg pro-
tein) 

0.20 
(0.04–
0.39) 

0.47 
(0.23–
0.77) a 

0.70 
(0.46–1.1) 

a 

<0.0001 
0.31 

(0.08–
0.57) 

0.46 
(0.21–
0.77) a 

0.45 
(0.17–
0.86) a 

<0.0001 

NO (µmol/mg pro-
tein) 

279.9 
(121.7–
524.3) 

196.9 
(55.7–

403.6) a 

135.8 
(23.8–

275.4) a 

<0.0001 
307.8 

(196.6–
414.8) 

285.6 
(139.7–
389.7) 

222.4 
(40.1–

399.8) ab 

0.0004 

Peroxynitrite 
(µmol/mg protein) 

4.1 (2.6–
5.4) 

7.1 (2.6–
18.8) a 

10.3 (5.0–
16.6) a <0.0001 

8.9 (3.0–
15.7) 

13.1 (7.4–
47.6) a 

16.4 (7.6–
40.5) a <0.0001 

S-nitrosothiols 
(µmol/mg protein) 

3.1 (0.64–
4.9) 

3.7 (1.6–
9.9) a 

3.6 (2.2–
8.0) a 0.0099 

3.9 (2.1–
5.6) 

4.5 (3.0–
9.7) 

4.1 (1.4–
9.4) 

0.0582 
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Nitrotyrosine 
(µmol/mg protein) 

184.6 
(55.8–
358.4) 

272.4 
(116.7–
861.2) a 

348.2 
(106.5–
610.7) a 

<0.0001 
157.9 
(59.1–
350.6) 

234.9 
(65.2–

475.9) a 

246.2 
(109.2–
411.2) a 

0.0006 

Abbreviations: AA—ascorbic acid; DPPH—2,2-diphenyl-1-picrylhydrazyl radical; C—the control; FRAP—ferric-reducing 
antioxidant power; GSH—reduced glutathione; HF HS—heart failure with hyposalivation; HF NS—heart failure with 
normal salivation; MPO—myeloperoxidase; NO—nitric oxide; NWS—non-stimulated whole saliva; NYHA II—class II in 
the New York Heart Association (NYHA) classification of the heart failure; NYHA III—class III in the New York Heart 
Association (NYHA) classification of the heart failure; Px—salivary peroxidase; SOD—superoxide dismutase-1; SWS—
stimulated whole saliva; TPC—total polyphenol content; UA—uric acid. a p ˂ 0.05 vs. the control; b p ˂ 0.05 vs. NYHA II. 

3.11. Salivary Redox Status 
In NWS and SWS, DPPH (NWS: ↓77.03%, p = 0.0006; ↓36.56%, p < 0.0001; SWS: 

↓55.18%, p < 0.0001; ↓26.89%, p < 0.0001, respectively) and FRAP (NWS: ↓68.18%, p = 0.0001; 
↓62.12%, p < 0.0001; SWS: ↓84.06%, p < 0.0001; ↓73.91%, p = 0.0003, respectively) were sig-
nificantly lower in the group of NYHA class II and class III patients compared to the con-
trol group (Table 4). 

3.12. Salivary Glycoxidation Products 
In the tested NWS and SWS samples, the levels of dityrosine (NWS: ↑76.71%, p < 

0.0001; ↑71.34%, p < 0.0001; SWS: ↑84.84%, p = 0.0026; ↑83.05%, p = 0.0031, respectively), 
kynurenine (NWS: ↑76.92%, p < 0.0001; ↑78.95%, p = 0.0004; SWS: ↑82.14%, p = 0.0053; 
↑74.19%, p = 0.0041, respectively) and glycophore (NWS: ↑81.3%, p < 0.0001; ↑65.79%, p < 
0.0001; SWS: ↑73.38%, p = 0.0002; ↑56.04%, p < 0.0001, respectively) were significantly 
higher in NYHA class II and III compared to the control group, while tryptophan content 
(NWS: ↓77.55%, p = 0.036; SWS: ↓78.86%, p = 0.046) was considerably lower in NYHA class 
III patients compared to healthy controls. The content of N-formylkynurenine (↑61.88%, p 
< 0.0001; ↑49.5%, p < 0.0001, respectively) was significantly higher in NWS of NYHA class 
II and III patients compared to the control group, and, in SWS (85.71%, p = 0.0482), it was 
only higher in NYHA class II patient vs. the controls (Table 4). 

3.13. Salivary Nitrosative Stress 
In NWS and SWS, MPO activity (NWS: ↑42.55%, p < 0.0001; ↑28.57%, p < 0.0001; SWS: 

↑67.39%, p < 0.0001; ↑68.89%, p = 0.002, respectively), as well as the concentration of per-
oxynitrite (NWS: ↑57.75%, p < 0.0001; ↑39.81%, p < 0.0001; SWS: ↑67.94%, p < 0.0001; 
↑54.27%, p = 0.0001, respectively) and nitrotyrosine (NWS: ↑67. 77%, p = 0.0008; ↑53.02%, 
p = 0.0001; SWS: ↑67.22%, p = 0.0079; ↑64.13%, p = 0.0034, respectively), were significantly 
higher in the NYHA class II and III group compared to the control, while the concentration 
of S-nitrosothiols (↑83.78%, p = 0.033; 86.11%, p = 0.0487) was considerably higher only in 
NWS. NO concentration (↓48.52%, p = 0.0021; ↓70.35%, p < 0.0001, respectively) was nota-
bly lower in NWS of NYHA class II and III patients compared to the control group, while, 
in SWS (↓72.25%, p = 0.0002), only in patients with NYHA class III. Within the study group, 
statistically significant differences were expressed only as increased NO concentration 
(↑77.87%, p = 0.0424) in patients with NYHA class II compared to those with NYHA class 
III (Table 4). 

3.14. Correlations 
Correlations between salivary redox biomarkers and the activity of salivary glands 

are presented in Table 5. 
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Table 5. Correlations between salivary redox biomarkers and secretory function of salivary glands. 

 
NWS SWS 

C HF NS HF HS C HF NS HF HS 

FR TP SA FR TP SA FR TP SA FR TP SA FR TP SA FR TP SA 

Salivary antioxidants 

TPC −0.072 
0.001 

0.37 
0.008 

−0.089 
0.537 

−0.018 
0.928 

0.001 
0.998 

0.395 
0.041 

0.748 
<0.0001 

0.779 
< 0.0001 

0.802 
<0.0001 

0.13 
0.369 

0.132 
0.359 

0.455 
0.001 

0.999 
<0.0001 

0.014 
0.945 

−0.013 
0.949 

0.069 
0.755 

0.143 
0.514 

−0.025 
0.911 

AA 
0.051 
0.726 

0.21 
0.143 

−0.112 
0.44 

−0.054 
0.788 

−0.466 
0.014 

−0.154 
0.444 

0.933 
<0.0001 

0.959 
<0.0001 

0.979 
<0.0001 

0.457 
0.001 

−0.338 
0.016 

0.099 
0.492 

0.133 
0.507 

0.344 
0.079 

0.837 
<0.0001 

−0.559 
0.006 

0.22 
0.312 

−0.206 
0.347 

UA 
0.135 
0.352 

−0.029 
0.84 

0.16 
0.267 

0.15 
0.455 

−0.175 
0.382 

0.143 
0.478 

−0.847 
<0.0001 

−0.841 
<0.0001 

−0.869 
<0.0001 

−0.259 
0.07 

0.062 
0.668 

−0.056 
0.699 

−0.151 
0.453 

0.188 
0.348 

0.208 
0.297 

−0.106 
0.629 

−0.09 
0.683 

−0.149 
0.497 

GSH 
−0.109 
0.453 

−0.154 
0.287 

0.003 
0.983 

0.011 
0.957 

−0.268 
0.177 

0.228 
0.253 

0.892 
<0.0001 

0.89 
<0.0001 

0.902 
<0.0001 

0.223 
0.119 

−0.119 
0.411 

0.104 
0.474 

0.142 
0.481 

0.282 
0.154 

0.431 
0.025 

−0.08 
0.715 

0.168 
0.444 

−0.23 
0.286 

Albumin 
0.047 
0.743 

−0.149 
0.3 

0.214 
0.136 

−0.054 
0.788 

−0.385 
0.047 

−0.022 
0.913 

0.867 
<0.0001 

0.883 
<0.0001 

0.892 
<0.0001 

−0.446 
0.001 

0.204 
0.156 

0.016 
0.912 

0.175 
0.382 

0.258 
0.195 

0.37 
0.058 

−0.117 
0.594 

0.152 
0.488 

−0.171 
0.435 

Salivary redox status 

DPPH 
−0.235 

0.1 
−0.085 
0.556 

−0.061 
0.675 

0.277 
0.163 

−0.118 
0.556 

0.171 
0.395 

0.902 
<0.0001 

0.934 
<0.0001 

0.959 
<0.0001 

0.047 
0.745 

−0.021 
0.883 

−0.037 
0.801 

0.04 
0.844 

0.203 
0.309 

0.444 
0.02 

−0.238 
0.274 

0.031 
0.89 

−0.022 
0.922 

FRAP 
−0.152 
0.291 

0.035 
0.808 

0.077 
0.594 

−0.005 
0.978 

−0.41 
0.034 

0.245 
0.219 

0.823 
<0.0001 

0.855 
<0.0001 

0.845 
<0.0001 

−0.081 
0.575 

−0.098 
0.497 

−0.08 
0.582 

−0.128 
0.524 

0.244 
0.22 

0.365 
0.061 

−0.206 
0.345 

0.283 
0.191 

−0.288 
0.183 

Salivary glycoxidation products 

Dityrosine 
0.075 
0.603 

−0.038 
0.791 

0.1 
0.488 

−0.052 
0.797 −0.262 

0.187 

−0.172 
0.39 

−0.763 
<0.0001 

−0.863 
<0.0001 

−0.861 
<0.0001 

0.005 
0.973 

0.013 
0.929 

0.099 
0.495 

−0.053 
0.793 

0.56 
0.002 

0.58 
0.002 

−0.33 
0.124 

−0.285 
0.188 

−0.18 
0.412 

Kynurenine 
−0.099 
0.492 

0.099 
0.494 

−0.163 
0.259 

−0.013 
0.949 

−0.282 
0.154 

0.143 
0.447 

-0.826 
<0.0001 

−0.837 
<0.0001 

−0.818 
<0.0001 

0.055 
0.705 

−0.287 
0.043 

−0.011 
0.939 

−0.038 
0.849 

0.347 
0.076 

0.412 
0.033 

−0.241 
0.267 

0.222 
0.308 

−0.029 
0.897 

N-
formylkynurenine 

0.039 
0.789 

0.026 
0.859 

−0.099 
0.494 

−0.026 
0.897 

−0.454 
0.017 

0.142 
0.481 

−0.867 
<0.0001 

−0.919 
<0.0001 

−0.954 
<0.0001 

−0.373 
0.008 

0.218 
0.128 

−0.066 
0.648 

0.155 
0.439 

0.257 
0.196 

0.773 
<0.0001 

0.046 
0.838 

−0.217 
0.331 

−0.111 
0.662 

Tryptophan 
−0.126 
0.383 

0.174 
0.226 

0.097 
0.502 

0.044 
0.828 

−0.269 
0.174 

0.109 
0.587 

0.812 
<0.0001 

0.816 
<0.0001 

0.826 
<0.0001 

0.08 
0.58 

−0.174 
0.226 

−0.038 
0.795 

−0.256 
0.198 

−0.125 
0.536 

−0.032 
0.873 

−0.351 
0.1 

0.189 
0.388 

−0.239 
0.272 

Glycophore 
−0.178 
0.215 

0.032 
0.827 

−0.2 
0.164 

0.009 
0.964 

−0.152 
0.449 

−0.452 
0.018 

−0.839 
<0.0001 

−0898 
<0.0001 

−0.878 
<0.0001 

0.044 
0.76 

0.081 
0.578 

0.081 
0.575 

−0.168 
0.403 

0.177 
0.377 

−0.338 
0.085 

−0.091 
0.68 

−0.08 
0.717 

0.304 
0.158 

Salivary nitrosative stress 

MPO 
0.215 
0.134 

−0.278 
0.051 

0.286 
0.044 

−0.15 
0.455 

−0.288 
0.145 

−0.281 
0.156 

−0.825 
<0.0001 

−0.786 
<0.0001 

−0.842 
<0.0001 

−0.28 
0.49 

0.24 
0.094 

0.191 
0.184 

−0.076 
0.707 

0.205 
0.305 

0.412 
0.033 

−0.36 
0.092 

−0.13 
0.553 

−0.045 
0.837 
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Abbreviations: AA—ascorbic acid; DPPH—2,2-diphenyl-1-picrylhydrazyl radical; C—the control; FRAP—ferric-reducing antioxidant power; GSH—reduced glutathione; HF HS—heart 
failure with hyposalivation; HF NS—heart failure with normal salivation; MPO—myeloperoxidase; NO—nitric oxide; NWS—non-stimulated whole saliva; Px—salivary peroxidase; 
SOD—superoxide dismutase-1; SWS—stimulated whole saliva; TPC—total polyphenol content; UA—uric acid. a p ˂ 0.05 vs. the control; b p ˂ 0.05 vs. HF NS. 

  

NO 
−0.225 
0.116 

−0.055 
0.703 

0.018 
0.902 

0.14 
0.487 

0.231 
0.247 

−0.288 
0.145 

0.815 
<0.0001 

0.849 
<0.0001 

0.885 
<0.0001 

0.268 
0.06 

0.057 
0.697 

0.038 
0.796 

0.102 
0.613 

−0.073 
0.716 

0.061 
0.762 

−0.28 
0.196 

0.093 
0.673 

0.183 
0.404 

Peroxynitrite 
−0.05 
0.728 

0.045 
0.754 

−0.053 
0.713 

−0.209 
0.296 

−0.364 
0.062 

0.023 
0.91 

−0.766 
<0.0001 

−0.733 
<0.0001 

−0.778 
<0.0001 

−0.042 
0.772 

0.141 
0.33 

−0.237 
0.097 

0.263 
0.185 

0.495 
0.009 

0.515 
0.006 

−0.065 
0.767 

0.062 
0.778 

0.022 
0.922 

S-nitrosothiols 
0.268 
0.06 

−0.253 
0.076 

0.062 
0.667 

−0.007 
0.973 

−0.253 
0.202 

−0.021 
0.916 

−0.813 
<0.0001 

−0.817 
<0.0001 

−0.842 
<0.0001 

−0.005 
0.973 

−0.11 
0.447 

0.172 
0.231 

−0.13 
0.517 

0.168 
0.401 

0.454 
0.017 

−0.583 
0.003 

0.125 
0.568 

−0.187 
0.394 

Nitrotyrosine 
−0.002 

0.99 
−0.136 
0.347 

−0.122 
0.399 

0.045 
0.825 

0.311 
0.114 

0.09 
0.656 

−0.784 
<0.0001 

−0.832 
<0.0001 

−0.862 
<0.0001 

0.133 
0.358 

−0.03 
0.837 

0.185 
0.198 

0.205 
0.306 

0.115 
0.567 

0.51 
0.007 

0.1 
0.65 

−0.035 
0.876 

−0.01 
0.964 
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In general, the content of redox biomarkers in the control group did not correlate 
with salivary gland activity. However, in NWS of HF patients with HS, we observed sta-
tistically significant correlations between flow rate (FR) and total protein (TP), as well as 
SA, and all the performed assays. Among salivary antioxidants, we obtained positive cor-
relations between FR and TPC, AA, GSH, and albumins, between TP and TPC, AA, GSH, 
and albumins, and between SA and TPC, AA, GSH, and albumins. Negative correlations 
occurred between FR and UA, TP, and UA, as well as SA and UA. In the assays covering 
salivary redox status (DPPH, FRAP), we found a significant positive correlation between 
FR and TP, as well as SA, and DPPH and FR, and between TP, as well as SA, and FRAP. 
The assayed salivary glycoxidation products: dityrosine, kynurenine, N-
formylkynurenine, and glycophore correlated negatively with FR, TP, and SA, while tryp-
tophan correlated positively. Salivary nitrosative stress markers (MPO, peroxynitrite, S-
nitrosothiols, nitrotyrosine) correlated negatively with FR, TP, and SA, and only NO cor-
related positively with them. 

In NWS of HF patients with NS, only negative correlations are noteworthy: between 
TP and AA, albumins, FRAP, and N-formylkynurenine. 

In stimulated saliva (SWS), we observed much fewer statistically significant correla-
tions. Strong considerable correlations worth emphasizing in the group of HF patients 
with NS are: positive correlations between FR and TPC, TP and dityrosine, and between 
SA and AA, GSH, DPPH, dityrosine, kynurenine, N-formylkynurenine, MPO, peroxyni-
trite, S-nitrosothiols, and nitrotyrosine. In HF subjects with HS, only FR correlated nega-
tively with AA and S-nitrosothiols. 

3.15. ROC Analysis 
The assessment of diagnostic usefulness of salivary antioxidants, redox status, gly-

coxidation products, and nitrosative stress biomarkers is presented in Table 6. 

Table 6. Receiver operating characteristic (ROC) analysis of oxidative stress biomarkers in the non-stimulated and stimu-
lated saliva of HF patients. 

 NWS SWS 

 
AU
C 

95% 
Cl 

p-
Valu

e 

Cut-
off 

Se
nsi
tivi
ty 
% 

95% 
Cl 

Spe
ci-
fic-
ity 
% 

95% 
Cl 

AU
C 

95% 
Cl 

p-
Valu

e 

Cut-
off 

Se
nsi
tivi
ty 
% 

95% 
Cl 

Spe
ci-
fic-
ity 
% 

95
% 
Cl 

Salivary antioxidants 

TPC (μg/mg 
protein) 

0.79 

0.662
7 to 

0.910
6 

0.000
7 

<26.0
8 

65 
43.29 

to 
81.88 

67 
48.78 

to 
80.77 

0.78 

0.648
7 to 

0.907
9 

0.000
9 

<51.2
6 

75 
53.13 

to 
88.81 

73 

55.5
5 to 
85.8

2 

AA (μg/mg 
protein) 

0.79 

0.656
7 to 

0.923
3 

0.000
6 

<3.09
1 

75 
53.13 

to 
88.81 

77 
59.07 

to 
88.21 

0.68 

0.524
5 to 

0.832
2 

0.034
1 

<4.60
2 

60 
38.66 

to 
78.12 

60 

42.3
2 to 
75.4

1 

UA (μg/mg 
protein) 

0.65 

0.493
3 to 

0.806
7 

0.074
7 

<81.1
1 

65 
43.29 

to 
81.88 

63 
45.51 

to 
78.13 

0.51 

0.349
4 to 

0.677
3 

0.874
1 

<132.
4 

55 
34.21 

to 
74.18 

53 

36.1
4 to 
69.7

7 

GSH (μg/mg 
protein) 

0.84 

0.731
2 to 

0.952
1 

<0.00
01 

<0.91
30 

75 
53.13 

to 
88.81 

77 
59.07 

to 
88.21 

0.54 

0.377
2 to 

0.709
4 

0.606
6 

<0.76
91 

45 

25.82 
to 

65.79
% 

47 

30.2
3 to 
63.8

6 

Albumin 
(mg/mg pro-

tein) 
0.72 

0.574
3 to 

0.865
7 

0.008
9 

<0.16
31 

70 
48.10 

to 
85.45 

70 
52.12 

to 
83.34 

0.54 

0.374
6 to 

0.698
7 

0.663
1 

<0.15
90 

50 
29.93 

to 
70.07 

47 

30.2
3 to 
63.8

6 
 
 



Biomolecules 2021, 11, 119 21 of 27 
 

 

Salivary redox status 

DPPH 
(nmol/mg pro-

tein) 
0.76 

0.612
2 to 

0.911
1 

0.001
9 

<117.
3 

70 
48.10 

to 
85.45 

70 
52.12 

to 
83.34 

0.71 

0.564
5 to 

0.858
8 

0.011
9 

<119.
9 

65 
43.29 

to 
81.88 

63 

45.5
1 to 
78.1

3 

FRAP 
(µmol/mg pro-

tein) 
0.71 

0.563
9 to 

0.852
8 

0.013
3 

<0.42
16 

65 
43.29 

to 
81.88 

63 
45.51 

to 
78.13 

0.64 

0.478
9 to 

0.797
7 

0.100
2 

<0.54
74 

60 
38.66 

to 
78.12 

60 

42.3
2 to 
75.4

1 
Salivary glycoxidation products 

Dityrosine 
(AFU/mg pro-

tein) 
0.66 

0.503
4 to 

0.806
6 

0.065
5 

>15.0
8 

55 
34.21 

to 
74.18 

57 
39.20 

to 
72.62 

0.53 

0.358
0 to 

0.692
0 

0.766
4 

>23.4
0 

55 
34.21 

to 
74.18 

53 

36.1
4 to 
69.7

7 

Kynurenine 
(AFU/mg pro-

tein) 
0.58 

0.422
0 to 

0.741
4 

0.331
9 

<3.80
7 

55 
34.21 

to 
74.18 

53 
36.14 

to 
69.77 

0.53 

0.360
8 to 

0.692
6 

0.751
4 

>5.98
9 

55 
34.21 

to 
74.18 

53 

36.1
4 to 
69.7

7 
N-

formylkynure
nine (AFU/mg 

protein) 

0.88 

0.799
9 to 

0.952
1 

<0.00
01 

>1.16
5 

77 
59.07
% to 
88.21 

76 
62.59 

to 
85.70 

0.51 

0.332
7 to 

0.688
3 

0.902 
<1.91

6 
58 

36.28 
to 

76.86 
57 

39.2
0 to 
72.6

2 

Tryptophan 
(AFU/mg pro-

tein) 
0.57 

0.405
9 to 

0.724
1 

0.439
9 

<36.5
5 

55 

34.21
% to 
74.18

% 

57 

39.20
% to 
72.62

% 

0.67 

0.505
0 to 

0.828
3 

0.047
7 

<55.1
2 

60 
38.66 

to 
78.12 

60 

42.3
2 to 
75.4

1 

Glycophore 
(AFU/mg pro-

tein) 
0.72 

0.572
6 to 

0.857
4 

0.010
6 

>14.3
3 65 

43.29 
to 

81.88 
63 

45.51 
to 

78.13 
0.69 

0.529
6 to 

0.840
4 

0.027
9 

>15.5
4 60 

38.66 
to 

78.12 
60 

42.3
2 to 
75.4

1 
Salivary nitrosative stress 

MPO (mU/mg 
protein) 

0.87 

0.771
7 to 

0.971
6 

<0.00
01 

>0.53
24 

75 
53.13 

to 
88.81 

77 
59.07 

to 
88.21 

0.52 

0.349
4 to 

0.687
2 

0.827
6 

<0.44
95 

55 
34.21 

to 
74.18 

53 

36.1
4 to 
69.7

7 

NO (µmol/mg 
protein) 

0.69 

0.537
3 to 

0.836
0 

0.026
6 

<165.
3 

70 
48.10 

to 
85.45 

70 
52.12 

to 
83.34 

0.71 

0.548
3 to 

0.865
0 

0.014
1 

<236.
7 

70 
48.10 

to 
85.45 

77 

59.0
7 to 
88.2

1 

Peroxynitrite 
(µmol/mg pro-

tein) 
0.75 

0.615
0 to 

0.891
7 

0.002
6 

>8.72
1 

70 
48.10 

to 
85.45 

70 
52.12 

to 
83.34 

0.52 

0.348
5 to 

0.688
1 

0.827
6 

>14.2
1 

60 
38.66 

to 
78.12 

60 

42.3
2 to 
75.4

1 

S-nitrosothiols 
(µmol/mg pro-

tein) 
0.51 

0.343
5 to 

0.669
9 

0.936
9 

>3.65
7 

50 
29.93 

to 
70.07 

50 
33.15 

to 
66.85 

0.63 

0.466
2 to 

0.787
1 

0.132
3 

<4.27
7 

55 
34.21 

to 
74.18 

57 

39.2
0 to 
72.6

2 

Nitrotyrosine 
(µmol/mg pro-

tein) 
0.56 

0.394
2 to 

0.722
5 

0.488
2 

>308.
1 

60 
38.66 

to 
78.12 

60 
42.32 

to 
75.41 

0.55 

0.380
1 to 

0.709
9 

0.592
9 

>246.
2 

50 
29.93 

to 
70.07 

50 

33.1
5 to 
66.8

5 
Abbreviations: AA—ascorbic acid; DPPH—2,2-diphenyl-1-picrylhydrazyl radical; C—the control; FRAP—ferric-reducing 
antioxidant power; GSH—reduced glutathione; MPO—myeloperoxidase; NO—nitric oxide; NWS—non-stimulated 
whole saliva; Px—salivary peroxidase; SOD—superoxide dismutase-1; SWS—stimulated whole saliva; TPC—total poly-
phenol content; UA—uric acid. 

Particularly noteworthy are the evaluations of GSH concentration, N-
formylkynurenine content, and MPO activity in NWS, allowing for high sensitivity and 
specificity in differentiating patients with NYHA class II and NYHA class III HF. 
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4. Discussion 
Reduced saliva secretion is a common problem in people with chronic diseases 

[25,54]. Numerous studies have shown that oxidative/nitrosative stress plays a key role in 
salivary gland hypofunction in the course of systemic diseases [14,15,18,23]. However, 
still little is known about the mechanisms that lead to impairment of the salivary gland 
secretory function in HF patients. In this study, we were the first to compare the antioxi-
dant barrier, protein glycoxidation and nitrosative/nitrative stress in HF patients with nor-
mal saliva (NS) secretion in comparison with HF subjects with HS. We demonstrated that 
salivary reserves of low-molecular-weight antioxidants (LMWA) are depleted in HF pa-
tients with salivary gland hypofunction, which may boost the glycoxidation and nitra-
tion/nitrosylation of salivary proteins. Interestingly, the concentration of most salivary re-
dox biomarkers correlated negatively with the secretory activity of salivary glands. 

The antioxidant defense of saliva includes both antioxidant enzymes (e.g., catalase, 
salivary peroxidase, superoxide dismutase) and non-enzymatic compounds (e.g., uric 
acid, UA; ascorbic acid, AA; reduced glutathione, GSH; albumin and polyphenols). How-
ever, it is LMWA that play an important role in maintaining oral health [55,56]. Indeed, 
reactions of LMWA with ROS are less specific than those of antioxidant enzymes, which 
makes LMWA more versatile ROS scavengers. They can react with superoxide radical 
anion and hydrogen peroxide (that skipped the effect of enzymes), thus reducing the 
chances of the formation of a very reactive hydroxyl radical. Furthermore, by participating 
in the second line of defense against ROS, LMWA direct oxidation reactions towards ter-
mination [55]. In our study, we observed decreased content of LMWA (↓TPC, ↓AA, ↓GSH, 
↓albumin) in NWS of HF patients with HS compared to HF subjects with normal saliva 
(NS) secretion and to the controls (except albumin). Only the UA content in NWS was 
significantly higher in HF patients with HS compared to the other groups. However, this 
fact should not be surprising as hyperuricemia is commonly observed in HF patients [57–
59], and the UA concentration in saliva generally reflects uric acid content in plasma 
[11,60]. Although UA represents 70–80% of the salivary antioxidant potential, this com-
pound, when at high concentrations, has a strong prooxidant effect. Therefore, in our 
study, we additionally evaluated the total antioxidant activity of saliva by measuring 
DPPH and FRAP. These parameters provide information on the resultant capacity of free 
radical scavenging, considering the interactions between individual antioxidants [13,61]. 
Salivary DPPH and FRAP were significantly lower in SWS of HF patients compared to 
the controls, as well as considerably reduced in NWS of HF patients with HS compared 
to the other groups. This suggests the exhaustion of salivary antioxidant reserves in HF 
patients, which may result from increased ROS production. An important source of free 
radicals in the oral cavity is myeloperoxidase (MPO) that acts as a catalyst in the formation 
of hydrochloric acid (HOCl) in the reaction of Cl− ion oxidation by hydrogen peroxide 
[62,63]. In the subsequent reaction, HOCl reacts with a superoxide radical anion to form 
an extremely reactive hydroxyl radical [63]. In our study, MPO activity was significantly 
higher in NWS of HF patients with HS compared to the other groups. 

Decreased capacity of the antioxidant barrier may boost the oxidation/glycation of 
bio-molecules. The low probability of direct ROS reactions with lipids and DNA in the 
cell indicates that proteins are the primary target of oxygen and nitrogen free radicals. 
Indeed, in a typical eukaryotic cell, up to 70% of hydroxyl radicals react with proteins [64]. 
In our study, we observed increased concentration of protein glycoxidation products (↑di-
tyrosine, ↑kynurenine, ↑glycophore) in NWS and SWS of HF patients with HS compared 
to the controls. Interestingly, the content of dityrosine, N-formylkynurenine, and glyco-
phore in NWS was also significantly higher in HF patients with HS compared to HF sub-
jects with normal saliva (NS) secretion. As for other systemic diseases, it can be assumed 
that the products of protein oxidation and glycation are aggregated and accumulated in 
the secretory cells of the salivary glands, which leads to progressive hypofunction of the 
glands. Protein glycoxidation products not only form a network of cross-links that disrupt 
the function of salivary gland cells, but they can also bind to a specific AGE receptor, thus 
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increasing the production of ROS (by boosting NADPH oxidase activity) and inducing 
pro-inflammatory signaling pathways, e.g., NF-κB (nuclear factor kappa-light-chain-en-
hancer of activated B cells) or MAP kinases [65–69]. Under these conditions, the activity 
of proteasomes responsible for the removal of damaged proteins is impaired, which ulti-
mately directs salivary gland cells to the apoptosis pathway [17]. In our study, the content 
of salivary glycoxidation products (except tryptophan) significantly negatively correlated 
with saliva secretion flow rate, total protein content and α-amylase activity, mainly in 
NWS of HF patients with HS. Generally, such a correlation was not found in patients with 
HF and normal saliva (NS) secretion, as well as in the control group. This may confirm 
our hypothesis on the role of protein oxidation/glycation in salivary gland dysfunction in 
HF patients. Moreover, LMWA content in NWS correlated positively (excluding UA) with 
the secretory function of salivary glands in HF patients with HS. Therefore, antioxidant 
supplementation should be considered to improve salivary gland activity in HF patients. 

The process of saliva production consists of several stages [70]. In the first of them, 
the final section of the salivary gland secretory part (secretory acinus) produces primary 
saliva, which is similar in composition to the blood plasma. The isotonic primary saliva is 
then modified in the system of secretory ducts by selective reabsorption of Na+ and Cl− 

ions, as well as secretion of K+ and HCO3− [70,71]. These processes are initiated by the 
binding of various neurotransmitters to specific receptors on the surface of the secretory 
ducts and acini, which raises intracellular Ca2+ concentration [72]. An important role in 
this process is played by nitric oxide (NO), produced by neuronal nitric oxide synthase 
(nNOS), since it increases calcium ion concentration, thus triggering the activation of Ca2+-
dependent potassium and chloride channels and starting the formation of primary saliva 
[70,73]. In our study, NO concentration was significantly lower in NWS and SWS of HF 
patients with HS compared to the control, and, in NWS, it was also lower compared to HF 
patients with normal saliva (NS) secretion. This indicates abnormal initiation of saliva se-
cretion in patients with HF and HS. Decreased bioavailability of NO in these patients may 
be caused by boosted formation of peroxynitrite (ONOO−) in the reaction of nitric oxide 
with superoxide radical anion. Indeed, HF is accompanied by an overproduction of 
ONOO−, which is a strong oxidant, as well as a nitrating agent [31,32]. Peroxynitrite causes 
the nitration of aromatic amino acids (such as tryptophan and tyrosine), although the res-
idues of sulfur-containing amino acid (such as cysteine and methionine) are the most sus-
ceptible to oxidation [74]. This fact can be confirmed by a negative correlation between 
peroxynitrite concentration in NWS and tryptophan and glutathione content in HF pa-
tients with HS. However, not only ONOO− content was significantly higher in NWS of HF 
patients with HS compared to the controls, but also the concentration of the products of 
protein nitrosative modifications (↑S-nitrosothiols, ↑nitrotyrosine) was notably elevated 
in NWS of HF patients with HS, and it correlated negatively with the secretory function 
of salivary glands (saliva flow, total protein content, salivary amylase activity). It is be-
lieved that proteins damaged in this way accumulate mainly at the site of the formation 
of nitrating molecules [74]. The lack of correlation between nitrosative stress biomarkers 
in saliva and blood indicates a different nature of redox homeostasis disturbances at the 
local (salivary glands) and central (blood) level in HF patients. Furthermore, we found no 
correlation between saliva and blood in relation to other redox biomarkers (LMWA and 
glycoxidation products), which may confirm the local (oral cavity) response to free radical 
overproduction in HF patients. 

The large salivary glands together produce about 90% of the total saliva volume. In 
our study, we found the weakening of the antioxidant barrier and increased glycoxida-
tion/nitration of salivary proteins mainly in NWS of HF patients with HS. Since the sub-
mandibular salivary glands are primarily responsible for the secretion of non-stimulated 
saliva (they produce up to 2/3 of NWS total volume) [70], HF patients suffer from the 
hypofunction of this gland, in particular. However, in addition to oxidative/nitrosative 
stress, salivary gland dysfunction in HF patients may also result from damage to the sali-
vary response and changes in the integrity of receptors in the gland tissues, as well as 
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disorders in membrane transport and synthesis of proteins and their release into the saliva 
[75]. Therefore, this issue requires further research and clinical observation. Moreover, the 
influence of comorbidities on salivary gland function in HF patients cannot be excluded. 

Many studies have shown that the oral health status of HF patients is very poor [76–
79]. In this group, an increased incidence of dental caries and periodontal disease is ob-
served. Interestingly, the inflammatory factor is vital in the initiation and progression of 
cardiovascular disorders: ischemic heart disease, arteriosclerosis, and acute coronary 
events, including myocardial infarction. In periodontitis, there is a local increase in the 
concentration of inflammatory mediators (IL-1, IL-6, and TNF-α), which not only have a 
destructive effect on the periodontium but can also initiate the formation of atherosclerotic 
plaque [77,78,80,81]. 

Unfortunately, we cannot eliminate the influence of pharmacotherapy on saliva se-
cretion and composition. It is estimated that over 500 medicinal substances available on 
the pharmaceutical market may cause dry mouth symptoms. Additionally, the risk of 
such symptoms increases with the number of drugs taken [24,82]. In our study, HF pa-
tients received mainly beta blockers, diuretics, and statins. These medicines, by acting pe-
ripherally on alpha- and beta-adrenergic/cholinergic receptors and influencing electrolyte 
flow, can change the quantitative and qualitative composition of saliva [83–85]. Patients 
usually do not report any oral mucosa changes during the initial period of reduced sali-
vary secretion. Advanced HS, on the other hand, results in dryness with the smooth, 
shiny, or wrinkled oral mucosa, atrophic lesions with smoothing or crushing of the papil-
lae of the tongue, persistent and annoying burning of the mucous membrane of the tongue 
and lips (BMS, burning mouth syndrome), and rupture of the corners of the mouth with 
a tendency to inflammation, ulcers, and secondary fungal-bacterial infections [24,25,82]. 
In the case of polypharmacotherapy, the possibility of drug interactions affecting salivary 
gland function cannot be excluded [86]. 

Numerous studies have indicated that the overproduction of reactive forms of oxy-
gen and nitrogen is responsible for structural and functional changes in the course of my-
ocardium inefficiency [29,87–91]. The excess of free radicals leads to the oxidation of car-
diolipin, the key phospholipid of the mitochondrial membrane necessary for energy pro-
duction processes. Mitochondrial dysfunction hinders the already reduced energy metab-
olism in HF patients and intensifies previous metabolic changes [89,92–94]. In addition, 
under oxidative stress conditions, the activity of ROS-dependent signal kinases, such as 
PKC (protein kinase C), MAPK (mitogen-activated protein kinases), and Ras proteins, is 
increased, which contributes to cardiac hypertrophy [95]. Since oxidative stress plays an 
important role in HF progression [6,29], we additionally compared salivary redox bi-
omarkers according to the severity of the disease. Generally, patients with NYHA class II 
and NYHA class III experience a decrease in the antioxidant barrier capacity and protein 
glycoxidation/nitration rate in NWS and SWS compared to the control. However, we did 
not observe any significant differences between the different stages of the disease progres-
sion. Only by means of ROC analysis were we able to demonstrate that GSH, N-
formylkynurenine, and MPO evaluated in non-stimulated saliva can, with high sensitivity 
and specificity, differentiate patients with NYHA class II from those with NYHA class III. 

Numerous advantages of saliva as a diagnostic material are more and more fre-
quently emphasized. Saliva collection is easy, painless, and non-invasive, which is partic-
ularly important for screening tests and assessment of the disease progression, as well as 
monitoring of treatment results. Furthermore, unlike blood, saliva is a non-infectious ma-
terial and can be collected without the involvement of medical personnel [61]. As salivary 
redox biomarkers are increasingly used in the diagnosis of various systemic diseases (obe-
sity, hypertension, chronic kidney disease, psoriasis, dementia) [11,13–15,17–22], further 
studies are needed to assess the usefulness of salivary oxidative/nitrosative stress param-
eters in a larger population of HF patients. 
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5. Conclusions 
1. Patients with chronic heart failure (HF) develop salivary gland dysfunction, with the 

submandibular salivary gland being the most inefficient. 
2. Redox homeostasis disorders in HF patients are different at the local (salivary glands) 

and central (blood) level. 
3. Oxidative/nitrosative stress may be one of the mechanisms responsible for the im-

pairment of salivary gland secretory function in HF patients. Antioxidant supple-
mentation should be considered to improve salivary gland activity in HF patients. 

4. Salivary redox biomarkers are a potential diagnostic tool in HF patients; however, 
further studies should be conducted on the matter in a larger population of such pa-
tients. 
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