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Background: Smoking nicotine is considered to be one of the most harmful addictions, leading to the development of a num-
ber of health complications, including many pathologies in the oral cavity. The aim of this study was to exam-
ine the effect of smoking traditional cigarettes, e-cigarettes, and heat-not-burn products on profiles of salivary
lipids and lipid peroxidation products in the unstimulated and stimulated saliva of healthy young adults with
a smoking habit of up to 3 years.

Material/Methods: We enrolled 3 groups of 25 smoking patients each and a control group matched for age, gender, and oral sta-
tus. In saliva collected from patients from the study groups and participants from the control group, the con-
centrations of sphingolipids: sphingosine, sphinganine, sphingosine-1-phosphate, ceramides, and salivary lipid
peroxidation products — malondialdehyde (MDA) and 4-hydroxynonenal (HNE) — were measured. The normali-
ty of distribution was assessed using the Shapiro-Wilk test. For comparison of the results, one-way analysis of
variance (ANOVA) followed by post hoc Tukey test was used.

Results: We demonstrated that each type of smoking causes a decrease in the concentration of salivary lipids, and there
was an increased concentration of salivary MDA and 4-HNE.

Conclusions: Smoking in the initial period of addiction leads to an increase in the concentration of lipid peroxidation prod-
ucts through increased oxidative stress, leading to disturbance of the lipid balance of the oral cavity (eg, due
to damage to cell membranes).
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Background

The negative effects of smoking tobacco and e-cigarette vap-
ing are primarily evaluated in terms of causes of development
of cardiovascular diseases, lung cancer, respiratory chronic in-
flammatory diseases, or disorders of the gastrointestinal mi-
crobiota [1-3]. However, other tissues also succumb to toxic
effects of nicotine contained in commonly available nicotine car-
riers, including the oral cavity and upper respiratory tract [4,5].

The oral cavity is the place of first contact with cigarette smoke
in the human body. Evidence has shown that smoking is a risk
factor in the development and progression of periodontal dis-
eases, cancer, and precancerous conditions of the oral cavi-
ty area, as well as salivary gland dysfunction and disorders of
saliva composition [6-9].

It is well known that smoking traditional cigarettes leads to
redox imbalance. We can observe increased production of
free radicals, which can cause damage to cell membranes or
DNA. It has been demonstrated that long-term smoking leads
to a decrease in the activity of endogenous salivary enzymat-
ic antioxidants such as SOD, CAT, and Px, and significantly re-
duces the efficiency of non-enzymatic endo- and exo-anti-
oxidant systems: GSH, UA, and vitamin C [6,10,11]. Similarly,
e-cigarettes can induce oxidative stress and increase the ex-
pression of advanced glycation end products (AGEs) and their
cellular receptors (RAGEs) in gingival and periodontal tissues
within just 1 year of starting smoking [12-14]. Furthermore,
in an in vitro study, Ganapathy et al [13] showed that a 14-
day exposure of cells to e-cigarette aerosol extracts increases
DNA damage in oral epithelial cells, which is expressed by in-
creased concentrations of 8-0xo-dG levels. Long-term smoking
of traditional cigarettes and e-cigarettes reduces the content
of salivary components of specific and non-specific immunity,
such as sigA, peroxidase, lactoferrin, and lysozyme [6,15,16].

Moreover, saliva contains a wide variety of lipids, including
cholesterol and its esters, fatty acids, triglycerides, wax es-
ters, and polar lipids such as phosphatidylcholine, phosphati-
dylethanolamine, sulfides, and glycolipids, including ceramides
[15,16]. Ceramides are composed of sphingosine linked by an
amide bond to any fatty acid. The most common ceramides
are C14: 0-Cer, C16: 0-Cer, C18: 1-Cer, C18: 0-Cer, C20: 0-Cer,
C22: 0-Cer, C24: 1-Cer, and C24: 0-Cer. These lipids form cell
membranes and are also precursors of more complex sphin-
golipids, such as sphingomyelin, ceramide-1 phosphate, and
glycerosphingolipids. In addition to their structural function, ce-
ramides determine the process of cell differentiation, prolifera-
tion, and apoptosis, and regulate the process of protein phos-
phorylation, which is essential in signal transduction [16,17].
Sphingolipids, on the other hand, show antimicrobial and an-
tiviral activity in a dose-dependent manner, and induce cellular
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damage. Pretreatment of cells with sphingosine prevents the
viral spike protein of severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2) from interacting with host cell recep-
tors and inhibits the propagation of herpes simplex virus type
1 (HSV-1) in macrophages [18]. Cigarette smoke strongly acti-
vates inflammatory pathways in lungs and in myocardial and
skeletal muscle cells, which increases biosynthesis of ceramide
and its derivatives in these tissues [3,19,20]. High concentra-
tion of this group of lipids in response to exposure to cigarette
smoke has been linked to endothelial barrier dysfunction, em-
physema, inflammation, and altered myocardial mitochondrial
function [21,22]. Lipidomic profiling of sputum samples showed
increased levels of 28 ceramides in long-term smokers with
COPD (chronic obstructive pulmonary disease) compared to
long-term smokers without COPD. Differences between smok-
ers without COPD and people who have never smoked ciga-
rettes revealed significant changes only in the level of salivary
glycosphingolipids. Interestingly, disorders in plasma sphingo-
lipid composition were observed only in smokers of traditional
cigarettes, while subjects using e-cigarettes only showed dys-
regulation of tricarboxylic acid cycle-related metabolites [22].

Lipids perform many important functions in the oral cavity, from
structural to functional. In addition to their key role in main-
taining the integrity and function of cells, they affect the pro-
cesses of digestion, protection, and communication, as well as
maintaining the internal balance in the oral cavity [17]. Lipids
contained in saliva help to moisturize and protect the mucous
membranes, facilitating eating, speaking, and other functions
of the oral cavity. In the oral cavity, lipids can form a thin pro-
tective layer on the surface of the teeth and mucous mem-
branes, which helps protect against the effects of irritants and
infectious substances and prevents excessive evaporation of
water from tissue surfaces [17,23].

Considering the role of saliva and its lipids in maintaining oral
homeostasis, we decided to evaluate the effect of smoking tra-
ditional cigarettes, e-cigarettes, and heat-not-burn products
on the concentration of selected sphingolipids (eg, sphingo-
sine, sphinganine, and sphingosine-1-phosphate), ceramides,
and the lipid peroxidation products 4-hydroxynonenal (4-
HNE) and malondialdehyde (MDA) in unstimulated and stim-
ulated saliva from healthy young adults who had been smok-
ing for 1-3 years.

Material and Methods

Approval for the study was obtained from the Bioethics
Committee in Biatystok (permission number: APK.002.343.2020).
Each patient signed a written consent to participate in the
study, and could ask questions or withdraw any time during
the experiment.
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Subjects

A group of 75 smokers was enrolled in the study group. Smokers
were divided into 4 subgroups according to the type of the
smoking: Group 1 was traditional cigarette smokers (n=25),
Group 2 was e-cigarette smokers (n=25), and Group 3 was
heated tobacco device smokers (n=25). Each patient in the
study group had been smoking for 1-3 years and used only 1
of the 3 methods of delivering nicotine to the body. Participants
smoked on average about 10 cigarettes a day. The control group
consisted of non-smokers (n=25) matched by age and gender
to the subjects from the study group. The study participants
were under continuous care of the Department of Restorative
Dentistry at the Medical University of Biatystok, reporting reg-
ularly for follow-up visits. The number of subjects was deter-
mined according to our previous study, assuming power of the
test=0.8 (x=0.05) using Fisher’s formula [24]. All study sub-
jects were young adults, under the age of 30 years, in gen-
erally good health (no chronic diseases of any kind), without
any oral inflammatory lesions, with a normal BMI (within the
range of 18.5-25), drinking alcohol only occasionally, and not
taking psychoactive drugs. At that time, participants in the
study were not using fixed orthodontic appliances or retain-
ers, Invisalign splints, did not have removable dentures, fixed
restorations, implants, or titanium implants. The subjects had
not taken medicines, vitamins, or other dietary supplements
within 6 months before the study. Their diet was typical, con-
sisting of 70% carbohydrates, 20% proteins, and 10% fats.

Saliva Collection and Dental Examination

Saliva was collected by an experienced person (S. Z.) at a prior
dental examination, including assessment of DMFT (decayed,
missing, and filled teeth), Gl (gingival index), and PPD (peri-
odontal pocket depth). The examination was performed under
artificial lighting, using a mirror, an explorer, and a periodon-
tal probe (WHO, 621). The examiner was previously calibrat-
ed, and 20 patients were randomly examined by another den-
tist (A. Z.). Interrater agreement for DMFT was r=1.0, for Gl:
r=0.96, for PPD: r=0.9. The tested material consisted of un-
stimulated and stimulated saliva, collected via the spitting
method between 8 and 10 a.m. Before collection of the diag-
nostic material, patients were instructed not to smoke or con-
sume food or beverages other than water and not to perform
any oral hygiene procedures at least 2 hours before the vis-
it. To avoid patients’ embarrassment, saliva was collected in
a separate room, in a sitting position, with the head slightly
inclined downwards, with minimal movement of the face and
lips. Before spitting unstimulated saliva into a plastic centri-
fuge tube, patients rinsed their mouths 3 times with room-
temperature water. Saliva collected within the first minute was
discarded. Unstimulated saliva was then collected for 15 min-
utes into a calibrated tube. Stimulated saliva was gathered in
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a similar manner for 5 minutes, during which 20 pl of citric
acid was spotted on the dorsal surface of the patient’s tongue
every 30 seconds. Prior to centrifugation, the volume of the
spat secretion was measured (with a calibrated pipette) and
the rate of saliva secretion was determined by dividing the
volume of saliva in the tube by the time required to obtain it.
The saliva was centrifuged for 20 minutes at 4°C, 10000xg,
then the fluid was collected from above the sediment, frozen
at -84°C, and stored until assays were performed, but no lon-
ger than 4 months.

Lipids Analysis

The concentration of sphingolipids (sphingosine (Sph), sphinga-
nine (SPA), sphingosine-1-phosphate (S1P) and ceramides (C14:
0-Cer, C16: 0-Cer, C18: 1-Cer, C18: 0-Cer, C20: 0-Cer, C22: 0-Cer,
C24: 1-Cer, C24: 0-Cer) in saliva was measured according to the
method described by Blachnio-Zabielska et al via ultra-high-
performance liquid chromatography-tandem mass spectrom-
etry (UHPLC/MS/MS), with minor modification [21]. Briefly, an
internal standard mixture (Sph-d7, SPA-d7, S1P-d7, C15: 0-d7-
Cer, C16: 0-d7-Cer, C18: 1-d7-Cer, C18: 0-d7-Cer, 17C20: 0-Cer,
C24: 1-d7-Cer and C24-d7-Cer) (Avanti Polar Lipids, Alabaster, Al,
USA) and an extraction mixture (isopropanol: ethyl acetate, 15:
85; v/v) (Merck, Saint Louis, MO, USA) were added to each sam-
ple (100 pL of saliva). Samples were then vortexed, sonicated,
and centrifuged (5 minutes at 3000 g, 4°C). The supernatants
were transferred to new vials and the pellets were re-extract-
ed. Both supernatants were combined and evaporated under a
nitrogen stream and reconstituted in solvent B (2 mM ammoni-
um formate (Sigma-Aldrich, Saint Louis, MO, USA), 0.1% formic
acid (Honeywell Fluka, Morris Township, NJ, USA) in methanol
(Merck, Saint Louis, MO, USA)). Sphingolipids were analyzed
with a Sciex QTRAP 6500 + triple quadrupole mass spectrom-
eter (AB Sciex Germany GmbH, Darmstadt, Germany) using
a positive ion electrospray ionization (ESI) source (except for
S1P, which was analyzed in the negative mode) with multiple
reaction monitoring (MRM) against standard curves construct-
ed for each compound. The chromatographic separation was
performed on a reverse-phase Zorbax SB-C8 column 2.1x150
mm, 1.8 pm (Agilent Technologies, Santa Clara, CA, USA) in bi-
nary gradient using 1 mM ammonium formate (Sigma-Aldrich,
Saint Louis, MO, USA), 0.1% formic acid (Honeywell Fluka,
Morris Township, NJ, USA) in water (Merck, Saint Louis, MO,
USA) as solvent A, 2 mM ammonium formate (Sigma-Aldrich,
Saint Louis, MO, USA) and 0.1% formic acid (Honeywell Fluka,
Morris Township, NJ, USA) in methanol (Merck, Saint Louis,
MO, USA) as solvent B at the flow rate of 0.4 mL/min. To ac-
quire and process the data, we used Analyst (Software ver-
sion 1.7., AB Sciex Germany GmbH, Darmstadt, Germany) and
Sciex 0S-Q (AB Sciex Germany GmbH, Darmstadt, Germany).
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Table 1. Clinical and stomatological characteristics of patients and control group participants.

Non-anokee Traditional E-cigarette Heat-not-burn
n=25 smokers, smokers, products smokers,
n=25 n=25 n=25
Age (years) 24.7+2.4 25.343.1 23.443.2 23.7£1.9 NS
Cemikgm) 06517 nosis nas12 0819 NS
 Duration of addiction (years) B 21503 23104 22103 NS
us@Umin 068101 062101 065801 069101 NS
Csws mumin 0912002 093:001 0915001 091002 NS
CoMF 173023 18032 175031 181028 NS
A 24561036 2545031 2545027 2545031 NS
el 036101 0355012 034101 03401 NS
CPPD(mm) 20805 20505 20805 20505 NS

BMI — body mass index; UWS — unstimulated whole saliva; DMFT — Decayed, Missing, Filled Teeth; APl — approximal plaque index;
PBI — papilla bleeding index; PPD — periodontal pocket depth; NS - statistically insignificant; SWS — stimulated whole saliva.

Oxidative Damage Assays

MDA concentration was assayed colorimetrically using the
thiobarbituric acid reactive substances (TBARS) method with
1,3,3,3-tetraethoxypropane (Sigma-Aldrich, Saint Louis, MO,
USA) as a standard [25]. The absorbance was measured at
535nm with microplate reader ELx800 and Gen5 2.01 soft-
ware (BioTek Instruments, Winooski, VT, USA).

4-HNE concentrations was measured using a commercial en-
zyme-linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions (Cell Biolabs, Inc., San Diego, CA,
USA, and USCN Life Science). The absorbance was measured
at 405 nm with microplate reader ELx800 and Gen5 2.01 soft-
ware (BioTek Instruments, Winooski, VT, USA).

Statistical Analyses

GraphPad Prism 8.3.0 for MacOS (GraphPad Software, Inc., La
Jolla, CA, USA) was used for statistical analysis. Normality of
distribution was assessed using the Shapiro-Wilk test. For com-
parison of the quantitative variables, one-way analysis of vari-
ance (ANOVA) followed by the Tukey post hoc test was used.
The statistical significance level was established at P<0.05

Results

Clinical and Stomatological Findings

There were no significant differences in age, BMI, duration of
addiction, unstimulated and stimulated saliva flow rate, DMFT,

AP, PBI, and PPD among the 3 study groups and among the
study groups vs the control group. Clinical and stomatologi-
cal characteristics of participants are presented in Table 1.

Unstimulated (US) and Stimulated (S) Saliva

SpH concentration was significantly lower in US and S in all
nicotine users (IQOS, e-cigarette users, CS) compared to the
controls (US: P<0.0001, P<0.0001, P<0.0001, respectively; S:
P<0.0001, P<0.0001, P<0.0001, respectively). In the group of
IQOS users, SpH concentration was significantly lower com-
pared to e-cigarette group, both in US (P<0.01) and S (P=0.03).

SPA concentration was significantly lower in US and S of all
nicotine users (IQOS, e-cigarette users, CS) compared to the
controls (US: P<0.0001, P<0.0001, P<0.0001, respectively; S:
P<0.0001, P=0.006, P<0.0001, respectively). In IQOS users, SPA
concentration in US was considerably lower compared to e-
cigarette smokers (P=0.002), SPA concentration in stimulated
saliva of 1QOS subjects was significantly lower compared to
e-cigarette smokers (P<0.0001) and CS (P=0.002).

The concentration of S1P was significantly lower in US of all
nicotine users (IQOS, e-cigarette users, CS) compared to the
controls (P<0.0001, P<0.0001, P<0.0001, respectively). S1P
concentration in S did not differ significantly between the
study groups.

Similarly, ceramide C14 content was considerably lower in un-
stimulated saliva of all nicotine users (IQOS, e-cigarette users,
CS) compared to the controls (P<0.0001, P<0.0001, P<0.003, re-
spectively). In IQOS users, the concentration of the parameter
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in question was significantly lower compared to the CS group
(P=0.006). The concentration of ceramide C14 in S in the IQ0S
group was considerably higher compared to the e-cigarette
(P=0.02) and CS (P=0.008) groups.

The concentrations of ceramides C16 and C24 were significantly
lower in US and S of all nicotine users (IQOS, e-cigarette users,
CS) compared to the control group (C16, US: P<0.001, P<0.001,
P<0.001, respectively, C16, S: P=0.04, P=0.003, P=0.04, respec-
tively; C24, US: P<0.001, P<0.001, P<0.001, respectively; C24,
S: P<0.0001, P<0.0001, P<0.0001, respectively).

The level of ceramide C18 was considerably lower in US and
S of all nicotine users (IQOS, e-cigarette users, CS) compared
to the controls (US: P<0.0001, P<0.0001, P<0.0001, respective-
ly; S: P<0.0001, P<0.0001, P<0.0001, respectively). In US and S
of the CS group, the concentration of the discussed parame-
ter was significantly lower in both the IQOS and e-cig groups
(US: P<0.0001, P<0.0001, respectively, S: P<0.0001, P<0.0001,
respectively).

Ceramide C18 concentration was clearly lower in US of all nic-
otine users (IQOS, e-cigarette users, CS) compared to the con-
trols (P<0.0001, P<0.0001, P<0.0001, respectively). In the US of
the 1QOS group, the concentration of the parameter in ques-
tion was significantly higher compared to both the e-cig and
CS groups (P=0.005, P=0.004, respectively). The content of
ceramide C18 was considerably lower in S of e-cigarette and
CS groups compared to the controls (P<0.0001, P<0.0001, re-
spectively). In S of the 1QOS group, the concentration of the
discussed parameter was significantly higher compared to the
CS group (P=0.04).

Ceramide C20 concentration was significantly lower in US
and S of all nicotine users (IQOS, e-cigarette users, CS) com-
pared to the control group (US: P=0.001, P<0.0001, P<0.0001,
respectively; S: P=0.03, P<0.0001, P=0.0004, respectively). In
the US and S of the CS group, the concentration of the param-
eter analyzed was significantly lower compared to both the
IQOS and e-cig groups (US: P<0.0001, P<0.0001, respectively;
S: P<0.0001, P<0.0001, respectively).

Ceramide C22 concentration was significantly lower in US
of all nicotine users (IQOS, e-cigarette users, CS) compared
to the controls (P<0.0001, P<0.0001, P<0.0001, respectively).
The content of C22 in US of CS subjects was significantly low-
er compared to 1QOS users (P=0.02) as well as the CS group
(P=0.0006). Ceramide C22 concentration in the S of CS-group
participants was significantly lower compared to the control
group (P=0.0001) as well as the e-cigarette group (P=0.004).

The concentration of ceramide C24 1 and total Cer was notedly
lower in US and S of all nicotine users (IQOS, e-cigarette users,
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CS) compared to the controls (US, C 24.1: P<0.0001, P<0.0001,
P<0. 0001, respectively, US, total Cer: P<0.0001, P<0.0001,
P<0.0001, respectively; S, C24 1 P<0.0001, p<0.0001, p<0.0001,
respectively, S, total Cer: P<0.0001, P<0.0001, P<0.0001, re-
spectively). The concentration of C24 1 in the US of e-ciga-
rette group subjects was significantly higher compared to the
CS group (P=0.005), while total Cer concentration in US of
IQOS users was significantly higher compared to the CS group
(P=0.003). Ceramide C24 1 concentration in S of e-cigarette
group was significantly higher compared to the IQOS group
(P=0.008) and CS group (P<0.0001).

The content of ceramide C24 1 in the S of the e-cig group was
significantly elevated compared to the groups: IQ0S (P=0.008)
and CS (P<0.0001).

The concentration of 4-HNE and MDA in US was significantly
higher in the group of traditional cigarette smokers compared
to the controls (4-HNE P=0.0022; MDA P=0.0008), whereas in
stimulated saliva we demonstrated considerably higher 4-HNE
concentration in the group of traditional cigarette smokers vs
non-smokers (P<0.0001). Moreover, 4-HNE levels in stimulated
saliva of IQOS and e-cigarette users were significantly lower
compared to the traditional cigarette smoking group (P=0.0002,
P<0.0001, respectively). The content of MDA in the stimulated
saliva of traditional cigarette smokers was significantly higher
compared to the non-smoking group as well as the e-cigarette
smoking group (P=0.0030; P=0.0078, respectively).

Graphical presentation of the results is presented in Figures 1-4.

Discussion

Saliva is the secretion of the even-numbered salivary glands:
parotid, submandibular, sublingual as well as numerous smaller
glands scattered in the oral mucosa [17]. It contains a number
of proteins, glycoproteins, and lipids that determine its func-
tion and properties. The secretion of the salivary glands pro-
vides, inter alia, lubrication for the surface of the teeth and
mucosa, is responsible for the initial stage of food digestion,
and conditions protection of oral tissues from irritating stim-
uli, which certainly include cigarette smoke [26-28].

Cigarette smoke contains over 4000 toxic components re-
sponsible for a number of irregularities in the body [29]. It
has been proven that in long-term compulsive smokers, cig-
arette smoke can lead to changes in the amount of saliva se-
creted, as well as trigger qualitative changes in the salivary
gland secretion (decreased buffering capacity, altered bacteri-
al microflora, increased concentration of oxygen free radicals,
and changes in the local immune system) [30-35]. The solution
to the harmful effect of traditional smoking was supposed to
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Figure 1. (A-D)Influence of smoking traditional cigarettes, e-cigarettes, and heat-not-burn products on the concentration of lipids
in unstimulated and stimulated saliva. NWS — non-stimulated whole saliva; SPH — sphingosine; SPA — sphinganine;
S1P — sphingosine-1-phosphate; SWS — stimulated whole saliva; Total Cer — total ceramide; p<0.0001. The figure was created

in GraphPad Prism.

be new equipment that delivers nicotine to the body - e-cig-
arettes and heat-not-burn products.

E-cigarettes are mechanical devices that heat special solutions
for inhalation, giving the user a sensation similar to ordinary
smoking [36,37]. In addition to propylene glycol, flavors, and
nicotine, e-cigarette liquids contain carcinogenic formalde-
hyde and numerous heavy metals [38,39]. Heat-not-burn prod-
ucts, on the other hand, can be described as a ‘hybrid’ of the
2 above-mentioned smoking methods. This system is based
on tobacco cartridges (similar to traditional cigarettes) and an
electronic device designed to heat the tobacco [40]. Heating,
rather than burning, is intended to lead to less intense produc-
tion and supply of harmful substances to the body. According
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to the literature on the subject, these devices cause adverse
health effects, particularly with regard to respiratory organ
complications [41,42]. Despite this fact, many people believe
that the use of these devices is a “healthy” alternative to tra-
ditional cigarettes [39]. Due to their relatively short time on
the consumer market, their exact mechanism on both the body
and oral health has not been thoroughly evaluated, so any dis-
coveries related to this topic are of great interest in the scien-
tific community. Knowledge regarding the effect of smoking
e-cigarettes on saliva composition is scarce, and there are no
publications related to the effect of using heat-not-burn prod-
ucts. It is established that e-cigarettes can decrease saliva se-
cretion, change composition of the oral microbiome, and af-
fect the local immune response system [43-45].
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Figure 2. (A-D Influence of smoking traditional cigarettes, e-cigarettes, and heat-not-burn products on the concentration of lipids in
unstimulated and stimulated saliva. Cer — ceramides (C14: 0-Cer, C16: 0-Cer, C18: 1-Cer, C18: 0-Cer); NWS — non-stimulated
whole; SWS - stimulated whole saliva; P<0.0001. The figure was created in GraphPad Prism.

Salivary lipids are considered a very important component of
saliva, as their qualitative and quantitative composition can
be altered in the course of many pathological conditions [17].
It has been proven that disorders of lipid homeostasis in sali-
va are associated with the occurrence of periodontal diseases,
and may occur in the course of a number of systemic diseases
(including Sj6gren’s syndrome, cystic fibrosis, and Alzheimer’s
disease) [17,46,47].

There has been no research to evaluate the effect of using
different nicotine delivery methods on the concentration of
sphingolipids and ceramides in unstimulated and stimulated
saliva. In addition, there have been no studies examining the
processes of salivary lipid peroxidation in smokers of e-ciga-
rettes and heat-not-burn products.

The purpose of our study was to evaluate the effect of smoking
traditional cigarettes, e-cigarettes, and heat-not-burn products
on the concentration of sphingolipids and lipid peroxidation
products (4-HNE, MDA) in unstimulated and stimulated sali-
va. The participants in the study were generally healthy young
adults whose had been smoking for 1-3 years. Furthermore,
participants could only use 1 method of delivering nicotine
to the body. The fact that young people were enrolled in the
study group and the predetermined duration of the addiction
are not coincidental. First, the new nicotine delivery devices
have been mainly popularized among the “younger genera-
tion.” Older smokers, due to the length of their addiction and
the associated habit, are far less likely to decide to change
their nicotine delivery method. Moreover, harmful agents ac-
cumulate in the oral cavity with age and prolonged smoking,
as has already been proven.
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Figure 3. (A-D) Influence of smoking traditional cigarettes, e-cigarettes, and heat-not-burn products on the concentration of lipids in
unstimulated and stimulated saliva. Cer — ceramides (C20: 0-Cer, C22: 0-Cer, C24: 1-Cer, C24: 0-Cer); NWS — non-stimulated
whole; SWS - stimulated whole saliva; P<0.0001. The figure was created in GraphPad Prism.

According to the results of our study, smoking traditional cig-
arettes, e-cigarettes, or heat-not-burn products reduces the
concentrations of all sphingolipids examined by us in the un-
stimulated and stimulated saliva.

To understand the likely cause of the reduction in sphingolip-
id levels in the unstimulated and stimulated saliva of smok-
ers, it is necessary to briefly characterize and explain the func-
tions and metabolic processes occurring within this group of
compounds.

Sphingolipids and their derivatives constitute a numerous
group of bioactive lipid compounds located in the outer lay-
er of eukaryotic cell membranes, thus determining its shape.
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This group of compounds includes sphingosine, sphinganine,
sphingosine-1-phosphate, and ceramides. In addition to their
structural functions, sphingolipids act as activators of signal-
ing pathways and secondary signal transducers [48]. The cen-
tral molecule of the sphingolipid structure is the aliphatic ami-
no alcohol - sphingosine. The combination of sphingosine and
fatty acid residue results in the formation of ceramide [48-51].
Ceramides play a primary role in sphingolipid metabolism and
are involved in the regulation of such cellular processes as pro-
liferation and differentiation, growth, aging, and cell death [50].
They also provide the basis for the synthesis of other sphingo-
lipids. They can be transformed, with participation of cerami-
dases, into sphingosine, which is phosphorylated by sphingo-
sine kinases type 1 and 2 to sphingosine-1-phosphate [48,50].
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Figure 4. (A, B) Influence of smoking traditional cigarettes, e-cigarettes, and heat-not-burn products on the concentration of lipid
peroxidation products in unstimulated and stimulated saliva. 4-HNE — 4-hydrokxynonenal; MDA — malondialdehyde;
NWS — non-stimulated whole; SWS — stimulated whole saliva; P<0.0001. The figure was created in GraphPad Prism.

The signaling pathway of sphingosine-1-phosphate is one of
the key regulators of cell survival, proliferation, and differen-
tiation. Thus, sphingosine kinases are important enzymes in-
volved in maintaining the balance among bioactive sphingo-
lipids such as S1P, ceramide, and sphingosine [48,49].

The results of our study may seem surprising, since most stud-
ies assessing the effect of smoking on sphingolipid concentra-
tion within tissues and plasma demonstrated increased sphin-
golipid levels [52-54]. Although saliva predominantly constitutes
the ultra-filtrate of plasma (which might appear controversial
in the context of the results we obtained), the vast majority
(nearly 98%) of lipids found in saliva are synthesized direct-
ly in salivary gland cells [17,47]. This suggests that the sig-
nificant changes in sphingolipid content in unstimulated and
stimulated saliva of smokers compared to the control group di-
rectly reflect the ongoing pathology within the salivary glands.

Toxins in cigarette smoke are responsible for DNA damage
within the cells of secretory glands. In turn, sphingomyelin, ce-
ramide — synthesized de novo in cells — and sphingosine are
characterized by antiproliferative and pro-apoptotic properties.
It is likely that cigarette smoke “activates” these functions of
sphingolipids to lead to programmed cell death. Ceramides
present in the cell are not stored but rather are transported
directly to the Golgi apparatus, where they are transformed
into derivative compounds. It is possible that chronic irrita-
tion of the oral cavity with tobacco smoke toxins decreases
the concentration of the compounds we studied as a result
of depletion of reserves of sphingolipids, which attempts to
mitigate the adverse effects of cigarette toxins on secretory
cells of salivary glands.

Reduced ceramide concentrations were observed in gastroin-
testinal cancer. Changes in the activity of enzymes responsi-
ble for the metabolism of this compound trigger an increase
in glycosylation of ceramide, resulting in reduced concentra-
tion of this compound. In addition, elevated levels of S1P have
been observed in many types of cancer, including colorectal
cancer cells. This sphingolipid — S1P — unlike ceramide, is an-
ti-apoptotic, enhances proliferation of tumor cells, and stim-
ulates their angiogenesis. This contradicts the results of our
study in which S1P concentrations were also reduced in the
studied material. Nevertheless, cancer is an advanced form of
complications of organs connected with smoking. Further stud-
ies are necessary to better understand the effects of smoking
on salivary sphingolipid concentration.

Moreover, in the groups of all smokers, regardless of the source
of nicotine delivery to the body, we observed an increase in
4-HNE and MDA concentrations in unstimulated and stimu-
lated saliva compared to the controls; however, only in the
group of smokers of traditional cigarettes vs the controls was
this result statistically significant, suggesting that smoking
traditional cigarettes is the most harmful in terms of oxida-
tive modification of salivary lipids, whereas it is possible that
a longer period of using modern nicotine delivery devices may
give similar results. This is particularly important considering
that lipids perform many important functions in the oral cav-
ity, from structural to functional. They affect the processes of
digestion, protection, and communication, as well as maintain-
ing the internal balance in the oral cavity [17].

4-HNE is one of the byproducts of lipid peroxidation that the
body under oxidative stress. It is mainly formed by oxidation
of linoleic acid, one of the unsaturated fatty acids. 4-HNE is a
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highly reactive aldehyde that affects various physiological pro-
cesses in the body; it can lead to cell membrane damage, pro-
tein degradation, enzyme inactivation, and inflammatory re-
actions. In addition, 4-HNE can affect mitochondrial function,
introducing disorders in the process of cellular energy produc-
tion. MDA, on the other hand, is a byproduct of lipid peroxida-
tion and can damage body cells and tissues through its toxic
and pro-inflammatory effects. It can also lead to the forma-
tion of free radicals, which cause further damage to cells and
can contribute to development of numerous diseases, includ-
ing heart disease, respiratory diseases, and cancer.

The increased concentrations of these compounds in unstimu-
lated and stimulated saliva obtained in our study clearly indicate
a redox imbalance in the salivary glands of smokers. Increased
levels of free radicals lead to oxidative modification of lipids
and thus damage to cell membranes. Similar results were ob-
tained by Celec et al, who did not demonstrate any correlation
between the concentrations of lipid peroxidation products in
saliva and plasma, which confirms the glandular origin of lip-
ids in saliva. Additionally, some recently discovered compounds
have a significant influence on the oral environment; lysates and
postbiotics can modify clinical and microbiological parameters,
so these products should be considered in future trials as they
could also influence saliva composition and balance [55-57].

Lipids are one of the main components of cell membranes;
therefore, changes in the lipid composition of saliva can re-
flect changes in the composition of salivary gland cell mem-
branes. Salivary lipids perform many functions, the disruption
of which can lead to disintegration throughout the oral cavi-
ty [17]. They participate in the signal for saliva secretion, which
can consequently lead to impaired salivary secretion. They also
have a protective function towards the oral mucosa. Both re-
duced saliva secretion and weakened protective function may
consequently lead to a number of abnormalities, including dry
mouth, difficulties in forming a bolus of food, increased sus-
ceptibility to mechanical injuries in the oral mucosa (includ-
ing during consumption or use of prosthetic devices), and an
increased risk of bacterial, fungal and viral infections of the
gums and oral mucosa (including increased susceptibility to
HSV-1 infection and lichen planus) [17,58]. As a consequence,
discomfort increases and the patient’s overall well-being de-
teriorates. Of course, in our study, considering the age of the
recruited patients and the duration of their addiction, we did
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not observe the above phenomena, but it cannot be ruled out
that in the long-term, smokers may develop these pathologies.

Limitations

Our study has several limitations. Due to the small group size,
this should be regarded as a pilot study. The people qualified
for the study and control groups were considered matched,
with deficiencies in systemic diseases and other factors that
may directly affect the increase in oxidative stress in the body.
Therefore, fewer patients were included in the study.

Because of the young age of our participants and relative-
ly short smoking histories (up to 3 years), our findings have
limited generalizability to long-term or older smokers who
may experience different oral health effects. The results may
not capture the full spectrum of oral health effects associat-
ed with smoking, particularly in older individuals with longer
smoking durations.

Moreover, only some salivary lipids were included in our study,
so the results do not reflect the overall effect of smoking on
the salivary lipid profile. This study also did not compare heavy
vs light smokers.

Conclusions

The results of our research clearly show that:

¢ Decrease the concentration of all sphingolipids in unstimu-
lated and stimulated saliva is not dependent on the mode
of delivery of nicotine.

e Significant changes in the content of sphingolipids in the
unstimulated and stimulated saliva of smokers in compar-
ison to the control group are a direct reflection of ongoing
pathology within the salivary glands.

e The increased concentration of the 4-HNE and MDA in un-
stimulated and stimulated saliva indicates an imbalance in
the redox balance in the salivary glands of smokers.
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