
The role of the saliva antioxidant barrier to reactive oxygen species with regard to
caries development
A. Jurczaka, D. Kościelniaka, A. Skalniakb, M. Papieżc, P. Vyhouskayad and W. Krzyściakd

aDepartment of Pediatric Dentistry, Institute of Dentistry, Jagiellonian University Medical College Krakow, Poland; bGenetics Laboratory,
Department of Endocrinology, Jagiellonian University Medical College Krakow, Poland; cDepartment of Cytobiology, Faculty of Pharmacy,
Jagiellonian University Medical College Krakow, Poland; dDepartment of Medical Diagnostics, Faculty of Pharmacy, Jagiellonian University Medical
College Krakow, Poland

ABSTRACT
Objectives: The aim of this study was to evaluate the role of the antioxidant barrier in the saliva of
children with caries, and its impact on the colonization of cariogenic bacteria.
Methods: This is a cross-sectional study of 81 children aged 1–5 years. Antioxidant levels and salivary
bacterial profiles were measured. Patients were divided into two groups as follows: initial stage decay,
termed non-cavitated (1–2 in International Caries Detection and Assessment System (ICDAS)), and
extensive decay, termed cavitated lesions (5–6 in ICDAS). The control group includes children
without caries.
Results: The linear regression model demonstrated that the GSH, GSSG, GSH/GSSG, and total
antioxidant capacity levels are influenced (P < 0.05) by: the stage of caries and the dominant
bacterial strain. Compared with the other groups (P < 0.001), the highest antioxidant parameters
were recorded in the saliva of patients with cavitated lesions.
Discussion: Our results indicate that the high levels of antioxidants in saliva increase significantly in
children in line with the salivary cariogenic bacterial profiles and caries progression.
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Introduction

Despite technological advancement and the development of
new treatment techniques, health requirements for diseases
of the oral cavity are increasing. A large number of developing
countries struggle with oral cavity health problems [1–3]. A
good oral cavity health state is a necessary condition for a
healthy lifestyle, which can be influenced by oral cavity dis-
eases such as caries [4]. These problems may affect everyday
functions, such as chewing and speech [5]. Initiation of the
caries process is asymptomatic, and the consequences of
untreated lesions may include missing teeth causing further
disorders, such as occlusal abnormalities, temporomandibular
complaints including headaches or neuralgias, and even gas-
trointestinal problems [6]. Untreated carious lesions compli-
cated with chronic disorders of the pulp and periapical
tissues constitute a potential focal infection for numerous
organs, e.g. the cardiovascular system, nervous system,
kidneys, or skeletal system [7–9]. Oral cavity care, including
the treatment of carious lesions, is a necessary preliminary
condition for the performance of planned procedures, e.g.
cardiac surgery and transplantation [10]. The lack of dental
care in kindergartens and primary schools, the shortage of
children’s dentists, and the wide-ranging indifference of the
public health system in this field increase the health problems
of the oral cavity, increasing the risk of caries incidence with
its early and late complications in the youngest age groups.
Currently, the main hypothesis of caries etiology is the eco-
logical plaque hypothesis [11].

The ecological plaque hypothesis assumes that caries
development results from a shift in the resident microflora
balance driven by changes in local environmental conditions,

thus causing the development of more cariogenic species
responsible for the advantage of demineralization over remi-
neralization processes.

Bacteria that cause caries, in particular Streptococcus
mutans, show a strong response to both environmental acid-
ification and oxidative stress accompanied by, e.g. increased
response from bacterial enzyme systems such as the system
of intracellular NADH oxidase (Nox; encoded by NOx) as
well as the enzymatic systems of the host. An increase in
the levels of bacterial antioxidant systems such as NADH
oxidase is essential in the regeneration of NAD+ during gly-
colysis and oxygen reduction, thereby preventing the for-
mation of reactive oxygen species (ROS). On the other hand,
in response to the colonization of microorganisms, the host
immune system can lead to the development of oxidative
stress and increased production of salivary antioxidants. In
either case, the role of antioxidants and antioxidant-related
mechanisms is not fully understood, although recently the
attention of researchers toward those issues is increased.

The part of bacterial antioxidant systems in the regulation
and mechanism of action of cariogenic bacteria is strongly
associated with acidification of the environment and oxi-
dative stress, through their effects on intracellular levels of
NAD+/NADH in Rex-dependent regulation [12,13] (Figure 1).
In the case of a more complex system such as the human
body, interactions between microorganisms and the host
arising from the role of antioxidants are much more compli-
cated. In the latter case, the antioxidant system of the host
acts alongside the antioxidant system of bacteria; moreover,
the role of external factors acting on the host, such as diet
and hygienic habits, is also not without significance.
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Thus, the number of mechanisms in which oxidative stress
can be of pathogenetic significance in caries is very high, and
cannot be fully transferred into even the most complex
models in vitro. The harmful role of oxidative stress is a
result of the direct impact on the basic mechanisms of
signal response and transduction, which leads to an increased
growth and differentiation of cariogenic bacteria and their
increased potency. Strategies for antioxidant therapy of cario-
genic bacterial cells in order to protect against damage may
be based on an understanding of the molecular aspects of
oxidative stress in numerous diseases, including caries and
cancer, in which glycolysis is the main source of energy and
building block for both cariogenic microorganisms such as
S. mutans and cancerous cells, for which low oxygen concen-
trations (<2%) or hypoxia prevailing in the environment
increases the expression of genes encoding glycolytic
enzymes and inhibits oxidative phosphorylation. Thus, inhi-
bition of this process seems to be a promising way to effect
the eradication of caries [14,15].

So far, there are few studies on the salivary levels of antiox-
idants in patients with caries in comparison to healthy individ-
uals without symptoms of disease [16]. Although the role of

oxidative stress in patients with caries seems to be documen-
ted, the majority of published studies provide no explanation
of the observed changes in different biological materials and
in various forms of the disease. This aspect seems worthy of
laboratory verification, as does the role of the determination
of selected salivary antioxidants in the colonization of cario-
genic strains, especially in the decay of all levels of progression.

The aim of this study was to determine salivary antioxi-
dants GSH, GSSG, and total antioxidant capacity (TAC) in chil-
dren with initial and advanced caries in comparison to healthy
individuals without any changes and to evaluate the role of
the salivary antioxidant barrier and its effect on cariogenic
bacterial colonization.

Materials and methods

Study groups

The study was performed in accordance with the
Helsinki Declaration of 2013. The protocol was approved
by the Bioethics Committee at the Jagiellonian University
in Krakow (Nr KBET/281/B/2014). Informed consent

Figure 1. Antioxidants’ contribution in regulation and mechanism of action of cariogenic bacteria. Response of S. mutans to oxidative stress caused by ROS produced by
neutrophils, fibroblasts, and other cells of the oral cavity is accompanied by, e.g. increased response from the bacterial enzymatic systems as intracellular NADH oxidase
(Nox) in the SpxA1/ SpxB/ Rex-dependent modulation, and proteins that affect cellular redox status and are involved in the regulation of S. mutans’s metabolism. Anti-
oxidant systems of the host (e.g. salivary GSH, GSSG, TAC) and exogenous factors (e.g. diet and hygienic habits) act in addition to antioxidant systems of bacteria.
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was obtained from all participants (parents) included in the
study.

The study was conducted between 2014 and 2015 and
included 80 pediatric patients from the Department of Pedi-
atric Dentistry, Institute of Dentistry, Jagiellonian University
in Krakow, Poland. The study included bacterial strains iso-
lated from the saliva of patients (n = 53; average age = 2.74
± 1.2) diagnosed with early childhood caries (ECC) of the
deciduous teeth. The results, marked with reference
numbers, were entered onto a standardized examination
chart. Examinations were conducted based on the criteria
established by the World Health Organization for epidemiolo-
gical studies (Oral Health Surveys Basic Data), in artificial light
using a dental mirror and a probe [17].

Children were divided into two subgroups: subjects with
initial stage decay, defined as the non-cavitated group (1–2
in International Caries Detection and Assessment System
(ICDAS) II codes; n = 27; average age = 2.35 ± 1.09); and sub-
jects with extensive decay, defined as the cavitated group
(5–6 in ICDAS II codes; n = 27; average age = 3.56 ± 1.25). In
the ICDAS II classification, code 1 means the first noticeable
change in enamel (seen only after prolonged air drying or
restricted to within the confines of a pit or fissure, white
opacity or brown discoloration), code 2 – distinct visual
change in enamel, white opacity or brown discoloration
beyond a fissure with no loss of surface integrity, code 5 – dis-
tinct cavity with visible dentin, and code 6 – an extensive dis-
tinct cavity with visible dentin [18]. Twenty-seven patients
were qualified to the non-cavitated group (13 girls, 14 boys;
aged 2.35 ± 1.09 years). The selection criterion for the patients
with the non-cavitated form of ECC was the presence of white
or brown discolorations on the tooth surface with no visible
quantitative loss of enamel tissue. A total of 27 patients
were assigned to the cavitated group (16 girls, 11 boys:
aged 3.56 ± 1.25 years). The selection criterion for the patients
with the cavitated form of ECC was the presence of a clear
quantitative enamel lesion, i.e. cariogenic change with lesser
or greater advanced dentin exposure. The division criterion
between the cavitated and non-cavitated groups was the
presence of a visible carious lesion.

The control group comprised children (16 girls, 11 boys;
average age = 3.11 ± 1.19) free from caries, who were main-
tained under clinical control.

The ages of patients in the individual groups with ECC did
not differ significantly from the ages of children in the control
group. There were no significant differences in sex between
the study and control groups.

The exclusion criteria were as follows: aged below 2 or
above 6 years; diabetes; periodontal disease; epithelial dyspla-
sia; and inflammatory lesions of the oral mucosa. Antibiotics,
non-steroid, anti-inflammatory medications, corticosteroids,
and vitamin intake within the last 3 months also resulted in
a patient’s exclusion from the study.

Dental plaque was determined using the Simplified Oral
Hygiene Index. The Oral Hygiene Index (OHI) assesses the pres-
ence of dental plaque on 6 teeth of different groups (55, 53, 51
and 75, 73, 71), and on the labial surfaces of the maxillary teeth
and lingual surfaces of the mandibular teeth. 0 –means lack of
deposits, 1 – deposits cover up to 1/3 of the surface, 2 – 1/3 to
2/3 of the surface, and 3 – over 2/3 of the surface of the exam-
ined tooth [19]. Daily oral hygiene consisted of brushing the
teeth 2 times per day with a manual brush and a fluoride
toothpaste. The OHI value in all examined children was 0.

This manuscript contains data from clinical studies (includ-
ing patient data). Details that might disclose the identity of
the subjects under study have been removed.

Calibration and reproducibility

The classification of the study group was performed during a
routine dental examination. This examination was conducted
by a qualified dentist (internal examiner) with many years of
experience in epidemiological studies of the oral cavity. The
coherence of the diagnosis by the external researcher was
tested by the evaluation of variability between researchers:
external, internal, and third [20]. All three researchers were
independent of each other. The internal researcher conducted
the same tasks. In the next step, each researcher was provided
with photographs prepared by their counterpart and pre-
pared descriptions for these photographs on three separate
occasions, each time working independently of the other
two researchers. Furthermore, to ensure the consistency in
caries diagnosis, a third researcher participated in the study,
carrying out the above tasks in an analogous method. To
evaluate the agreement between the researchers, 20% of
the samples were selected at random for the study and
these were subjected to analysis by the above researchers
on different occasions during a one-year trial period.

Saliva collection

After the classification of the patients for the research, unsti-
mulated saliva samples (2 ml) were collected using a Saliv-
ette® Cotton Swab system (Sarstedt AG & Co., Numbrecht,
Germany). The subjects rinsed their mouths for 1 minute
with distilled water, which was then spit out before saliva col-
lection. A cotton swab was placed in the mouth and chewed
for 3 minutes to stimulate salivation. Material was collected
from fasted participants in the morning (between 8 and 10
am) before toothbrushing and any clinical examination. The
collected saliva was put into sterile tubes inhibiting O2 and
carried on ice to the laboratory within 1 hour. Saliva
samples were then homogenized and clarified by centrifu-
gation at 500 × g for 10 min at 4°C. The aliquots of clarified
supernatants were kept at −80°C until needed for the
measurements.

Microbial

Evaluation of cariogenic bacteria on HLR-S medium
Salivary levels of S. mutans, Lactobacillus rhamnosus, Strepto-
coccus sanguinis, and Streptococcus mitis were determined
using selective agar.

The saliva was inoculated on the modified medium of Ritz
(HLR-S) agar medium in the laboratory. It was assumed that
the role of the medium consisted of support for the growth
of the tested microorganisms and inhibition of the remaining
species found in the saliva. The incubation time was 48 h
under 85% N2, 10% CO2, 5% O2 conditions at 37°C. The
HLR-S medium was selected based on our previous study,
which had tested media samples described in the literature
as selective for specific bacterial species isolated directly
from the oral cavity (from smears or saliva samples) [21,22].

Individual cultivated colonies were inoculated on the tryptic
soy agar medium with 5% sheep blood, incubated for 24 hours
under microaerophilic conditions (85% N2, 10% CO2, 5% O2).
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Then, the morphological characteristics of individual colonies
cultivated on the medium with sheep blood were evaluated,
as was the type of hemolysis caused by these colonies. In
addition, saliva dilutions were performed, and these were
inoculated on the HLR-S medium. The colonies once grown
were counted via determination of CFU/ml. The number of
microorganisms present in a particular test sample was deter-
mined using the formula:

CFU
ml

= CFU× dilution factor× 1
aliquot

Bacterial identification
Phenotypic identification of the four cultivated bacterial
species was performed using a commercial biochemistry
identification set: STREPTOtest24 (Lachema, Pliva).

Biotyping from selected enzymatic reactions of the above
commercial test was performed for four dominant bacterial
species: S. mutans, L. rhamnosus, S. sanguinis, and S. mitis.
Two approaches to biotyping criteria based on enzymatic
activity profiles were used. The first approach consisted of
the selection of appropriate enzymes based on the analysis
of their activity in the population of the tested strains.
Enzymes found in all the strains (LAP, bGA, Aga, ESL, MAN,
SOR, LAC, MLT, RAF, TRE) tested for growth in the presence
of 6.5% w/v NaCl, which was negative for all strains,
enzymes which were not found in any of the strains (bMN,
GLR, RIB, PUL, ARG, AMG, SOE), and enzymes found only in
single species were not suitable for differentiating and were
rejected per se.

The secondmethod for biotype determination consisted of
the use of an unattended (without a priori available knowl-
edge) statistical data analysis. In this method, data were
divided into groups (clusters), so that each group was as hom-
ogenous as possible and, at the same time, clusters differed
from one another (strains from different groups had the
lowest possible number of common characters) [23].

GSH/GSSG determination
For determination of thiol status, both reduced (GSH) and oxi-
dized (GSSG) forms of glutathione were measured. Determi-
nation of GSH and GSSG levels was based on the reaction of
the Griffith [24] method with the Tietze modification [25], as
described in Current Protocols in Toxicology by Mustacich
[26] and measured at λmax = 412 nm.

The following reagents purchased from Sigma-Aldrich
were used: 1% (w/v) picric acid as a protein precipitating
reagent, 143 mM sodium phosphate pH = 7.5, 0.3 mM
NADPH, 6 mM 5-5′-dithiobis [2-nitrobenzoic acid] (DTNB),
50 U/ml GSH reductase in 143 mM sodium phosphate pH =
7.5, 2-vinylpyridine, and triethanolamine. In order to deter-
mine the level of GSSG, 0.1 ml of acidic extract was mixed
with 0.002 ml of 2-vinylpyridine and vortexed and the pH
value was adjusted to a level of 6–7 with triethanolamine.
Samples were derivatized for 1 hour at room temperature.
In order to determine total glutathione (GSH), a mixture
including 0.7 ml 0.3 mM NADPH, 0.1 ml 6 mM DTNB, 0.1 ml
picric acid extract and 0.1 ml metal-free water at a total
volume of 1 ml was heated at 30°C for 15 minutes and then
transferred to another tube containing 0.010 ml 50 U/ml glu-
tathione reductase, and absorbance at wavelength λmax=
412 nm was monitored every 15 seconds for 2.5 minutes.

Measurements were performed in three repetitions. The
quantitative determination of the total glutathione (GSH)
was obtained with reference to the non-derivatized samples
on a calibration curve, which was based on GSH dilutions in
1% (w/v) picric acid. For the determination of the quantitative
level of oxidized glutathione (GSSG), a second calibration
curve was prepared using samples treated with 2-vinylpyridine
and triethanolamine. Quantitative determination of oxidized
glutathione (GSSG) was obtained via reference to the deriva-
tized samples on the previously prepared calibration curve.

Result readings were performed on a FLUOstar Omega
spectrophotometer – BMG Labtech, Ortenberg, Germany.

TAC determination
Determination of salivary TAC as the reduction of Fe3+ ions
was performed using Benzie and Strain’s method [27].

On the day of determination, a working solution was pre-
pared, which contained 100 ml acetate buffer, 10 ml tripyridyl-
triazine solution, and 10 ml ferrous chloride(III). Wells of a
96-well plate were filled with 0.015 ml of the studied sample,
blank test with distilled water or standard solution. Then,
0.300 ml of the working substrate solution was added and the
contents were mixed. Absorbance measurements were con-
ducted at a temperature of 37°C, at a wavelength of 593 nm.
Result readings were conducted after 10 min on a FLUOstar
Omega – BMG Labtech, Ortenberg, Germany. Reagents were
purchased from Sigma-Aldrich, St. Louis, MO, USA.

Total protein amount
Total protein (TP) levels were determined in all groups. The
protein concentrations of the samples were determined
using a bicinchoninic acid assay kit (Sigma-Aldrich, USA), as
described by Smith et al. [28]. A standard solution of bovine
serum albumin at a range of 200–1000 mg/ml was used.
The blind sample was prepared for each series in 10 rep-
etitions. The absorbance of each study sample was deter-
mined at a wavelength of λmax = 562 nm, at a temperature
of 37°C. The concentration of protein was calculated on the
basis of the calibration curve and expressed in mg/ml.

Statistical analysis
Statistical analysis was performed using R 3.2.3. (R: Develop-
ment Core Team (2009); R: A language and environment for
statistical computing; R: Foundation for Statistical Computing,
Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-
project.org.) [29]. Data are expressed as median ± upper and
lower quartiles. To determine the relationship between GSH,
GSSG, and TAC, which were not normally distributed, and
the stage of diseases and cariogenic bacterial profiles, the
Kruskal–Wallis test was used. A value of P < 0.05 was con-
sidered statistically significant. Superscripts a, b, c denote
groups differing in Bonferroni-corrected Mann–Whitney
tests. An analysis of covariance (ANCOVA) was performed to
assess the connections between GSSG, TAC, and GSH, and
the forms of the disease, and this was corrected to take into
account the effect of confounding factors (age, sex).

Results

Calibration for ECC scoring

The Kappa coefficient value for caries evaluation for the exter-
nal researcher amounted to 0.95 during the evaluation
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conducted during the first half of the year, and 0.97 for the
evaluation carried out in the second half of the year of the
study. The Kappa coefficient values for caries evaluation for
the internal researcher ranged from 0.92 to 0.96 in the
above-mentioned time-period. In reference to the third
expert, Kappa coefficient values in the range from 0.94 to
0.95 were recorded.

Microbial characteristics of tested bacterial strains

The isolated bacterial species were Gram-stained and
observed under an optical microscope at 40× magnification
and confirmed under a scanning electron microscope (SEM)
at 11 000× magnification. The sizes of the observed colonies
remained in the range of 0.5–1 μm, positive Gram-stained.
The spatial distribution of the cells resembled bead-long
chains (Figure 2).

The tested bacterial species did not produce catalase. On
the medium with sheep blood, α-hemolysis was observed
for S. sanguinis, S. mitis, and Lactobacillus acidophilus and γ-
hemolysis for S. mutans.

Bacterial identification

Eighty isolated strains were typed biochemically with STREP-
TOtest 24 with a discrimination rate of more than 95%. In
total, 47 (58.75%) strains belonging to three Streptococcus
species were isolated, as well as 25 (31.25%) strains belonging
to the genus Lactobacillus. Streptococcus was the most fre-
quent species (n = 47; 58.75% strains), followed by S. mutans
(n = 12; 15% strains), and then S. sanguinis and S. mitis (n =
23; 28.75% and n = 12; 15% strains) – the percentage of
each species is shown in the graph (Figure 3).

As presented in Figure 3, many bacterial species form
characteristic profiles. Microbial cultures (from the saliva of
children with caries and those without symptoms of the
disease) on selective medium (HLR-S) and their subsequent
phenotypic identification allowed for the determination of
the percentage share of individual bacterial strains. Interest-
ingly, the bacterial profile depended on the stage of the
disease. In children from the non-cavitated group, the follow-
ing species were dominant: S. sanguinis (38.46%),
L. rhamnosus (30.77%), S. mitis (19.23%), and S. mutans
(11.54%) (Figure 3). In the group of children with cavitated
lesions – advanced stage ECC, the following species domi-
nated: L. rhamnosus (44.44%), S. mutans (29.63%), and
S. sanguinis (18.52%) (Figure 4). In the control group, the per-
centage share of individual bacterial species was as follows:
S. mutans (3.70%), S. mitis (18.52%), L. rhamnosus (18.52%),
S. sanguinis (29.63%), and other (29.63%).

GSH/GSSG

Differences in GSH, GSSG concentration, and GSH/GSSG ratio in
the saliva between groups were statistically significant, i.e.
higher in cavitated and non-cavitated groups than in the
control group (Tables 1 and 2). Differences in GSH and GSSG
concentrations in the saliva between groups were also statisti-
cally significant, i.e. higher in the cavitated group than in the
non-cavitated and control groups (Tables 1 and 2). GSH and
GSSG concentrations differed in individual groups (patients
with cavitated and non-cavitated forms) (Tables 1 and 2) and
these were also statistically significant (Figure 4(a,b)).

The highest GSH concentrations were recorded in the
saliva of patients from the cavitated group: 0.287 (0.274–
0.288) mmol/l (median (lower quartile – upper quartile)),
whereas GSSG concentrations were 0.191 (0.187–0.193)
mmol/l and 1.49 for the GSH/GSSG ratio, respectively
(Tables 1 and 2). The differences were statistically significant
for the discussed parameters (P < 0.001).

Concentrations of GSH and GSSG were significantly higher
in boys and these were positively correlated with age (older
age = higher levels). The concentration of glutathione
showed a correlation with age (r = 0.294; P = 0.008) and dif-
fered between the groups of girls and boys (P = 0.007;
Mann–Whitney test) (Figure 5(a,b)). The concentration of glu-
tathione disulfide correlated with age (r = 0.287; P = 0.01) and
differed between the groups of girls and boys (P = 0.04;
Mann–Whitney test) (Figure 5(a,b)). For the GSH/GSSG ratio,
no relationship with age was observed (r = 0.036; P = 0.75),
but the girls and the boys demonstrated different GSH/
GSSG ratios (P = 0.032; Mann–Whitney test) (Figure 5(a,b)).

Total antioxidant capacity

Differences in TAC concentrations in the saliva between
groups were statistically significant, i.e. higher in cavitated

Figure 2. Morphological assessment of Streptococcus sp. bacteria. Photograph shows macro- and micromorphology of Streptococcus sp. 1 – S. mutans colonies with
characteristic white coloration on the tested medium; 2 – on blood agar (BA); 3 – S. mutans cells in Gram-stained preparation. Photograph 3 taken with an Olympus
CX41 microscope, coupled to a CaMedia C5550 camera; 4 – S. mutans cells in a JEOL JSM-35CF SEM.

Figure 3. The percentage share of individual bacterial strains isolated from
saliva of children with cavitated ECC, non-cavitated ECC, and children without
symptoms of the disease.
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and non-cavitated groups than in the control group (Table 1;
Figure 4(c)). Differences in TAC concentrations in the saliva
between groups were also statistically significant, i.e. higher
in the cavitated group than in the non-cavitated and control
groups (Table 1; Figure 4(c)). TAC concentrations differed in
individual groups (patients with cavitated, and non-cavitated
forms) (Table 2).

The highest TAC concentrations were recorded in the
saliva of patients from the cavitated group: 1.73 (1.72–01.74)
mmol/l (median (lower quartile – upper quartile) (Tables 1
and 2). The differences were statistically significant for the dis-
cussed parameters (P < 0.001). Concentrations of TAC were
significantly higher in boys and these were positively corre-
lated with age (older age = higher levels). In terms of TAC
value, its concentration positively correlated with age (r =
0.234; P = 0.036) and the ratio was different in the groups of
girls and boys (P = 0.022; Mann–Whitney test) (Figure 5(c)).

TP content

Inter-group differences in salivary protein concentrations
were statistically significant, i.e. in cavitated and non-cavitated
groups (1.86 (1.52–2.30) mg/ml and 1.79 (1.40–2.42) mg/ml,
respectively), and these were higher than in the control
group 1.65 (1.41–2.44) mg/ml. However, there was no signifi-
cant correlation between the concentrations of the studied
markers and the age and gender of the study participants.

Antioxidants (GSH/GSSG, TAC), cariogenic profiles
and caries

After considering age, sex, eating habits (i.e. daily consump-
tion of fruit juices and carbonated drinks), and feeding type
(natural, artificial, mixed), the antioxidants in the saliva (GSH,
GSSG, and TAC) demonstrated a certain dependency on the
occurrence of cariogenic profiles and also on the stage of
caries in children. The linear regression model demonstrated
that the GSH level is influenced (P < 0.05) by the stage of
caries and the dominant bacterial strain. In comparison to
the controls, caries from the non-cavitated group increased
GSH by an average of 0.061 mmol/l; on the other hand,
the cavitated form increased GSH by an average of
0.075 mmol/l. Regarding dominant bacterial species, as com-
pared with dominance of S. mutans, S. sanguinis dominance
decreased GSH by an average of 0.018 mmol/l. Streptococcus
mitis dominance decreased GSH by an average of
0.327 mmol/l, whereas the dominance of the so-called
‘other’ strains decreased GSH by an average of
0.321 mmol/l. For GSSG, the linear regression model demon-
strated that the GSSG level is influenced (P < 0.05) by the
stage of caries. In comparison to the control, the non-cavi-
tated form increased GSSG by an average of 0.171 mmol/l,
and the cavitated form increased GSSG by an average of
0.316 mmol/l. For the dominant bacterial strain, it was
demonstrated that the L. rhamnosus dominance decreased
GSSG by an average of 0.011 mmol/l, S. sanguinis dominance

Figure 4. (a). Salivary reduced-glutathione levels in all groups with ECC and in the control group. The median and interquartile range (box), and percentile 5–95%
range (whiskers) are shown; P-values are given for the comparison of groups with each other (***P < 0.001 post-hoc Mann–Whitney test with Bonferroni correction).
Cavitated patients with ECC; non-cavitated patients with ECC; control without lesions. (b). Salivary GSSG levels in all groups with ECC and in the control group. The
median and interquartile range (box), and percentile 5–95% range (whiskers) are shown; P-values are given for the comparison of groups with each other (***P <
0.001 post-hoc Mann-–Whitney test with Bonferroni correction). Cavitated patients with ECC; non-cavitated patients with ECC; control without lesions. (c). Salivary
TAC levels in all groups with ECC and in the control group. The median and interquartile range (box), and percentile 5–95% range (whiskers) are shown; P-values are
given for the comparison of groups with each other (***P < 0.001 post hoc Mann–Whitney test with Bonferroni correction). Cavitated patients with ECC; non-cavi-
tated patients with ECC; control without lesions.

Table 1. Adjusted relationships between reduced glutathione, oxidized glutathione and TAC and salivary bacterial profiles and dental caries progression.

Variables
GSH

(mmol/l) P*
Post
hoc **

GSSG
(mmol/l) P*

Post
hoc **

GSH/
GSSG P*

Post
hoc **

TAC
(mmol/l) P*

Post
hoc **

Bacterial
profile of
saliva

S. mutans (n = 12) 0.289 < 0.001 a 0.197 < 0.001 a 1.43 < 0.001 ab 1.74 < 0.001 a
L. rhamnosus
(n = 25)

0.276 a 0.186 b 1.5 a 1.65 ab

S. sanguinis
(n = 23)

0.255 b 0.173 c 1.44 ab 1.58 b

S. mitis (n = 12) 0.241 bc 0.168 cd 1.41 bc 1.57 bc
Others (n = 8) 0.187 c 0.148 d 1.27 c 0.54 c

Disease vs.
Control

Non-cavitated
group (n = 26)

0.261 < 0.001 a 0.174 < 0.001 a 1.48 < 0.001 ab 1.60 < 0.001 a

Cavitated group
(n = 27)

0.287 b 0.191 b 1.49 a 1.73 b

Control (n = 27) 0.190 c 0.150 c 1.28 b 0.56 c

Data represent medians. Superscripts a, b, c denote groups differing on Mann–Whitney tests with Bonferroni correction. Groups denoted with the same letter did not
show statistically significant differences. GSH – reduced glutathione; GSSG – oxidized glutathione.

*P-value obtained by the Kruskal–Wallis test adjusted for age, gender, frequency of snack eating per week, frequency of soda drinking per week, frequency of sugar
drinking per week, and frequency of natural/hybrid/artificial feeding.

**P < 0.05.
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decreased GSSG by an average of 0.150 mmol/l, S. mitis
dominance decreased GSSG by an average of 0.202 mmol/
l, and the ‘other’ strain dominance decreased GSSG by an
average of 0.240 mmol/l. For TAC, the linear regression
model demonstrated that the TAC level is influenced (P <
0.05) by the stage of caries and bacterial strain dominance.
In comparison to the control, the non-cavitated level
increased TAC by an average of 1.036 mmol/l, and the cavi-
tated level increased TAC by an average of 1.153 mmol/l. On
the other hand, for a dominant bacterial strain and its
relationship with the level of the TAC expressed as TAC in
comparison to the S. mutans dominance, S. sanguinis domi-
nance decreased TAC by an average of 0.023 mmol/l, S. mitis
decreased TAC by an average of 0.046 mmol/l, and the
‘other’ strain dominance decreased TAC by an average of
0.053 mmol/l. In the analysis of the GSH/GSSG ratio, the
linear regression model demonstrated that the GSH/GSSG
level is influenced (P < 0.05) by the caries stage and domi-
nant bacterial strain. Compared with the control, the non-
cavitated form of caries increased GSH/GSSG by an
average of 0.222, whereas the cavitated form increased
GSH/GSSG by an average of 0.183. For a dominant bacterial
species and in comparison to the dominance of S. mutans,
the dominance of L. rhamnosus increased GSH/GSSG by
0.05 on average.

Discussion

ROS are produced during a bacterial infection and are
involved in intracellular signaling. However, the effect of
oral bacteria on the ROS induction and associated interspecies
influence is the subject of many studies and has yet to be
clarified [30].

One of the concepts that is verified in our study concerns
the impact of enzymatic and non-enzymatic antioxidants on
ROS induction, and thus, the response of bacterial cells. Our
study demonstrated higher concentrations of GSH, GSSG,
and TAC in saliva of patients with the advanced form of
caries (cavitated group) in comparison to patients with non-
cavitated forms. Additionally, the changes in the given par-
ameters (GSH, GSSG, and TAC) are higher in children with
caries in comparison to those without; moreover, cariogenic
bacterial profiles were significantly higher in saliva of ECC chil-
dren in comparison to healthy volunteers. The observed
changes can be linked to a protective effect of antioxidants

Table 2. Relationship between salivary glutathione and TAC levels, and salivary
bacterial profiles and dental caries.

Dependent Variables Relative parameter value SE t P

GSH level in saliva
S. mutans Reference level
L. rhamnosus −6.602 3.744 −1.764 0.082
S. sanguinis −17.905 4.705 −3.805 <0.001
S. mitis −32.746 5.098 −6.423 <0.001

GSSG level in saliva
S. mutans Reference level
L. rhamnosus −10.927 1.354 −8.071 <0.001
S. sanguinis −14.987 1.702 −8.807 <0.001
S. mitis −20.247 1.844 −10.981 <0.001

TAC level in saliva
S. mutans Reference level
L. rhamnosus −0.013 0.007 −1.81 0.074
S. sanguinis −0.023 0.009 −2.519 0.014
S. mitis −0.046 0.01 −4.569 <0.001

GSH level in saliva
Control Reference level
Non-cavitated 60.462 3.554 17.014 <0.001
Cavitated 74.884 3.447 21.724 <0.001

GSSG level in saliva
Control Reference level
Non-cavitated 17.073 1.285 13.284 <0.001
Cavitated 31.591 1.247 25.341 <0.001

TAC level in saliva
Control Reference level
Non-cavitated 1.036 0.007 148.01 <0.001
Cavitated 1.153 0.007 169.9 <0.001

P-value obtained from linear regression model adjusted for age, gender, fre-
quency of snack eating per week, frequency of soda drinking per week, fre-
quency of sugar drinking per week, and frequency of natural/hybrid/
artificial feeding.

P-value was acquired using a linear regression model adjusted for age and
gender, amount of juices and sodas consumed, and feeding approach.

Figure 5. Scatterplots of the relationship between change in (a) GSH and age,
(b) GSSG and age, and (c) TAC and age.
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on pathogenic bacterial strains. When the antioxidant concen-
tration is high, ROS produced by neutrophils, fibroblasts, and
other oral cells are not active and thus, cariogenic bacteria are
more likely to multiply and divide, consequently leading to
the destruction of the hard tissues of the tooth. The antioxi-
dant system of saliva, such as glutathione GSH, GSSG, and
TAC, additionally (except for antioxidant defense systems of
host immune system cells) participates in the weakening of
resistance to the bacteria colonizing the oral cavity, ensuring
their increased vulnerability to different kinds of stress. Our
research confirms this hypothesis as a result of the relation-
ship between the increased levels of the above antioxidant
parameters and caries progression in children, which have
been illustrated in Tables 1 and 2 and Figure 4(a–c). As can
be seen, the GSH/GSSG level is closely related to the bacterial
profiles and exhibits a significant correlation with the devel-
opmental stage of the ECC (Table 1). Similarly, TAC values in
the saliva are 2.86 times higher in children with the advanced
form of caries (cavitated lesions group) and 3.09 times higher
in children with the initial form (non-cavitated lesions group)
than in children without symptoms of the disease. The
authors also suggest that TAC values exhibit a relationship
with age (Figure 5). These results are consistent with the
results of Uberos et al. [31], who demonstrated that the sali-
vary TAC level in patients with caries is 2.89 times higher
than that in control groups. A review of the literature on the
topic of ‘different TAC determination methods in the saliva
of persons with caries’ can be found in Kumar et al.’s study
[32]. Our study is the first to demonstrate the dependency
of increases in TAC values on the progression of the disease
and cariogenic profiles. This study is also the first to show
the positive correlation between the TAC level and the age
of children (r = 0.234; P = 0.036) (Figure 5(c)).

Confirmation of the hypothesis of the role of antioxidants
in cariogenic bacterial colonization can also be seen in our
results, i.e. the GSH/GSSG ratio is strongly related to the devel-
opmental stage of caries in children. Compared with the
control, GSH/GSSG in the non-cavitated group is increased
on average by 0.222 (95% confidence interval is 0.184–
0.260), whereas in the cavitated group – this increase is
0.183 (95% confidence interval is 0.147–0.220).

The correlation adjusted factor R² for this model was
77.56%, which means that 77.56% of GSH/GSSG variability
was explained by the bacterial profile and stage of caries.
The remaining 20.45% depends both on variables not
included in the model and on random factors. Further study
on the mechanisms of the occurring changes is necessary to
confirm our hypothesis. Our study is one of few providing evi-
dence for the presence of a relationship between the level of
antioxidant markers (GSH, GSSG, GSH/GSSG, and TAC) and the
level of cariogenic bacteria in the saliva and the developmen-
tal stage of caries in children. Moreover, those salivary profiles
of bacteria considered to be cariogenic positively correlate
with the stage of caries in children, which corroborates the
results of Han et al. [33].

Our results are also confirmed by the results of Mahjoub
et al. [34], where attention was paid to the increased TAC
value in children with caries compared with children
without symptoms of the disease. The authors suggest that
increased salivary TAC values occur in advanced caries,
which is also corroborated by our study, where these
changes are statistically significant even between groups,
i.e. non-cavitated and cavitated lesions groups (Figure 4(c)).

Comparing our results with those obtained by other
researchers, it can be seen that species frequencies observed
in our study in the group of children with early stage of caries
(non-cavitated form), i.e. S. sanguinis (38.46%), L. rhamnosus
(30.77%), S. mitis (19.23%) and S. mutans (11.54%) (Figure 3)
are consistent with the results of Aas et al. [35] and van
Hout et al. [36], who demonstrated that 10% of children and
teenagers (aged 2–21) did not have S. mutans at all. This
also corroborates our earlier study, in which S. mutans consti-
tuted less than 9% in this group [23].

Regarding the advanced stage of caries, S. mutans was not
dominant, unlike Lactobacillus, Bifidobacterium, and Prevotella
species. In our study, L. rhamnosus dominated in the cavitated
group (44.44%). The virulence of populations of cariogenic
bacteria correlates with the phenotype accepted for a given
environment related to the acidogenic potential of bacteria
that may induce changes in the environment leading to
dental caries development [37]. Our results (S. mutans
29.63%) are consistent with the results of Gross et al. [38]
and Sampaio-Maia and Monteiro-Silva [37], in which the par-
ticipation of S. mutans in dentin damage amounted to
approximately 30% of total microflora.

In the case of initial caries (non-cavitated form), the percen-
tage of S. mutans was higher than that in the control group
(11.54% white spot >3.70% control), which confirms van
Hout et al.’s study, in which S. mutans constituted from
0.001 to 10% [36]. The Streptococcus species (except for
S. mutans) and Actinomyces are considered the main culprits
of enamel damage. In the presence of S. mutans and the
absence of Lactobacillus, initial demineralization of the
enamel may be induced by early colonizers (S. sanguinis,
S. mitis, and S. oralis), which was also presented in this study,
where S. sanguinis dominated (38.46%) in children from the
non-cavitated lesions group. The participation and presence
of species considered to be early colonizers and their domi-
nance over other species seem to be indirectly associated
with the antioxidant-associated mechanism discussed above.

As has been shown by Ahn et al. [39], colonization of Por-
phyromonas gingivalis can only occur in the presence of Fuso-
bacterium nucleatum, which initiates activation of the NADPH
oxidase in a host cell, leading to a positive impact on
P. gingivalis growth. This concept also indirectly explains the
presence of so-called early and late colonizers in dental
plaque and the dominance of one species over another.

The reduction in oxidative stress resulting from increased
expression of the salivary antioxidant enzymes may be a con-
sequence of dietary habits and food components (e.g. probio-
tics and antioxidants contained in food, sucrose
supplementation, smoking, alcohol intake, etc.), which could
increase the absorption of micro- and macro-nutrients, includ-
ing antioxidants [40]. Similar observations were made by
Hathout et al. [41], who showed that oral administration of
Lactobacillus casei and Lactobacillus reuteri resulted in an
increase in the TAC, expressed as TAC. On the other hand,
other studies have observed a significant increase in the
activity of antioxidant enzymes (CAT, SOD, and GPx) after 90
days of supplementation with L. casei ssp [42].

Fluctuations in the salivary antioxidants suggest that saliva
may be a proper marker for the diagnosis of oral pathologies
similar to conventional invasive antioxidant serummarkers. As
a facilitating fluid, saliva is also an important medium for the
exchange of different micro-elements, as well as taking part in
oxidative stress and antioxidant activity. Therefore, it is
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important to conduct studies in varying disciplines with
respect to understanding the process of releasing micro-
elements into saliva which might aid effective pharmacologi-
cal treatment and enhance host resistance therapy.

Conclusions

Antioxidants are necessary for our health, but we do not know
their exact mechanism and how to action this in oral pathol-
ogies. Therefore, further research is required to enable a
better understanding of salivary antioxidants and their role
in health and disease, and not only in in vitro models.

Based on the results of the present study, we can conclude
that in the group of patients with ECC, both in the non-cavitated
and in the cavitated form, the salivary antioxidant potency, car-
iogenic bacterial profiles, and caries progression are increased.
Further studies are recommended to clarify whether these
markers may play an essential role in the pathogenesis of ECC.
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